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1 | BACKGROUND

The use of spinally targeted cell-replacement therapies for the treatment
of a variety of neurodegenerative disorders, including amyotrophic lateral
sclerosis (ALS) and spinal cord injury (SCI), has recently reached the

Abstract

Neural precursor cells (NSCs) hold great potential to treat a variety of neurodegenerative
diseases and injuries to the spinal cord. However, current delivery techniques require
an invasive approach in which an injection needle is advanced into the spinal paren-
chyma to deliver cells of interest. As such, this approach is associated with an inherent
risk of spinal injury, as well as a limited delivery of cells into multiple spinal segments.
Here, we characterize the use of a novel cell delivery technique that employs single
bolus cell injections into the spinal subpial space. In immunodeficient rats, two subpial
injections of human NSCs were performed in the cervical and lumbar spinal cord,
respectively. The survival, distribution, and phenotype of transplanted cells were
assessed 6-8 months after injection. Immunofluorescence staining and mRNA sequenc-
ing analysis demonstrated a near-complete occupation of the spinal cord by injected
cells, in which transplanted human NSCs (hNSCs) preferentially acquired glial pheno-
types, expressing oligodendrocyte (Olig2, APC) or astrocyte (GFAP) markers. In the out-
ermost layer of the spinal cord, injected hNSCs differentiated into glia limitans-forming
astrocytes and expressed human-specific superoxide dismutase and laminin. All animals
showed normal neurological function for the duration of the analysis. These data show
that the subpial cell delivery technique is highly effective in populating the entire spinal
cord with injected NSCs, and has a potential for clinical use in cell replacement thera-

pies for the treatment of ALS, multiple sclerosis, or spinal cord injury.

KEYWORDS
glia limitans formation from grafted neural precursors, human-specific mMRNA sequencing,
immunodeficient rat, neuraxial neural precursor migration, subpial stem cell injection

clinical trial stage with several phase | or phase Il trials underway.
Extensive preclinical studies in rodent and large animal models of
ALS and SCI have tested several spinal cell delivery techniques to
define the most effective and safe cell delivery approach to be used
in human clinical trials.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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A direct parenchymal injection of cells is the most frequently used
technique and was successfully used in both rodent and large animal
models.} In some of these studies, a statistically significant neuro-
protective effect (as defined by the recovery of motor function and
decreased neuronal degeneration) was demonstrated providing a ratio-
nale for further preclinical development of cell-replacement therapies
for ALS and SCL.2%>% An intrathecal cell delivery was also used to test
the treatment potency of neural precursors in rat spinal trauma model.”

In recently completed and ongoing clinical trials, an invasive cell
delivery technique that requires direct needle penetration into the spinal
parenchyma is used to deposit cells into the specific spinal target (such
as the ventral horn gray matter).82° Although effective in delivering cells
into the spinal parenchyma, the invasive nature of this approach limits
the number of injections that can be performed. Accordingly, this cell-
delivery approach is not effective in achieving trans-spinal occupation by
grafted cells. This limitation can be of significant importance, particularly
in the treatment of spinal neurodegenerative diseases characterized by
multisegmental degeneration (such as spinal traumatic injury) or pan-
neuronal degeneration (as seen in inherited or sporadic forms of ALS).
Because of safety concerns, the current clinical protocols for cell delivery
only employ regional cell injections (cervical and lumbar enlargements in
ALS) or peri-injury injections (in case of spinal trauma).

In a recently completed phase Il dose-escalation ALS trial, a maxi-
mum of 20 cell injections of human fetal neural precursor cells (hNSCs)
(NSI-566) were delivered at lumbar and cervical levels of the spinal
cord.? The highest total cell dose delivered in a single patient was
16 million, and covered a region of approximately 8 cm length. Consid-
ering the length of the spinal cord in adult humans is approximately
50 cm, this 8 cm region represents only a portion of spinal cord gray
matter mass which can potentially benefit from regional cell replace-
ment therapy. In an ongoing phase | trial for the treatment of chronic
SCI with spinal injections of fetal hNSCs, a total of six injections are
being delivered around the injury epicenter (10 pl each, 200 000 cells/
injection).1! In a second completed phase | subacute spinal trauma trial,
human embryonic stem cell-derived oligodendrocyte precursors (AST-
OPC1) were injected (2 million cells) at a single site 5 mm caudal to the
injury epicenter. In another ongoing AST-OPC1 dose-escalation study,
the maximum cell dose planned is 20 million cells delivered as a single
injection.1® The primary rationale for using OPCs as a cell-based thera-
peutic in spinal trauma is to accelerate local remyelination and pro-
mote/restore axonal conductivity. It is expected that the ability to
achieve rapid and multisegmental delivery of OPCs will likely be associ-
ated with a more pronounced therapeutic effect.

As described, the use of a limited number of direct parenchymal
cell injections represents a key limiting factor in achieving multi-
segmental cell repopulation in spinal cord treatment protocols.
Accordingly, the development of a safer and more effective spinal cell
delivery technique to achieve rapid and multisegmental spinal cord
repopulation by injected cells would represent a significant improve-
ment over the currently available protocols.

Recently, we have described a novel subpial AAV9 delivery tech-
nigue and demonstrated robust multisegmental transgene expression in

adult pigs, rats, and mice.*?>*® We have also demonstrated that the pia

Significance statement

This article describes a novel subpial spinal cell delivery
technique that does not require direct spinal tissue needle
penetration and is associated with robust spinal cord occu-
pation by subpially injected cells. The effectiveness of this
cell delivery technique was validated in long-term studies in
immunodeficient rats receiving subpial injection of human
neural precursors. This is the first report to demonstrate the
successful spinal cell occupation by neural stem cells, which
do not require invasive central nervous system or spinal
cord cell delivery. Because of the simplicity of this approach,
the use of this technique can substantially improve current
clinical protocols aimed at spinal delivery of therapeutic cells
in the treatment of spinal neurodegenerative disorders.

mater represents the primary barrier that limits vector penetration into
the deep spinal parenchyma. To our knowledge, the use of the subpial
space as a potential route for spinal cell delivery has not been explored.
In our current study, we analyzed the survival, rostrocaudal migration
and differentiation profile (neuronal and glial differentiation) of hNSCs
at 6-8 months after subpial delivery in immunodeficient rats. We dem-
onstrate that spinal subpial injection leads to the near complete occupa-
tion of the entire rat spinal cord by injected hNSCs at 6-8 months after
cell delivery. In addition, a recently developed human-specific mRNA
sequencing protocol that differentiates human from rat transcripts was
used to characterize the gene expression profile of subpially injected
hNSCs. No neurologically defined side effects (motor or sensory) or
tumor formation was seen in any animal. These results represent a sig-
nificant advance in the effort to develop a more efficient cell-delivery

system for the treatment of spinal cord neurodegenerative disorders.

2 | METHODS

All procedures were approved by the Institutional Animal Care and
Use Committee by the University of California, San Diego (Protocol
No.: S01193). All studies were performed in such a manner as to mini-
mize group size and animal suffering. Adult Sprague-Dawley immuno-
deficient rats (Crl:NIH-Foxnirnu; Charles River) male and female,
250-350 g; (n = 6) were used in this study.

2.1 | Placement of subpial cell-injection needle

Rats were anesthetized with 5% isoflurane and maintained at 2%-3%
isoflurane during surgery depending on breathing rate and paw pinch
response. The back of the rat was then shaved and cleaned with 2%
chlorhexidine. After skin incision, the paravertebral muscle surround-
ing the cervical and lumbar spinal vertebrae was removed and animals
were mounted into a spinal immobilization frame (Stoelting) using
Cunningham's spinal clamps, as previously described.'* To expose the
spinal cord, dorsal laminectomy of the C-C3 and Th11-L1 vertebrae
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was performed using a dental drill. The dura was then cut open using
a scalpel blade or 30G needle.

To inject cells into the subpial space, two sequential procedural
steps that used two independent XYZ manipulators (Supporting
Figure S1A,B) were used. From the time point of dura exposure, all
subsequent manipulations were performed under a dissecting scope
with x5-10 magpnification. First, a 33G pia-puncturing needle with the
tip bent at 90° and mounted on the Z arm was used to puncture the
pia (Figure S1C). The puncturing needle was previously sharpened
using a glass capillary beveller (Pipet Micro Grinder EG-40; Narishige)
with Diamond abrasive plate—coarse (5.0-50 um tip sizes). After the
pia was punctured, the puncturing needle was removed. In the major-
ity of cases, the site of the punctured pia is easily recognizable even if
the puncturing needle is removed. Second, a blunt 33G needle
mounted on the second Z arm was then advanced into the subpial
space through the pia opening. The needle was advanced into the
subpial space for approximately 4-6 mm (Figure S1D,E). For demon-
stration purposes, contrast (Evans blue) was injected in the pilot
experiment to demonstrate the spread of subpially injected solution.
As shown in Figure S1F, a clear spread of contrasted solution in the
ipsilateral subpial space can be seen immediately after injection.

2.2 | Source, preparation, and injection of hNSCs
into the subpial space

The human cortical NSC lines (NSI-HK532) were provided by
Neuralstem, Inc. (Germantown, Maryland, http://www.neuralstem.
com). Briefly, HK532 were prepared from cortical tissue obtained from
a single 8-week-old human fetus following an elective abortion, as pre-
viously described.'® The material was donated to Neuralstem, Inc. with
informed consent in a manner compliant with guidelines of the National
Institutes of Health and the FDA, and according to guidelines that were
reviewed and approved by an outside independent review board.

Cells used for transplantation were harvested as an undifferentiated
nestin-immunopositive population. In our current study, stably GFP-
expressing cells prepared by lentiviral infection of HK532 line with
HIV1-UBI-GFP vector were used. Previously cryopreserved cells were
thawed, washed, and resuspended in hibernation media at a concentra-
tion of 80 000/pl. Cells were delivered into the subpial space through
the previously subpially placed 33G needle interconnected to a digital
microinjector at a rate of 1 pl/s. A total of 20 pl of cell suspension was
delivered at each C2-C3 and Th12-L1 subpial site in each animal (ie,
total of 40 pl/animal; total of 3.2 million cells).

In order to analyze the differentiation of HK532 and HK-
532-UBI-GFP in vitro, cells were grown to confluence and the media
was changed to medium lacking growth factors to initiate differentia-
tion.?> After 10 days, cells were fixed in 4% paraformaldehyde and
immunostained using neuron-specific and glia-specific markers (see

Immunofluorescence Staining; Table 1).

2.3 | Analysis of motor and sensory function

The effect of combined cervical and lumbar subpial cell delivery on

neurological function was analyzed in all animals (6 rats) in 14-day
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intervals for 6 months. Open field locomotion testing: changes in
motor function was assessed using a Basso, Beattie, Bresnahan open
field 21 grade locomotion rating scale.® The presence of allodynia
was tested by presence/absence of vocalization/withdrawal from
touching the trunk around the level of subpial cell delivery witha 20 g

von Frey filament.

2.4 | Perfusion fixation, postmortem in situ GFP
fluorescence imaging, and immunofluorescence
staining of spinal cord/brain sections

and in vitro-induced hNSCs

At 6 months after cell delivery, rats were deeply anesthetized with
pentobarbital and transcardially perfused with heparinized saline
(200 ml) followed by 4% paraformaldehyde in PBS (250 ml-rats). The
spinal cords and brains were then dissected and imaged in situ using
Spectrum optical imaging system (Xenogen, Alameda, California).
Sequences were acquired at excitation wavelength 465 nm and emis-
sion wavelength 520 nm. Medium binning was used, and the expo-
sure time was 3 seconds. Images were analyzed using Living Image
4.3.1 (Xenogen) software. The signals were calculated using fixed vol-
ume region of interests (ROIs). After that, spinal cords and brains
were cryoprotected in 30% sucrose PBS until transverse or longitudi-
nal sections (30-pm-thick) were cut on a cryostat and stored in PBS.
Sections were then stained with neuron-specific or glia-specific pri-
mary antibodies (Table 1) using the previously reported staining pro-
tocol.® Then, staining sections were mounted on slides, dried at room
temperature, and covered with a Prolong anti-fade kit (Invitrogen). In
vitro-induced and 4% paraformaldehyde-fixed hNSCs were stained
using neuron or glia-specific primary antibodies (Table 1).
Fluorescence images were captured using a Zeiss Imager M2 micro-
scope and confocal images were taken using an Olympus FV1000

microscope.

2.5 | Quantification of subpially injected hNSCs

The total numbers of cells immunoreactive for ANUMA was estimated
after counting the total number of hNUMA+ cells in transverse spinal
cord sections taken from the cervical, thoracic, and lumbar spinal cord
in rats (n = 3). Six sections (thickness of each section = 20 pm) taken
from each spinal cord level were used for counting (ie, total 18 sec-
tions used per animal). The average number of counted cells calcu-
lated from 18 sections (ie, average number of cells in a single
transverse 20-pm-thick section) was then multiplied by 4075 to esti-
mate the total number of cells in the cervico-lumbar spinal cord
(length of cervico-lumbar spinal cord = 8.15 cm/20 [um] = 4075).

The percentage of Olig2, hGFAP, and Vimentin and Ki67+ cells
relative to the total number of GFP+ cells was counted in 4 cervical
and 4 lumbar transverse spinal cord sections in rats (n = 3). Double-
labeled cells were counted separately in the white matter (dorsal,

lateral, and ventral funiculi) and gray matter.
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FIGURE 1 Spinal subpial injection of human GFP+ hNSCs leads to long-term injected-cell survival in the subpial space and intraparenchymal
migration throughout the whole spinal cord, medulla, and white matter of the cerebellum in immunodeficient rats. A, Adult immunodeficient rats
received a cervical and lumbar subpial injection of human fetal GFP+ hNSCs using a 33G subpial needle. At 6 months after cell delivery, animals were
perfusion fixed, spinal cord and brain dissected, and imaged in situ using an VIS Spectrum optical imaging system. After imaging, tissue was used for
immunofluorescence staining of spinal cord and brain sections. B-D, Surface GFP fluorescence seen in two individual rats (B, C) shows an intense
GFP signal on the dorsal cervical and lumbar spinal cord. Similar GFP fluorescence on the ventral cervical spinal cord can be seen in the same animals
(D). E-G, A high density of GFP+ cells in the spinal cord parenchyma in horizontally cut spinal cord sections taken from the cervical (E) and lumbar

(F) spinal cord can be identified. A relatively higher number GFP+ cells was seen in the white matter funiculi (LF, DF) if compared to gray matter
(GM) (G). H-K, Analysis of sagittal brain sections shows a high density of injected GFP+ cells in the medulla oblongata, in the vicinity of glia limitans
(H-red arrows; J) and the white matter tracts of the cerebellum (K). Similarly as seen in the spinal cord, the majority of GFP+ cells showed
colocalization with Olig2 (K-inset) and GFAP (H-inset). 0.3 pm optical images showing no NeuN expression in injected GFP+ cells (l). L, Schematic
drawing of spinal and brain GFP+ cell distribution at 6 months after cervical and lumbar subpial cell delivery. Scale bar: E, F, 1 mm; G, 150 pm;

H, 2 mm; H-inset, 15 pm; 1, 10 pm; J, 200 pm; K, 200 pm; K-inset, 15 pm, LF, DF-lateral, and dorsal white matter funiculi, GM, gray matter

1-2 pg of RNA was isolated from each sample, with RIN scores of ~9.0,
as determined by TapeStation analysis (Agilent). SR75 mRNA sequenc-
ing libraries were prepared using the Illlumina Stranded mRNA Library
Total RNA was isolated from flash frozen hNSC-grafted spinal cord and kit, and sequenced on the lllumina HiSeq4000 platform at the sequenc-

2.6 | mRNA sequencing of human-specific
transcripts in grafted rat spinal cord

brain specimens using the Qiagen RNeasy Plus Mini kit. Approximately ing core at the UCSD IGM Genomics Center.
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TABLE 1 Primary antibodies used for indirect
immunofluorescence and histology

Catalog
number Name Company
ab134970 Chicken-anti GFP Abcam
1:1000
TA302094 Rabbit anti-GFAP Origene, Rockville
(human specific)
1:1000
C9205 Mouse anti-GFAP Sigma-Aldrich
(Cy3-labeled)
1:500
574597-1ml Sheep anti-SOD1 Callbiochem, EMD
1:500 Millipore
MAB377 Mouse anti-NeuN EMD Millipore
1:1000
ABN78 Rabbit anti-NeuN EMD Millipore
1:500
AB9610 Rabbit anti-Olig2 EMD Millipore
1:500
L8271 Mouse anti-Laminin Sigma-Aldrich
1:1000
Ab11575 Rabbit anti-Laminin Abcam
1:500
130-095-822 Mouse anti-GLAST Myltenyi Biotech
1:1000
MAB1281 Mouse anti-NUMA EMD Millipore
(human specific)
AB6667 Rabbit anti-Ki67 Abcam
560341 Mouse anti-Nestin BD Pharmingen
(Alexa Fluor
647-labeled)
1:500
MAB5326 Mouse anti-Nestin EMD Millipore
(human specific)
1:500
18-0052 Mouse anti-Vimentin Zymed Laboratories
1:1000
AB5733 Chicken anti-Vimentin EMD Millipore
1:500
MAB5384 Mouse anti-NG2 EMD Millipore
1:500
AB5320 Rabbit anti-NG2 EMD Millipore
1:200
OP80-100UG Mouse anti-APC Oncogene

Single-end 75 bp reads (lllumina HiSeq4000) were received in
FASTQ format and were prepared for downstream analysis by trimming
known barcodes and then selecting post-trimmed reads for those with
average base quality >15. Following the previously described
preprocessing steps,?” reads were aligned with HISAT2 to a combined
rat (Rné) and human (Hg38) genome index. We used -k 20 and—score-
min L,0,-0.4 with otherwise default settings. Aligned reads were sorted
by read name and then evaluated for species of origin with an in-house

perl script. The vast majority of reads only aligned to a single genome,

# TRANSLATIONAL MEDICINE

but for those that aligned to both genomes we used the HISAT2 align-
ment score to guide species assignment. If a read mapped equally well
to both genomes then it was flagged as ambiguous and excluded from
downstream analysis. Otherwise the read was assigned to the species
for which it has the best alignment score.

Species assigned reads were quantified using Kallisto. Human
reads were quantified against the full Gencode annotation (v28) and
rat assigned reads were quantified against the Refgene annotation for
the Rné genome (obtained from the UCSC Genome Browser). Kallisto
“quant” was run in single-end mode with average fragment length of
200 and SD of 60. All downstream analysis was performed in
R. Human and rat quantified expressions were combined into a single
table and treated as a single-species for normalization. After calculat-
ing TPM scaled expression we split the human and rat gene-sample
read count matrices apart for further analysis.

3 | RESULTS

3.1 | Subpially injected hNSCs survive, proliferate,
and migrate throughout neuraxis

We first analyzed survival, migration, and differentiation of hNSCs
when injected into the spinal subpial space. Adult immunodeficient
rats received two bolus injections of hNSCs expressing GFP, one at
cervical cord level (C3-C5) and another at lower thoracic-upper lumbar
cord level (Th12-L1) in the dorsal subpial space (Figure 1A). Rats were
perfusion-fixed 6 months later and the spinal cord and brain dissected
and analyzed. First, the whole brain and spinal cord were scanned
using an VIS surface fluorescent scanner. Intense GFP fluorescence
was seen in subpial space at the GFP+ cell-injected cervical and lum-
bar regions (Figure 1B,C). GFP signal was seen at both the dorsal
(Figure 1B,C) as well as the ventral (Figure 1D) surface of the spinal
cord, suggesting an effective spread of injected cells from the dorsal
subpial space (ie, the site of subpial injections) into the ventral subpial
compartment. Histological analysis of horizontally cut cervical and
lumbar sections showed a widespread of GFP+ cells in the dorsal and
lateral funiculi of white matter as well as the gray matter (Figure 1E,F).
A higher proportion of GFP+ cells was seen in white matter as com-
pared to gray matter in the same region (Figure 1G).

Analysis of sagittal brain sections showed extensive cell migration
into the medulla oblongata, brain stem, and white matter tracts of the
cerebellum (Figure 1H-K). Consistent with surface fluorescence scan-
ning data, a higher density of injected cells was seen just below the pial
surface in the dorsal, lateral, as well as ventral subpial compartments
(Figure 1E,H, red arrows). Analysis of transversally cut sections showed
the highest density of cells immunopositive for human-specific nuclear
antigen (RNUMA), in segments that were near the injection sites. In
those sections, cells were present in both the white and gray matter
(Figure S3A,D). Quantitative analysis of the total number of hNUMA
positive cells counted in the whole spinal cord from the upper cervical
to the lower lumbar [C1 - L5] segments showed an estimated number
of cells at 15 650 000 + 456 000 (N = 3). Compared to the injected

number of cells (3.2 million), this represents approximately a 5.5-fold
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FIGURE 2 Subpially injected GFP
+ hNSCs accumulate in the vicinity of
the superficial and vascular glia
limitans and differentiate into
astrocytes which functionally
incorporate into the glia

limitans. A, A multilayer of GFP+ cells
can be seen in the subpial space,
contributing to the formation of
superficial and perivascular glia
limitans. B-E, At the level of the glia
limitans, injected human GFP+ hNSCs
differentiate exclusively into human
astrocytes (hGFAP) and extend foot
processes which are similar to
endogenous astrocyte-derived foot
processes (compare BW insets

in C, D, E). F-1, Injected glia limitans-
forming human astrocytes express
superoxide dismutase (SOD) (F, G)
and synthesize extracellularly-
deposited human-specific laminin

¥ (hLaminin) (H, 1). J, Schematic drawing
of postulated migration and
functional maturation of subpially
injected hNSCs in immunodeficient
rats: after injection, cells start to
migrate into the spinal parenchyma
across the glia limitans.

A subpopulation of cells differentiate
into astrocytes, incorporate into glia

Whlteimatt‘e;parenchwa Ay

limitans, and start to express

functional markers characteristic of
glia limitans-forming astrocytes,
including SOD and laminin. The other
population of injected cells continues
to migrate into the spinal
parenchyma, giving rise to
parenchymal protoplasmic astrocytes
and oligodendrocytes. Scale

bars: A, 50 pm; B, 60 pm; C, D (inset),

30 pm; F, G, 20 pm; H, 1, 50 pm;

increase in the cell number after 6 months. Measurement of the dis-
tance of cell migration in the rostrocaudal neuraxis showed the pres-
ence of cells in the whole length of the spinal cord and extending up to
the brain stem, that is, the total distance of approximately 12 cm
achieved from one mid-cervical and one lower thoracic-upper lumbar
subpial injection (Figure 1L). Quantitative analysis of hNUMA positive
cells (depicted in S3A-F) in dorsal and ventral white and gray matter in

cervical, thoracic and lumbar segments is presented in Figure S4A,B.

3.2 | Injected hNSCs-derived astrocytes mature and
acquire morphological and phenotypic characteristic
of glia limitans-forming endogenous astrocytes

Using higher power imaging and confocal microscopy, we next studied

the detailed localization and phenotype of GFP+ cells. First, using

WM, white matter)

horizontally cut sections, a multilayer of GFP+ cells was consistently
seen in the subpial space across multiple spinal segments rostral and
caudal to the cell injection sites (Figure 2AE). Similarly, co-staining with
endothelial marker (Reca-1) showed a clear presence of GFP+ cells in
the subpial-perivascular space (Figure 2A). Second, to probe for the
contribution of the GFP+ cells to formation of glia limitans, sections
were stained with human-specific and nonspecific (ie, cross-reacting
with rat and human) anti-GFAP antibody. The glia limitans (also called
glial limiting membrane or lamina limitans) is the outermost layer of spi-
nal neural tissue and is composed of astrocytes and their foot pro-
cesses. The primary function of the glia limitans is the prevention of the
migration of neurons and neuroglia into the meninges and restriction of
the entry of inflammatory cells and small molecules into the brain and
spinal parenchyma.?®? In the analyzed sections, numerous GFP+ cells

were found (a) between the pia mater and glia limitans, (b) to be



SUBPIAL STEM CELL GRAFTING IN IMMUNODEFICIENT RAT

STEM CELLS 183

FIGURE 3 Preferential astrocyte and
oligodendrocyte differentiation of
subpially injected hNSCs. A-D, Analysis of
horizontal and transverse spinal cord
section stained with GFP/Olig2,
GFP/hGFAP, or triple-stained with
GFP/NeuN/Olig2 and GFP/NeuN/hGFAP
antibodies show a high density of
Olig2-immunoreactive cells co-localizing
with GFP in the white and gray matter in
cervical segments (A, B). Staining with
APC antibody shows expected
cytoplasmic expression in GFP+ cells

(A, lower inset). hGFAP expression was
seen in astrocytes in the white matter but
not in GFP+ cells in the gray matter (C, D).
E-H, Co-staining of horizontal spinal cord
sections with GFP/GLAST and hGFAP
antibody showed that virtually all human
astrocytes in the glia limitans as well as in
the deeper white matter were GLAST
positive. Scale bars: A, 150 pm, A (insets),
15 pm, 10 pm; B, 100 pm; C, 150 pm,

C (inset), 15 um; D, 100 pm; E,

60 pm; F, 30 pm; LF, lateral funiculus;
VH, ventral horn

integrated at the level of the glia limitans, and (c) below the glia limitans
in deeper spinal white matter parenchyma (Figure 2B-E). By comparing
the staining pattern of GFP+ cells between sections stained with
human-specific vs nonspecific GFAP antibody, a very similar pattern
was seen. This was characterized by the presence of GFP+ protoplas-
mic astrocytes in the deeper spinal white matter parenchyma (ie, below
the glia limitans) (Figure 2B, white arrowheads) and surface glia
limitans-forming GFP+ astrocytes with elaborate foot processes seen in
the outermost layer of the spinal cord (compare Figure 2C vs D; B/W
insets). These data show that, based on the morphological criteria,
hNSC-derived astrocytes effectively populated the host glia limitans
and acquired the morphological phenotype that appears to be identical
to this specialized glia limitans-forming endogenous astrocytes.

One of the protective mechanisms of the glia limitans is its role in
suppressing/modulating the effect of oxidative stress. Glia limitans-
forming astrocytes have been reported to selectively express the
superoxide dismutase (SOD).2° SOD expression is not seen in paren-

chymal astrocytes.® Therefore, we next tested if the hNSC-derived

TRANSLATIONAL MEDICINE

astrocytes in the glia limitans also overexpressed SOD. As shown in

Figure 2F,G, a high level of SOD expression was seen throughout the
glia limitans with numerous GFP+ and human-specific GFAP-
expressing astrocytes and their processes expressing the SOD.

Another protective mechanism associated with the function of glia
limitans-forming astrocytes is its contribution to the formation of the
parenchymal basal membrane by synthesis of laminin.2! We have
therefore stained spinal cord sections with human-specific laminin
(hLam) antibody and compared the staining pattern with sections sta-
ined with pan-laminin antibody (pLam) (ie, which cross-react with rat
and human laminin). A specific surface-bound staining was seen after
staining with hLam (Figure 2H,1) and this staining pattern was similar
to the pLam staining pattern (Figure S5C-E).

Jointly, these data show that after subpial injections, hNSC-
derived glial progenitors can survive in the subpial space long-term,
incorporate into the glial limitans, as well as migrate deep into the spi-
nal parenchyma. Terminally differentiated astrocytes homed in the glia

limitans, acquire morphological characteristics that are consistent with



STEM CELLS MARSALA ET AL.
TRANSLATIONAL MEDICINE

184 | o

% % Ambiguous
SpeCles-SpeclﬁC mRNA (scores equally good)
sequencing of rat CNS tissue Sorted t
a g . Aligned Reads sortand }-?uriano
after hNSC implantation (aligned to both)[ | , Threshold by \
= Alignment Score Sorted to
Rat

Unaligned Scores below

threshold in both

Aligned

Unaligned |

B C

HG_LAMC1
HG_LAMTOR3
HG_LAMP5

T

.-
s

Control1 4 . .. ... NANOG 15 group
Control2 4 ... POUSF1 E‘zg
Cerebellum-CBW - SOX1 ° ‘ Astrocyl
Cerebellum-SPF 4 . MSI1 ‘ Microglia
Midbrain 4 I = =.=== CXCR4 Neuron
Cervical3-DG I ... . SOX2 5 ‘ 8';)900
cervicaiz-ow | [ NI Il RN s.ci:a1
; [ N Ao+
o Cervical3-VG A I
a ) B | B Gre g
g Cervical3-VW 4 - . AR
9 Thoracics-DG { [ | 4506
Thoracic6-DW 4 - .. “. CXCR3
Thoracic6-VG 1 | HE GPR84
Thoracics-vw { [ = AIF1
Lumbar3-DG { [ = CD68
Lumbars-ov | | EEEE NN o
RELN
Lumbar3-VG { | = = ==.= e
Lumbar3-VW A - : : . | - . = RBFOX3
25 50 75 100 = = L] SYN1
Percent =-. SLC17A6
Genome Rat [l Human [ | HEEE EEEN -~
| [ EER
D | N OPALIN
..==. I HG_SOD1 8 ] e
[ | BB HG_LAMP2 u = ] e
| HG_LAMB2 6
HG_LAMTOR?2 ‘ [ [ | | [ | enISE
HG_LAMP1 4 [ HEE HEE BEEN v:cr
B cowror §° | T .
] HG_LAMTORs [ 2 } = N =E== =$ gfg;;/;
[N Hc
] ] et "o | | N RRRN csrc
| HG_LAMC3 S8 ESSLL FFFFEEEE
HG_LAMB4 £0g¢ § 2222858853333
HG_LAMC2 g8 28888 ccog 888y
M HG_LAvB3 55 g5228822885%2
% R 82563 8 203 @@=
HEEEE M HG_LAVB 8%
HG_LAMA2 =
]
i ] HG_LAMAS
= = HG_LAMA4

NN HG_LAMA1
00;0000—1—4—1—!1—1—1—1—
$PEIEEE 7777 LS
Ec T =® $388

23 8528953 8852

E m

FIGURE 4 Species-specific mRNA sequencing analysis of hNSC-grafted tissue in immunodeficient rats at 8-months postinjection.

A, Schematic of the experimental design. mRNA sequencing reads were analyzed with a bioinformatics pipeline that assigns reads to species of
origin (human or rat). B, Graph showing the percentage of human and rat transcripts among all of the samples tested. A significant percentage of
human transcripts was detected in all tissue samples except for the cerebellum. C, Heat map demonstrating cell-type-specific human transcripts
detected in grafted tissue. The cell-type-specific genes of interest are organized in groups corresponding to ESCs, NSCs, astrocytes, microglia,
neurons, oligodendrocytes, and oligodendrocyte precursor cells (OPCs). Gene expression indicates that injected hNSCs differentiated into
predominately astrocytes and oligodendrocyte lineage cells, with trace amounts of neurons. Additionally, there remains a significant number of
NSC associated transcripts. ESC pluripotency genes did not show any enrichment. D, Expression profiles of human-specific laminin and SOD1
transcripts across all samples
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TABLE 2 Quantitative analysis of
GFAP, Olig2, Ki67, and vimentin-positive
cells derived from subpially injected GFP+
human NPCs at 6 months post-subpial
injection in rat

Gray matter

White matter

GFP/Olig2

69.4.0 £ 15

# TRANSLATIONAL MEDICINE

GFP/hGFAP GFP/Ki67 GFP/vimentin
9774 0 082+1.2 53+54
45+ 10 1.1+£0.9 894

Note: Data are expressed as percentage of double-stained GFP/Olig2, GFP/hGFAP, GFP/Ki67, and
GFP/Vimentin cells relative to total number of GFP+ cells.

endogenous glia limitans-forming astrocytes and respond to a local
function-guiding signals by synthesis of SOD- and spinal surface-
bound laminin (Figure 2J).

3.3 | Subpially delivered hNPCs show preferential
glial (astrocyte and oligodendrocyte) differentiation

We next analyzed the neuronal differentiation profile of the GFP+
cells by co-staining of horizontal or transverse spinal cord sections in
rats with anti-neuronal (NeuN, DCX) and anti-glial (human-specific
GFAP, Olig2, or vimentin) antibodies. No neuronal differentiation was
seen in any animal and all analyzed GFP+ cells residing in white or
gray matter were NeuN or DCX negative (Figure 11). Analysis of GFP+
cells residing in the white matter (below glia limitans) showed a mixed
population of hGFAP, Olig2, APC, and vimentin expressing cells
(Figure 3A,C and Figure S5A).

The same immunofluorescence analysis of GFP+ cells residing in the
gray matter showed that the majority of GFP+ cells were Olig2 or
vimentin positive (Figure 3B and Figure S5B). Only occasional hGFAP+
cells were identified in the gray matter; these hGFAP astrocytes were
typically found at the border between the white and gray matter
(Figure 3D, inset). Staining with Kié7 (marker of mitotically active cells)
antibody showed only occasional presence of GFP/Ki67+ cells in both
the white and gray matter (Figure S5F,G). Quantitative analysis of
GFP/Olig2+,  GFP/hGFAP+,  GFP/Ki67+, and

GFP/vimentin+ cells in the white and gray matter is presented in Table 2.

double-stained

One of the functions of CNS astrocytes is the control of extracel-
lular glutamate concentration. It is mediated by the activity of
membrane-bound glutamate transporters (GLAST, GLT1).2? It was
demonstrated that the loss or altered function of these transporters
can lead to progressive neuronal degeneration (such as seen in ALS)
as a result of excessive glutamate receptor activation.2*>?* To study if
the human astrocytes express GLAST, sections were stained with a
combination of hGFAP and GLAST antibodies. A highly specific
GLAST expression was seen in both the glia limitans-forming human
astrocytes as well as in the protoplasmic human astrocytes found in

the deeper white matter (Figure 3E-H).

3.4 | Transcriptome analysis of subpially
injected NSCs

We next performed mRNA sequencing on the subpially hNSC-injected
spinal cord tissue, and used a previously developed bioinformatics
method to separate human and rat transcripts from the mixed-species

graft'” (Figure 4A). Using this protocol, the analysis of brain stem,

cervical, thoracic, and lumbar spinal cord revealed the consistent pres-
ence of human-specific transcripts (Figure 4B). mRNA transcript analysis
demonstrated the preferential upregulation of astrocyte-specific (GFAP,
ALDH1L1, AQP4, ALDOC) and oligodendrocyte-specific (MBP,
CLDN11) genes, but minimal neuronal transcripts (Figure 4C). In
addition, a clear high level expression of SOD1 and LAMB2 (laminin-
associated gene) genes was seen (Figure 4D). These results support our
observations from immunofluorescence staining, and confirm the pref-
erential differentiation of the grafted hNSCs into glial cells as well as
high level of SOD1 protein and human-specific laminin expression in
glia limitans-forming human astrocytes. There was no evidence of
microglial differentiation in the graft tissue, as microglia do not originate
from neural precursors. Furthermore, although NSC genes were still
expressed by the grafted cells, there was no evidence of pluripotency-
associated gene (NANOG, POUS5F1) expression (Figure 4C).

3.5 | Animals injected subpially with hNPCs show
normal neurological function and no tumor formation

Assessment of neurological motor function?® showed no detectable
changes (such as loss of motor coordination or motor weakness) for
the 6-month survival period. Similarly, no presence of allodynia
(increased responsiveness after applying normally non-painful stimuli)
was seen. Upon spinal cord tissue dissection no macroscopically
defined tumor formation or compression-induced neurodegenerative

changes were seen in any animals.

4 | DISCUSSION

Using adult rats, we demonstrate potent and widespread spinal and
supra-spinal cell migration after the regional subpial delivery of human
neural stem cells. Cells that migrated into the white and gray matter
differentiated predominately into astrocytes and oligodendrocytes.
Robust and functional incorporation of graft-derived astrocytes into
the glial limitans was also demonstrated. Because of the simplicity and
safety of this approach, our subpial cell delivery technique can poten-
tially be used in future clinical trials testing cell replacement therapies
for the treatment of spinal neurodegenerative diseases including ALS,

spinal trauma, or transverse myelitis.

4.1 | Mechanisms of cell migration into the spinal
parenchyma after subpial cell delivery

The pia mater is the innermost layer of the meninges, and is composed

of fibroblasts that ensheath the entire length and surface of the spinal
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cord. The glia limitans (glia limiting membrane or lamina limitans) is a
thin layer/barrier of GFAP+ astrocytes on the surface of the spinal cord
and brain, and is associated with parenchymal basal lamina.*®? Analysis
of injected GFP+ cells showed that many of the subpial-injected GFP+
cells effectively incorporated into the glia limitans. In addition,
histological-morphological analysis and staining with SOD and human-
specific laminin antibodies showed that the hNSC-derived human astro-
cytes acquired morphological and functional characteristics that are
typical of glia limitans-forming endogenous astrocytes. These were
characterized by the presence of a high density of human astrocyte-
derived foot processes, contributing to the formation of glia limitans,
and expression of SOD and synthesis of human-specific laminin, con-
tributing to the formation of the basal membrane. Previous studies have
demonstrated that a direct physical contact between pia-forming fibro-
blast and astrocytes is the primary trigger initiating astrocyte-derived
laminin synthesis.?! Accordingly, we speculate that a direct interaction
of subpially injected hNSCs with the pial membrane is the mechanism
leading to laminin synthesis by terminally differentiated hGFAP+ astro-
cytes. No human-specific laminin was seen in deeper spinal cord or
brain tissue. The distribution of GFP+ cells associated with the lamina
limitans was found to follow the natural anatomical distribution of lam-
ina limitans, that is, on the surface of the spinal cord and in the pene-
trating perivascular space.

In addition, a high density of GFP+ cells was found just below the
glia limitans as well as in the deep white and gray matter. Based on
the injected cell differentiation profile, morphological characteristics
and distribution, we speculate that subpially injected multipotent
hNSCs enter the deeper spinal parenchyma by active migration across
the glia limitans. Some of the migrated GFP+ cells differentiate into
GFAP+ astrocytes and functionally incorporate into the glia limitans
while other cells, probably still undifferentiated glial precursors, con-
tinue to proliferate and migrate into the spinal parenchyma, giving rise
to astrocytes and oligodendrocytes found in the deep spinal paren-

chyma, medulla oblongata, and cerebellum.

4.2 | Preferential glial differentiation of hNSCs after
subpial cell delivery

In our current study, the analysis of neuronal vs glial differentiation of
injected hNSCs in rats demonstrated a strong preference for glial dif-
ferentiation (astrocytes and oligodendrocytes), as evidenced by immu-
nostaining, as well as mRNA sequencing analysis. Interestingly,
although Olig2 cells derived from injected hNSCs were found in both
the white and gray matter throughout the spinal cord, human GFAP+
astrocytes were only present in the lamina limitans and in the deeper
white matter, but not in the gray matter. No differentiation toward a
neuronal phenotype was observed. In addition, a high density of
vimentin-immunoreactive cells as well as occasional presence of
Ki67/GFP+ cells were seen throughout the white and gray matter,
suggesting the continuing proliferation of glial precursors at 6 months
after cell delivery. This is consistent with previous report which dem-
onstrates a continuing proliferation of endogenous glial precursors in

non-injured spinal cord in adult mice.2¢

These data also suggest that the spinal white matter lacks the nec-
essary neuronal induction signals, and further suggests the existence
of a highly specific and potent regulatory mechanism which controls
astrocyte vs oligodendrocyte differentiation in white vs gray matter.
This interpretation is consistent with several previous studies that
show a high degree of neuronal differentiation in the core of an hNSC
spinal graft targeted to the gray matter, whereas a much higher den-
sity of glial cells is observed at the periphery of such grafts.”

4.3 | Implications for clinically relevant strategies

The potential future clinical use of a subpial cell delivery technique will
be primarily defined by: (a) demonstrated widespread hNSC migration
throughout the spinal cord, (b) preferential glial differentiation of
multilineage hNSCs upon injection into the subpial space, and (c) the
specific spinal neuropathology of the disease to be treated. Several spi-
nal neurodegenerative disorders can be considered. First, the current
experimental and clinical cell-replacement therapy to treat ALS employs
direct lumbar or cervical gray matter injections of hNSCs.” Because the
pathology associated with ALS is widespread and affects motor circuitry
throughout the entire spinal cord,® a neuroprotective effect resulting
from subpial hNSC grafting could be envisioned by achieving homoge-
neous cell delivery throughout the spinal cord. In addition, as shown in
the present study, the ability to repopulate the lamina limitans by func-
tional SOD and GLAST-expressing astrocytes may lead to additional
therapeutic benefits by restoring protective function of the glia limitans
and basal membrane (at least in SOD-mutation-caused ALS). Second,
one of the concepts in treating traumatic SCI is promoting regional axo-
nal remyelination affected by previous trauma. A current clinical trial
(Asterias Inc., Fremont, California) employs human ES-derived OPCs
delivered as a single bolus intraparenchymal injection.® However, inter-
estingly, experimental data show that axonal demyelination can extend
for several segments rostrocaudally after localized SCI, suggesting that
a single bolus parenchymal injection of OPCs at the injury epicenter can
have only limited remyelination potency at spinal segments distant from
the injury site. Thus, adding local subpial delivery of OPCs can lead to
accelerated remyelination and more pronounced treatment effect.
Third, the pathology and corresponding neurological dysfunction
associated with transverse myelitis is characterized by the loss of local
oligodendrocytes and can simultaneously affect multiple segments.2”2®
Thus, similarly as for spinal trauma, subpial delivery of OPS or hNSCs
can be used to restore segmental myelination and function. Fourth, the
use of cell-replacement-based therapies for the treatment of lysosomal
storage disease by delivering genetically modified cells into the CNS
can potentially benefit from the widespread cell repopulation achieved
after subpial cell delivery.2?%° Finally, there is long lasting interest to
employ autologous or allogeneic cells genetically modified to produce
antinociceptive inhibitory neurotransmitters such as GABA for the
treatment of chronic neuropathic pain.323 By using a regional subpial
injection of such cells, a regionally targeted release of GABA could be

achieved and potentially lead to a long lasting, anti-nociceptive effect.
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4.4 | Technical requirements to perform effective
and safe subpial injection

In our previous studies, we have described the technique of subpial
AAV?9 vector delivery and identified the pia mater as the major barrier
which limits the penetration of the AAV9 vector into the deep spinal
parenchyma in mice, rats and pigs.*?>*® Our original technique used
subpial placement of a PE-5 or PE-10 catheter after the pia was punc-
tured using a manually positioned 30G pia-penetrating needle. Our
current technique was slightly modified with two XYZ manipulators
mounted firmly on a spinal immobilization frame. This modification
substantially simplified and improved the safety of the entire subpial
cell injection procedure and can readily be used by any surgeon with
established expertise to perform spinal laminectomy in rodents, large
animal models (pigs, monkeys) or in humans.
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