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Survival, Differentiation and Structural Integration of Human Neural

Stem Cells grafted into the Adult Spinal Cord

Cross Reference To Related Applications

This application claims priority to U.S. Provisional Patent Applications Serial
Nos. 60/ 690,017, filed June 13, 2005; 60/690,033, filed June 13, 2005 and Serial
Number TBA, filed May 1, 2006; the entire disclosures of which are incorporated

herein by reference in their entirety.

STATEMENT OF FEDERALLY SPONSORED RESEARCH

Funding for the present invention was provided in part by the
Government of the United States by virtue of Grant No. RO1 NS045140-03 by
the National Institutes of Health. Thus, the Government of the United States

has certain rights in and to the invention claimed herein.

FIELD OF THE INVENTION

The present invention relates to novel approaches for grafting of human neural

stem cells into the adult spinal cord with increased cell survival, differentiation and

structural integration of neural stem cells.

BACKGROUND OF THE INVENTION

Degenerative and traumatic diseases of the nervous system are featured
by loss of neurons and their connections. Effective treatments for these
conditions are presently unavailable. In the field of experimental therapeutics
two major approaches have been taken, i.c. prevention of cell death by
interfering with decision-making steps in cell death pathways and the
replacement of dead neurons with neural grafts [1,2]. Neural stem cells

(NSCs) are a promising alternative to fetal tissues for cell replacement
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therapies, primarily due to their self-renewal and pluripotentiality [3,4]. The
use of human-derived NSCs has the additional advantage of yielding

translational information that is relevant to clinical therapeutics.

The adult spinal cord represents an especially challenging environment for the
survival and differentiation of NSCs because of the apparent lack of cells and/or
signals promoting regeneration [5]. For the most part, NSC grafts into the adult
injured cord have either shown poor differentiation [6,7] or a restricted differentiation
into the glial lineage [8,9], the latter attributable to the relative preference of
pluripotent precursors for non-neuronal fates. However two studies, the one using
ES/embryonic body-derived NSCs [10] and the other lineage-restricted neuronal
progenitors [11] have achieved good neuronal differentiation of grafted cells, thus
mounting a challenge to the notion of spinal cord as an environment unfavorable to

neuronal differentiation. .

The potential of NSCs as therapies for motor neuron disease will depend on
their ability to survive, differentiate, and become integrated when grafted into spinal
cords undergoing chronic degenerative changes. However, neurodegeneration
represents a particularly challenging biological environment and cell death signals
present in established neurodegenerative disease [12-14] may be incompatible with
graft survival. In addition, the adult spinal cord is viewed as lacking cells and/or
signals required for regeneration [15] and the majority of NSC grafting studies have
shown poor or restricted differentiation [16,17]. As mentioned above, recent findings
using human NSCs have rekindled some optimism, but these data are limited to intact

animals or animals with spinal cord injuries .

One particular motor neuron disease is Amyotrophic lateral sclerosis
(ALS) which is characterized by progressive loss of motor neurons in the
spinal cord and brain stem, as well as some pyramidal neurons in motor
cortex, leading to muscle atrophy and eventual paralysis and death.
Approximately 10-13% of cases of ALS are familial and 20% of these cases
harbor mutations in the Cu/Zn superoxide dismutase (SOD1) gene [18,19].
Transgenic mice expressing mutant SOD1 with a substitution of alanine for

glycine at position 93 (SOD1-G93A) reproduce symptoms and pathologies of
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human ALS [20-22]. Despite progress in the elucidation of several cellular and
molecular mechanisms operating in familial ALS, there is presently no
disease-modifying strategy that would prevent the progressive motor neuron
death in familial or sporadic forms of the illness [18]. Therefore, neuronal
replacement therapies with cell grafts are as applicable in ALS as they are in
other diseases featured by neuronal cell death [23-25]. Our neuronal
replacement capabilities have been recently expanded with the availability of
neural stem cells (NSCs) derived ex vivo from neural tissues or in vitro from

embryonic stem cells (ES) as alternatives to fetal grafts [24,25].

Human NSCs, i.e. cells that may eventually be used in clinical applications,
are different from their rodent counterparts in important ways. For example, human
NSCs proliferate and differentiate slower than rodent cells, and this property may
alter the extent and/or rate of migration, axonal elongation, and synapse formation
[26-28]. Therefore, prior to their consideration as potential ALS therapy, human
NSCs must be studied iz vivo in the best available models of motor neuron disease,
i.e. transgenic (Tg) rodents harboring SOD1 mutations. A significant obstacle here is
the rejection, by rodent hosts, of xenografts from species as distant as humans [291.
The use of cyclosporin A as a single immunosuppressive agent has failed or partially
failed in other laboratories [30, 31], and our own [32, 33].

It would be highly desirable to develop methods of promoting large scale
structural integration, differentiation and survival of neural stem cells into diseased

and injured spinal cords for purposes of restoring normal function.

Throughout this application, various publications are referenced to by
numbers. Full citations for these publications may be found at the end of the
specification immediately following the Abstract. The disclosures of these
publications in their entireties are hereby incorporated by reference into this

application in order to more fully describe the state of the art to those skilled therein

.as of the date of the invention described and claimed herein.
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SUMMARY OF THE INVENTION

The present invention provides methods for treating spinal cord

diseases and injuries. The methods involve tranplanting neural stem cells
which have been previously expanded in vitro into a patient such that the
cells can ameliorate the disease or injury. The stem cells to be transplanted
are derived from spinal cord tissue. In one respect, the present invention
discloses various stem cells, neural progenitors and neural precursors
beneficial for treating various spinal cord diseases or injuries. In another
respect, the present invention discloses how to identify, isolate, expand, and
prepare the neural stem cells for treatment of spinal cord diseases, disorders
or injuries. In particular, the present invention discloses the inethod of
treating degenerate diseases, such as ALS, by transplanting in vitro expanded
multipotential neural progenitors or neural stem cells isolated from spinal

cord back into a spinal cord.

The cells of the present invention include cells that, upon
transplantation, generate an amount of neurons. sufficient to operate within the
neuronal infrastructure to ameliorate a diseased or injured state. For example,
transplantation can be used to improve ambulatory function in a patient with
traumatic spinal cord injury. The cells of the present invention undergo
neuronal differentiation in the presence of factors existing in an injured tissue.
Tn certain instances, the neural precursor cells can be multipotential neural
stem cells capable of expansion in culture and of generating both neurons and

glia upon differentiation.

Using the presént methods, neural circuits can be treated by
transplanting the cells into appropriate regions for amelioration of the disease
or condition. Generally, transplantation occurs into spinal cord tissue. In some
instances, transplantation can occur into remote areas of the body and the cells
can migrate to their intended target. The method of treatment includes
supplying to an injured spinal cord area, via transplantation, a suitable number
of cells of this invention which can differentiate into a sufficient number of
GABA-producing neurons to attenuate defective neural circuits, including

hyperactive neural circuits. The cells can be either undifferentiated, pre-

PCT/US2006/023034
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differentiated or fully differentiated in vitro at the time of transplantation. The
cells can be obtained from fetal, neonatal, juvenile, adult, or post-mortem

tissues of the human spinal cord.

Additional features and advantages of the present invention are
described in, and will be apparent from, the following Detailed Description

of the Invention and the figures.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 illustrates In vitro differentiation of human NSCs used for grafts;

A. The vast majority of cells express the NSC-specific marker nestin (red)
immediately before grafting. The DNA dye DAPI (blue) was used to reveal all
cells in culture;

B-C. Fourteen days within the differentiation phase (i.e. after bFGF removal),
~50% of cells acquire MAP2 immunoreactivity and neuronal cytology with
characteristic processes (red, B). A smaller number of cells differentiate into
GFAP (+) astrocytes (green, C);

D. Real-time RT-PCR data showing increased neurotrophic factor and
neuregulin expression in the course of NSC differentiation i vifro. Number of
days on top of columns is the days NSCs have been in a phase of
differentiation (after withdrawal of FGF). Results are expressed as fold
increases compared to levels expressed at the proliferation phase (Day 0), the
latter values designated as 1. Data represent average + SD of triplicate
measurements of a representative cell culture sample at a given time point.
Experiment was repeated twice with different sets of cell samples and yielded
very similar results.

Scale bars: 50 pm.

Figure 2 illustrates the survival and migration of human NSCs in rat spinal
cord; Panels A-C illustrate the localization and numbers of HNu (+) cells at
different time points post-grafting, whereas (D-E) support the migratory
phenotype of grafied HNu (+) cells and (F) confirms their low mitotic activity;

PCT/US2006/023034



10

15

20

25

30

WO 2006/135899

A-B. At 3 weeks postgrafting most HNu (+) cells, indicated as red profiles
with an arrow in (A), are located around the injection sites and along needle
tracks. By 6 months (B), HNu (+) cells show widespread migration away from
the injection site in both the gray and white matter, and many are seen in the
white matter and a few in the gray matter of the contralateral side. (B) is a
composite of several fields to show the extent of migration. Arrow in (B)
shows the colonization, by NSC-derived cells, of the CNS portion of the
dorsal root (note the CN'S-PNS transition zone);

C. Bar diagrams showing HNu (+) cell numbers at the time of grafting (0) and
at 3 weeks (3w), 3 months (3m), and 6 months (6m) post-grafting in the
different treatment groups (avulsion, red; HCA treatment, blue; sham, green).
Left-hand diagram shows numbers of HNu (+) cells ipsilateral to the grafting
site (Ipsi), and right-hand diagram shows numbers on the contralateral grey
matter (Contra). Brackets show the results of post-hoc testing when ANOVA
was significant in the avulsion and HCA groups ipsilateral to grafting; in all
other cases, significance was established with a students’s test. Asterisk
indicates statistical significance at p<0.05 by ANOVA or ¢ test. Method of
section selection is indicated on the extreme left;

D. Dcx, a marker for migrating neuronal precursors, was expressed by about
80% of grafted cells three weeks post-grafting. Dcx expression is reduced to :
10-15% of HNu (+) cells surrounding the grafting sites at 3 and 6 months but
remains very high (~80%) in HNu (+) cells on the contralateral gray matter up
to 6 months post-grafting;

E. This is a confocal image of HNu (+) (red) cells also labeled with Dex
(green) at 3 weeks post-grafting;

F. Three panels illustrating, on a section that was dually stained for HNu (red
nuclear marker in left panel) and Ki67 (green nuclear marker in central panel),
the very low rate of mitotic activity (double-stained nuclei in right panel) in
NSC grafts. The single double-stained nuclear profile is indicated with an
arrow.

Scale bars: A, 200 pm; B, 600 pm; E, 10 pm; F, 20 um.

Figure 3 illustrates the differentiation of grafted human NSCs into neurons

and astrocytes; Panels A-D illustrate cases of neuronal (A-B) and astrocytic

PCT/US2006/023034
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(C-D) differentiation of HNu (+) cells by epifluorescence (A, C) or confocal
(B,D) microscopy. Panel E combines bar diagrams to illustrate the fate of
NSC grafts at parenchymal (left-hand) and meningeal (right-hand) sites;

A-B. These two sections, dually stained for HNu and TUJ-1, illustrate the very
high frequency of NSC-derived neurons within the parenchyma of the ventral
horn by epifluorescence (A) and confocal microscopy (B). Both preparations
are taken from animals killed 3 months post-grafting. Inset is a magnification
of demarcated area in (A). Note the homogeneous appearance of TUJ-1 (+)
cells in the A inset. Confocal sections have been virtually re-sectioned at the x
and y planes to confirm the identity of the double-stained structure’

C-D. These sections, dually stained for HNu and GFAP, illustrate the
significant astrocytic differentiation of NSCs located on to pia-arachnoid by
epifluorescence (C) and confocal microscopy (D). Inset is a magnification of
demarcated area in (C) and representative astrocytes are indicated by arrows.
Confocal sections have been processed as in (B);

E. Bar diagrams illustrating the phenotypic fates of human NSC grafts into the
parenchyma (left-hand diagrams) or the meninges (right-hand diagrams) at 3
weeks (3w), 3 months (3m), and 6 months (6m) in different treatment groups
(avulsion, red; HCA treatment, blue; sham, green). Neuronal fate is
represented by numbers of TUJ-1-labeled HNu (+) cells, and astrocytic fate is
represented by numbers of GFAP-labeled HNu (+) cells. NSCs in a neural
stem/precursor state are depicted here as nestin-and-HNu double-labeled cells.
Astérisk indicates critical post-hoc differences in groups with significant
variance (p<0.05). Although some experimental protocols appear to bias NSC
diffe;entiation (see the robust neuronal fate of NSCs in the avulsion group),
these trends are not significant

P: parenchymal location; M: meningeal location;

Scale bars: A, C, 20 um; B, D, 10 pm.

Figure 4 illustrates the differentiation of human NSCs into neurons after
grafting into the lumbar spinal cord of normal adult Sprague-Dawley rats;

Panels illustrate the neuronal differentiation of NSCs two months post-grafting
based on dual-label immunofluorescence for HNu (red) and a neuronal marker

(green, A: TUJ1; B: NeuN). The predominance of double-labeled profiles in

PCT/US2006/023034
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both panels matches the avid neuronal differentiation of human NSCs in nude
rats as illustrated in Figure 3;

Scale bars: 20 pm.

Figure § illustrates neurotransmitter differentiation of grafted human NSCs.
Panels A-E illustrate evidence of glutamatergic (A), GABAergic (B.,C), and
cholinergic (E) neurotransmission in NSC grafts. As in previous figures,
confocal microscopy is used primarily to confirm the colocalization of two
markers in the same cellular compartment along three planes of sectioning;

A. Two sections, stained for HNu and the prevalent AMPA receptor epitope
GluR2/3, show both cytoplasmic and synaptic staining by epifluorescence (A)
or confocal (A") microscopy. Insets in (A) represent magnifications of
indicated neurons in main panel; top and bottom-left insets show two medium-
size HNu (+) cells with cytoplasmic immunoreactivity, whereas bottom-right
inset illustrates a larger HNu (+) cell containing multiple GluR2/3 (+) boutons;
B. These sections are stained for HNu and the GABA-synthesizing enzyme
GAD and visualized with epifluorescence (B) or confocal microscopy (B').
Arrows in (B) indicate multiple HNu (+) cells with cytoplasmic GAD
immunoreactivity;

C. Confocal microscopy of a field stained with both human synaptophysin (red
in single-channel image on top left, to label grafi-derived terminals) and GAD
(green in single-channel image on bottom left, to label GABAergic terminals)
shows colocalization of the two proteins (yéllow color in merged images in C')
in multiple synapj:ic boutons. Nearly all graft-derived boutons are inhibitory
Y%

D. These sections (D, epifluorescence; D', confocal) are stained for human
synaptophysin to label graft-derived terminals (red) and mixed VGLUT-1/
VGLUT-2 antibodies to label glutamatergic terminals in the field (green).
Despite significant overlap and apposition of grafi-derived and VGLUT-1/2
(+) terminals (D), the two groups of terminals do not overlap (D ;

E. As illustrated in these two sections that were dually stained for HNu and
ChAT (E and the insert, epifluorescence; E', confocal microscopy), some of

the largest NSC-derived neurons express cholinergic phenotypes. These cells

PCT/US2006/023034
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elaborate multiple primary dendrites (E and the insert). (E') is the confocal
image;

Scale bars: A, B, D, E, 20 pm; A', B’, C, C', D', E', 10 um.

Figure 6 illustrates the differentiation of grafted human NSCs into phenotypes
associated with developing motor neurons;
Panels A and E illustrate the expression, in E13 rat motor neurons, of islet-1

5NTR yespectively. Panel B illustrates the expression of islet-1 in host

and p7
motor neurons (adult). (A-B) and (E) serve as positive controls for staining
seen in graft-derived cells in (C-D) and (F-H);

A-D. Many developing (A) and some adult (B) motor neurons express nuclear
islet-1 immunoreactivity (red). A portion of HNu (+) cells in spinal cord are
also islet-1 (+) (C; arrows), but staining is predominantly cytoplasmic. This
staining is not preéent when primary antibody is replaced with pre-immune
IgG and may signify either leakage or a different processing of this protein by
NSC-derived cells. Colocalization of islet-1 with the graft-specific marker
HNu in same neurons is confirmed with confocal microscopy (D);

E-H. Our p75"™® ICC protocol stains the cytoplasm of developing motor
neurons (green; E) as well as a large number of graft-derived, HNu (+)
neurons in the adult spinal cord (F). Panels F-H represent sections multiply
labeled for HNu (blue), p75"® (red), and ChAT (green). Besides a proportion
of p75~"R(+) multipolar cholinergic neurons (G), large numbers of bipolar
HNu (+) neurons express p75"™® immunoreactivity (F). Panel H represents a
confocal microscopic image that was virtually re-sectioned in the x and y
planes to show the colocalization of p75N™® and ChAT in selective graft-
derived, HNu (+) neurons;

Scale bars: A, E, 100 um; B, C, F, G, 20 um; D, H, 10 pm.

Figure 7 illustrates the maturation of human NSC-derived neurons based on
the elaboration of axons, synapses, and innervation by host neurons;

A. This field is taken through the ventral horn of a HNu/NF-70 stained section
3 months post-grafting and shows bundles of human NF70 (+) axons

(indicated with white arrows) originating in HNu (+) grafts (one indicated

PCT/US2006/023034
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with an asterisk on top right) and converging to form larger pathways (red
arrows on bottom left) that course towards the ventral white matter;

B. This field is taken from a graft site in the ventral horn of a human
synaptophysin-stained section 3 months post-grafting. The sharp boundaries of
staining of puncta only in the graft region (boundaries demarcated with
arrows) are due to the selectivity of the antibody for human, but not rat,
synaptophysin protein;

C-C'. These panels (C, epifluorescence; C’, confocal) are taken from triple-
stained sections with HNu (red), TUJ-1 (blue), and the presynaptic marker
Bassoon (Bsn, green). The Bassoon antibody used for ICC recognizes rat and
mouse, but not human, protein. Panel (C) depicts a dense field of rat Bassoon
(+) terminals in proximity to HNu and TUJ-1 (+) profiles. Specific contacts
between rat terminals and NSC-derived neurons are indicated with arrowheads
in the inset, which is a magnification of the profile at the center of the main
panel. The very large number of such terminals on NSC-derived cell bodies is
best illustrated with confocal microscopy (C');

D-D". These panels (D, epifluorescence; D', confocal) illustrate sections
stained with HNu (red), TUJ-1 (blue), and mixed VGLUTI1/VGLUT2
antibodies (green) and show the innervation of HNu and TUJ-1 (+) cells by
glutamatergic terminals putatively originating in the host;

Scale bars: A, 80 pm; B, 20 pm; C-D, C'-D’, 10 pm.

Figure 8 illustrates the innervation of host neurons (including motor neurons)
by graft-derived nerve cells;

A-B. These panels (A and inset, epifluorescence; B, confocal) illustrate
sections stained with human synaptophysin (red) and TUJ-1 (green) and show
the innervation of host motor neurons (large TUJ-1 [+] cell bodies) by human
synaptophysin (+) terminals originated from grafted NSCs. Panel A shows. the
site of the original graft (area with dense human synaptophysin staining
pointed with an arrow) away from the area of innervation (enlarged in inset);

Scale bars: A, 200 pm; B, 20 um.

Figure 9 illustrates root trajectories of NSC-derived axons in animals with

intact peripheral conduits.

10
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Cases illustrated here are taken from animals with HCA lesions in L5 motor
neurons (A) and show L35 roots containing both axons and migrating NSC-
derived cells (B-C) marked with human-specific antibodies;

A. Two representative cresyl violet preparations of L5 ventral hom from an
intact (top) and an HCA lesioned animal (bottom). Note the degeneration of a-
motor neurons 1 week after the local application of the excitotoxic compound
(arrows);

B. A teased L5 root whole mount preparation stained with both HNu (nuclear
staining) and human NF70 (axonal staining) antibodies shows prolific
elaboration of NSC-derived axons in some distance into the root. The spinal
(cord) and nerve (periphery) sides of the root are denoted. A significant
number of HNu (+) migrate along the axonal tracts, especially proximal to the
cord (bottom right); 1

C. A cross-sectional preparation of L5 x}entral root stained with HNu (for
nuclei of grafted NSCs) and human NF70 (for NSC-derived axons). Both are
visualized with DAB (brown). Note both NSCs (asterisks) and axons (an
example is given with an arrow) in the endongurium, wedged among host
motor axons (unstained round structures). Insets represent magnifications of

indicated fields;
Scale bars: A, 80 pm; B-C, 100 pm.

Figure 10 illustrates the Survival and neuronal differentiation of human NSCs
in the spinal cord of SOD1 G93A rats;

A. This section was taken from a representative graft site of an end-stage
animal and stained with HNu ICC (red). A large number of HNu (+) cells are
shown to survive at the original graft site in ventral horn/ventral root exit zone
(arrows);

B-D; These fields are photographed from a section dually stained with HNu
(red) and the neuronal marker TUJ1 (green) and show that a majority of HNu
() cells in this ventral L5 graft are also TUJ1 (+). Panel C represents an
enlargement of the framed area in (B) and panel D is a confocal image taken
from the framed area in (C); Image in (D) was optically resectioned
perpendicular to the z plane to confirm the colocalization of TUJ1 (+)

11
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cytoplasm and HNu (+) nucleus at the same plane. Blue emission channel for
DAPI counterstain is merged only in panel D;

Size bars: A, 150um; B, 100pm; C, 20pm; D, 10um.

Figure 11 illustrates the structural integration of human NSCs in the spinal
cord of SOD1 G93A rats;

Images depict patterns of graft-to-host innervation (A-B), host-to-graft
innervation (C-D), and pathways of graft-derived axons forming within the
host spinal cord (E-H);

A-B. These images were taken from a section that was dually stained for
ChAT (green) and human-specific synaptophysin (red) ICC at lower (A) and
higher (B, confocal) magnifications. Confocal image in panel B was taken
from the framed area in (A). Section in (B) was counterstained with DAPI
(blue). As shown for many host motor neurons in (A) and with a confocal
level of detail in (B), cell bodies and proximal dendrites of host a-motor
neurons are contacted by a large number of graft-derived boutons. In (B),
several of these synaptic contacts are confirmed with x~ and y-plane
reconstruction (arrows); |

C-D. These photographs were taken from two sections processed with triple
immunofluorescence for HNu (blue), TUJ1 (green), and the rat form of the
presynaptic protein Bassoon (red). Section in (C) was photographed under
epifluorescence. Panel D represents a confocal detail from an adjacent section.
Note a general overlap of host-derived terminals (red) with a TUJ1
differentiated graft in (C) (arrows). When examined in greater detail, i.e. with
confocal microscopy (D), only few grafi-derived neurons are seen to receive
synaptic contacts by host cells (asterisk in main frame, arrow in x-plane
reconstruction).

E-E’. This digital photograph, taken from a horizontal section stained for
HNu and human NF-70 ICC (both red) and counterstained with ChAT ICC
(green) was processed for the acquisition of red emission (E) or merged red
and green emission (E"). A large number of graft-derived axons are shown in
panel E to leave the graft on top and course preferentially along the left border
of this field (arrows). The superimposition of green ChAT immunostaining in

cells/processes in panel E” serves to indicate the position of host motor
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neurons in the ventral horn (asterisks) and to define the position of graft-
derived pathway in the white matter of the ventral funiculus;

F. In all cases with live grafts, there was a prominent visualization of human
axons and synapses around ependymal cells. Although a de novo projection of
NSC-derived neurons to ependyma could not be ruled out, the majority of
these processes resulted from migration of NSCs to ependymal sites. This
image illustrates human synaptophysin (+) synapses apposed to DAPI- stained
ependymal cells;

G. This teased preparation from ventral L5 root was stained en block with
human NF-70 and shows sparse graft-derived axons coursing near the surfac‘e
(arrows);

Size bars: A, 50 pm; B, 10pm; C, 10 pm; D, 20pm; E, 100pm; F, 10pm.

Figure 12 illustrates the Effects of human NSC treatment on severity of motor
neuron disease in G93A SODI rats shown with progression (A-B) as well as
end-point (C-E) analysis of clinical and pathological measures in cases with
live-cell (L, red) and dead-cell (control, C) grafts (blue);

A-B. Panel A is a Kaplan-Meier plot showing a significant separation
between experimental (1=16) and control animals (n=11) throughout the
course of observation (p=0.0003). (B) shows a separation in the two principal
measures of muscle weakness (BBB and inclined plane scores) between the
two groups (p=0.00168 and 0.00125, respectively);

C-E. End-point analysis of survival (C), time-to-disease-onset (D), and motor
neuron numbers based on Nissl staining (E) in experimental (n=3) and control
rats (n=3). Bar diagram in (C) shows a significant 11-day difference in life
span between the two groups (p=0.0005), and diagram in (D) indicates a
significant 7-day difference in time-to-disease-onset between the two groups
(p=0.0001). Panel E depicts a difference of 3,212 cells in the lumbar
protuberance between live and dead NSC groups (p=0.01). Inset at the bottom
of (E) illustrates the difference in motor neuron survival between a
representative experimental (upper) and control (lower) rat at 128 days of age;
arrows indicate the lateral motor neuron group;

Size bars: 150um.
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Figure 13 illustrates the expression and release of GDNF and BDNF in the
spinal cord of NSC-grafted SOD1 G93A rats;

A. GDNF concentrations in the parenchyma and CSF of rats grafted with live
cells (red and orange bars, n=3) and animals grafted with dead cells (blue bars,
n=3) by ELISA; Red bars represent concentrations through the graft site;
orange bars depict concentrations in tissues one segment above or below.
Average GDNF concentration was 0.912 pg/pg at the graft site and 0.819
pg/pg one spinal segment away in animals grafted with live cells; in animals
that received dead cells, average graft-site concentration was 0.368 pg/ug
(left); In the CSF, GDNF concentration was 0.027 pg/ul in experimental and
0.006 pg/pl in control animals (right). Variance in parenchymal concentrations
among groups is significant and caused by a large difference between red or
orange and blue groups. Difference in CSF concentrétions between
experimental (live-cell, L) and control (dead-cell, C) groups are also
significant by t test;

B. GDNF Western blotting, serving as confirmation of ELISA, detects a 16
kDa protein (left) and shows a higher normalized GDNF concentration in
animals grafted with live NSCs;

C. BDNF concentrations in the parenchyma and CSF of experimental rats
(red and orange bars, n=3) and controls (blue bars, n=3) by ELISA. BDNF
concentration was 0.086 pg/ug at the graft site and 0.054 pg/ug one segment
away in animals grafted with live cells. In rats grafted with dead cells, graft-
site concentration was 0.010 pg/pg. In the CSF, BDNF concentration was
0.041 pg/pl in animals with live cells and 0.010 pg/p! in animals with dead

cells. Variance in these values is significant because of large differences

. between live- and dead-cell grafts, but also between graft sites and sites

adjacent to them in animals with live NSCs (left). Differences between
experimental and control CSF concentrations are also significant (right);

D. BDNF and GDNF real time RT-PCR demonstrates that spinal cord tissues
with human NSC grafts express higher levels of human, but lower or
unchanged levels of rat BDNF and GDNF mRNA. Melting curve and agarose
gel analysis detected single melt peaks and specific bands for each of the eight
rat and human-specific primers (data not shown). PCR efficiency values were

between 92 and 105% for all amplicons. RT minus, NTC, rat cDNA (for
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human-specific primers), and human NSC ¢cDNA (for rat-specific primers)
control reactions did not amplify any specific product. The normalized
expression ratio of human BDNF and GDNF in grafts is ~8-fold and 9-fold
higher, respectively, compared to levels of expression in NSCs prior to
grafting. In contrast, host tissues with live NSC grafts express ~3. 5 times
lower BDNF, whereas GDNF expression does not change compared to control
tissues grafted with dead NSCs;

* p<0.05 ** p<0.01

Figare 14 illustrates the localization of GDNF immunoreactivity in cell bodies
(A-D) and terminals (E) of NSC-derived neurons in the spinal cord of SOD1
G93A rats;

A-B. These dually stained preparations for HNu (red) and GDNF (green)
illustrate the abundance of GDNF immunoreactivity within the cytoplasm of
grafted NSCs under low-power epifluorescence. Panel A was photographed in
multiple emission acquisition channels such as to allow for the visualization of
green only (left), red only (middle), and merged red and green (right)
epifluorescence. Panel B was taken from a section adjacent to the one in (A)
that was stained for HNu and rabbit IgG immunoreactivity to control for
GDNF antibody background; image in (B) is the product of merged green and
red channels. Note the delineation of the graft area by intense GDNF
immunoreactivity in (A) and the abolition of specific immunoreactivity when
anti-GDNF is replaced with pre-immune rabbit IgG (B).

C-D. These two merged-emission photographs serve to illustrate in greater
detail the cytoplasmic GDNF immunoreactivity of NSC grafts. Red and green
emissions represent HNu and GDNF immunoreactivity, as in panels A-B.
Confocal image in (D) is taken from the framed area of the epifluorescent
image in (C). Confocal image was optically resectioned at the x and y planes
to confirm GDNF and HNu colocalization;

E-F. These images were taken through the central canal region of sections
dually stained for human synaptophysin (red) and GDNF (green) and were
photographed under epifluorescent (E) or confocal (F) conditions for the
acquisition of merged emission of red and green fluorescence and blue

emission from DAPI staining. Note the precise colocalization of human
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synaptophysin, serving as a graft-specific synaptic marker, and GDNF
immunoreactivity in the dense terminal field near ependymal cells (asterisks).
Colocalization is especially evident with confocal microscopy in panel F
(index double-labeled synapses are indicated with arrows);

Size bars: A, B 150pm; C, S0pm; D, 10pm; E, 10pum.

Figure 15 illustrates the localization of GDNF immunoreactivity in synapses
associated with host motor neurons in SOD1 G93A rats at different stages of
disease progression. ‘

A. These three panels are representative illustrations of GDNF
immunoreactivity in motor neurons from animals grafted with live (left and
right) and dead (center) NSCs at early and late-stage disease. Note the high
density of GDNF (+) boutons, especially on the cell bodies and proximal
dendrites of host motor neurons in early disease (left, arrows). These terminals
are smaller with advanced disease (right, arrows). There is also granular
GDNF immunoreactivity within the cytoplasm, best appreciated in confocal
images (C");

B-C'. Confocal images of a host motor neuron stained with GDNF (green)
and human synaptophysin (red; to selectively label NSC-derived terminals).
Panel B, corresponding to early motor neuron disease, shows the rare
localization of GDNF within human synaptophysin (+) synapses (arrow). In
late disease (C-C'), most immunoreactive GDNF appears in vesicular
structures within host motor neurons (arrows in C'). (C') is an enlargement of
the framed area in (C);

D-E. Confocal images of a representative host motor neuron from sections
dually stained with GDNF and ChAT or GDNF and VAChT. ChAT and
VACHAT are cholinergic markers, the former labeling both cholinergic cell

* bodies and terminals and the latter labeling local cholinergic terminals. GDNF

immunoreactivity is detected with green and ChAT and VAChT with red
emission. The cholinergic cell body is contacted by multiple ChAT or VAChT
and GDNF (+) large terminals with the appearance of cholinergic C-boutons
(arrows). X and y plane reconstruction verifies the colocalization of ChAT or
VACHT and GDNF on these terminals (arrows);

Size bars: A, 20pum; B, 10 pm; C, 10 pm; D, 10um; E, 10pum.
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Figure 16 illustrates the effects of various immunosuppressive regimens on
graft survival versus CD8 cell infiltration.

Spinal cord sections were taken through the graft site and dually labeled with
antibodies against HNu (red) and CD8 (green). Images were captured under
epifluorescence, except in top inset of Panel A which is a confocal image
taken from the same section as the main panel. All insets, except the top one in
Panel A, represent magnifications of the framed areas in main panels. Arrows
in insets point to representative CD8 (+) T-cells; Arrowheads point to CD8 (+)
cellular debris. Cross-sections of some blood vessels are labeled with
asterisks.

A-B; These panels illustrate representative sections of micé treated with
FK506, surviving for 1 week (A) or 1 month (B) post-grafting. Note many
intact CD8 (+) cells in (A) with their typical thin cytoplasm. Many CD8 )
cells are in close proximity to diffuse HNu immunoreactivity that gives the
impression of scaffolding around green CDS (+) profiles (arrows in insets in
[B]); At 1 month, CD8 immunoreactivity is localized as predominantly
extracellular debris (arrowheads in inset in [B]);

C-D. These panels show a significant increase in graft survival (indicated by
the presence of a dense population of intact HNu [+] nuclei) and a decrease in
CD8 (+) cell infiltration with combined FK506 + rapamycin treatment at 1
week (C) and 1 month (D) post-grafting. CD8 immunoreactivity is present
both in intact cells (arrows in insets) and as extracellular debris (arrowheads in
insets). CD8 (+) debris is much less intense than in (B), presumably due to a
lower frequency of CD8 (+) T-cells recruited into the graft site;

E-F. These panels show robust graft survival and minimal CD8 (+) cell
infiltration one month after treatment with combined FK506 + rapamycin +
MMTF (E) or CD4 antibodies (F). The results resemble that of FK506 -~
rapamycin treatment at 1 month (D);

Scale bars: main panels, 100 um; all insets (except confocal in panel A), 20

um; confocal in A (upper inset), 10 um.
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Figure 17 illustrates the effects of FK506 (A) and combined FK506 +
rapamycin treatment (B) on graft survival versus CD4 cell infiltration one
week post-grafting;

Spinal cord sections were taken through the graft site and dually stained with
antibodies against HNu (red) and CD4 (green). All images were captured
under epifluorescence, and insets represent magnifications of framed areas in
main panels, except the confocal image in top inset in (A). Note the sharp
difference between non-nuclear HNu immunoreactivity in (A) and intense
HNu immunoreactivity of densely packed nuclei in (B);

A. Arrows in insets point to representative CD4 (+) cells. In contrast to CD8
(+) cells in Fig. 1A, most of these cells are not in close proximity to HNu-
immunoreactive material. Cross-section of a blood vessel is labeled with an
asterisk;

B. Arrowheads in inset point to CD 4 (+) cellular debris, which is the
predominant CD4-immunoreactive structure in these preparations.

Scale bars: main panels, 100 pm; all insets (except confocal in panel A), 20

um; confocal in (A), 10 pm.

Figure 18 illustrates the Effects of various immunosuppressive regimens on
graft survival versus microglia/macrophage infiltration;

Spinal cord sections were dually stained with antibodies against HNu (red)
and Iba-1 (green). Images were captured under epifluorescence, except in top
inset of panel A which is a confocal image. All insets except the top one in
panel A represent magnifications of framed areas in main panels. Arrows in
insets point to representative microglial cells/macrophages;

A-B. These panels illustrate representative sections of mice treated with
FK506 and surviving for 1 week (A) or 1 month (B) post-grafting. Most Iba-1
(+) cells in panel A show pyramidal shapes with substantial cytoplasm and
short processes, i.e. cytological features of macrophages (arrows in insets).
Colocalization of HNu (+) material internal to the Iba-1 (+) cell surface is
evident in the confocal inset (arrow, top inset in [A]). Iba-1 (+) cells in panel
B show mixed cytologies with both extensively ramified cells resembling

activated microglia and some macrophage-like profiles;
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C-D. These panels show a significant increase in graft survival (indicated by
the presence of a dense population of intact HNu [+] nuclei) with combined
FK506 + rapamycin treatment at 1 week (C) or 1 month (D) post-grafting.
Ibal (+) cells are far fewer than in (A) and are comprised primarily of
activated microglia in panel C, whereas in panel D they also include
macrophage-like profiles;

E-F. These panels show robust graft survival one month after treatment with
combined FK506 + rapamycin + MMF (E) or CD4 antibodies (F). There are
several macrophage-like Iba-1 (+) cells in (E). In panel F, most Iba-1 (+) cells
have cytologies consistent with activated microglia;

Scale bars: main panels, 100 pm; all insets (except confocal in panel A), 20

pm; confocal in (A), 10 pm.

Figure 19 illustrates the combined immunosuppressive drugs or CD4
antibodies delay disease onset, improve motor scores, and extend life span of
SOD1-G93A mice grafted with human NSCs and treated with combined
immunosuppressants as compared to FK506 monotherapy;

A-B. These two graphs indicate that combined immunosuppressive treatments
or CD4 antibodies delay disease onset (A) and extend the life span (B) of
SOD1 mice. Variance in both measures is significant (ANOVA: p=0.0029 and
p=0.068, respectively). Fischer LSD post-hoc testing shows that the
significance originates in differences between the combined treatment groups
or the CD4 antibody group with the FK506 monotherapy group. Note that the
FK506 + rapamycin + MMF group is not significantly different from the
FK506 group with respect to disease onset;

C-D. Variance in the progression of muscle weakness (C) and in survival D)
among treatment groups. Muscle strength was scored with open-field testing
as explained in Materials and Methods. Repeated-measures ANOVA followed
by Fisher LSD post-hoc testing of individual differences in (C) reveals
significant differences comparing FK506 + rapamycin or FK506 + rapamycin
+MMF or anti-CD4 groups to FK506 group (p=0.007, 0.008, and 0.023,
respectively). Logrank testing of Kaplan-Meier survival curves in (D) shows
an overall significant variance (p=0.011, ¥>=11.11). Using Logrank testing for

comparisons between pairs of groups reveals significant differences between
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anti-CD4 or FK506 + rapamycin or FK506 + rapamycin + MMF and FK506
monotherapy (p=0.023, 0.016, and 0.001, respectively). Group data are
displayed as mean % SD. (** p<0.01, based on post-hoc testing);

Figure 20 illustrates the differences in clinical parameters of motor neuron
disease between animals grafted with live or dead human NSCs, all of which
were optimally immunosuppressed with FK506 plus rapamycin;

A-B. Live NSC grafts delay disease onset (A) and extend the life span (B) of
SOD1 mice when compared to dead-cell grafts. On both measures, differences
between the two groups are significant (Student’s ¢-test: p=0.0025 and
p=0.012, respectively);

C-D. Differences in the progression of motor weakness (C) and in survival (D)
between live- and dead-cell grafted groups. Repeated-measures ANOVA
followed by Fisher LSD post-hoc testing of variance in (C) shows significant
differences between live- and dead-cell grafted groups (p=0.02). Logrank
testing of Kaplan-Meier survival curves (D) also shows significant differences
between the two groups (p=0.001, 3> =11.11); Group data are displayed as
mean = SD. (* p<0.05; ** p<0.01).

Figure 21 illustrates the differentiation of human NSCs into neurons and
astrocytes in vivo,

A-A’. These two sections were dually stained for HNu (red) and TUJ1 (green)
and illustrate the very high frequency of neurons derived from human NSCs
using epifluorescence (A) and confocal microscopy (A'). Panel A is a low-
power image illustrating the marked enrichment of TUJ1 immunoreactivity in
the graft compared to the surrounding host tissue; Confocal images in panel A’
illustrate the typical filamentous cytoplasmic TUJ1 immunoreactivity; image
in main frame was optically resectioned in the x and y planes to confirm the
intimate apposition of the two immunoreactivities within these densely
clustered neuronal cell bodies.

B-B'; These sections were stained for HNu (red) and GFAP (green) and
showecase the sparse astrocytic differentiation of human NSCs by

epifluorescence (B) and confocal microscopy (B'). Note the presence of rare
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GFAP (+) cell bodies with enclosed HNu (+) nuclei in the graft (arrow in B)
despite the presence of numerous GFAP (+) processes. Confocal microscopy
(B") shows a small cluster of human NSC-derived GFAP (+) cells located
close to the pial surface. Confocal sections have been processed as in panel A’;
C-C'. These sections were stained for HNu (red) and nestin (green) and
illustrate that some human NSCs retain stem-cell properties, at least as
indicated by their expression of high levels of nestin immunoreactivity by
epifluorescence (C) and confocal microscopy (C'); Confocal images have been
processed as in panel A’. Arrows in panel C point to selected nestin (+) cells;

Scale bars: A: 50 um; B, C: 20 pm; A’, B, C': 10 pm.

Figure 22 illustrates the reciprocal innervation between graﬁ-deﬁ?ed and host
neurons based on triple ICC for human synaptophysin (Syn), two VGLUT
epitopes (1 and 2), and TUJ1;

Human synaptophysin immunoreactivity is used as a selective marker for
graft-derived synapses. VGLUT1/2 is an excitatory synaptic marker
specifying host origin because of the absence of glutamatergic phenotypes in
differentiated NSCs. TUJ1 is a generic neuronal marker. Color representations
of various immunoreactivities are specified on top of panels;

A-A’: These epifluorescent (A) and confocal (A’) images taken through the
ventral horn of a SOD1-G93A mouse one month post-grafting show a TUJ1
(+) (green) host a-motor neuron (outlined by the three arrows in panel A)
contacted, at both the cell bodies and dendrites, by many human
synaptophysin (+) terminals deriving from differentiated NSCs (red). DAPI
(blue) is used as nuclear counterstain;

B-B'. These epifluorescent (B) and confocal (B’) photographs are taken
through the graft site and show graft-derived neurons, identified by HNu (red)
nuclei and cell body staining of TUJ1 (blue) in proximity to VGLUT1/2 (+)
(green) terminals from host neurons (some are indii:ated with arrows in panel
B).

Confocal images have been optically resectioned in the x and y planes as
explained in Fig. SA’;

Scale bars: A, B: 20 pm; A’: 10 pm; B': 5 pm.
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Figure 23 illustrates the effects of FK506 (A) and FK506 + rapamycin (B)
treatment on graft survival versus NK-cell infiltration one week post-grafting;
Spinal cord sections were dually stained with antibodies against HNu (red)
and NK cells (green). Images were captured under epifluorescence and insets
represent magnifications of framed areas in main panels, except the top inset
of panel A that is a confocal image from the same section from which the
image in the main panel was obtained,;

A. Arrows in insets point to DX5 (+) NK cells. NK cells come into close
contact with non-nuclear HNu immunoreactivity that is often seen in a
scaffold pattern around NK cells and likely derives from dead human cells;
B. In contrast to panel A, a large number of densely packed HNu (+) nuclei
indicates robust graft survival. Arrowheads in inset point to DX5 (+) NK cell
debris, that appears very early in treatments with combined
immunosuppressants or CD4 antibodies;

Scale bars: main panels, 100 pm; all insets (except confocal image in panel

A), 20 um; confocal in (A), 10 pm.

DETAILED DESCRIPTION OF THE INVENTION

Integration and Differentiation of Human Neural Stem Cells in Adult

Spinal Cord

The present invention provides for large-scale differentiation and
integration of human NSCs grafted into the normal and injured spinal cord of
T-cell deficient (nude) rats. Under the present experimental conditions, human
NSCs survive well with limited further mitotic activity and migrate
extensively for at least 6 months post-grafting. Although the vast majority of
parenchymally-grafted NSCs take on a neuronal fate, the meningeal
environment appears to promote an astrocytic differentiation or to restrict
NSCs to a perpetual nestin (+) state. A majority of NSC-derived neurons in
spinal cord parenchyma have bipolar cytologies and GABAergic phenotypes

22



10

15

20

25

30

WO 2006/135899

for at least 6 months after grafting and receive GABAergic innervation from
other graft and host neurons, in addition to glutamatergic innervations from
the host. A small percentage of grafi-derived neurons evolve into larger
multipolar neurons with cholinergic phenotypes. NSC-derived neurons
elaborate axons and synaptic specializations and engage in dense reciprocal
innervation with host spinal cord neurons. The present invention relates to
parenchymal NSC grafts which integrate into neural circuits in spinal cord and
that NSCs of human origin can be useful in methods for repairing damaged
spinal circuitry.

The 3-4 fold increase in NSC numbers post-grafting, although not of
the magnitude or rate to cause tumors, persisted during the period of active
neuronal differentiation. Because it is implausible that the differentiation and
dividing pools of NSCs are the same cell population, a subset of grafted NSCs
persists in a nestin (+) state, for example NSC-derived cells located near the

pial surface, is the one that gives rise to additional neuronal lineage, possibly

on an ongoing basis. These cells can be persisting in a premature stage either

because of accidental initial placement near the pial environment or via active
migration and tropism to those pial sites. These are complex phenomena that
require coordinated NSC-host signaling.

The extensive migratory disposition of human NSCs was especially
evident at 3 and 6 months, but migratory capacity was ascertained by Dcx
immunoreactivity as early as 3 weeks post-grafting. Although most HNu (+)
cells remained within the gray matter, there was also some colonization of the

white matter. A consistent phenomenon was the early establishment of linear

_ pathways of migration from the initial graft into the white matter

perpendicular to the spinal cord surface that often appeared to extend all the
way to or close to the pia. In DAPI-counterstained preparations, it was
apparent that these‘ migratory pathways were associated with microvessels.
Neuronal differentiation of NSC grafts in the adult spinal cord has
been the exception, rather than the rule, in the literature [23-26]. The relative
success in the neuronal differentiation of NSCs when these cells were grafted
into the developing spinal cord [69] is consistent with the idea that essential
inductive signals are present in the immature but perhaps not the adult spinal

cord [22, 70]. The substantial neuronal differentiation of ES/embryonic body-
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derived NSCs in the adult spinal cord achieved by McDonald and colleagues
[27] was the first indication that the adult spinal cord environment may allow
neuronal differentiation under certain conditions. The extensive neuronal
differentiation of the NSC preparation used in the present study is due to
several potential reasons, including species of NSC origin and culture method.
Human NSCs have a more marked pluripotentiality compared to rodent NSCs
[71]. In addition, NSCs used in the present study were propagated in
monolayer cultures as compared to cell aggregates, i.e. neurospheres, which
require harsher treatment prior to the suspension of cells for grafting. The fact
that ~5% of human NSCs express PSA-NCAM prior to grafting implies that a
portion of grafted cells had already made a neuronal lineage choice. However,
this pre-inoculation choice of a very small minority of grafted NSCs cannot
account for the massive neuronal differentiation of the graft that is bound to
have derived through multiple-step differentiation post-inoculation.

The robust differentiation observed in the present Examples amplifies
and extents the findings of McDonald et al and is inconsistent with the notion
that the adult cord environment is constitutively unfavorable to the survival
and differentiation of NSCs [22,70]. The T-cell deficient state of the
experimental subjects used here is very unlikely to have influenced the
grafting outcome. In addition to the successful grafting of human NSCs in
nude rats described herein, excellent survival and neuronal differentiation of
human NSC grafts was observed on completely normal rats (Fig. 4) or SOD1-
G93A transgenic rats and mice [72] [73] after treatment with
immunosuppressive agents.

The present invention includes that local factors can influence the fate choice
of grafted NSCs, i.e. many more NSCs turn into astrocytes or remain nestin
(+) when located in or close to the meninges (pia). This is welcome evidence
of the plasticity of NSCs and demonstrates that signals from the host
microenvironment play significant roles in fate determination of grafted NSCs.

The predominant neurotransmitter phenotype of differentiated NSCs is
inhibitory-GABAergic, although a measurable minority of these cells
elaborates cholinergic phenotypes. These two neurotransmitter signatures
appear to belong to neurons with different cytologies, i.e. GABAergic neurons

have smaller bipolar cytologies whereas cholinergic neurons are larger and
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multipolar. However, all shapes and sizes between these two types have been
encountered and, in a few cases of grafts growing outside the spinal cord
parenchyma, we have seen a continuous pattern of differentiation in colonies
in which GABAergic neurons predominate in the periphery and cholinergic
neurons at the center. Therefore, it is unlikely that these two phenotypes
belong at the end points of distinct differentiation lineages and it is possible
that some GABAergic neurons could turn into cholinergic nerve cells given
the proper instructive signals. Another argument against the idea of the
GABAergic phenotype as an end-point fate is the fact that a majority of HNu
() cells in the spinal cord extend long axons, whereas GABAergic spinal cord
neurons in mature animals are interneurons [75,76]. In addition, many NSC-
derived GABAergic neurons are islet-1 and p75™'® (+), which supports the
idea that at least a subset of them may be transitional motor neurons [771
stalled in their differentiation path because of a lack of target-derived
differentiation signals [78,79]. The relatively higher rate of p75™™® expression
by GABAergic rather than cholinergic neurons is also suggestive of a single
motor neuron differentiation lineage in a stage of separation from muscle
targets [77]. These ideas imply that ensuring proper target connectivity for
grafted NSCs in the spinal cord is not only essential for circuit restoration, but
also for the proper differentiation of the graft, especially with respect to the
most advanced stages of fate determination. It has been reported that
“priming” type manipulations of human NSCs prior to grafting may advance
them more fully to cholinergic fates post-grafting, both in the developing and
adult spinal cord [80,81] but the likely precursor state of these cells and
unknown survival rates and grafting efficiency does not allow direct
comparisons with the results of the present study.

A substantial degree of elongation of NSC-derived axons was observed

within the spinal cord parenchyma and, in many cases, along the ventral roots.

It appears that there was very little, if any, inhibitory effect from the host in
the elaboration and elongation of these axons. The myelin-associated
glycoprotein (MAG) and the oligodendrocyte-myelin glycoproteins NOGO A,
B, and C have been shown to inhibit axonal regeneration [82], although
neurotrophic factors can antagonize these effects by increasing intracellular

cAMP levels [83,84]. The lack of substantial axonal growth inhibition seen in
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our cases may be due to species incongruence, i.e. it is possible that rodent
axonal inhibitory factors cannot bind to human NOGO receptors expressed by
NSCs. Other factors may have to do with developmental cycle incongruence,
i.e. it is possible that young neurons from high mammals such as humans can
persist in an immature state for much longer petiods than rodent neurons, .
thereby “overwhelming” intrinsic rodent mechanisms that restrict axonal
formation and elongation.

The degree of anatomical integration of grafted cells with host neurons
via the establishment of reciprocal contacts is remarkable both because of its
magnitude and its significant theoretical and practical implications. Although
the methods of the present invention are the first to demonstrate such high
levels of integration, the molecular mechanisms are still unknown. We can
hypothesize that a number of trophic and cell-cell recognition transcripts
shown to be expressed by cultured human NSCs play significant roles in these
processes. These proteins are expressed and released in amounts and gradients
that allow highly conserved tropic and trophic interactions to occur
irrespective of age of the host or the fact that host and graft belong to different
species. Based on our PCR data on human NSCs in culture (Fig. 1D) these
protein signals include: GDNF and the neurotrophin BDNF, i.e. powerful
trophic signals for motor neurons that can explain the marked ability of human
NSCs to attract host motor axons [85-87]; neuregulins 1, 2 and 3, i.e. critical
glial trophic signals that may also guide host axons and promote host-graft
integration [88-94]; the growth hormone-like peptide IGF-1; and angiogenic
factors like FGF and VEGF. Besides the neurotrophic effects of VEGF and
IGF-1 [95-97], VEGF may also play a role in migration and position
patterning of developing motor neurons [98]. Interestingly, IGF-1 may
cooperate in tandem with BDNF to promote neuronal precursor differentiation
[99], and this interaction may be particularly relevant for the findings of this
study.

Thus the methods of the present invention relate to the successful
grafting of NSCs from human spinal cord propagated in vitro into the adult rat
spinal cord under a variety of experimental conditions and show marked
differentiation into projection neurons that engage in circuit formation with the

host irrespective of species differences. These outcomes indicate that, with
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successful suppression of host immune rejection of the graft, rodent models
can be used for the preclinical evaluation of human NSCs as cell
replenishment tools to a much larger extent than previously thought. It appears
that cellular and molecular factors that signal circuit formation are remarkably
conserved within the mammalian class, despite the fact that spatial and
temporal patterning of developmental events is different among species and

requires careful consideration.

Immunosuppressive Regimens Promote Graft Survival of Neural Stem
Cells into the Adult Spinal Cord

In another aspect of the present invention, effective
immunosuppressive regimens can be used to prévent the rejection of human
NSCs grafted in SOD1-G93A mice. Our findings indicate that combinations
of immunosuppressive drugs have significantly better outcomes compared to
FK506 monotherapy in preventing graft rejection and, apparently via their
promotion of graft survival, improving key parameters of motor neuron
disease in SOD1-G93A mice. Similar results were obtained with CD4
antibodies. The effective suppression of NSC graft rejection allowed sufficient
time for the differentiation of grafted cells into neurons and the establishment
of networks linking host and graft neurons. Based on our data, combined
immunosuppressive regimens or CD4 antibodies appeared to protect NSC
grafts by suppressing CD4- and CD8-cell recruitment into the graft area and
attenuating the microglial phagocytic response from surrounding spinal cord
tissues. NK cells were rarely seen at the graft sites, and this is consistent with
previous findings pointing to the low significance of these cells in xenograft
rejection in the brain [100-101]. Within the clinical framework of our
experimental design, the FK506 + rapamycin combination was optimal due to
its efficacy and relative simplicity.

Xenograft rejection is a serious problem when studying cell grafts of
human or other highly discordant mammal origin in rodent models. For
example, human spinal cord-derived progenitors are rejected 4 weeks after
grafting into the adult rat spinal cord despite the use of cyclosporine A (14). In
our hands, FK506, which is 10-100 times more potent than cyclosporine A in
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preventing graft rejection [102], has shown good results in rats grafted with
human NSCs (16), but has fallen short of preventing rejection of the same
cells in SOD1-G93A mice as described in the present Examples. The degree
of species disparity between donor and host appears to be a key factor, and, in
this respect, differences between mouse and rat may be significant. [101, 103]

Host rejection of xenografts is a complex response that is not fully
understood. Although antibody-mediated mechanisms and participation of the
complement have been implicated [104, 105], most evidence points to a
central role for T-lymphocytes and microglia-derived macrophages [106]. The
indefinite survival of human cell grafts in the nervous system of nude athymic
rats observed by others [107] and by us [108] strongly supports the idea for a
central role of T-cells in neural xenograft rejection. In response to foreign
antigens presented by the xenograft, CD4 T-cells turn into helper cells that
subsequently activate CD8 T-cells into cytotoxic roles, including the lysis of
grafted cells expressing MHC class-1 epitopes on their membranes. CD4 cells
also signal the transformation of CNS microglia into macrophages. Although
CDS cells are the effectors that execute the lysis of grafted cells and abound at
the graft site, CD4 lymphocytes are the initiators of obligatory early signaling;
for example, CD4 antibodies prevent the rejection of CNS grafts, whereas
'CDS antibodies have a very weak effect. Based on our findings, CD4
antibodies are a viable alternative to immunosuppressive drugs to prevent
rejection of human xenografts.

The use of combinations of immunosuppressants exploits some
differences in their mechanisms of action without exposing animals to the side
effects of extremely high doses of single compounds [102]. FK506 is a
calcineurin-dependent inhibitor that blocks the production of interleukin 2 (IL-
2) and thus the proliferation of T-lymphocytes. It may also have an additional
role via blocking the glucocorticoid receptor. Rapamycin has inhibitory effects
on IL-2 signaling downstream and independent of the calcineurin pathway and
inhibits the progression of T-cells from the G to S phase. Thus, FK506 and
rapamycin influence different steps in the IL-2 pathway. MMF reduces the
proliferation of T-cells by blocking purine synthesis via inhibition of type II
isomer of inosine monophosphate dehydrogenase. Thelprinciple of mixing

these immunosuppressant compounds in various combinations is routinely
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used to prevent graft rejection in clinical settings [109]. However, the
optimization of immunosuppressive treatments to prevent rejection of
discordant neural xenografts in experimental animals has not been
systematically studied. A potential concern is whether these
immunosuppressive compounds can cross the bloo‘d-brain barrier (BBB).
FK506 and rapamycin can readily cross the BBB, but there is no published
work, nor does the manufacturer have any data, on the permeability of the
BBB to MMF. However, CNS bioavailability is unlikely to influence the
efficacy of these drugs whose primary mode of action is suppression of T-cell
proliferation in sites outside the CNS.

Besides their prevention of xenograft rejection, immunosuppressive
compounds may also exert neuroprotective effects under certain conditions
[110, 111]. Cyclosporine A, FK506, and rapamycin have all shown variable
efficacy in models of traumatic injury, anoxia—iscﬁemia, and
neurodegeneration. With respect to SOD1-G93 A mice, only cyclosporine A
has shown some efficacy [112], whereas FK506 made no difference [113]. As

" far as we know, rapamycin and MMF have not yet been tested. In our hands,

cyclosporine A was ineffective in altering the course of motor neuron disease
in SOD1-G93A mice. In addition, when FK506 and rapamycin were given in
combination to mice grafted with dead human NSCs, they had no obvious
effects in clinical outcomes. Therefore, in the context of the present grafting
methods, the therapeutic contributions of the immunosuppressive compounds

themselves to Tg motor neuron disease were negligible.

Survival and Differentiation of Neural Stem Cells in the Degenerate

Spinal Cord

In still another aspect of the present invention, NSCs can survive
and differentiate into neurons in the degenerative spinal cord environment of
SOD1 G93A rats. These grafts, whose immune rejection can be effectively
prevented with FK-506, afford both clinical and biological benefits that are
powerful and significant. The potency of this effect can be best appreciated if

one considers the fact that, for a disseminated illness like ALS, lumbar cord
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grafting is a partial approach that omits other vital portions of the segmental
motor apparatus, i.e. the cervical motor neuron column responsible for
respiratory movements. However, we cannot rule out that the release of BDNF
and GDNF into the CSF might have had a broader effect on host motor
neurons throughout the cord. Wider grafting procedures, i.e. including both
lumbar and cervical regions have significantly higher mortality, but we have
had recent success with grafting sites involving both regions (L. Xu, J.Yan and

V.E. Koliatsos, personal observations).

The apparent resistance of grafted NCSs to the ongoing degenerative
process in the ventral horn of G93A SODI rats is especially important. The
survival and extensive differentiation of NSCs reported here is a strong
indication that the inflammatory/excitotoxic signaling involving motor
neurons harboring G93A SOD1 has no evident toxicity on cells without
adverse genetic properties. This factor alone raises optimism for cellular

strategies using grafts to restore motor function in degenerative MND.

The magnitude of clinical and biological effects described here is in
the neighborhood of effects reported in other studies on experimental
therapeutics of motor neuron disease in SOD1 transgenic rodents that focus on
prevention of cell death and promotion of motor neuron survival. These trials
have tested a number of small organic compounds and trophic factors and
have included: copper chelators [114]; compounds targeting microglial-
inflammatory and glutamatergic processes [115, 116]; selective [117,118] as
well as non-selective [118] cyclooxygenase-2 inhibitors alone or in
combinations with other compounds; GDNF retrogradely delivered to motor
neurons from muscle with adeno-associated virus or via motor neuron transfer
with lentivirus [119-121]; and VEGF transferred to motor neurons via
lentiviral vector injected into various muscles [122] or via direct delivery
[123-124] . With the exception of a recent study using intraventricular VEGF
[124], the vast majority of these studies have involved SOD1 Tg mice [125-
126] in which MND tends to be of later onset and milder progression than in
the SOD1 Tg rats used here. The only other example of NSC treatment of
SOD!1 Tg rodents known to us is a study in which investigators grafted

GDNF-engineered, cortically derived human neural progenitors in the spinal
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cord of G93A SODI rats and found that these cells survived well and
expressed high levels of immunoreactive GDNF; most of these cells remained
at a nestin (+) precursor state and showed no apparent structural integration or

clinical benefits.

The Examples described herein identify some cellular and molecular
mechanisms mediating the therapeutic effects of NSCs in Tg MND. Although
NSCs engage in reciprocal connections with host motor neurons, they do not
appear to exert therapeutic effects by replacing degenerated neuromuscular
units. Based on our findings on the expression and release of trophic peptides,
at least a portion of the effects of NSCs on degenerating motor neurons may
be their delivery, via classical mechanisms including transsynaptic transfer, of
neurotrophins and especially trophic cytokines to degenerating host motor
neurons. In other words, the surprising establishment of synaptic appositions
between grafted human NSCs and rat motor neurons, also observed in a recent
study between human NSC grafts and mouse motor neurons [127], may play a
significant therapeutic role beyond the obvious advantage of
strengthening/amplifying local circuits. The significance of NSC-derived
GDNF for the survival of motor neurons has also been stressed in another in
vitro study showing a protective effect of this trophic cytokine on rat spinal

cord explants exposed to an excitotoxic protocol [128] .

Transploatation

Cell transplantation into patients can be achieved, for examplé, by
filling a syringe with cells to be transplanted, suspended in artificial
cerebrospinal fluid, physiological saline or the like, exposing damaged neural
tissue by operation, and directly injecting the cells into the damaged area with
an injection needle. The cells of the present invention can then migrate into
neural tissues due to their high migration activity. Therefore, the cells may be
transplanted into a portion adjacent to a damaged area. Injection of the cells
into the cerebrospinal fluid may also be effective. In this case, the cells can be
injected by typical lumbar puncture, and thus is preferable, since the patient is

treated with only local anesthesia and without operation in a sickroom.
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Moreover, intraarterial injection and intravenous injection can also be
effective, and hence the transplantation can be practiced by the same
procedure as typical blood transfusion.

The methods of the present invention can be transplanted into
recipients for the purpose of treating neurological diseases. The neurological
diseases to be treated include, but are not limited to, demyelination diseases in
the central and peripheral nervous systems, degenerative diseases in the
central and peripheral nervous systems, spinal cord tumors, brain dysfunction
including traumatic neurological diseases (including spinal cord injury),
inflammatory diseases, infectious diseases (for example, Creutzfeldt-Jakob

disease) and infarction of spinal cord.

All publications and patent applications cited in this specification are
herein incorporated by reference as if each individual publication or patent
application were specifically and individually indicated to be incorporated by

reference.

EXEMPLIFICATION

Materials and Methods for Examples 1 thru 6

Derivation of human NSCs

Human NSCs were prepared from the cervical and upper thoracic
spinal cord of a single 8-week human fetus after an elective abortion. The
tissue was donated by the mother in a manner fully compliant with the
guidelines of NIH and FDA and approved by an outside independent review
board. Spinal cord tissue was cleared of meninges and dorsal root ganglia and
dissociated into a single-cell suspension by mechanical trituration in serum-
free, modified N2 medium composed of 100 mg/L human plasma apo-
transferrin, 25 mg/L recombinant human insulin, 1.56 g/L glucose, 20 nM
progesterone, 100 uM putrescine and 30 nM sodium selenite in DMEM/F12,
to which basic fibroblast growth factor (bFGF) (10 ng/ml) was added. The
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initial culture was serially expanded as monolayer in pre-coated flasks or
plates. Approximately 6.1 x 10° cells were obtained upon the initial
dissociation of the spinal cord tissue. All cells were plated on to one 150 mm
plate in 20 m] of growth media. Growth medium was changed every other day
and, on alternate days, 10ng/ml of bFGF was added. The first passage was
conducted at 16 days post-plating. At this time point, the culture was
composed mostly of dividing NSCs and post-mitotic neurons. Dividing cells
were harvested by brief treatment with trypsin (0.05% + 0.53 mM EDTA)
followed by mechanical trituration. A single cell suspension was thus derived
that was centrifuged at 1400 rpm for 5 minutes. The cell pellet was
resuspended in the growth medium and cells were replated in new pre-coated
plates at 1.2 x 10° cells in 20 ml of medium per 150 mm plate. Cells were
harvested at approximately 75% confluence, which occurred within 5 or 6
days. This process was repeated for 20 passages. Cells from various passages
were frozen in the growth medium plus 10% DMSO and stored in liquid
nitrogen. Upon thawing, overall rate of recovery was 80-95%. The resulting
cell line, produced by epigenetic means only and by using bFGF as the sole
mitogen, was coded "S66RSC".

Passage 10-12 cells were used in this study. Five to seven days prior to
surgery, one cryopreserved vial of the appropriate passage was thawed,
washed, and cultured again as described above. For multiple days of surgeries,
cultures were seeded at varying densities so that each flask reached confluence
on the designated day of surgery. Cells were subsequently harvested by brief

enzymatic treatment as described above, washed in a buffered saline solution,

couriered to the surgery site on wet ice, and used within 24 hours. Viability of

cells on ice was typically greater than 80% within this 24-hour period.

Experimental subjects and surgical procedures

Nude rats (160-180 g, strain CR: NIH-RNU, n=37) were purchased
from the animal service of the National Cancer Instituie and were the main
experimental subjects of this study. An additional small number of commonly
used Sprague-Dawley rats (n=3, Charles River Laboratories, Wilmington,
MA) was used for the purpose of proving the concept that the results reported

here were unrelated to the athymic state of our experimental subjects. Normal
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¥

Sprague-Dawley rats were immunosuppressed with daily injections of FK506
(2 ng/g ip.; Prograf, Fujisawa Healthcare, Inc., Deerfield, IL). Animal
surveillance and the surgical procedures described here were carried out
according to protocols approved by the Animal Care and Use Committee of
the Johns Hopkins Medical Institutions. Surgeries were performed using gas
anesthesia (enflurane: oxygen: nitrous oxide = 1:33:66) and aseptic methods.
All nude rats were subjected to surgical interventions two weeks prior to NSC
grafting; interventions included proximal veniral rhizotomies [34](n=18),
excitotoxic lesions [13](n=12) or sham surgeries (n=6). Rats of normal
immunological constitution were not subjected to lesions prior to grafting.

Rhizotomies involved transections of L4 and L5 roots with extraspinal
avulsion of the corresponding spinal nerves as described [34]. In brief, the left
L4 & L5 spinal nerve roots were exposed at the level of the iliac crest after
splitting the sacroiliac joint and roots were avulsed by applying a steady
moderate traction with forceps. Excitotoxic lesions were made with 100 pl of
150mM of the kainate analog L-homocysteic acid (HCA) [35] absorbed into a
gelfoam pledget that was laid on the dorsal dura matter of L4-L5 for a period
of 20 minutes after a dorsal laminectomy. This strategy optimizes the need to
lesion a rather extensive group of vulnerable (motor) neurons throughout L4-
L5 without causing epileptogenesis. The sham group was subjected to dorsal
laminectomy and subsequent wound closure. The parallel use of axotomy and
neurotoxic lesions allowed some variance in the method of inducing motor
neuron death, and the neurotoxic paradigm offered the additional advantage of
preserving the conduit for the assessment of de novo axonal elongation
towards the periphery.

Two weeks after lesion, animals were subjected to dorsal laminectomy
at the lower thoracic level and received 4 injections of 10° NSCs in 0.5 pl
suspension into ventral L4 and L5 on the left side. Injections were made
streotaxically on a Kopf spinal unit Imm lateral to the midline using pulled-
beveled glass micro-pipettes connected, via silastic tubing, to 10 pul Hamilton
microsyringes. Animals were allowed to survive for 3 weeks, 3 months, or 6
months (avulsion lesions), 3 or 6 months (excitotoxic lesions), or 6 months

(sham lesions) (n=6 for each treatment x time point).
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Histology, immunocytochemistry (ICC) and microscopy

The survival and phenotypic fate of NSCs were assessed with ICC,
including ABC-peroxidase ICC and dual-label immunofluorescence. Tissues
were prepared from animals perfused with 4% freshly depolymerized, neutral-
buffered paraformaldehyde. The thoraco-lumbar spinal cord segments with
attached roots and lumbar nerves were further fixed by immersion in the same
fixative for an additional 4 hr after removal of the dura. Blocks containing the
entire grafted area plus 1 mm border above and below were subdissected,
equilibrated in 30% neutral-buffered sucrose, and frozen for further
processing. 13-S1 roofs were processed separately as whole-mount
preparations or after teasing the rootlets with heat-coagulated tips of glass
pipettes. Blocks were sectioned transversely (30 pm) on a freezing microtome;
sections were kept in an antifreeze solution until processed for NSC survival
or phenotypic studies. Survival studies utilized human nuclear antigen (HNu)
immunoperoxidase-stained sections (~15 per animal, i.e. every 24™ section
through the L3-S1 block) with random sampling of the first section. HNu is a
selective nuclear marker of cells of human origin [36]. NSC differentiation
utilized 4-5 sections 1.5 mm apart taken through the grafting area and stained
with  dual-label immunoﬂuoreéoence; in most cases, dual-label
immunofluorescence combined HNu with another cellular marker.

After permeabilization with 0.1% Triton X—iOO and non-specific site
blocking with 5% normal serum, slide-mounted sections were incubated in
primary antibodies in 1mg/ml BSA with 0.1% Triton X-100 @°C, overnighf).
Primary antibodies were used to address human (graft) versus rat (host) cell
identity, mitotic activity, and neuronal, astrocytic, and oligodendrocytic
phenotype specification and included a number of monoclonal antibodies and
antisera as laid out in Table 1. Normal IgG from the species of origin of the
primary antibodies served as negative controls. Peroxidase-based detection of
HNu immunoreactivity utilized an enhanced version of the avidin-biotin
method (ABC-elite kit; Vector, Burlingame, CA) and a standard DAB
chromagen reaction. Dual immunofluorescence utilized an indirect protocol
combining goat/donkey anti-mouse IgG and goat/donkey anti-rabbit IgG
labeled with Cy3 or Cy2 in a corresponding fashion (1:200; Jackson

ImmunoResearch, West Grove, PA); anti-rabbit IgGs were used against the
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species of origin of the phenotype-marking antibody. Sections were incubated

in these antibodies for 2-4 hours at RT and were then counterstained with the

. fluorescent DNA dye 4',6-diamidino-2-phenylindole (DAPI). Sections were

mounted with mounting medium DPX and studied with epifluorescence on an
Axiophot Zeiss microscope or with confocal microscopy on a Zeiss LSM 410
unit. Triple immunofluorescence was used for the colocalization of HNu,
Bassoon, and TUJ1. This procedure involved first a dual (indirect)
immunofluorescent step in which Cy5 replaced Cy3 as fluorophore for the
goat anti-mouse IgG, and then a direct immunofluorescent step in which
sections were incubated in HNu antibody coupled to the red fluorophore
Alexia-594 (Molecular Probes, Eugene, OR).

Cell counts for surviving and differentiating NSCs

To assess NSC graft survival, we counted total numbers of HNu (+)
profiles through L4-L5 on immunoperoxidase-labeled sections based on
stereological assumptions. The optical fractionator probe [37] was applied
with the aid of a motorized-stage Axioplan microscope equipped with the
Stereo Investigator V hardware and software (MicroBrightField Inc.,
Williston, VT). As explained in the previous section, sections had been
sampled in a randomized systematic fashion. Corrected section thickness after
processing was 18 pm. '

The contour of each half of spinal cord section was outlined at 5x by a
blinded investigator and cells were counted using a 100x oil-immersion
objective. A 40 x 35 pm counting frame was used within a 300 x 300 um grid
coextensive with the outlined area; the counting depth (optical dissector
height) ranged 9-13 pm according to the average section thickness per case. A
guard volume of 1.0 um was used during cell counts to a‘void sectioning
artifacts, including lost caps and uneven section surfaces.

To study NSC differentiation, we used a non-stereological method of
counting total number of HNu (+) cells, as well as cells dually labeled with
HNu and a phenotypic marker on randomly selected high-power (100x) fields
from immunofluorescent preparations. One field in each one of 4 sections,
spaced 1 mm apart through the grafting area, was used from each animal.

Numbers of HNu (+) and double-labeled profiles were pooled from all 4 fields
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counted from each case and grouped per experimental protocol. Average
numbers of single and double-labeled cells were generated for each treatment
group (n=4 per group).

Variation in survival and differentiation as function of experimental
protocol, graft location, and time point post-surgery was studied with one-way
ANOVA followed by Tukey’s Multiple Comparison post hoc test, except in
cases where only two groups were tested, where students®  test was more

appropriate. Results are expressed as mean = SD.

Real-time PCR analysis of the expression of relevant trophic and tropic
genes '

RNA samples were extracted from 107 NSCs at various time points of
differentiation in vitro (0, 14, 29, and 42 days after withdrawal of bFGF) using
Trizol (Invitrogen, Carlsbad, CA). Residual DNA was removed using the
DNA-free kit (Ambion, Austin, TX). Template cDNA was synthesized from
lpg of RNA with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA)
and was diluted 10-fold before PCR amplification. SYBR green-based real-
time PCR was performed using the iCycler (Bio-Rad). 18s rRNA was used as
the reference transcript (e.g. control gene). Table 2 lists the human-specific
primers for bFGF [38], brain-derived neurotrophic factor (BDNF) [39],
vascular endothelial growth factor (VEGF) [38], glial cell line-derived
neurotrophic factor (GDNF) [40], insulin-like growth factor-1 (IGF-1) [41],

. and neuregulins 1, 2, 3 (NRG1, 2, and 3) [42], all of which were assayed

because of suspected or established role in motor neuron development. PCR
reactions, Tun in triplicate for each sample, were carried out in 25nl volume
containing 2pl of 1:10 dilution of cDNA, 0.5pl of each sense and antisense
10uM primer stocks, 12.5p] iQ SYBR green Supermix (Bio-Rad), and
nuclease-free water. For either 18s tRNA or mRNA of interest, except
neuregulin transcripts, cycling conditions were 95°C for 5 min, followed by 40
cycles of 95°C for 15 sec and 60°C for 1 min. For NRGI, 2, and 3 the
annealing temperature was 56°C. Reactions without template served as
negative controls. Melting curve analysis was carried out by heating the

amplicon from 50 to 95°C in 90 0.5°C increments. PCR efficiency curves
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were made for each gene using 5 duplicate 5-fold dilutions, corresponding to
0.08 to 50ng of the initial total RNA input into the RT reaction. Data was
analyzed using the Bio-Rad Gene Expression Macro version 1.1 for Microsoft
Excel. Normalized gene expression ratios were calculated as described [43].
Briefly, PCR efficiencies were calculated according to the equation E=el
Vslope] The relative expression ratio of target genes was calculated using the
equation: ratio=(Eg)® et Ct (controb-sample (Breg)® Feference Ct (control-sample) oy oo
the Ct is the point at which SYBR green fluorescence rises above background
fluorescence. Gene expression levels from Day 0 cDNA were designated as 1,
to which other time points were compared. Standard deviations for the relative

and normalized expression values were calculated.

Materials and Methods for Examples 7 thru 9

SODI1 G934 Breeding

SODI1 G93A male rats supplied by Dr. David S. Howland,
University of Washington, Seattle, were bred to 4 Tac: N(SD) female rats
from Taconic (Germantown, NY). Rats were bred for one week in pairs of one
male: one female. Offspring were weaned and genotyped at 21 days of age
and positive transgenic pups were identified for treatment. Colony was
propagated by back-breeding male pups of the same litter with the original

female breeders to reduce phenotypic variance.

Derivation and propagation of human NSC’s

Human NSCs were prepared from the cervical-upper thoracic cord
of a single 8-week human fetus after an elective abortion. Tissues were
donated by the mother in 2 manner fully compliant with the guidelines of NIH
and FDA. Spinal cord tissues cleared of meninges and dorsal root ganglia
were dissociated into a single cell suspension by mechanical dissociation in
serum-free, modified N2 medium and serially expanded in monolayer [44].
Growth medium was changed every other day, and, on alternate days, 10
ng/ml of bFGF was added to the culture. The first passage was conducted at

16 days post-plating, a time point at which the culture was composed mostly
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of dividing NSCs and post-mitotic neurons. Dividing cells were harvested by
brief treatment with trypsin followed by dissociation and replated in new pre-
coated plates. Cells were harvested at ~75% confluence, which occurred
within 5 or 6 days. This process was repeated for up to 20 passages. Cells
from various passages were frozen in the growth medium plus 10% DMSO in
liquid nitrogen. Upon thawing, recovery rate was 80-95%.

Passage 10-12 cells were used in this study. Five to seven days prior
to surgery, one cryopreserved vial of the appropriate passage was thawed,
washed, and cultured again. Cells were harvested by brief enzymatic treatment
as described above, washed in buffered saline, couriered to the surgery site on
wet ice, and used within 24 hours. Viability of cells on ice was typically
greater than 80% within this 24-hour period. Immediately prior to grafting,
the overwhelming majority of human NSCs expressed nestin, whereas ~5%
were immunoreactive for PSA-NCAM. Less than 1% expressed the neuronal

markers TUJ1 and MAP2 or the astroglial marker GFAP.,

Surgical procedures

All surgical procedures were carried out according to protocols
approved by the Animal Care and Use Committee of the Johns Hopkins
Medical Institutions using gas anesthesia (enflurane: oxygen: nitrous oxide =
1: 33: 66) and aseptic methods.

Live or dead NSCs were grafted into the lumbar protuberance (14 &
L5) of 62 day- old SOD1 G93A rats (220-300 g; mixed gender; n=45)
mounted on a Kopf spinal stereotaxic unit under microscopic guidance.
Twenty seven subjects grafted with live (n=16) or dead (n=11) cells were used
in motor testing followed by anatomical analyses. The remaining animals
(n=18) were used for motor neuron survival, ELISA, Western Blot, and real
time RT-PCR studies equally divided between subjects grafted with live and
subjects grafted with dead cells.

Dead cells were prepared by 3x freezing in liquid nitrogen (-70°F) and

then thawing in room temperature. To confirm cell death of NSCs, 10 ul of the
cell suspension was mixed with 40 ul of Hank's balanced salt solution and 50

ul of stock Trypan Blue solution was added to the mixture. Solution was left
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for 5 min at room temperature and then a drop of it was placed on a
hemacytometer and studied with light microscopy. All cells prepared as above
were seen to take up the Trypan Blue stain, evidence that they were destroyed.
Cell suspensions were delivered under aseptic conditions via 8
injections aimed at the ventral horn on both sides (1 pl with 5x10*NSC per
injection site, 4 injection sites per side) with pulled-beveled glass micro-
pipettes connected to 10 ul Hamilton microsyringes via silastic tubing. All rats
received FK-506 (1 mg/kg 1.p. daily) till euthenized to prevent immune
rejection. Rats were killed with perfusion-fixation when their BBB score (see

below) was < 3.

Animal testing - Clinical outcomes

Rats were tested for motor strength and weight twice weekly. Motor
strength tests included the BBB locomotor rating scale [45, 46] and the
inclined plane scale [47]. For BBB scoring, animals were tested for 4-5
minutes in an open field. For inclined plane scoring, rats were placed on the
inclined mat and plane angle was adjusted to the highest point at which the
animal could retain position for 5 seconds; this angle was then recorded as the
subject’s inclined plane score. BBB and inclined plane scores were analyzed
by repeated-measures ANOVA followed by Fisher LSD post hoc test to assess
differences between live-and dead-cell groups. Disease onset was defined as
the point at which body weight was found decreased for the second
consecutive time, i.e. a sensitive and very objective measure for determining
disease onset in murine models of ALS [48] . Course of illness as an effect of
graft type (live- or dead-cell graft) was analyzed by comparing age at disease
onset and age of death between the two groups (with student’s # test) as well as
with Kaplan-Meier survival analysis followed by log-rank testing.

Histology, ICC, and microscopy

Tissues were prepared from animals perfused with 4% freshly
depolymerized, neutral-buffered paraformaldehyde based on protocols
approved by the Animal Care and Use Committee of the Johns Hopkins
Medical Institutions. The thoraco-lumbar spinal cord segments with attached
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roots and lumbar nerves were further fixéd by immersion in the same fixative
for an additional 4 hr after removing the dura. Blocks containing the entire
grafted area plus 1 mm border above and below were cryoprotected and frozen
for further processing. L3-S1 roots were processed separately as whole-mount
preparations or after separating rootlets with heat-coagulated tips of glass
pipettes. Blocks were sectioned (35 pm) at the transverse or saggital plane.

NSC survival and differentiation was studied with dual-label
immunofluorescence that combined, in most cases, HNu with another cellular
marker and was performed essentially as described [17]. Primary antibodies
were from Chemicon International (Temecula, CA) except otherwise noted
and included: mouse anti-HNu protein antibody (1:800); rabbit anti- TUJ1
(1:400; Research Diagnostics Inc., Flanders, NJ); rabbit anti- GFAP (1:400;
Dako Carpinteria, CA); rabbit anti-human nestin (1:200); mouse anti- NF70
(1:100, human and porcine specific); goat anti-human GDNF (1:400, R&D
Systems Inc. MN); mouse anti-SYN (1:200, human and hamster specific);
mouse anti- BSN (1:400, rat and mouse specific; Stressgen, Victoria, BC);
goat anti- ChAT IgG (1:100); Guinea pig anti-VGLUT 1/2 (1:10,000, rat
specific); and guinea pig anti-VAChHT (1:500). Dual immunofluorescence
utilized an indirect protocol combining donkey anti-mouse and donkey anti-
rabbit or donkey anti-goat IgG labeled with Cy3 or Cy2, respectively (1:200;
Jackson ImmunoResearch, West Grove, PA). Sections were incubated in
linking antibodies for 2-4 hours at room temperature and were then
counterstained with the fluorescent DNA dye DAPI, coverslipped with DPX,
and studied with epifluorescence or confocal microscopy. Triple
immunofluorescence was used for the colocalization of HNu, Bassoon, and
TUJ1; this procedure involved first a dual immunofluorescence step with
donkey anti-rabbit IgG-Cy2 and donkey anti-mouse IgG-Cy3 and then an
additional incubation in biotinylated HNu antibody followed by treatment with
streptavidin-AMCA (Jackson). Digital images were optimized for
brightness/contrast and resolution (600 ppi) with the aid of Adobe PhotoShop
6.0 software (Adobe Systems, San Jose, CA).

Cell counts for differentiated NSCs and stereological counts for surviving a-

motor neurons
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To study NSC differentiation, we used a non-stereological method of
counting the total number of HNu (+) cells, as well as cells dually labeled with
HNu and a protein marker of neural cell differentiation on randomly selected
high-power (100x) fields from our immunofluorescent preparations. One field
in each of 6 sections spaced ~1 mm apart through the graft area was used from
each animal. Numbers of HNu (+) and double-labeled profiles were pooled
from all 6 fields counted from each case and grouped per experimental
protocol. Average numbers of single and double-labeled cells were generated
for the dead-or live-cell group (n=6 per group).

To assess motor neuron survival in rats grafted with live or dead cells
(n=3 per group), we used tissues from animals sacrificed at 128 days of age,
i.e. a mid-point in the course of disease for subjects that received dead-cell
grafts. Every sixth section in the 1.3-S1 region from each animal was sampled
as per stereological requirements [17] and stained with cresyl violet (Nissl
staining) for motor neuron counting. a-motor neurons, identified as multipolar
cells with distinct nucleus and a soma diameter > 35 um [49] , were counted
with the optical fractionator probe using the Stereo Investigator V hardware
and software (MicroBrightField Inc., Williston, VT) as described [17].
Differences between animals grafted with live versus dead cells were analyzed

with a student’s ¢ test.

ELISA for motor neurotrophic factors: GDNF and BDNF

CSF was sampled from the fourth ventricle of animals (n=3 per
dead-or live-cell group) under gas anesthesia. Animals were then euthenized
by decapitation and tissue samples contéining grafting sites and areas adjacent
to those were dissected from transverse 1 mm-thick spinal cord slices. CSF or
cord samples were processed as described [50] and levels of GDNF and
BDNF protein were measured with the E-Max ImmunoAssay system
(Promega, Madison, WI). Reaction product was revealed with HRP-
conjugated chicken IgY antibody and TMB as chromogen. TMB absorbance
was read with a ThermoMax microplate reader at 450 nm. Variance in
concentrations among samples from live-cell grafts, areas adjacent to grafts
and dead-cell grafts was analyzed with one-way ANOVA followed bya

Tukey’s Multiple Comparison post hoc test. Difference in CFS concentration
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of GDNF and BDNF between animals grafted with live versus dead cells was
analyzed with student’s ¢ test.

Western blotting for GDNF and BDNF

Protein samples from CSF or spinal cord prepared as for ELISA
were electrophoresed on 12% NuPAGE precast gels (Invitrogen, Carlsbad,
CA) and transferred on to nitrocellulose membranes (BA-S 85; Schleicher
& Schuell, Keene, NH). Blots were blocked in TBS (pH 7.4) containing 5%
donkey serum, and then incubated in GDNF and BDNF antibodies (1:500;
overnight, 4°C), followed by HRP-linked donkey anti-goat IgG (for GDNF)
and anti-rabbit IgG (for BDNF) (1:2000; Jackson) (1 hr, room temperature).
All antibodies were diluted in TBS containing 5% donkey serum. Blots were
developed with the SuperSignal Chemiluminescent Substrate (Pierce) and
exposed to Kodak-XAR film (Eastman Kodak, Rochester, NY). Blots were
then striped and re-blotted with B-actin antibody (1:500, Sigma), followed by
HRP-linked donkey anti-mouse IgG (1:10000, J ackson). Immunoreactive
bands were analyzed with Bio-Rad Quantity One software (Bio-Rad
Laboratories, Hercules, CA). Band density ratios (GDNF or BDNF: B-actin)
were calculated per animal and group means were entered for statistical

analysis as in the case of ELISA experiments.

Real time RT-PCR for BDNF, GDNF, and VEGF

Cultured NSCs prior to grafting and homogenized spinal cord
tissues (experimental n=4; control n=3) were subjected to RNA extraction as
described [17]. Template cDNA was reverse transcribed with the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA) and SYBR green-based real-time
PCR was performed with the iCycler (Bio-Rad). Human- and rat-specific
primers were synthesized by Integrated DNA Technologies (Coralville, IA).
SDHA and RPL13a served, respectively, as the human- and rat-specific
reference sequences used for normalization. PCR reactions, run in triplicate
for each sample, contained diluted cDNA (1:1; 1 pl), 10 uM of sense and
antisense primer stocks (0.5 pl each), iQ SYBR green Supermix (Bio-Rad)

43



10

15

20

25

30

WO 2006/135899 PCT/US2006/023034

(12.5 pl) and of nuclease-free water (10.5 pl) in 25 pl volume. PCR cycling
conditions were 95°C for 5 min, 35 cycles of 95°C for 30 sec, 60°C for 30 sec,
and 72°C for 30 sec. Reactions without template served as negative controls.
Reactions without RT containing 25 ng RNA in 1 pl served as RT (-) controls.
Melting curve analysis was carried out by heating the amplicon from 60 to
95°C in 71 0.5°C increments. Efficiency curves were created for each
amplicon using 5 duplicate 2-fold dilutions, corresponding to 6.25-100 ng of
the initial total RNA. input into the RT reaction. Data were analyzed using the
Bio-Rad Gene Expression Macro version 1.1 for Microsoft Excel. Normalized
gene expression ratios were calculated as described [51].

Levels of rat- and human-specific gene expression in spinal cords
with live grafts were expressed as fold changes from baseline expression in -
spinal cords with dead NSCs and from live NSCs prior to grafting. Standard

deviations for normalized expression values were calculated as described [52].

Materials and Methods for Examples 10 thru 12

Experimental subjects and design

Heterozygous male B6SJL-TgN (SOD1-G93A) 1Gur mice were
purchased from Jackson Laboratories (Bar Harbor, ME) and mated with wild-
type females. Animal care and surgical procedures were carried out according
to protocols approved by the Animal Care and Use Committee of the Johns
Hopkins Medical Institutions. Heterozygous offspring of mixed gender were
selected by genotyping at ~1 month of age. - |

Because, in pilot studies, we had failed to achieve acceptable human
NSC graft survival with routine cyclosporin immunosuppression, the present
study was designed with emphasis on alternative immunosuppressive
regimens. Based on evidence for a strong T-cell-mediated rejection in pilot
studies, our goal here was to use a potent combination of T-cell activation and

proliferation blockers, capitalizing on commercially available calcineurin-
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dependent inhibitors (FK506, tacrolimus), non-calcineurin-mediated inhibitors
(rapamycin, sirolimus), and inosine monophosphate dehydrogenase inhibitors
(mycophenolate esters such as mycophenolate mofetil, MMF). Thus, five
experimental groups were given different immunosuppressive treatments: the
first group was treated with FK506 monotherapy (Prograf, Fujisawa
Healthcare, Inc., Deerfield, IL) (2 pg/g/day, n=23); a second group was treated
with a double immunosuppressive regimen combining FK506 and rapamycin
(Calbiochem, La Jolla, CA) (1 pg/g/day each, n=21); a third group received
triple immunosuppression with FK506, rapamycin, and MMF (CellCept,
Roche, Nutley, NJ) (1 pg/g/day each for FK506 and rapamycin, 100 pg/g/day
for MMF, n=14); a fourth group was treated with CD4 antibodies (clone

GK 1.5, 20 pg/g/day, n=12); and a fifth group (n=10) was treated with FK506
plus rapamycin exactly as the second group, except that subjects were grafted
with dead cells. Dead-cell grafts utilized cells that were exposed to repeated
freezing-thawing and served to control for the potential therapeutic effects of
immunosuppressants themselves on motor neuron disease. The FK506-
rapamycin combination was the only treatment given to animals with dead-cell
grafts because it is the simplest immunosuppressant regimen that protects .
grafts from rejection (see Results section). Males and females were randomly
admixed in the various experimental groups to minimize a systemic effect of
gender on disease progression and treatment response.

A group of animals was euthenized at 1 week (FK506 monotherapy,
1=6; FK506 plus rapamycin treatment, n=5; FK506 plus rapamycin plus
MMF, n=5; CD4 antibodies, n=4) and another group was euthenized at 1
month (FK506, n=5; FKS 06 plus rapamycin, n=5; FK506 plus rapamycin plus
MMF, n=4; CD4 antibodies, n=3) post-grafting, to monitor host immune
response to grafted cells and graft survival. All others (FK506, n=12; FK506
plus rapamycin, n=11; FK506 plus rapamycin plus MMF, n=5; CD4
antibodies, n=5; FK506 plus rapamycin in animals grafted with dead cells,
n=10) were allowed to survive to end-stage illness (as defined in the Motor
scoring section of Materials and Methods; typically >2 months post-grafting)
in order for us to assess clinical outcomes as well as long-term graft survival

and host responses.
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Derivation and culture of human NSCs

Human NSCs were prepared from the cervical spinal cord of a single
8-week human fetus donated by the mother in a manner compliant with the
guidelines of NIH and FDA and approved by an outside independent review
board. All JHMI institutional guidelines were followed in obtaining and using
these cells in our laboratory. The initial culture was expanded as monolayer in
poly-D-lysine and fibronectin-coated dishes using serum-free medium
containing FGF-2 as described [60]. The resulting cell line, termed "S66RSC",
was passaged 10-12 times prior to grafting. Five to seven days prior to
surgery, one cryopreserved vial of cells was thawed, washed, and cultured
again as monolayer. Cultures were seeded so as to reach confluence on the day
of surgery. Cells were subsequently harvested by brief enzymatic treatment
that deactivated FGF-2, washed in buffered saline, and used within 24 hours.
As verified by Trypan Blue exclusion, viability of cells on ice was typically
greater than 80% within this 24 hour period.

Preparation of monoclonal antibody against mouse CD4

The monoclonal antibody GK1.5, a rat IgG2b directed against a
surface epitope of mouse CD4 cells, has excellent in vivo efficacy in multiple
models of T-cell-mediated rejection [29]. The antibody was prepared from
GK1.5 hybridoma cells (a gift from Dr. William Baldwin, Department of
Pathology, JHMI) and purified from cell culture supernatant or ascites fluid
with a protein G column. For cell culture, cells were plated in plastic flasks
containing Hybridoma-SFM medium with 1% ultra-low IgG fetal bovine
serum and penicillin/streptomycin (all from Invitrogen, Carlsbad, CA) in a
humidified cell culture incubator with CO,: ambient air = 5:95 (37 °C). For
ascites preparation, two month-old male nude mice with the same strain
background as SOD1-G93A (B6.Cg-Foxn 1™ from Jackson Labs, Bar Harbor,
ME) were primed by injecting 0.5ml of Freund’s incomplete adjuvant one
week before the injection of 1x10° hybridoma cells in 0.5 ml PBS 1.p. Ascites
fluid was collected two weeks later with multiple taps.

Conditioned medium or ascites fluid were centrifuged at 2000 g.

Undiluted medium supernatant or ascites supernatant diluted 1:10 in 20 mM
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phosphate buffer (PB, pH 7.4) were loaded onto a 5 ml Hi-trap protein G
column (Amersham Biosciences, Piscataway, NJ). The column was washed
with 20 mM phosphate buffer (PB, pH 7.4) and bound antibody was eluted
with 0.1 M glycine-HCI (pH 2.9) and immediately neutralized with 1M Tris-
HC1 (pH 9).

Surgical procedures

Surgeries were carried out under gas anesthesia (enflurane: oxygen:
nitrous oxide = 1:33:66) and aseptic conditions, with the aid of a Zeiss surgical
microscope and a Kopf spinal stereotaxic unit fitted with a mouse mouth-and-
nose device. NSCs were grafted via a dorsal laminectomy window into the
ventral gray matter of the lower lumbar protuberance of 8-week old SOD1
G93A mice. To achieve a good correspondence with L4-L5, injections were
targeted to the portion of spinal cord immediately underneath the T12
vertebra. Cell suspensions were delivered under aseptic conditions via 4
injections aimed at ventral horn (2x10*NSCs in 0.5 pl per injection site, 2
injection sites on each side of the spinal cord 1 mm apart) with pulled, beveled
glass micro-pipettes connected to 10 ul Hamilton microsyringes via silastic
tubing.

Animals were treated with four different immunosuppressive regimens
as outlined in the “Experimental subjects and design section” of Materials and
Methods. Immunosuppressant compounds were given with daily i.p. injections
beginning one day prior to grafting and ending on the day prior to euthanasia.
To prepare FK506 for monotherapy, the commercially available FK506
solution (5 mg/ml) was diluted to 1 mg/ml with sterile distilled water. When
FK506 was combined with rapamycin, 1 mg of commercially available
rapamycin powder was first dissolved in 200 pl of DMSO and then combined
with 200 pl of the commercial FK506 solution (5 mg/ml); the mixture was
then diluted to a final 2 ml volume with the addition of 1.6 ml of sterile
distilled water. For triple immunosuppression with FK506, rapamycin, and
MMF, rapamycin was mixed with FK506 first, and the dilution step was done
with 1.6 ml of sterile distilled water in which 100 mg of MMF had been
previously dissolved. GK1.5 antibodies (diluted 10 mg/m! in sterile PBS)
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were injected for a total of 9 days beginning one day prior to grafting and then

for 5 consecutive days every 4 weeks until sacrifice [29].

Motor scoring and other tests for clinical outcomes

Animals were weighed twice a week, and disease onset was defined as
the time point when body weight started to decrease consecutively [61]. Motor
strength testing was used to monitor disease progression and to determine
terminal illness. Terminal illness, defined in greater detail below, was used as
an endpoint for these experiments, according to the guidelines of the Animal
Care and Use Commiittee of JHMI. The Basso, Beattie, and B‘resnahan (BBB)
locomotor rating scale [62] that is commonly used to assess motor strength
places emphasis on hindlimbs. In SOD1-G93A mice, motor deficits appear
first in hindlimbs but subsequently spread to forelimbs. To appropriately
address the four-limb involvement and accommodate for the small animal
size, we adjusted a 5-point scale originally proposed by Wrathall [63],
primarily in order to distinguish between hindlimb and forelimb strength. The
modified Wrathall scale scores were defined as follows: 5, normal gait; 4, mild
deficits: hindlimbs lose some weight bearing; 3, moderate deficits: hindlimbs
lose most weight bearing and toe clearance; 2, severe deficits: hindlimbs lose
weight bearing almost completely and forelimbs begin to show signs of
weakness; 1, end-stage disease: hindlimbs are completely paralyzed, forelimbs
are affected to various degrees, and the mouse cannot right itself when laid on

its side. All animals were euthenized at stage 1.

Statistical analysis of clinical outcomes

Clinical outcomes were studied on the same set of data originating
from five concurrent treatment groups allowed to survive to terminal illness.
These outcomes included disease onset and life span as well as disease
progression based on consecutive motor scores (motor score curves) and
Kaplan-Meier survival. In one type of analysis, these outcomes were
compared among the four groups of subjects treated with live cells but with
variable immunosuppression, i.e. FK506 (n=12), FK506 + rapamycin (n=11),
FK506 -+ rapamycin + MMF (n=5), and antj-CD4 antibodies (n=>5). Variance
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in disease onset and life span was analyzed with one-way ANOVA, followed
by a Fisher LSD post hoc test. Variance in motor score curves was analyzed
by repeated-measures ANOVA, followed by Fisher LSD testing. Statistical
analysis of Kaplan-Meier survival was based on Logrank testing.

In a second type of analysis, clinical outcomes were compared between
two groups of animals, both of which were immunosuppressed with FK506 +
rapamycin, but one had received live cells whereas the other was treated with
dead cells. Disease onset and life span between live- and dead-cell groups
were compared with a Student’s #-test. Disease progression was compared in
the two groups by analyzing differences in motor score and Kaplan-Meier

survival curves as described above.

Histology, immunocytochemistry (ICC), and microscopy

At end-stage disease and at one week and one month post-grafting,
mice were euthenized with an overdose of sodium pentobarbital (5 mg/100g
1.p.) followed by intracardiac perfusion with 4% freshly depolymerized,
neutral-buffered paraformaldehyde. Spinal cord tissue blocks containing the
entire lumbar region were dissected and immersion-fixed in paraformaldehyde
for an additional 4 hr at RT after removing the dura. Tissues were then
equilibrated in 30% sucrose and sectioned at the transverse plane (30 pm) on a
freezing microtome.

ICC studies focused on the differentiation of human NSCs, the
structural integration of NSCs, and the characterization of type and intensity of
immune response to the graft. Many of these experiments required dual-label
immunofluorescence. After permeabilization with 0.1% Triton X-100 and
non-specific site blocking with 5% normal serum from the same species as the
secondary antibodies, sections were incubated in primary antibodies in
Img/ml BSA with 0.1% Triton X-100 (4°C, overnight). Primary antibodies
were used to address human (graft) versus mouse (host) cell identity, neuronal,
astrocytic, and oligodendrocytic phenotype specification, and the type and
intensity of host-versus-graft cellular response (see Supplemental Table 1).
The presence of human cells in mouse tissues can be reliably traced with

antibodies against human nuclear antigen (HNu) [64]. Control sections were

49

PCT/US2006/023034



10

15

20

25

30

WO 2006/135899 PCT/US2006/023034

stained by replacing the primary antibodies with pre-immune IgG from the
same species of origin.

Antigen-antibody binding sites were revealed with Cy2- or Cy3-
conjugated secondary goat or donkey IgGs directed against the species of
origin of the corresponding primary antibodies (1:200; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA). In most cases, Cy3-
conjugated goat or donkey anti-mouse IgG was used to trace the human cell
marker HNu and Cy2-conjugated goat or donkey IgG was used for various
cellnlar markers. Secondary antibody incubations were performed for 2-4
hours at RT. All sections were counterstained with the DNA dye DAPI (blue)
and then dehydrated and coverslipped with DPX. In the few cases that our
experimental design required triple labeling, the third secondary antibody was
coupled with the blue fluorescence dye 7-amino-4-methyl-coumarin-3-acetic
acid (AMCA, 1:200; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA) and DAPI counterstain was omitted. Sections were studied with a
Zeiss Axiophot microscope equipped for epifluorescence, and images were
captured with a Spot RT Slider digital camera (Diagnostic Instruments, Inc.,
Sterling Heights, MI). Confocal microscopic images were captured and

optically resectioned in the x and y axes using a Zeiss LSM 410 unit.

EXAMPLES

Example 1: In vitre differentiation and trophic/tropic profile of human
NSCs

NSCs prepared for grafting were propagated as a monolayer culture in
the presence of bFGF and delivered to animals within 24 hours post-bFGF
withdrawal. At that time, all cells expressed the NSC marker nestin (Fig.1A),
approximately 5% were immunoreactive for the neuronal precursor-specific
marker PSA-NCAM, and less than 1% expressed the neuronal markers TUJ1
and MAP2 or the astroglial marker GFAP. With continued culture in the
absence of bFGF, about 50% of cells acquired neuronal phenotypes as shown
by MAP-2 immunoreactivity and cytological profile (Fig. 1B), and some
differentiated into GFAP (+) astrocytic profiles (Fig. 1C) within two weeks.
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Very few cells expressed oligodendrocyte/Schwann cell markers within this
time frame. .

The expression of representative neurotrophic factors and neuregulins
was studied by real-time PCR at 0, 14, 29, and 42 days post-bFGF withdrawal,
1.e. during the differentiation phase (Fig. 1D). Among neurotrophic factors,
GDNF and BDNF transcripts increased 3- and 7-fold respectively, whereas
VEGF increased 15-fold by day 29; significant sustained increases were also
noted for IGF-1 (Fig. 1D). Among neuregulins (NRG), NRG1 and NRG3
transcripts, particularly the latter, were also found to have significantly
increased. The expression of all these factors declined after 4 weeks, a pattern
that may reflect some cellular deterioration that is common in long-term

culturing of mature neurons.

Example 2: Survival and migration of human NSCs in rat spinal
cord ‘

The examination of all stained sections from lesioned and control
animals shows a robust engraftment and excellent long-term survival of NSCs
in the adult spinal cord environment (Fig. 2A-B). Stereologiéal estimates of
surviving HNu (+) cells show an average of 1.5X10° cells present in the L4-L5
cord 6 months post-grafting. This figure represents a 3-4 fold ‘increase of the
cell population present in the initial graft (Fig. 2C) and implies that the initial
graft survived well and underwent, on average, two mitotic divisions. This
estimate is consistent with a low frequency (3-5%) of HNu (+) cells that also
expressed the nuclear antigen Ki67, a marker of all phases of cell cycle minus
GO, in all experimental conditions studied in this paper (Fig. 2F). Ki67-
positive cells were found randomly dispersed across the graft area without
evidence of clustering in specific sites.

Comparison among animals surviving for 3 weeks, 3 months and 6
months shows a significant tendency of 566RSC cells to migrate away from
the initial grafting sites and populate both gray and white matter, as well as the
proximal end of ventral and dorsal roots in the avulsion cases. Approximately
3% of NSC-derived cells were found in the contralateral side, mostly in the
white matter. There were more cells in the contralateral side in avulsion-
injured than in HCA-injured animals 3 months post-grafting (Fig. 2C, right-

i
1
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hand panel). The migratory disposition of 566RSC cells is further confirmed
with the expression of doublecortin (Dcx), a microtubule-associated protein
that serves as a specific marker for migrating neuronal precursors [22], by
about 80% of grafted cells three weeks post-grafting (Fig. 2D). Dcx
expression is reduced to 10-15% of HNu (+) cells at the grafting sites at 3 and
6 months but remains very high (~80%) in HNu (+) cells peripheral to the
grafts up to 6 months post-grafting, evidence for continuous migration (Fig.
2E). '

In summary, human NSCs survive very well in the spinal cords of
nude rats with minimal further mitotic activity irrespective of the presence or
absence of lesion, and migrate extensively into the ipsilateral and contralateral

spinal cord.

Example 3: Differentiation of human NSCs_into neuronal and non-

neuronal cells: parenchyma versus meninges

Within the L4-L5 parenchyma, the vast majority of NSCs promptly
entered a neuronal lineage, as evidenced by very high rates of TUJ-1
immunoreactivity at 3 weeks (75%) and at 3 months (78-80% in various
treatment groups) and 6 months (67-82%) post-grafting (Fig. 3A-B; E). These
TUJ-1 (+) cells have round or bipolar cell bodies and an average diameter of
10 pm (Fig. 3A-B). Rates of TUJ-1 differentiation did not differ significantly
among treatment groups and were consistent with results from dual ICC for
HNu and the neuronal nuclear epitope NeuN. In addition, there were no
significant differences in rates of TUJ-1 (+) NSC-derived cells among various -
time points, evidence that the establishment of a neuronal lineage occurred
very early in the life of these grafis. Compared to neuronal markers, the
appearance of astrocytic phenotypes was slower. HNu (+) cells do not show
significant GFAP immunoreactivity at 3 weeks post-grafting. By 3-6 months,
~5% of grafted HNu (+) cells in the avulsion cases and a slightly higher
proportion of cells in HCA- and sham animals stained for GFAP (Fig. 3E, left-
hand panel). The astrocytic cytology of these GFAP (+) cells is confirmed by
confocal microscopy (Fig. 3D). A declining percentage of NSCs showed
nestin immunoreactivity throughout the time course studied here. There was a

significant reduction in numbers of nestin (+) cells between 3 weeks and 3
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months post-grafting, but ~1 1-14% of HNu (+) cells remained nestin (+) even
at 6 months, a pattern indicating that a small portion of NSCs persisted at a
precursor state long after grafting (Fig. 3E, lefi-hand panel).

In a number of animals, the meninges adjacent to the ventral horn were
included in the grafts. At those sites, patterns of differentiation were different
from the parenchymal sites. For example, the rate of GFAP (%), astrocyte-
like, NSC-derived cells was higher (30-50%) compared to parenchymal grafts,
and there were more cells persisting in a nestin (+) state (40-53%) (Fig. 3C-D;
E, right-hand panel). The rate of neuronal differentiation was very low at those
sites; 6-11% of HNu (+) cells colocalized TUJ1 immunoreactivity (Fig. 3E,
right-hand panel) and this was independently confirmed with dual staining for
HNu and NeuN. In sections that were dually labeled for human nestin and
GFAP, we established that the two phenotypes were expressed by distinct
populations of NSC-derived cells, i.e. the vast majority of GFAP (+) cells
were nestin (-) and nestin (+) cells were GFAP (-). This pattern suggests that,
in our preparations, nestin expression was not an essential feature of
astrocytes, and that nestin (+) cells persisted, to a substantial degree, as neural
stem or precursor cells. In both parenchymal and meningeal locations we were
able to find HNu (+) cells that also expressed A2B5, a ganglioside antigen
present in the common glial precursor O-2A occasionally, at 3 months as well
as 6 months post-grafting. However, immunoreactivity for the early
oligodendrocyte markers CNPase and O4 and the mature oligodendrocyte
markers gal C and Rip was negative in all cases.

As a proof of the concept that the predominantly neuronal
differentiation of NSCs is not dependent on the athymic state of nude rats, we
performed a small study in which we grafted the lumbar cord of normal rats.
These animals had to be treated with FK506 to prevent xenograft rejection.
Two months post-grafting, animals were prepared exactly as the nude rats and
the neuronal differentiation of 566RSC cells was explored with dual
immunofluorescence using NeuN and TUJ1 as neuronal markers. As in the
case of nude rats, the vast majority of NSCs had differentiated into neuronal
cells (Fig. 4).

In concert, the fate of grafted NSCs depends on location, i.e. the

parenchymal environment promotes a neuronal differentiation, whereas the
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meningeal environment appears to facilitate the progression towards astrocytic
differentiation or allows NSCs to remain in an immature, nestin (+) state.
Irrespective of location, differentiation of human NSCs in the

oligodendrocytic lineage is negligible.

Example 4: GABAergic and cholinergic neurotransmitter phenotypes

expressed by grafted NSCs

Because of the predominant neuronal fate of grafted NSCs excitatory,
inhibitory (GABA) and cholinergic neurotransmitter markers were examined
in order to ascertain the degree of differentiation of cells into the neuronal
lineage (Fig. 5). Almost without exception, grafting sites were markedly
enriched in metabotropic glutamatergic (Fig. 5A), and GABAergic (Fig. 5B)
neurotransmitter markers. Individual bipolar NSC-derived: cells were seen to
express strong immunoreactivity for GluR2/3 and GAD and to be contacted by
terminals enriched in these two neurotransmitter markers, indication that graft-
derived cells engage in both excitatory and inhibitory neurotransmission. Both
GluR2/3 and GAD immunoreactivity became first apparent in grafting sites at
3 months and persisted without appreciable changes at 6 months post-grafting.

Examination of sections stained for HNu, GAD, and GluR2/3 showed
a large number of NSC-derived neurons colocalizing both GAD and GluR?2/3.
To distinguish between GABAergic and glutamatergic phenotypes in the
nerve terminals, we performed dual ICC for human-specific synaptophysin (to
mark graft-derived terminals) and GAD or vesicular glutamate transporter
type 1 and 2 (VGLUT-1/2). GAD and VGLUT-1/2 are sensitive and selective
markers for GABAergic and glutamatergic neurons respectively [23,24], and
terminal staining is especially robust in the spinal cord (Fig. 5C-D). To label a
maximal number of glutamatergic terminals, antibodies against VGLUT-1 and
VGLUT-2 were used in combination. Large numﬁers of GAD and VGLUT-
1/2 (+) terminals were seen at the grafting sites, but fields of VGLUT-1/2 &)
puncta only partially overlapped the graft (Fig. 5D). In multiple fields in
sections dually stained for human-specific synaptophysin and GAD, we found
that a majority of synaptophysin (+) terminals colocalized GAD
immunoreactivity by confocal microscopy (Fig. 5C"). In contrast, no

colocalization of human synaptophysin with VGLUT-1/2 immunoreactivity
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was observed in the same terminals, despite dense apposition of individually
labeled terminals (Fig. 5D’).

Using GAD immunoreactivity as a reliable marker of GABAergic
neurons, we counted HNu and GAD (+) profiles and calculated rates of dually
labeled cells in the total population of HNu (+) cells at 6 months, i.e. the
longest survival time examined. At that time point, a significant percentage of
HNu (+) cells in all three experiment groups (avulsion: 60.5 +/-0.47; HCA
lesion: 56.4+/-3.19; sham: 49.574/-4.04) were also GAD immunoreactive.
Frequency of differentiation did not vary significantly by type of treatment.

A very small percentage of HNu (+) cells (less than 1%), first
appearing at 3 months and consistently seen at 6 months post-grafting,
colocalized ChAT immunoreactivity. ChAT (+) neurons were larger than
other neuronal HNu (+) cells (15-25 ym in diaineter) and displayed multipolar
cytologies (Fig. 5E).

These findings indicate that a majority of NSC-derived neurons
develop and sustain stable bipolar cytologies and GABAergic phenotypes for
at least 6 months after grafting. These cells are contacted by GABAergic
terminals from other graft and host neurons and glutamatergic terminals from
the host. A small, but consistent percentage of graft-derived neurons evolve

into larger multipolar neurons with cholinergic phenotypes.

Example 5: Developmental neuronal phenotypes expressed by grafted
NSCs

At 3 and 6 months post-grafting, we examined our graft preparations
for‘ the expression of genes that are specific for developing motor neurons in
ventral horn, such as the LIM homeodomain transcription factors Islet-1 and
HB9 [25,26]. In addition, we screened our preparations for the expression, by

graft-derived cells, of the common neurotrophin receptor p75™ ~.

, a robust
marker of motor neurons during the period of axonal extension/developmental
cell death [27,28].

Islet-1, a marker for motor neurons throughout their life span, was
robustly expressed in rat spinal cord at E13 (Fig. 6A) and, less intensely, in

host a-motor neurons (Fig. 6B). Islet-1 immunoreactivity was also present in a
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large number of HNu (+) cells (Fig. 6C-D), including cells labeled for both
HNu and ChAT. In our hands, HB9 ICC resulted in inconsistent staining of
HNu (+) cells, although it did detect nuclear and some cytoplasmic
immunoreactivity of E11-E12 motor neurons in the medial column. A
majority of small bipolar (putative GABAergic) HNu (+) neurons was found

SNTR

to colocalize p7 immunoreactivity (Fig 6F). However, only few

multipolar cholinergic neurons originating in the graft expressed p75™ %
immunoreactivity (Fig. 67G-H).
In concert, a majority of human NSC-derived neurons express the

5NTR and many also express homeodomain

common neurotrophin receptor p7
transcription factors characteristic of developing motor neurons. Expression of
p75NTR

neurotransmitter phenotypes expressed by differentiated NSCs, although it

is not selectively associated with either GABAergic or cholinergic

may be more frequent in non-cholinergic neurons.

Example 6: Structural integration of human NSCs in rat spinal cord:

synapses, axons, and long projections inte ventral roots

By 3 months post-grafting, HNu (+) neurons elaborate prolific axons
(Fig. 7A) and synapses (Fig. 7B) that can be specifically linked to graft origin
with antibodies selective for human synaptophysin and neurofilament (NF)
proteins. Axons bundle in groups and form secondary tracts aiming at the
ventral root exit zone (Fig. 7A). However, the ability of HNu (+) neurons to
elaborate highly differentiated structures like axons and synapses does not
necessarily imply their capacity to integrate within the host circuitry.
Therefore, to differentiate between host and graft inputs, we used a
monoclonal antibody for the presynaptic protein-Bassoon (BSN) that
selectively recognizes rat and mouse, but not human, epitopes. In sections
stained for HNu (to establish graft origin), TUJ-1 (to establish neuronal
differentiation), and Bassoon (to detect terminals from host rat axons), we
found that most HNu (+), TUJ-1 (+) cells in parenchymal locations were
contacted by large numbers of synaptic boutons of rat origin (Fig. 7C-C’), i.e.
evidence that the host species (rat) massively innervates graft-derived (human)
neuronal cells. Because graft-derived terminals are negative for markers of

glutamatergic  neurotransmission, ie. VLGUTI1/2 immunoreactivity,
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VLGUTI1/2 ICC is an independent probe useful in differentiating between
graft and host terminals. By combining, in triple ICC protocols, staining for
HNu and TUJ-1 (together marking graft-derived neurons) with mixed staining
for VLGUT! and VGLUT2 (together marking most host-derived
glutamatergic terminals), we found dense appositions between graft-derived
neurons and host glutamatergic terminals (Fig. 7D-D’). In preparations stained
for VLGUT1/2, GFAP and HNu, we never observed such contacts between
host terminals and graft-derived astrocytic profiles.

Conversely, preparations stained with human-specific synaptophysin
and TUJ-1 or ChAT revealed dense terminal fields comprised of multiple
small boutons that were apposed to host neurons, including large and small
motor neurons both on the side of grafting as well as the contralateral side.
Large numbers of host motor neurons were seen to be contacted in such a
fashion by graft-specific terminals (Fig. 8A-B). Treatment variance (avulsion,
HCA lesion, or sham treatment) did not seem to affect the presence or absence
of such dense reciprocal contacts. In sections stained for human synaptophysin
and GFAP, we did not observe any appositions between graft-derived terminal
specializations and astrocytes. This evidence suggests the elaboration of
reciprocal innervation between graft-derived and host neurons.

‘ For NSCs differentiating in the spinal cord and elaborating axons, a
critical question is whether axons derived from these cells can traverse the
ventral root and, possibly, the peripheral nerve, and eventually re-establish
some form of connection with muscle targets. This is a complex problem with
many facets that fall beyond the scope of this paper, yet some observations
made on our HCA and sham treatment in which the ventral roots were
preserved (Fig. 9A) are relevant to the issue of graft differentiation and
integration. First, in most L4 and L5 roots we examined 3-6 months post-
lesion, we found human NF70 (+) axons coursing along the root. Because of
the advantages related to penetration of reagents, teased root preparations
universally revealed many more axons than whole root mounts (Fig. 9B).
There were 10 apparent differences in density of these newly extended axons
between HCA- and sham animals. Second, in most cases we also found HNu
(+) cells that had migrated along with the new axons (Fig. 9B). Many of these
migrating HNu (+) cells were also TUJ-1 (+). Cross-sections of ventral roots
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confirmed the presence of both migrating NSCs and graft-derived axons in
motor roots (Fig. 9C).

In summary, NSC-derived neurons not only develop differentiated
neurotransmitter phenotypes in the adult spinal cord, but also elaborate axons
and synaptic specializations, and they engage in dense reciprocal innervations
with host spinal cord neurons. In addition, ventral roots in animals with intact
parenchyma-root continuity contain graft-derived axons and migrating HNu
(+) cells.

Example 7: Survival, neuronal differentiation and structural integration of
human NSCs in the spinal cord of SODI G934 rats
Human NSCs were identified by their HNu protein signature and their

phenotypic fates were tracked with dual ICC for HNu and epitopes specific for
neural precursor, neuronal, and glial cells. At the end of experiments in SOD1
G93A rats, human NSCs showed robust engraftment and excellent long-term
survival (Fig. 10A). A majority of HNu (+) cells (70.4%) had differentiated
into the neuronal lineage, based on their colocalization of TUJ1 (Fig. 10B-D).
Approximately one-fifth (19.2%) of HNu (+) cells colocalized nestin, and very
few (1.3%) HNu (+) cells were positive for GFAP.

The capacity of human NSCs to integrate within the host circuitry was
tested with perikarygl markers for graft/host cells and markers selective for
either host or graft axons/terminals. A large number of ChAT (+) host motor
neurons was found to be contacted by human synaptophysin (+) synaptic
boutons of graft origin (Fig. 11A-B). Conversely, a large number of rat-
derived synaptic boutons was seen in close proximity to graft-derived neurons
in preparations stained with either a mixture of antibodies for VGLUT1/2
(present in host, but not in graft terminals), HNu and TUJ1 or a combination
of antibodies for the presynaptic protein Bassoon (that recognizes rat and
mouse but not human epitopes), HNu, and TUJ1. Synaptic contacts of rat
nerve terminals on graft-derived neurons were not as common as human nerve
terminals on host motor neurons (Fig. 11C-D).

Besides projecting locally to innervate host motor neurons, human NF70 (+)
axons from differentiated NSCs formed bundles that coursed in the ventral

funiculus and crossed over at least 1-2 spinal segments. The preference of
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these axonal bundles for white versus gray matter was evident in preparations
stained for markers that revealed the boundaries of ventral horn (Fig. 11E). A
dense plexus of human NF70 (+) axons and human synaptophysin (+)
terminals was consistently observed in juxtaposition to ependymal cells (Fig.
11F), likely resulting from targeted migration of differentiated NSCs rather
than the formation of de novo graft-to-ependyma projection. Only a few
human NF70 (+) axons were found in teased or en block preparations of
ventral roots (Fig. 11G).

Example 8: NSC grafis into the lumbar cord of SOD1 G93A rats prolong

life span and delay motor neuron death and disease onset and progression

Animals grafted with live NSCs showed increased survival by both
Kaplan-Meier (Fig. 12A) and end-point analysis; the average life span for
animals grafted with dead NSCs was 138 days, whereas rats grafted with live
NSCs lived for 149 days (Fig. 12C). Average time-to-disease-onset was 115
days for animals that received dead cells and 122 days for animals that were
grafted with live NSCs (Fig. 12D). Time plots of BBB open field and inclined
plane test scores show a significantly slower progression in muscle weakness
in animals grafted with live cells compared to animals that received dead
NSCs (Fig 12B).

The effect of NSCs on motor neuron survival in the lumbar protuberance
(L3-S1) of Tg rats was examined in a small group of animals that received live
or dead NSCs and were sacrificed at 128 days of age. Stereologically
estimated numbers of a-motor neurons were 6,418 for animals that received
live NSCs and 3,206 for rats grafted with dead NSCs, i.e. there were twice as
many neurons in the lumbar protuberance of experimental compared to control

animals of the same age (Fig. 12E).

Example 9: Molecular correlates of clinical and biological effects of human

INSCs in SOD1 G93A rats: evidence for the expression and release of

neurotrophins and trophic cytokines, with emphasis on GDNF

To explore potential mechanisms of neuroprotection afforded by human
NSCs on degenerating motor neurons, we studied the expression and release

of BDNF and GDNF, two peptides with classical trophic effects on
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mammalian motor neurons [53-56], by Western blotting and ELISA using
both spinal cord preparations and CSF samples.

In the case of GDNF, ELISA shows a three-fold increase in the release of
this trophic peptide in the spinal cord (Fig. 13A, left) and a five-fold increase
in GDNF secreted in the CSF (Fig. 13A, right) in animals with live NSCs.
Western blotting confirms the ELISA pattern of increase and shows a
normalized GDNF density of 0.860 in live-cell grafts and 0.708 in dead-cell
grafts (Fig. 13B). In the case of BDNF, there was an eight-fold increase in
BDNF concentration in the spinal cord (Fig. 4C, left) and a four-fold increase
in the CSF (Fig. 13C, right) of animals grafted with live cells. BDNF was not
detectable by Western blotting in our hands.

The ELISA data suggest a more widespread secretion of GDNF compared
to BDNF in animals grafted with live NSCs, especially in the CSF. To explore
the source of the excess trophic peptide, i.e. differentiate between graft
(human) and host (rat) origin, we performed real-time RT-PCR analysis for
GDNF and BDNF mRNA expression on samples from live- and dead-cell
graft sites using human- and- rat-specific primers (Fig. 13D). In addition, we
studied the expression of VEGF, an angiogenic trophic peptide with evident
trophic effects in mammalian motor neurons [57]. Normalized human GDNF
and BDNF mRNA expression in spinal cords grafted with live cells was
several-fold higher than that in NSCs prior to grafting; we found an 8-fold
change for human BDNF and a 9-fold increase for human GDNF. Rat BDNF
mRNA expression in spinal tissues with live NSC grafts decreased by 3.5-
fold, whereas rat GDNF expression remained essentially unchanged when
compared to tissues with dead NSC grafts. Human VEGF mRNA expression
was found to be ~2 times higher in grafted tissues compared to a pre-grafting
sample of NSCs, and rat VEGF mRNA expression decreased ~3 times
compared to levels in spinal cords with dead-cell grafts.

The graft origin of GDNF, i.e. the trophic peptide with the greatest
upregulation and widespread secretion in subjects with live grafts, was further
supported with GDNF ICC. In animals with live grafts, the vast majority of
grafted HNu (+) cells were found to express immunoreactive GDNF (Fig.
14A-D). GDNF immunoreactivity was shown to be localized within NSC-

derived terminals, e.g. in the dense terminal fields around ependymal cells
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(Fig. 14E). Moreover, spinal cords with live grafts exhibited a high density of
GDNF-immunoreactive boutons attached to cell bodies and proximal dendrites
of host motor neurons. These boutons were especially prominent in animals
with early motor neuron disease (BBB score 19 or higher) and were less
prominent in animals with advanced disease (BBB score 6 or lower) (Fig.
15A). In contrast to terminals near ependymal cells, the vast majority of NSC
terminals contacting host motor neurons did not contain immunoreactive
GDNF (Fig. 15B-C). On the other hand, GDNF (+) terminals on motor neuron
cell bodies were found to colocalize ChAT and VAChT, i.e. classical markers
of cholinergic nerve terminals, in early disease stages (Fig. 15D-E). The size,
shape, and neurotransmitter identity of these GDNF (+) terminals identifies
them as cholinergic C-boutons, i.e. terminals of segmental spinal origin that
participate in local motor circuits [58]. In concert, although most graft-derived
differentiated cells express GDNF and the excess GDNF expression in grafted
cords is of human origin, the terminals of graft-derived cells on host motor
neurons rarely contain GDNF immunoreactivity. The increased GDNF
immunoreactivity within synapses belonging to host neurons in an
environment with substantially increased human and unchanged rat GDNF
expression raises the suspicion of a transsynaptic transfer of GDNF from graft

cell terminals onto host motor neurons and/or interneurons [59].

Example 10: Combined immunosuppressive agents or CD4 antibodies

ameliorate cell-mediated rejection and improve human NSC graft survival
in SODI1-G93A4 mice
Graft rejection was studied with ICC for HNu (to mark graft-derived cells) and

protein epitopes marking blood-borne immune cells i.e. lymphocytes and
natura] killer cells or resident microglia/macrophages. Blood-borne cells were
detected with antibodies against CD4 and CD8 surface antigens of T-cells
(Figs. 16 and 17) and an antibody against a surface epitope present in NK cells
(DXS, Fig. 23) [65]. Microglial cells were labeled with an antibody against the
Iba-1 epitope of a microglia-specific calcium-binding protein expressed by
these cells in all functional states including resting, activated, and phagocytic
microglia [66,67] (Fig. 18). Cytological features and anatomical relationships

with blood vessels also helped in the identification of immune cells. For
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example, blood-borne cells cluster primarily around blood vessels, although
this pattern is less distinct with advanced rejection. Under all circumstances,
blood-borne cells are rare in host tissues surrounding the grafts.

CD4 (+) and CD8 (+) cell recruitment to grafting sites were similar in terms
of cytology and perivascular clustering with all treatments and at all time
points, but the CD4 response was predominant (Figs. 16 and 17). NK cells
were not seen frequently in our preparations. A moderately intense NK cell
response was éeen in subjects treated with FK506 alone, primarily in
perivascular locations with little parenchymal invasion ( Fig. 23). The
cytology of these DX-5 (+) NK cells resembled that of CD4 (+) and CDS8 (%)
cells. In animals treated with combined immunosuppressive regimens, DX-5
immunoreactivity appeared primarily as debris without obvious cellular
localization ( Fig. 23, inset). CNS microglia was typically seen to invade the
graft from surrounding tissues replete with microglial cells at various stages of
transformation (Fig. 18). As we established [68], reactive microglia is featured
by a scant cytoplasm and long, highly ramified processes, whereas phagocytic
glia has retracted, thick processes and a more substantial cytoplasm volume.

With FK506 treatment alone, HNu staining fails to reveal graft-derived
nuclei as early as 1 week post-grafting (Figs. 16A, 17A, 18A, Fig. 23).
Grafting sites are featured by a diffuse, non-nuclear HNu immunoreactivity
often seen in close proximity to CD8 (+) lymphocytes (Fig. 1A, insets) and, to
a lesser degree, to NK cells ( Fig. 23, insets), but not CD4 (+) cells (Fig. 17A,
insets). HNu immunoreactivity is often localized within the cytoplasm of
microglial phagocytes (Fig. 18A, insets). One month post-grafting, CD8 (Fig.
16B) and CD4 (not shown) immunoreactivities remain strong in the graft
region, but they are localized within small round structures without cellular
organization that probably represent cellular debris. Very few live CD4 or
CD8 (+) cells are visible at the graft sites (Fig. 16B), a pattern indicating that
active T-cell rejection is over by that time. Iba-1(+) microglial cells with
phagocytic cytology are numerous at the graft site 1 week post-grafting (Fig.
18A). At one month, microglial reaction remains strong, but many of these
Iba-1 (+) cells exhibit cytologies consistent with activated microglia (Fig.
18B).
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Combined treatment with FK506 and rapamycin has an impressive effect on
graft survival, based on the presence of numerous dense, nuclear HNu (+)
profiles in all our experimental subjects (Figs. 16C-D, 17B, Fig. 23, and Fig.
18C-D). CD4 and CD8 (+) cell infiltration is markedly diminished; many such
cells appear to have died based on the early presence of CD4 or CD8 (+)
debris. Microglial response is moderate; the overwhelming majority of Iba-1
(+) cells have the appearance of activated, but not phagocytic, microglia (Fig.
18; compare insets between panels C and A). A very low level of CD4 or CD8
(+) response is present at 1 month post-grafting (Fig. 16D). Microglial
reaction is still strong, and there is an apparent increase in the presence of
macrophages at 1 month (Fig. 18D) and well into end-stage disease (not
shown). The addition of MMF to the regimen of FK506 plus rapamycin had
no apparent effects in graft survival and infiltration by CD4/CD 8 (+) cells
(Fig. 16E) or by microglia/macrophages (Fig. 18E) compared to the double
immunosuppressive regimen.

The use of CD4 antibodies also significantly promoted the viability of HNu
(+) cells. Invasion of the graft by blood-borne lymphocytes (Fig. 16F) or
microglial cells (Fig. 18F) was significantly attenuated. As with combined
immunosuppressive treatments, the cytology of most Iba-1 (+) cells resembled
that of activated, but not phagocytic, microglia (Fig. 18F, inset).

In concert, the combination of FK506 and rapamycin with or without MMF
or the use of CD4 antibodies, suppressed CD4- and CD8-cell infiltration and

also significantly attenuated and delayed microglia-mediated phagocytosis.

Example 11: Combined immunosuppressive agents and CD4 antibodies

imprave disease outcomes in SODI1-G93A4 mice grafted with human NSCs

When treated with combined immunosuppressive drugs or anti-CD4
antibodies, SOD1-G93A mice grafted with live NSCs showed delayed disease
onset, improved motor scores, and longer life spans compared to FK506
monotherapy (Fig. 19). Mice treated with FK506 alone had an average disease
onset of 13.2 + 1.8 weeks. Treatments with the GK1.5 antibody, FK506 +
rapamycin, and less so with FK506 + rapamycin + MMF all delayed time to
disease onset (15.5 + 1.3 weeks, 15.3 + 1.0 weeks, and 14.5 + 0.9 weeks,
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respectively) compared to the FK506 group (Fig. 19A). Post-hoc testing
reveals that individual comparisons between the anti-CD4 or FK506 +
rapamycin groups and FK506 group are significant, but the difference between
FK506 + rapamycin + MMF and FK506 groups is not. Treatment with anti-
CD4 antjbody, FK506 + rapamycin, and FK506 + rapamycin + MMF
significantly extended the life span of NSC-grafted animals compared to
FK506 treatment alone (20.3 1.5 weeks, 19.7 £ 1.9 weeks, and 20.4 + 1.7
weeks as compared with 17.6 & 2.0 weeks) (Fig. 19B). Motor score testing
also showed a delayed loss of muscle strength in the anti-CD4, FK506 +
rapamycin, and FK506 + rapamycin + MMF groups compared to FK506
treatment group (Fig. 19C). Logrank testing of Kaplan-Meier survival curves
also révealed significant differences among anti-CD4, FK506 + rapamycin,
FK506 + rapamycin + MMF, and FK506 groups. The use of Logrank testing
within pairs of treatment groups revealed significant differences between
FK506 monotherapy and any of the other treatment groups (Fig. 19D). Based
on the above data, the combined FK506 + rapamycin regimen appears to
optimize prevention of graft rejection, at least for the purpose of generating
clinically meaningful differences in the time framework of motor neuron
disease in SOD1-G93A mice.

To control for the potential effects of immunosuppressants on clinical
parameters of motor neuron disease, we compared disease onset, motor score,
and life span data between animals grafted with live versus dead human NSCs,
all of which were treated with FK506 + rapamycin. In animals grafted with
live cells, disease onset was delayed by 2.1 weeks (Fig. 20A), and life span
was extended for 1.7 weeks (Fig. 20B) compared to animals that had received
dead cells (disease onset: 15.3 + 1 versus 13.1 = 1.9 weeks; life span: 19.7 £
1.9 versus 18.0 + 1.8 weeks). Motor score testing shows a later onset and
slower progression of weakness in animals treated with live NSCs (p=0.02)
(Fig. 20C) and Kaplan-Meier survival analysis shows a significant difference
between live- and dead-cell groups (p=0.001) (Fig. 20D). These differences
indicate that immunosuppressants influence key clinical parameters of motor
neuron disease in SOD1-G93 A mice via their protection of NSC survival and

not via a direct protective effect on host motor neurons.
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Example 12: Grafted human NSCs survive to end-stage disease, differentiate

predominantly into neurons, and establish synaptic contacts with host

~

heurons

In end-stage animals (more than two months post-grafting) treated with
combinations of immunosuppressive agents or CD4 antibodies, the vast
majority of human NSCs had differentiated into TUJ1 (+) neurons (Fig. 21A).
Confocal microscopy confirmed the colocalization of HNu (red) with TUJ1
(green) in the same cells (Fig. 21A"). Although numerous GFAP (+) astrocytic
processes were present in the graft site (Fig. 21B), the colocalization of GFAP
immunoreactivity with HNu (+) nuclei within the same cells was a rare
phenomenon in the majority of grafts located within the spinal cord
parenchyma (Fig. 21B). This profile suggests that most GFAP (+) processes at
the graft site are of host origin. However, in portions of grafts located very
close to meninges (pia), the frequency of HNu (+) cells colocalizing GFAP
increased, including the occasional clustering of double-labeled cells (Fig.
21B'); this pattern shows a degree of plasticity in NSC differentiation
determined by local factors in the spinal cord microenvironment. HNu (+)
nuclear profiles did not colocalize with O4 or Rip immunoreactivity within the
same cells, a pattern suggesting that human NSCs did not differentiate in the
oligodendrocyte or Schwann cell lineage in our experimental settings (data not
shown). A small number of human NSCs remained undifferentiated as nestin
(+) cells (Fig. 21C, C").

When synaptic terminal markers specifying graft origin were combined with
generic neuronal markers, large numbers of human synaptophysin (+)
boutons—representing terminals of graft-derived neurons—were found
apposed to host neurons, especially surviving a-motor neurons (Fig. 22A).
Confocal analysis of specimens from one month post-grafting and end-stage
animals shows anatomical patterns typical of synaptic contacts (Fig. 22A").
Conversely, HNu and TUJ1 (+) cells, i.e. grafi-derived neurons, were closely
apposed to VGLUT1/2 (+) terminals of mouse origin (Fig. 22B); the synaptic
significance of such appositions was difficult to determine by confocal

microscopy because of the high cell density of grafts (Fig. 22B’). Together,
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these patterns of reciprocal innervation between host and graft-derived
neurons indicate a substantial degree of structural integration of NSC grafts
within the host circuitry. This phenomenon is likely to account for the
beneficial effects of NSCs on clinical outcomes laid out in the previous
section.

Although the foregoing invention has been described in some detail by
way of illustration and example for purposes of clarity of understanding, it
will be readily apparent to one of ordinary skill in the art in light of the
teachings of this invention that certain changes and modifications may be
made thereto without departing from the spirit or scope of the appended

claims.
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(Tarpet phenotypes [Target proteins/epitopes Host Dilution [Vendor
Neural stem cell nestin Mouse 1:400 Chemicon, Temecula, CA

mestin rabbit 1-:200 Chemicon
Neuronal-Restricted [Polysialylated neuronal cell adhesion moleculefmouse 1:400 Chemicon
Precursor PSA-NCAM)
Human identity human nuclear protein antibody (HNu) Imouse 1.800 Chemicon
Mitotic marker Ki67 antigen (NCL-Ki67p) rabbit 1:1000 _ |Novocastra Labs, Newecastle, UK
Neuron—general type 111 B- tubulin epitope J1 (TUJ1) mouse 1:1000  Covance, Berkeley, CA

neuronal nuclear epitopes (NeuN) Imouse 1:1000 “hemicon,

doublecortin (Dcx, C-18) lgoat 1:400 Santa Cruz Biotech, Santa Cruz, CA
[Neuron—human- 70 kD neurofilament (NF70) Imouse 1:100 Chemicon
specific synaptophysin (Syn) Imouse 1:600 IChemicon
Neuron—rodent bassoon (Bsn) mouse 1:400 Stressgen, Victoria, BC °
specific
Neuron—motor Islet 1 (Islt 1) imouse 1:1000 DSHB, lowa city, lowa
neuron IHB-9 mouse 1:1000 DSHB, lowa city, lowa
idevelopment-related Low-affinity neurotrophin receptor (p75NTR) rabbit 1.200 Promega, Madison, W}
Neuro-transmitter [glutamate decarboxylase 65,67 (GAD) rabbit 1:400 Chemicon
enzymes/ receptors/ jglutamate decarboxylase 67(GAD) Imouse 1:600 Chemicon
transporters choline acetyltransferase (ChAT) lgoat 1:100 Chemicon

esicular glutamate transporter 1 (VGLUTI) guineapig  11:2000  {Chemicon

vesicular glutamate transporter 2 (VGLUT2) lguinea pig [1:2000  [Chemicon

iglutamate receptor subunit 2&3 (GluR2/3) rabbit 1:100 Chemicon
lAstrocyte ghial fibrillary acidic protein (GFAP) rabbit 1:400 IDako, Carpinteria, CA
Oligodendrocyte  |A2B5 fnouse 1:200 Chemicon

04 [mouse 1:25 [Chemicon

CNPas imouse 1:100 Chemicon

Rip imouse 1:100 Chemicon
Table 1. Primary Antibodies
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Table 2. Primer sequences used for real-time PCR

Primer Sequence

Neurotrophic

Factor

FGF-2

sense 5-GTG TGC TAA CCG TAC CTG GC-3
antisense 5-CTG GTG ATT TCC TTG ACC GG-3’

BDNF

sense 5'-CCA AGG CAG GTT CAA GAG G-3'
antisense 5- TCC AGC AGA AAG AGA AGA GGA-3'

VEGF

sense 5-CCA TGG CAG AAG GAG GAG G-3'
antisense 5-ATT GGA.TGG CAC TAG CTG CG-3’

GDNF

sense 5-CTG ACT TGG GTC TGG GCT ATG-3
antisense 5-TTG TCA CTC ACC AGC CTT CTATTIT-3’

IGF-1

sense 5-CAA CAA GCC CAC AGG GTATGG-3
antisense 5-GCA CTC CCT CTACTT GCG TTC-3

Neuregulin

NRG1

sense 5-CTT GTA AAATGT GCG GAG A-3’
antisense 5'-GTC TTT CAC CAT GAA GCA CT-3’

NRG2

sense 5'-GAG ACA GCC AAG TCC TAT TG-3'
antisense 5-CCC TCG ATG TAG TAG CAG AC-3

NRG3

sense 5'-AGG ACC TTG CAT ACT GTC TC-3
antisense 5-ACT CCT TGG TAG CCT TCT T71-3’

Standard

18s rRNA

sense 5-CGC CGC TAG AGG TGA AAT TC-3',
antisense 5’-TTG GCA AAT GCT TTC GCT C-3
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‘What is claimed is:

L. A method of treating a spinal cord disease in a subject in need thereof
comprising;
a) isolating at least one neural stem cell from a spinal cord

system of a mammal, wherein the isolated neural stem cell is multipotential;

b)  expanding in vitro said neural stem cell in a dispersed adherent

culture to an expanded population;

c) concentrating the expanded population at a density sufficient to

treat disease in a subject in need thereof, and

d) injecting the expanded population at least once in an injection
site.
2. A method of treating an injured spinal cord area in a subject in need
thereof comprising:

providing an expanded population of multipotential neural stem cells
sufficient to begin to repair the injured neural area, said expanded population
including multipotential neural stem cells from a region of a spinal cord

system of a mammal corresponding to the injured neural area.

3. A method of treating a loss of neurons in the spinal cord of a subject in

need thereof comprising:

providing an expanded population of multipotential neural stem cells
sufficient to reverse the loss of neurons, said expanded population including
multipotential neural stem cells and differentiated progeny of said

multipotential neural stem cells capable of providing trophic factors.
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4. A method for treating a spinal cord disease or injury comprising:
identifying a patient having a spinal cord disease or injury caused by an
absence of cells capable of avoiding the disorder, transplanting into the

patient a cell that is capable of remediating the disorder.

5. The method of Claim 4, wherein the cell is a cell selected from the
group of cells consisting of a neural stem cell, neural precursor cell, neural

progenitor cell and their mixtures.

6. The method of Claim 4, wherein the transplanted cell is derived from

an expanded culture of multipotential neural progenitor cells.

7. The method of Claim 4, further comprising transplanting the cell into

the spinal cord tissue of patient.

8. The method of Claim 4, wherein the transplanted cell is used to treat
amyotrophic lateral sclerosis (ALS).

9. The method of Claim 4, wherein the cells are derived from the spinal

cord.

10.  The method of Claim 4, wherein the neurons are capable of

producing an inhibitory neurotransmitter.

11.  The method of Claim 4, wherein the neurons are capable of

producing gamma amino butyric acid.

12. A method for preparing a cell for treatment of a spinal cord disorder
comprising providing a monoclonal population of neural stem cells sufficient

to treat said spinal cord disorder.
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13. A method of treating a spinal cord condition in an individual in need

thereof comprising:

grafting neural stem cells in the individual, wherein the grafted cells
expand in vivo to a therapeutically effective amount sufficient to treat the

spinal cord condition.

14. A method of treating amyotrophic lateral sclerosis in an individual in

need thereof comprising:

providing neural stem cells and differentiated progeny of said neural
stem cells capable of providing trophic factors sufficient to slow the loss of

motor neurons

15. The method of Claim 14, wherein the trophic factors secreted by the
transplanted cells include GDNF, BDNF, pleiotrophin, VEGF, erythropoetin,
midkine, SOD 1, or any other trophic element.

16. A method of treating chronic pain'in an individual in need thereof

comprising:

genetically engineering spinal progenitors to over-express endorphins;

and

transplanting a therapeutically effective amount of spinai progenitors
intrathecally into the spinal cord of said individual to inhibit pain circuitry in

said spinal cord.
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17. A method of treating traumatic spinal cord injury in an individual in

need thereof comprising:

transplanting neural stem cells and differentiated progeny of said
neural stem cells capable of providing trophic factors sufficient to slow the

5 loss of motor neurons; and

transplanting neural stem cells and differentiated progeny of said

neural stem cells capable of increasing the number of motor neurons.

10

84



WO 2006/135899 PCT/US2006/023034

1137

g, e
et g

s
4 2‘5:3;,,’?
e,

16

e
i

SR ALPRITR

%

N

e

FIG. 1C
Real-Time PCR
Day 14 Day 29 Day 42
Neurotrophic
__Factor '
FGF-2 1.17+0.26 2.73+ 0.30 1.83+£0.16
BDNF 6.04+132 7.49% 064 4.71+0.25
VEGF 6.20+1.36 1554+ 1.34 11.23 + 0.61
GDNF 202+010 289+ 0.12 1.95+0.14
IGF-1 20.25£5.94 86.75%14.89 62.94 + 8.89
Neuregulin
NRG1 6.00£1.31 8.61+£073 4.86+0.35
NRG2 1.64+0.36 2.94+025 232+0.12
NRG3 41.38+9.28 88.51+755 658.19+ 4.74

FIG. 1D



WO 2006/135899

R

piih RN
o f“,l:
X

A S
LR

8 e
PONTR NN

o
SRS WY

Yoo boagavs

b4

vy, - R
N

T B
IRy

)
vy w
SR
AR
:

0
&3

e
%o g s b sk TN

FIG. 2B

PCT/US2006/023034



WO 2006/135899 PCT/US2006/023034

3137

]

§
£

: — s s
2% - E
Y bt © 2 P
s0}) 1equnn (@) [ejol 70
i

W% Q oo

Lo = LN 0L % N

©, ©,

L B & i
i { { — S - £
k= 4 ) % %)
{ S NN




WO 2006/135899 PCT/US2006/023034

4/37

WA, e
R Y

et s e
T, mmwmeaed o e
3 4, wuifd P




WO 2006/135899 PCT/US2006/023034

5137
m gk )
O 2 O
L N Ll
O
< &
0, O
L L

ol

3

¥

S,




PCT/US2006/023034

WO 2006/135899

6/37

e

=\
2

DO
=2
AN

© 1w o ®w o

N v~

+ NNH [B1oL %

AN\

EOMIM
p

LMY
QY
NN

TUJI-M

—r-

3w 3m 6m 3m 6m 6m

TUJI-P

3w 3m 6m Bm Gm 6m

A NN\

OO
1

_.////////

.......

MY

NN
2

)\
| 2

GFAP-P

3w 3m 6m 3m 6m 6m

N O O N O
- -

+ NNH [BJ0L %

3w 3m 6m 3m 6m 6m

6m

Y

AN
W22

2NN
W=
Hln

o o o o
® ® JT «

+ NNH [el10l %

3 N\
NN

3m 6m

Nestin-M

3W 3m 6m

0

3m 6m 6m

Nestin-P

FNN

L T
N N
3w 3m6m

.....

+ NNH [B10L %

FIG. 3E



WO 2006/135899

~ ,'g".':“‘{

g e W

PCT/US2006/023034

3 gugf TSV LR (Bt I S T T T A AT E e L
R A L | )
3 )

I
it
A

e % i T
24 PR

A

; v R
gk
iz Y Ao

L e b 3{.%&-: 3 y

QURARETRS E
.l .qi.gj i dom

HoRvTy
Sade S
a2 vf‘_q

oy ol

£
Ry e

5

o
Bois a 304
et

wi T N I MR
M " { ey ede LY
A 3 v\‘é;?- T A S T

ST 4

re afﬁt‘?i“?"ﬁz [;a»f‘?-—‘*' N
Has e -0
%{Fﬁ"' ’
A R
e -

5
)



WO 2006/135899 PCT/US2006/023034

A
PR

e
pr———s,

FIG. 5B

"
pi

3

e d

—_ 5

. FIG. 5D

vy

FIG. 5E



WO 2006/135899 PCT/US2006/023034

: 9/37

o ot g
ABHo i
G~ i
e

oy

FIG. 6D
FIG. 6H

FIG. 6C
FIG. 6G

LY

4 .
ok
Wi

e,

FIG. 6B
FIG. 6F

Htate Lees
EAENN

"“L{!
M A
e PR R g
SRR
Rt N I gt
oy w3 neiTy
LR R R R ET

Vil

P L
s et

g eardhea

FIG. 6A
FIG. 6E




WO 2006/135899 PCT/US2006/023034

10/37

cenesiv g g e
AP S I 3 4
t T A d
PR S e k)
e ¥
Yyt $ 47
hagh , » A W g7
4 TR AT
& 52w

5
STy
4 AR
e RGN .
A8 pRE 3
SRl e SRR 28 o e
ORGSRy Bl i
R ey
a0
oz 3 Byl
,,.3?5;‘.;:1&' a3
JEEFS i

A Sy
T Tt A Wus, 2 5 ':i- ]

3
k3

FIG. 7B

AT

EE

FIG. 7A

s
N .x‘.\}

X ooy ¥ g 'S
B 5 N Y TR
Vi

N
o i

e e 4
R
1 & a;"":"f\"‘m 5




WO 2006/135899 PCT/US2006/023034

1137 '

Y .t
RIS VDI MBS SO

epabea,

4
v

s

FIG. 7C

S
2




WO 2006/135899 PCT/US2006/023034

12137 .

g,

oo

FIG. 7D

A

S
W
AL

it A ey b S0 .

R
My 335




WO 2006/135899

13/37

"

‘ Al

ey o
e

ot
LR
e By R
ER A R
3 I R
b

o+ S
5y R o
B i

YJ.-.;‘.--: * ."-::

e Lt Ful
SEE TS

FIG. 8B

FIG. 8A

PCT/US2006/023034



WO 2006/135899

14/37

FIG. 9C

FIG. 9B

FIG. 9A

PCT/US2006/023034



WO 2006/135899 PCT/US2006/023034

15/37

U TS

FIG. 10C FIG. 10D



WO 2006/135899 PCT/US2006/023034

16/37

i
A TP,

s 142

FIG. 11H

7

J
o
s

o

(F».‘.hv (A

R

FIG. 11E

FIG. 11F

iﬂ’ N | ™
.e”‘in&ﬁ.‘«“ ,BS’ i .";
£,
2L

FIG. 11D

£5g

23

il

!
Q%‘;

FIG. 11A
FIG. 11C

w‘nal‘:v."g,ﬂ
i " \K»ﬁs‘fé’ﬂ"
A (3 W it
RN Y
e e




WO 2006/135899 PCT/US2006/023034

17/37

-S0OD1 G93A rat survival

1.0 1 "—‘““‘C

Survival rate
o
[8)]
1

grafting

0.0 i T T T { T I 1
0 02119 126 133 140 147 154 161 168
Age in days

FIG. 12A



WO 2006/135899 PCT/US2006/023034

18/37

SOD1 G93A rat survival
Weakness progression

BBB Score

grafting

— T T T T T T ™ T
0 6383 105 112 119 126 133 140 147 154 161168
Age in days

63 105 112 119 126 133 140 147 154 161168
M-

T

104 grafting

~207

~30

Degree change in
incline plane angle

404
Age in days

FIG. 12B



WO 2006/135899 PCT/US2006/023034

19/37

SOD1 G93A rat survival

g 150-
o 1401 [__‘_L___]
© 130
0 120!

1281 VLA
Live grafts Control graﬁs

FIG. 12C

SOD1 G93A rat disease onset -
180+

*

F_—"I

V /4 I
Live grafts Control grafts

FIG. 12D

-
N
Q

Days of age

—_—

TN

(wlele]
g

SOD1 G33Arat
motor neuron number

7000

_
S
SIZZAN

motor neuron
number

Live Control
grafts grafts

FIG. 12E



PCT/US2006/023034

WO 2006/135899
20/37
GDNF ELISA GDNF ELISA
(Parenchyma) (CSF)
1.007 il 11 407  ——
o N L2 AL
2 0.75 // & i c 2 30 <[
£ ) 501 / \ & 50 ///
o =
5 0.25] / \ [//7// 210 "
~ 0.00 74N\ 0 A Y
' L1 L2 C L C
FIG. 13A
GDNF Western
(Parenchyma)
S0olr e - b
GoNF L L2 C T 6 // \\ //‘_ 1 C
16kDa L 04/ \
B-Actin [ @ 021 §
L2 C




WO 2006/135899 PCT/US2006/023034

21137
BDNF ELISA BDNF ELISA
(Parenchyma) (CSF)
012 == L1 60, 7L
: 2 50/ )
@ 0.10] T ‘ L2 5 zC
2 0.08 = C i 401y
= 0,061 mull E 30
20,04 N g 2
2 0.02 N\ 10
000, NN 77771 0
11 L2 C L c
FIG. 13C

. Real time RT-PCR for rat
Real time RT-PCR for Human BDNF and GDNF

BDNF and GDNF

Hu BDNF  Hu GDNF

FIG. 13D

12;

1
—

7227 expression ratio
)

7277 expression ratio
ON OO 8

Hu BDNF  Hu GDNF



WO 2006/135899 PCT/US2006/023034

22/37

P T A L T i o0
. v,

LR T
.]_33

i
>

.
dive, Wi
G

X R
ity
R A

AR
¥, 18y

S

FIG. 14C
FIG. 14F

p R
AL O

‘f:d;‘ Wy
G i TR
S, Ladini Ao

FIG. 14B
FIG. 14E

FIG. 14A
FIG. 14D




WO 2006/135899 PCT/US2006/023034

23137

i

|

%,

R A o
Fep SR ST
o e




WO 2006/135899 PCT/US2006/023034

o] 11%"333\;#5‘
$' “‘iﬁ-‘f

l’*",

.
w, ¥ -
e wa

S I TN

v LAy .
3g & v A

B
P et

b,
*
-

81 o PR
PANA At e : . A
', R LTS L

5 & nin e

Zgts Aty

Sie
;l,l‘w e

A
.

[

- b
=
Ao

L)
LY




WO 2006/135899

L Ee s
RO ety
. 'r“

5
i
et

e
ot 2

T Sudtae
oA

ekt
‘

T

TP
iz
pet

3 s
PRI S R R
. »Bdr

.M N
b rer e

s
2%

RT3

PR SRRl R L,

i ?«“*(: e
i

%
¢

-

PCT/US2006/023034

3 < e
RIS
3> s, cap

st Py

v L
A
¥ cde o, YWt Wt

¥
LI RN
w5 &, o pegiel

BTV
vy A

3, "i.‘éi

T



WO 2006/135899 PCT/US2006/023034

St vt
g ol

e R é
PR

b o T
e SN

Q
o)

FIG

&

s
> %}:P’Mig

u.
o
A

o IS pune
S e Ay
R T
B
i




WO 2006/135899 PCT/US2006/023034

ST I
“'-~al.‘;‘“\" &3 ‘S,'.
R LS o

il b 3 A
L) P
RIS R R

Iy
3




PCT/US2006/023034

WO 2006/135899

28/37

del Ol

“_2§+m%m+x“_ $0-huy

Ad mqmm+¥n_

| \\\S%

H&%N

cmam ajn

mv

- 8l

- 0¢

- 0C

G ESY eﬁv

4

V6l Old

u_2§+m%m+v_“_

mamm+x n_

PQO-UY

\\s%

§%

18suUQ ssessi(

l
N O
— o~

N

o

<+
o

©
—

f
©
e

(s)eap) 0By



PCT/US2006/023034

WO 2006/135899

29/37

00

asl oid
(seep) by
w2 €2 72 12 07 6L 8L L} 9 S ¥boElel 0
J_ N " S e B
H Buye.b
W ——
n_§§+mmmm+v_m ——
yaQ-uy —— [eAlAIng Jetep-uelde

S0

ol

a)ey [BAIMNS

261 Old

(sxe9M) 8BV

b7 €2 7212 07 61 81 L 91 SL ¥b €1 2L 1L 0L 0) 0
(e il e i A My A B S S N

x.n_ JR—
JN+BdEY I ——

1 r

h

Buyyelb

Bdedsdd ——  yoisseuboid eseesiq

yAO-HUY ——

21005 JOJOW




PCT/US2006/023034

WO 2006/135899

30/37

TeXi11leTp}

d0c 9Ol

edey+Md

A\

uedg o)

01
lgy
<9}

- 81

- 0C

- CC

(sxeopn) 9By

v0¢ Old

josu0) edey+)d

7//

zL}__"//

j18sUQ 8sessi

)
Lamme 2

o O
—

o
~

L)
<r
S

T
«©©
x—

T
(o]
~

(syeaMn) 8By



PCT/US2006/023034

WO 2006/135899

31/37

aoc¢ olid

(syeep) oBy

vz ¢ ¢ \¢ 0z 6 8 L 9} & ¥ ELEL 0
L ] | i } | i | i | I “ Tlll-OO

j0ju0) —e—
edey+)ld ——

H

Buiyelb

- 60

0l

[BAIAING I8jaN-uE|deyM

ajey [eAIANS

00¢ 9Ol4
(syoopn) oBY
TR AR AR A YA A A 1A A 1 of A A A 1 1 A
i | | | } i | 1 1 i 1 i i | _ 1 O
Bunyelb ke
=Z
=
-¢lo
W
8
-v_‘m
- 9}
[0LUOD) —=—
ede —
H+)d ol

uoisseibold asessiq



WO 2006/135899 PCT/US2006/023034

32/37

¥
17%3
RN

5

FIG. 21A

o .f ¥4
or 'y‘i A,
TR B
NI 3
fovan

i




WO 2006/135899 PCT/US2006/023034

: 33/37

L
AR g

il e

e T A B e e s
3 2 3

FIG. 21B




WO 2006/135899 PCT/US2006/023034

34/37

. T
B A

N . BRSO

PRTE 3 . . Y

> Te Fhintes

et
& ]
Py

FIG. 21C

N o 2 ooy 2 £
)i ; 3 3 X N T E 2y
i RX RN & 5 3 T ey s fras
R 7 ety YR Y e
X ey et 1 dr e s E BN ‘%w i é’n
S i 4 N 3 % AT
s g % 2y T

i
LIy e 3 R & HERE ::tﬁ‘ﬂé'
S It - o

)




WO 2006/135899 PCT/US2006/023034

35/37

S G Y Rk T B AR L ek L AL S
A
» .

i

FIG. 22A

DU
gl DU ¢
o et i

" Ul 5 #
3250 e TN
hoRy
o i SIS
ER IR k7
jt

)
e
b




WO 2006/135899 PCT/US2006/023034

36/37

oo
o i ‘ (}&
T

b
9\
oy ;
! .
e ol S
i ot

FIG. 22B

. e
EARE
o G ¥ 0eg o
o i .
v oy
Fe e,
o S S

s 3
RN
o M e
Wors, ot

e

e L g o
W ¥ <




WO 2006/135899 PCT/US2006/023034

37/37

mmkm:}.-

S, T v

-»'il‘ -

i 4
"c‘ ¢ ncy‘r A

FIG. 23B

FIG. 23A




	Abstract
	Bibliographic
	Description
	Claims
	Drawings

