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BACKGROUND OF THE INVENTION

The axons of many vertebrate neurons are insulated by a myelin sheath, which
greatly increases the rate at which axons can conduct an action potential. Myelin is a
cellular sheath formed by special glial cells, namely Schwann cells in the peripheral
nervous system and oligodendrocytes in the central nervous system. These glial cells wrap
layer upon layer around the axon in a tight spiral, thereby insulating the axonal membrane.
However, the sheath is interrupted at regularly spaced nodes of Ranvier, where membrane
depolarization can occur. As a result, depolarization of the membrane at one node
immediately spreads to the next node. Thus, an action potential propagates along a
myelinated axon by jumping from node to node, thereby accelerating transmission of the
signal as well as conserving metabolic energy, since the active excitation is confined to the

small regions of axonal plasma membrane at the nodes.

The importance of myelination is evidenced by demyelinating diseases such as
multiple sclerosis, in which myelin sheaths in some regions of the central nervous system
are destroyed by an unknown mechanism. When demyelination occurs, the propagation of
nerve impulses is significantly slowed, leading to devastating neurological consequences.
For example, common symptoms of multiple sclerosis include muscular weakness, slow
movements, spasticity, severe fatigue or even disabling exhaustion, visual disturbances,

pain, numbness, tingling, urinary dysfunction, sexual dysfunction and mental disturbances.

Current treatments of multiple sclerosis involve slowing down the disease course
as well as alleviation of the symptoms or medical complications, rather than addressing the
underlying cause of the disease, demyelination. However, ample evidence indicates that
demyelinated neurons are capable of remyelination in situ. In multiple sclerosis, it appears
that cycles of demyelination and remyelination take place, and glial cell transplantation has
been investigated as a potential therapy (see, e.g., Smith et al., 2001; Brierley et al., 2001;
Kohama et al., 2001). Nevertheless, obtaining large numbers of myelinating cells for
transplantation remains a major stumbling block. Glial progenitor cells are available for
transplantation; for example, O-2A cells give rise in vitro to oligodendrocytes and type II
astrocytes. Although O-2A cells can be grown in culture, only a limited number of

divisions are possible (Raff, 1989). Moreover, it appears that the O-2A cells that have been
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injected into animals do not contjnue to divide, and a large number of cells have to be

transplanted. Theretfore, an improved source of transplant for remyelination is desirable.
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SUMMARY OF THE INVENTION

The present invention relates to methods of producing oligodendrocytes from
multipotent neural stem cells by using an oligodendrocyte promoting factor, particularly
granulocyte-macrophage colony stimulating factor (GM-CSF), granulocyte colony
stimulating factor (G-CSF), interleukin 3 (IL-3) or interleukin 5 (IL-5). We demonstrate
herein that these factors, such as GM-CSF, significantly increased the percentage of
oligodendrocytes produced from neural stem cells. When GM-CSF was present in the
proliferation media of neural stem cells, proliferating neural stem cells were decreased
while oligodendrocytes were increased. Therefore, GM-CSF can shift fate determination of
neural stem cells toward the oligodendrocyte lineage. To maximize oligodendrocyte
production, it is preferable to enhance neural stem cell proliferation first, followed by
subjecting the expanded neural stem cells to the oligodendrocyte promoting factor to

increase oligodendrocyte formation.

The present invention further provides a method of producing oligodendrocytes in
vivo by administering at least one oligodendrocyte promoting factor to a mammal. This
method can be used to enhance myelination, particularly remyelination in a mammal with a
demyelinating disease. Accordingly, the present invention also provides a method of
treating or ameliorating a demyelinating disease by using an oligodendrocyte promoting

factor.

Accordingly, one aspect of the present invention provides a method of producing
oligodendrocytes from mammalian multipotent neural stem cells, comprising contacting
multipotent neural stem cells with an effective amount of at least one oligodendrocyte
promoting factor under conditions that result in production of oligodendrocytes from the
multipotent neural stem cells. The oligodendrocyte promoting factor is preferably selected
from the group consisting of GM-CSF, G-CSF, IL-3 and IL-5. The oligodendrocyte
promoting factor is more preferably GM-CSF or G-CSF, and is most preferably GM-CSF.

The neural stem cells can be any mammalian neural stem cells, including, for
example, human, feline, canine, rodent, sheep, goat, cattle, horse, pig, and non-human

primate cells. The neural stem cells are preferably human cells.
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The method can be practiced in vitro or in vivo. For the in vitro method, the
neural stem cells may be provided as a cell culture, and the oligodendrocyte promoting
factor can be included in the culture medium. The culture is preferably prepared by using
mammalian brain tissue obtained from any mammal, including embryonic, neonatal and
adult mammals. In particular, the brain tissue is obtained from a non-embryonic mammal,
preferably an adult mammal. The brain tissue is preferably the subventricular zone in the

forebrain.

For the in vivo method, the neural stem cells are located in a mammal, particularly
in the subventricular zone. The mammal preferably harbors a demyelinating disease, such
as a disease selected from the group consisting of multiple sclerosis, acute disseminated
encephalomyelitis, diffuse cerebral sclerosis, necrotizing hemorrhagic encephalitis and

leukodystrophies. The disease is preferably multiple sclerosis.

Optionally, the neural stem cells are also subjected to at least one biological agent
that is capable of increasing the number of multipotent neural stem cells. The biological
agent is preferably selected from the group consisting of epidermal growth factor (EGF),
pituitary adenylate cyclase-activating polypeptide (PACAP), fibroblast growth factor
(FGF), transforming growth factor V (TGFY), ciliary neurotrophic factor (CNTF),
estrogen, ovarian hormone, prolactin, growth hormone, and insulin-like growth factor 1.
The neural stem cells are preferably contacted by the biological agent first to increase the
number of neural stem cells before being subjected to the oligodendrocyte promoting
factor. Alternatively, the neural stem cells may be contacted by the biological agent and

the oligodendrocyte promoting factor concurrently.

Furthermore, others factors that promote oligodendrocyte differentiation, growth,
proliferation or survival can also be used in combination with the oligodendrocyte

promoting factor. A preferred example of such other factors is triiodothyronine.

Another aspect of the present invention provides a composition comprising the
oligodendrocytes produced from neural stem cells by using at least one oligodendrocyte

promoting factor. The composition may optionally comprise a pharmaceutically acceptable
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excipient and/or a pharmaceutically acceptable carrier to form a pharmaceutical

composition.

Also provided is a method of providing oligodendrocytes to a mammal,
comprising
(a) introducing multipotent neural stem cells into the mammal and
administering an effective amount of at least one oligodendrocyte promoting
factor to the mammal under conditions that result in oligodendrocyte formation
from the neural stem cells; or
(b) introducing into the mammal an effective amount of the pharmaceutical

composition described above.

When method (a) is employed, the neural stem cells can be further contacted,
either prior to the introduction or after the introduction occurs, by at least one biological
agent that is capable of increasing the number of neural stem cells. It is also contemplated
that the biological agent can be used both before and after transplantation. The agent can
be added to the culture media before transplantation and/or administered to the mammal

after transplantation.

Another aspect of the present invention provides a method of treating or
ameliorating a demyelinating disease in a mammal, comprising administering to the
mammal an effective amount of at least one oligodendrocyte promoting factor. The
mammal preferably harbors a demyelinating disease, such as a disease selected from the
group consisting of multiple sclerosis, acute disseminated encephalomyelitis, diffuse
cerebral sclerosis, necrotizing hemorrhagic encephalitis and leukodystrophies. The disease
is preferably multiple sclerosis. The mammal may additionally receive at least one
biological agent that is capable of increasing the number of neural stem cells, and/or at least
one factor that is known to stimulate oligodendrocyte differentiation, growth, proliferation
or surival. The oligodendrocyte promoting factor, the biological agent, and/or other factors
can be administered in any manner that results in contact of the factor and/or agent with
multipotent neural stem cells in the mammal, such as systemically (e.g.. subcutaneously) or

in situ (e.g., administered into the brain, particularly a lateral ventricle of the brain).
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. A soluble GM-CSF receptor (sGMRY) inhibits the effects of GM-CSF. DIV:

days in vitro. * p<0.001. The experiments were repeated 4 times (N=4).

Figure 2. The percent of dying maturing oligodendrocytes. C: control; GM: GM-CSF; T3:
triiodothyronine; DIV: days in vitro. * p<0.05, *¥ p<0.01, ***p<0.001. The experiments

were repeated 4 times (N=4).

Figure 3. The effects of GM-CSF (G) and T3 (T) on total cell numbers of primary neural
stem cell culture. E+G: EGF+GM-CSF; E+T: EGF+T3. * p<0.05, ** p<0.001. The

experiments were carried out 4 times (N=4).

Figure 4. Primary neurosphere numbers when cultured in various media. E+G:

EGF+GM-CSF; E+T: EGF+T3.

Figure 5. Secondary neurosphere numbers when cultured in various media. 1°: primary
neurosphere media; P1: secondary neurosphere media; E: EGF; E+G: EGF+GM-CSF;
E+T: EGF+T3. * p<0.001. The experiments were performed 5 times (N=5).

Figure 6. Fate determination analysis. Mature oligodendrocytes (MBP+ cells) or neurons
(3-tubulin+ cells) were counted after neural stem cells had been cultured in various media.

E: EGF; E+G: EGF+GM-CSF; E+T: EGF+T3. * p<0.05.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to methods of producing oligodendrocytes from
multipotent neural stem cells by using at least one oligodendrocyte promoting factor,
particularly granulocyte-macrophage colony stimulating factor (GM-CSF), granulocyte
colony stimulating factor (G-CSF), interleukin 3 (IL-3) or interleukin 5 (IL-5). We
demonstrate herein that GM-CSF significantly increased the percentage of

oligodendrocytes produced from neural stem cells. When GM-CSF was present in the
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proliferation media of neural stem cells, proliferating neural stem cells were decreased
while oligodendrocytes were increased. Therefore, GM-CSF can shift fate determination of
neural stem cells toward the oligodendrocyte lineage. To maximize oligodendrocyte
production, i.t is preferable to enhance neural stem cell proliferation first, followed by
subjecting the expanded neural stem cells to the oligodendrocyte promoting factor to

increase oligodendrocyte formation.

The present invention further provides a method of producing oligodendrocytes in
vivo by administering at least one oligodendrocyte promoting factor to a mammal. This
method can be used to enhance myelination, particularly remyelination in a mammal with a
demyelinating disease. Accordingly, the present invention also provides a method of
treating or ameliorating a demyelinating disease by using at least one oligodendrocyte

promoting factor.

Prior to describing the invention in further detail, the terms used in this

application are defined as follows unless otherwise indicated.
Definitions

A "multipotent neural stem cell", or “neural stem cell”, is a stem cell in the neural
cell lineage. A stem cell is a cell which is capable of reproducing itself. In other words,
when a stem cell divides, at least some of the resulting daughter cells are also stem cells.
Neural stem cells and their progeny are capable of differentiating into all the cell types in
the neural cell lineage, including neurons, astrocytes and oligodendrocytes (astrocytes and
oligadendrocytes are collectively called glia or glial cells). Therefore, the neural stem cells
are multipotent neural stem cells. Multipotent neural stem cells are described, for example,
in U.S. Patent Nos. 5,750,376, 5,980,885; and 5,851,832.

The adult neural stem cells preferably refer to the neural stem cells located in or

derived from the subventricular zone (SVZ) of the forebrain of adult mammals, which are

different from the proliferating cells in the adult hippocampus.
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The "progeny" of neural stem cells described herein refers to any and all cells

derived from neural stem cells as a result of proliferation or differentiation.

A "neurosphere" is a group of cells derived from a single neural stem cell as the
result of clonal expansion. Primary neurospheres are generated by plating as primary
cultures brain tissue which contains neural stem cells. The method for culturing neural
stem cells to form neurospheres has been described in, e.g., U.S. Patent No. 5,750,376.
Secondary neurospheres can be generated by dissociating primary neurospheres and

allowing the individual dissociated cells to form neurospheres again.

An "oligodendrocyte promoting factor" is a substance that is capable of increasing
oligodendrocyte formation from multipotent neural stem cells. The oligodendrocyte
promoting factor is preferably selected from the group consisting of granulocyte-
macrophage colony stimulating factor (GM-CSF), granulocyte colony stimulating factor
(G-CSF), interleukin 3 (IL-3) and interleukin 5 (IL-5).

A "granulocyte-macrophage colony stimulating factor", or "GM-CSF" is a protein
factor which (1) shares substantial sequence identity with the native human GM-CSF; and

(2) possesses a biological activity of the native human GM-CSF.

A protein which shares "substantial sequence identity" with a native mammalian
protein consists of at least one polypeptide that is at least about 30% identical with the
native mammalian protein at the amino acid level. The protein is preferably at least about
40%, more preferably at least about 60%, yet more preferably at least about 70%, and most
preferably at least about 80% identical with the native protein at the amino acid level.
Thus, the protein is a variant or analog of the native protein. For example, a protein that
shares a substantial sequence identity with the native human GM-CSF consists of at least
one polypeptide that is at least about 30% identical with the native human GM-CSF at the
amino acid level. The protein is preferably at least about 40%, more preferably at least
about 60%, yet more preferably at least about 70%, and most preferably at least about 80%
identical with the native human GM-CSF at the amino acid level. Thus, the term "GM-
CSF" encompasses GM-CSF analogs which are the deletional, insertional, or substitutional

mutants of the native GM-CSF. Furthermore, the term "GM-CSF" encompasses the GM-
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CSFs from other species, the naturally occurring variants, and different post-translationally

modified forms (such as the glycosylated and phosphorylated forms) thereof.

The phrase "percent identity" or "% identity" with a native protein refers to the
percentage of amino acid sequence in the native protein which are also found in the variant
or analog when the two sequences are best aligned (including gaps). Percent identity can
be determined by any methods or algorithms established in the art, such as LALIGN or
BLAST. Preferably, BLAST is used to determine percent identity.

A factor possesses a "biological activity of GM-CSF" if it is capable of binding to
any known GM-CSF receptor.

A "primary neurosphere"” is a neurosphere generated by culturing brain tissue.
Typically, the brain tissue is dissected and mechanically dissociated before being cultured
in appropriate media and allowed to form neurospheres. Exemplary methods are described
in, for instance, U.S. Patent No. 5,750,376.

A "secondary neurosphere" is a neurosphere generated by dissociating (passaging)
a primary neurosphere and culturing the dissociated cells under conditions which result in

the formation of neurospheres from single cells.

A "mammal” is any member in the mammalian family. A mammal is preferably a
primate, rodent, feline, canine, domestic livestock (such as cattle, sheep, goats, horses, and

pigs), and most preferably a human.

A “demyelinating disease” is a disease or medical condition that is caused by or
associated with demyelination. Examples of these diseases or conditions include multiple
sclerosis (including the relapsing and chronic progressive forms of multiple sclerosis, acute
multiple sclerosis, neuromyelitis optica (Devic's disease)), diffuse cerebral sclerosis
(including Shilder's encephalitis periaxialis diffusa and Balo's concentric sclerosis).
Demyelinating diseases also include a variety of diseases wherein demyelination is caused
by viral infections, vaccines, and genetic disorders. Examples of these demyelinating

diseases include acute disseminated encephalomyelitis (occurring after measles,
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chickenpox, rubella, influenza or mumps; or after rabies or smallpox vaccination),
necrotizing hemorrhagic encephalitis (including hemorrhagic leukoencephalitis), and
leukodystrophies (including Krabbe's globboid leukodystrophy, metachromatic
leukodystrophy, adrenoleukodystrophy, adrenomyeloneuropathy, adrenomyeloneuropathy,
Pelizaeus-Merzbacher leukodystrophy, Canavan's disease and Alexander's disease). The
demyelinating disease is preferably multiple sclerosis or diffuse cerebral sclerosis, and

most preferably multiple sclerosis.

“Treating or ameliorating” means the reduction or complete removal of the

symptoms of a disease or medical condition.

An “effective amount” is an amount of a therapeutic agent sufficient to achieve
the intended purpose. The effective amount of a given therapeutic agent will vary with
factors such as the nature of the agent, the route of administration, the size and species of
the animal to receive the therapeutic agent, and the purpose of the administration. The
effective amount in each individual case may be determined empirically by a skilled artisan

according to established methods in the art.

Methods

Methods for the isolation and in vitro culture of multipotent neural stem cells have
recently been developed (for example, see U.S. Patent Nos. 5,750,376; 5,980,885:
5,851,832). It was discovered that fetal brains can be used to isolate and culture
multipotent neural stem cells in vitro. Moreover, in contrast to the long time belief that
adult brain cells are not capable of replicating or regenerating brain cells, it was found that
neural stem cells may also be isolated from brains of adult mammals. These stem cells,
either from fetal or adult brains, are capable of self-replicating. The progeny cells can
again proliferate or differentiate into any cell in the neural cell lineage, including neurons,

astrocytes and oligodendrocytes.

Most of the cells differentiated from neural stem cells are astrocytes. Therefore,
although neural stem cells provide a good source of all kinds of mature or immature neural

cells, using neural stem cells to produce oligodendrocytes for demyelinating diseases is
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normally an inefficient process. The present invention, however, provides a method of
significantly increasing the efficiency of oligodendrocyte production from neural stem
cells. As shown in Example 1, when neural stem cells were allowed to differentiate in the
presence of granulocyte-macrophage colony stimulating factor (GM-CSF), the percentage
of oligodendrocytes increased by several folds. Therefore, GM-CSF can be used to
enhance oligodendrocyte production from neural stem cells. In particular, GM-CSF can be

used as a survival factor for oligodendrocytes or precursors thereof (Example 2).

GM-CSF does not stimulate neural stem cells to proliferate. In fact, inclusion of
GM-CSF in the proliferation media of neural stem cells inhibited self-expansion of
proliferated neural stem cells (Example 3), probably by inducing premature differentiation
of neural stem cells. Indeed, the neural stem cells that were exposed to GM-CSF in the
presence of proliferating signal (in this case, epidermal growth factor) expressed markers
for oligodendrocyte progenitor cells shortly after being shifted to differentiation media,
suggesting that these cells had committed to the oligodendrocyte lineage in the proliferation
media. Consistent with these results, GM-CSF inhibited commitment to the neuronal

lineage (Example 4).

The present invention thus provides a method of increasing oligodendrocyte
production from neural stem cells by using an oligodendrocyte promoting factor, such as
GM-CSF. Preferably, neural stem cells are first proliferated or expanded in the absence of
the oligodendrocyte promoting factor, and the expanded population of neural stem cells are
then incubated with the oligodendrocyte promoting factor to induce oligodendrocyte
formation. Any agent capable of expanding neural stem cells can be used in this
embodiment. These agents may stimulate proliferation, inhibit differentiation, or prevent
cell death of neural stem cells. Exemplary agents include, without being limited to,
epidermal growth factor (EGF), pituitary adenylate cyclase-activating polypeptide
(PACAP), fibroblast growth factor (FGF), transforming growth factor V (TGFY), estrogen,
ovarian hormone, prolactin, growth hormone, insulin-like growth factor, ciliary
neurotrophic factor (CNTF) and bone morphogenetic protein (BMP). Additional agents
may be identified by methods known in the art, such as adding a candidate agent to a
culture of neural stem cells and assessing the number of neurospheres formed in the
presence of the agent (see, e.g., U.S. Patent Nos. 5,750,376; 5,980,885; 5,851,832).
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It should be noted that variants or analogs of these agents, which share a
substantial identity with a native mammalian agent listed above and are capable of
increasing neural stem cell numbers, can be used in the present application. For example,
there are two forms of native mammalian PACAP, PACAP38 and PACAP27. Any variant
or analog that is capable of increasing neural stem cell numbers and shares a substantial
sequence identity with either PACAP38 or PACAP27 is suitable for use in the present
invention. Particularly useful are the analogs and variants disclosed in, e.g., U.S. Patent

Nos. 5,128,242; 5,198,542, 5,208,320, 5,326,860, 5,623,050; 5,801,147 and 6,242,563.

Similarly, EGF variants or analogs, which share a substantial identity with a
native mammalian EGF are capable of increasing neural stem cell numbers, can be used in
the present application. These EGF variants and analogs include, but are not limited to, the
recombinant modified EGF having a deletion of the two C-terminal amino acids and a
neutral amino acid substitution at position 51, such as asparagine, glutamine, serine or
alanine (particularly EGF51IN or EGF51Q, having asparagine or glutamine at position 51,
respectively; WO 03/040310), the EGF mutein (EGF-X¢) in which the His residue at
position 16 is replaced with a neutral or acidic amino acid (U.S. Patent No. 6,191,106), the
52-amino acid deletion mutant of EGF which lacks the amino terminal residue of the native
EGF (EGF-D), the EGF deletion mutant in which the N-terminal residue as well as the two
C-terminal residues (Arg-Leu) are deleted (EGF-B), the EGF-D in which the Met residue at
position 21 is oxidized (EGF-C), the EGF-B in which the Met residue at position 21 is
oxidized (EGF-A), heparin-binding EGF-like growth factor (HB-EGF), betacellulin,
amphiregulin, neuregulin, or a fusion protein comprising any of the above. Other useful
EGF analogs or variants are described in WO 03/040310, and U.S. i’atent Nos. 6,191,106
and 5,547,935.

Specifically included as prolactins are the naturally occurring prolactin variants,
prolactin-related protein, placental lactogens, S179D-human prolactin (Bernichtein et al.,
2001), prolactins from various mammalian species, including but not limited to, human,
other primates, rat, mouse, sheep, pig, and cattle, and the prolactin mutants described in
U.S. Patent Nos. 6,429,186 and 5,955,346.
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Alternatively, neural stem cells can be proliferated in the presence of the
oligodendrocyte promoting factor to increase the number of committed oligodendrocyte

progenitor cells before being allowed to differentiate.

The oligodendrocytes produced from neural stem cell culture can be introduced
(e.g., by transplantation) into a mammal, particularly to compensate for lost or
dysfunctional oligodendrocytes. The mammal is preferably a human, canine, feline, rodent,
sheep, goat, cattle, horse, pig, or non-human primate. Most preferably, the mammal is
human. Since neural stem cells can be cultured from brain tissues from mammals of any
age, including adults, it is preferable to grow neural stem cells using a mammal's own tissue
for autologous transplantation. Allogeneic and xenogeneic transplantations are also
possible, particularly when the transplantation site is in the brain, where immunologic

rejection is less severe due to the blood-brain barrier.

It is also contemplated that neural stem cells can be transplanted into a mammal
and induced to form oligodendrocytes in vivo. Thus, neural stem cells may be expanded in
culture using established methods, transplanted into the mammal, and contacted in vivo
with the oligodendrocyte promoting factor to produce oligodendrocytes. Optionally, the
transplanted neural stem cells can be expanded again in vivo by administering to the
mammal a biological agent that is known to increase the number of neural stem cells as

disclosed above.

The cells are preferably introduced into the brain or spinal cord of the mammal,
particularly at sites where oligodendrocytes are insufficient, for example, around axons that
have been demyelinated. In humans, areas of demyelination are generally associated with
plaque like structures, which can be visualized with magnetic resonance imaging (MRI).
The cells may also be transplanted into other areas of the central nervous system, as glial
cells are known to be able to migrate to their neuronal targets. A particular useful approach
is to transplant into the "mirror image" location of a target lesion in the other hemisphere,
since cells are known to efficiently migrate to the corresponding location in the opposite

hemisphere through the corpus callosum (Learish et al., 1999).
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The oligodendrocyte promoting factors or the biological agents can be
administered by any suitable route established in the art, including, for example,
intrathecally, intravascularly, intravenously, intramuscularly, intraperitoneally,
transdermally, intradermally, subcutaneously, orally, topically, rectally, vaginally, nasally
or by inhalation. The route of administration depends primarily on the nature of the agent.
For example, GM-CSF is capable of crossing the blood-brain barrier (McLay et al., 1997),
hence it can be administered systemically as well as into the brain. The preferred method

of administration is by injection (e.g., with a needle or a catheter) or infusion.

The present invention further provides a method of enhancing oligodendrocyte
production in vivo by administering the oligodendrocyte promoting factor to a mammal
under conditions that result in oligodendrocyte formation. The resultant oligodendrocytes
are capable of remyelinating demyelinated neurons in the mammal, whereby demyelinating
diseases in the mammal can be treated or ameliorated. Although previous researchers
suggested that GM-CSF may enhance inflammation and degeneration of myelin (Be'eri et
al., 1998; Ousman et al., 2001), our results indicate, unexpectedly, that GM-CSF is useful

as an oligodendrocyte promoting factor.

It is contemplated that the present invention can also be used to prevent
demyelinating diseases where a mammal is at risk of such diseases. Although the causes
for multiple sclerosis are not entirely clear, certain risk factors have been identified. For
example, multiple sclerosis (MS) occurs in 1-2% of first-degree relatives of MS patients,
and people with certain histocompatibility antigens are correlated with MS as well.

Therefore, the present invention may be used to prevent MS in the high-risk group.

The GM-CSF useful in the present invention includes any GM-CSF analog or
variant that is capable of increasing oligodendrocyte production from neural stem cells. A
GM-CSF analog or variant is a polypeptide which contains at least about 30% of the amino
acid sequence of the native human GM-CSF, and which possesses a biological activity of
GM-CSF. Preferably, the biological activity of GM-CSF is the ability to bind a GM-CSF
receptor. Specifically included as GM-CSFs are the naturally occurring GM-CSF proteins
and GM-CSFs from various species, including but not limited to, human, canine, feline,

rodent, sheep, goat, cattle, equine, swine, or non-human primates.
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Besides GM-CSF, other cytokines that have similar biological functions can also
be used in lieu of or in addition to GM-CSF as an oligodendrocyte promoting factor in the
present invention. These cytokines include granulocyte colony stimulating factor (G-CSF),
interleukin-3 (IL-3) and interleukin-5 (IL-5). As with GM-CSF, analogs and variants of G-
CSF, IL-3 and IL-5 can also be employed. These G-CSF, IL-3 and IL-5 analogs and
variants should share substantial sequence identity with the native human G-CSF, IL-3 and
IL-5, respectively, and bind a receptor for G-CSF, IL-3 and IL-5, respectively. The ability
of each analog and variant to stimulate production of oligodendrocyte can be determined
according to the methods disclosed herein. It is further contemplated that factors known to
induce or activate GM-CSF, G-CSF, IL-3 and IL-5 can be employed to promote

oligodendrocyte formation and remyelination in accordance with the present disclosure.

In addition to the oligodendrocyte promoting factors described above, other
factors known to enhance oligodendrocyte differentiation (see, e.g., Miller, 2002) can be
used in combination with the oligodendrocyte promoting factor(s). These other factors
include, without being limited to, Sonic hedgehog, platelet derived growth factor (PDGF),
ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), triiodothyronine (T3),
cAMP and retinoic acid. Furthefmore, factors that have mitogenic, proliferative or survival
effects on oligodendrocytes can also be added, such as neurotrophin 3 (NT-3), growth-
related oncogene alpha (GRO-alpha), neuregulin and/or EGF. As with all other factors and
agents in the present invention, analogs and variants of these factors that share a substantial

sequence identity and the desired biological activity can also be used.

The following examples are offered to illustrate this invention and are not to be

construed in any way as limiting the scope of the present invention.
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EXAMPLES

In the examples below, the following abbreviations have the following meanings.

Abbreviations not defined have their generally accepted meanings.

FBS
PBS
DMEM
V-MEM
MHM
GM-CSF
G-CSF
IL-3
IL-5
EGF
PDGF
GalC
MBP
T3
CNTF
DIV

i

|

degree Celsius
hour

= minute
micromolar

= millimolar
molar

milliliter
microliter
milligram

microgram

fetal bovine serum

1l

phosphate buffered saline

Dulbecco's modified Eagle's medium

V-modified Eagle's medium

media hormone mix

granulocyte-macrophage colony stimulating factor
granulocyte colony stimulating factor

interleukin 3

I

interleukin 5
epidermal growth factor
platelet derived growth factor
galactocerebroside

myelin basic protein
triiodothyronine

ciliary neurotrophic factor

days in vitro
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EXAMPLE 1

GM-CSF enhances oligodendrocyte production from neural stem cells

To determine the effect of GM-CSF on neural stem cell differentiation, a culture
of neural stem cells was prepared from mouse embryos and subjected to a rapid
differentiation protocol. Embryonic Day 14 (E14) mouse ganglionic eminence was
dissected and grown in media hormone mix (MHM) plus 20 ng/ml epidermal growth factor
(EGF) for one week to generate primary neurospheres. The composition of MHM was as
follows:

DMEM/F12 (1:1)

glucose (0.6%)

glutamine (2 mM)

sodium bicarbonate (3 mM)
HEPES (5 mM)

insulin (25 pg/ml)
transferrin (100 pg/mi)
progesterone (20 nM)
putrescine (60 uM)

selenium chloride (30 nM)

Primary neurospheres were then dissociated and plated on poly-L-omithine coated
coverslips in 24-well plates at a density of 200,000 cells/ml in 1 ml of MHM per well.
Cells were allowed to differentiate in the absence or presence of 20 ng/ml GM-CSF
(murine recombinant GM-CSF, Peprotech) in MHM, or 20 ng/ml of triiodothyronine (T3,
Sigma) in MHM, or in a combination of both GM-CSF and T3. T3 is a known
oligodendrocyte differentiation factor, which was used to compare GM-CSF in these

experiments.

After 1, 3 or 5 days, the cells were fixed with 4% paraformaldehyde. The cells
fixed after 1, 3 and 5 days were immunostained for the immature oligodendrocyte marker
04, the maturing oligodendrocyte marker galactocerebroside (GalC), and the mature
oligodendrocyte marker myelin basic protein (MBP), respectively. After staining, the

numbers of O4-positive, GalC-positive and MBP-positive cells were counted. The total
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number of cells were determined using Hoechst staining and live nuclei morphology under
40X magnification. This experiment was performed four times, and 10 non-overlapping
fields per coverslip were counted each time. Statistical analyses of the results were
performed using Anova with a Tukey-Honest post-hocs analysis. The results are shown in

Table 1.

Table 1. The Effect of GM-CSF on neural stem cell differentiation

Antigen DIV Control GM-CSF T3 GM-CSF+T3
% positive cells
04 1 10.3+0.8 16.6+1.2% 18.2+1.2% 23.3£2.0% f
04 3 20.9+1.27 25.7«1.5 35.9+1.7* 42.5+2.3% }
04 5 7.3+0.9 9.6£1.0 19.9+1.5% 46.2+2.67% |
GalC 1 2.1+0.4 4.1+0.6 8.0+0.8* 4.7+0.9%
GalC 3 5.2+0.6 7.4x0.8 15.3+1.5% 10.4+1.4%
GalC 5 3.6+0.6 7.9+1.0% 11.1+0.9* 9.6+1.1*
MBP 1 0.8+0.2 1.2+0.3 1.6+0.4 1.0+0.3
MBP 3 2.4+0.5 8.1+0.9* 13.9+1.1* 14.1+1.1%
MBP 5 2.0£0.5 12.2+1.3% 17.2+1.6%* 16.3+1.7%

(* p<0.05 as compared to control, T p<0.05 as compared to GM-CSF and T3)

Therefore, GM-CSF significantly increased the percentage of oligodendrocytes in
every stage of oligodendrocyte development, indicating that GM-CSF can be used to
produce oligodendrocytes more efficiently. Other oligodendrocyte differentiation factors,

such as T3, can be optionally employed in combination with GM-CSF.

The effect of GM-CSF was specifically inhibited by GM-CSF receptor alpha
(sGMRa), a soluble factor that binds GM-CSF. A rapid differentiation protocol was
performed, as described above, in the absence or presence of GM-CSF, with or without a
100-fold excess of sGMRa. After 5 days in vitro, the cells were fixed, immunostained with
the mature oligodendrocyte marker MBP and counted as previously described. The results

are shown in Figure 1, which indicates that the effect of GM-CSF was specific.
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EXAMPLE 2
Effect of GM-CSF on oligodendrocyte survival

The survival effects of GM-CSF on oligodendrocytes were examined with two
lines of experiments. In the first line of experiments, neural stem cells were cultured as
described in Example 1 in the presence or absence of GM-CSF or T3, and were fixed after
1, 3 or 5 days of culture in differentiation media. The fixed cells were immunostained for
the maturing oligodendrocyte marker GalC and TUNEL, which is a marker of dying cells.
The numbers of dying, maturing oligodendrocytes (GalC+, TUNEL+ cells) were then

counted and their percentage in total GalC+ cells are shown in Figure 2.

As shown in Figure 2, GM-CSF significantly reduced the number of dying GalC+
cells, while T3 had only minor survival effects, if any. This survival effect of GM-CSF
was evident after the cells had been in differentiation culture for only one day, and became
more prominent with time. Therefore, these results indicate that GM-CSF can act as a

survival factor for oligodendrocytes.

In the second line of experiments, GM-CSF was given to differentiating neural
stem cells at different times. Thus, neural stem cell culture was placed in differentiation
media as described in Example 1, and GM-CSF was added after 24 or 48 hours, or added in
the beginning but removed after 24 or 48 hours. Similarly, T3 was added or removed in the
same manner in parallel experiments. The cells were fixed after 5 days in vitro and
immunostained with the mature oligodendrocyte marker MBP. The experiments were

performed 4 times (N=4) and the results are shown in Table 2 (*p<0.05).
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Table 2. Survival Assay

Condition MBP+ cells after 5SDIV
Control 2.8+0.3
GM-CSF added after 24 hours 8.1+0.9
GM-CSF added after 48 hours 3.940.6
GM-CSF removed after 24 hours 5.4+1.0
GM-CSF removed after 48 hours 9.7+1.0
GM-CSF present for 5 DIV 8.0%0.8
T3 added after 24 hours 14.8%1.5
T3 added after 48 hours 12.0£1:1
T3 removed after 24 hours 15.5%1.1
T3 removed after 48 hours 13.841.1
T3 present for 5 DIV 13.94+1.1
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Therefore, the presence of GM-CSF is required for an extended period of time
in order to have an effect on oligodendrocyte numbers, indicating that GM-CSF enhances
survival of oligodendrocytes or precursors thereof. In contrast, the results indicate that T3
acts as a differentiation factor because the number of oligodendrocytes did not change

regardless of the length of time T3 was present in the culture.

Taken together, both lines of experiments indicate that GM-CSF is capable of

enhancing survival of oligodendrocytes or precursors thereof.

EXAMPLE 3
Effect of GM-CSF during stem cell proliferation

To assess the effect of GM-CSF on proliferation of neural stem cells, the number
of cells generated in neurosphere cultures, prepared according to Example 1, was counted
when grown for 1 week in various culture media. Thus, E14 ganglionic eminence cells
were grown at a density of 200,000 cells/ml in 40 ml of media for 1 week. The media were
MHM plus EGF, MHM plus EGF and GM-CSF, or MHM plus EGF and T3. Spheres were
then collected, dissociated and cells were counted with a hemacytometer. The cell numbers

were calculated as percentages of the control (MHM plus EGF).

As shown in Figure 3, these results indicate that GM-CSF slightly increased the

total cell number in the neural stem cell culture while T3 reduces the number.

The effect of GM-CSF on primary neurosphere numbers was also examined by
growing cells from E14 mouse ganglionic eminence in MHM plus EGF, MHM plus EGF
plus GM-CSF, or MHM plus EGF plus T3, all at concentrations of 20 ng/ml. Thus, E14
mouse ganglionic eminence cells were dissociated and plated in 96-well plates at a density
of 10,000 cells/ml in 200 pul of media per well, and aliowed to form primary neurospheres
for a week. The number of primary spheres in each well was then counted and the

aforementioned statistical analysis was performed.

The results, shown in Figure 4, suggest that neither GM-CSF nor T3 have

significant effects on the ability of neural stem cells to form primary neurospheres.
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Furthermore, the effect of GM-CSF on self-expansion, proliferation of secondary
neurospheres derived from primary neurospheres, was also assessed. Three media were
used in the preparation of primary spheres: MHM plus EGF, MHM plus EGF plus
GM-CSF and MHM plus EGF plus T3. The primary spheres were dissociated, plated in
96-well plates at a concentration of 1000 cells/well in 200 uL media per well, and allowed
to form secondary neurospheres for a week. The media for secondary cultures consisted of
MHBM plus EGF alone, MHM plus GM-CSF or T3 alone, or MHM plus EGF supplemented
with GM-CSF or T3. The number of secondary spheres in each well was then counted,

calculated as percentage of control- (EGF to EGF).

Figure 5 shows that GM-CSF does not significantly affect the number of
secondary neurospheres derived from EGF-responsive neural stem cells. In addition, T3
decreased the number of secondary neurospheres in this experiment, possibly by enhancing
differentiation. The results also indicate that including GM~CSF or T3 in the media for

primary neurospheres was detrimental to formation of secondary spheres.

Taken together, these results indicate that GM-CSF does not enhance proliferation
or self-expansion of neural stem cells. The increase by GM-CSF of the number of total

cells in primary culture may be due to the survival effect of GM-CSF.

EXAMPLE 4

Effect of GM-CSF on fate determination of neural stem cells

To determine if the presence of GM-CSF during primary neurosphere formation
impacts fate determination of neural stem cells, primary neurospheres were generated in
either EGF alone, EGF plus GM-CSF, or EGF plus T3 as described in Example 3. The
primary spheres were then dissociated and plated on poly-L-ornithine coated coverslips in
24-well plates at a density of 200,000 cells/well in 1 ml of MHM per well, and allowed to
differentiate for 5 days. At the end the differentiation period, the cells were fixed with 4%
paraformaldehyde and immunostained for the mature oligodendrocyte marker MBP, the

neuronal marker 3-tubulin, and Hoechst. The total number of live cells, evidenced by
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Hoechst stain, were counted as well as the immunostained cells. The results are shown in

Figure 6.

As shown in Figure 6, GM-CSF and T3 increased the number of mature
oligodendrocytes and decreased that of neurons. In conjunction with the previous
examples, these results indicate that GM-CSF promotes differentiation of oligodendrocytes
from neural stem cells and reduces the number of neuronal progenitors, thereby reducing
the number of neurons. Therefore, GM-CSF can be used to produce oligodendrocytes by

shifting the fate of neural stem cells toward the oligodendrocyte lineage.
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We claim:

A method of producing oligodendrocytes from mammalian multipotent neural
stem cells, comprising contacting multipotent neural stem cells with an effective
amount of at least one oligodendrocyte promoting factor under conditions that
result in production of oligodendrocytes from the multipotent neural stem cells,
wherein the oligodendrocyte promoting factor is selected from the group
consisting of granulocyte-macrophage colony stimulating factor (GM-CSF),
granulocyte colony stimulating factor (G-CSF), interleukin 3 (IL-3) and
interleukin 5 (IL-5).

The method of claim 1 wherein the oligodendrocyte promoting factor is GM-CSF
or G-CSF.

The method of claim 1 wherein the oligodendrocyte promoting factor is GM-CSF.

The method of claim 1 further comprising contacting the multipotent neural stem

cells with triiodothyronine.

The method of claim 1 wherein the multipotent neural stem cells are provided as a

cell culture.

The method of claim 5 wherein the cell culture is prepared using mammalian

brain - tissue.

The method of claim 6 wherein the mammalian brain tissue is obtained from a

non-embryonic mammal.

The method of claim 6 wherein the mammalian brain tissue is obtained from an

adult mammal.

The method of claim 6 wherein the brain tissue is obtained from the

subventricular zone.
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10.

11.

13.

14.

15.

16.

17.

18.

19.

The method of claim 1 wherein the multipotent neural stem cells are located in a

mammal.

The method of claim 10 wherein the multipotent neural stem cells are located in

. the subventricular zone of the mammal.

The method of claim 1 wherein the multipotent neural stem cells are selected from
the group consisting of human, dog, cat, rodent, sheep, goat, cattle, horse, pig, and

non-human primate cells.
The method of claim 1 wherein the multipotent neural stem cells are human cells.

The method of claim 1 further comprising contacting the multipotent neural stem
cells with an effective amount of at least one biological agent that is capable of

increasing the number of multipotent neural stem cells.

The method of claim 14 wherein the biological agent is selected from the group
consisting of epidermal growth factor (EGF), fibroblast growth factor (FGF),
pituitary adenylate cyclase-activating polypeptide (PACAP), transforming growth
factor V (TGFYV), ciliary neurotrophic factor (CNTF), estrogen, ovarian hormone,

prolactin, growth hormone, and insulin-like growth factor 1.
The method of claim 14 wherein the biological agent is EGF5IN.

The method of claim 14 wherein the multipotent neural stem cells are contacted

with the oligodendrocyte promoting factor and the biological agent concurrently.

The method of claim 14 wherein the multipotent neural stem cells are contacted

with the biological agent prior to the oligodendrocyte promoting factor.

A composition comprising the oligodendrocytes produced by the method of claim
4,
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20.

21.

22.

24.

The composition of claim 19 further comprising a pharmaceutically acceptable

excipient and/or a pharmaceutically acceptable carrier.

A method of providing oligodendrocytes to a mammal, comprising

(a) introducing multipotent neural stem cells into the mammal and
administering an effective amount of at least one oligodendrocyte promoting
factor to the mammal under conditions that result in oligodendrocyte formation
from the neural stem cells; or

(b) introducing into the mammal an effective amount of the composition of

claim 20.

The method of claim 21(a) further comprising contacting the neural stem cells
with an effective amount of at least one biological agent that is capable of

increasing the number of neural stem cells.

The method of claim 22 wherein the neural stem cells are contacted with the

biological agent prior to being introduced into the mammal.

The method of claim 22 wherein the biological agent is selected from the group
consisting of epidermal growth factor (EGF), pituitary adenylate cyclase-
activating polypeptide (PACAP), fibroblast growth factor (FGF), transforming
growth factor V (TGFY), ciliary neurotrophic factor (CNTF), estrogen, prolactin,

growth hormone, and insulin-like growth factor 1.
The method of claim 22 wherein the biological agent is EGF51N.

The method of claim 21(a) further comprising contacting the multipotent neural

stem cells with triiodothyronine.

The method of claim 21 wherein the mammal suffers from a demyelinating

disease.
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28.

29.

30.

31.

32.

33.

34.

35.

The method of claim 27 wherein the demyelinating disease is selected from the
group consisting of multiple sclerosis, acute disseminated encephalomyelitis,
diffuse cerebral sclerosis, necrotizing hemorrhagic encephalitis and

leukodystrophies.
The method of claim 27 wherein the demyelinating disease is multiple sclerosis.

The method of claim 21 wherein the mammal is human.

A method of treating or ameliorating a demyelinating disease in a mammal,
comprising administering to the mammal an effective amount of at least one
oligodendrocyte promoting factor, wherein the oligodendrocyte promoting factor
is selected from the group consisting of granulocyte-macrophage colony
stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF),
interleukin 3 (IL-3) and interleukin 5 (IL-5).

The method of claim 31 wherein the oligodendrocyte promoting factor is

administered into a ventricle in the brain of the mammal.

The method of claim 31 wherein the oligodendrocyte promoting factor is

administered into the lateral ventricle of the mammal.

The method of claim 31 further comprising administering to the mammal an
effective amount of at least one biological agent capable of increasing the number

of neural stem cells.

The method of claim 34 wherein the biological agent is selected from the group
consisting of epidermal growth factor (EGF), pituitary adenylate cyclase-
activating polypeptide (PACAP), fibroblast growth factor (FGF), transforming
growth factor V (TGFV), ciliary neurotrophic factor (CNTF), estrogen, ovarian

hormone, prolactin, growth hormone, and insulin-like growth factor 1.
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36.

37.

38.

39.

40.

The method of claim 34 wherein the biological agent is EGF51N.

The method of claim 31 further comprising administering triiodothyronine to the

mammal,

The method of claim 31 wherein the demyelinating disease is selected from the
group consisting of multiple sclerosis, acute disseminated encephalomyelitis,
diffuse cerebral sclerosis, necrotizing hemorrhagic encephalitis and
leukodystrophies.

The method of claim 31 wherein the demyelinating disease is multiple sclerosis.

The method of claim 31 wherein the mammal is human.
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