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Abstract

Persistent infection of the central nervous system (CNS) of mice with the neuroadapted JHM
strain of mouse hepatitis (MHV) is characterized by ongoing demyelination mediated by
inflammatory T cells and macrophages that is similar both clinically and histologically with the
human demyelinating disease multiple sclerosis (MS).

Although extensive demyelination occurs in mice persistently-infected with MHV there is only
limited remyelination. Therefore, the MHV model of demyelination is a relevant model for
studying disease and evaluating therapeutic approaches to protect cells of the oligodendrocyte
lineage and promote remyelination. This concept is further highlighted as the etiology of MS
remains enigmatic, but viruses have long been considered as potential triggering agents in
initiating and/or maintaining MS symptoms. As such, understanding mechanisms associated with
promoting repair within the CNS in the context of a persistent viral infection is critical given the
possible viral eitiology of MS. This review focuses on recent studies using either mouse neural
stem cells (NSCs) or human oligodendrocyte progenitor cells (OPCs) derived from human
embryonic stem cell (hESCs) to promote remyelination in mice persistently infected with MHV.
In addition, the potential role for chemokines in positional migration of transplanted cells is
addressed.

1. Introduction

Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS)
characterized by multifocal regions of inflammation and myelin destruction (Steinman,
1996). Typically, MS runs a protracted clinical course lasting over several decades with
episodes of exacerbation followed by variable periods of remission. Available evidence
indicates that the cause of MS is multifactorial and includes the genetic background of the
individual as well as environmental influences (Oksenberg et al., 1993; Poser, 1994; Raine,
1994; Steinman, 1996). However, the fact that a 70% discordance rate among monozygotic
twins has been reported suggests that other environmental factors such as microbial

*Address correspondence: Thomas E. Lane, Department of Molecular Biology and Biochemistry, 3205 McGaugh Hall, University of
California, Irvine, Irvine, CA 92697-3900, Phone: (949) 824-5878, tlane@uci.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tirotta et al.

Page 2

infections e.g. viral must be considered as a contributing cause of MS (Ebers et al., 1995).
Viral infection has long been considered a potential triggering mechanism involved in
demyelination and numerous human viral pathogens have been suggested to be involved in
eliciting myelin-reactive lymphocytes and/or antibodies that subsequently infiltrate the CNS
and damage the myelin sheath (Ascherio and Munger, 2007a; Ascherio and Munger, 2007b;
Ebers et al., 1995; Sospedra and Martin, 2005). Therefore, viral models of demyelination are
clearly relevant and have provided important insights into mechanisms associated with
disease initiation, neuroinflammation and demyelination. MHYV infection of mice results in
an acute encephalomyelitis followed by chronic demyelination. Similar to MS, components
of the immune system e.g. T cells and macrophages are considered important contributors to
white matter destruction (Glass et al., 2004; Glass et al., 2001; Lane et al., 2000; Liu et al.,
2001; Wu et al., 2000; Wu and Perlman, 1999). Further, MHV-infected mice undergoing
chronic demyelination exhibit similar clinical and histologic disease profiles compared to
MS patients (Herndon et al., 1975; Lane and Buchmeier, 1997; Weiner, 1973). Combined
with the fact that an environmental agent such as a virus is considered to be a contributing
cause of MS, the MHV system offers an excellent model in which to study both the
underlying immunopathological mechanisms that may drive demyelination in MS patients
as well as novel therapeutic methods for promoting remyelination.

An important clinical aspect related to the pathogenesis of the human demyelinating disease
MS is the eventual remyelination failure by endogenous neural stem cells (NSCs). Among
the various experimental approaches undertaken to promote remyelination, cell replacement
therapies using both mouse and human NSCs have emerged as a clinically relevant and
increasingly practical method for promoting remyelination (Pluchino et al., 2009b; Sher et
al., 2008). However, the vast majority of these studies have utilized either autoimmune
models of neuroinflammatory-mediated demyelination or chemical-induced demyelination
to assess the remyelination potential of NSCs. Given the possibility of viral infection in
initiating demyelination and the fact that numerous neurotropic viruses exist that are capable
of persisting within the CNS, it is imperative to evaluate the remyelination potential of stem
cells in the presence of a persistent viral infection that is correlative with chronic
neuroinflammation and demyelination.

2. Viral Persistence and immune-mediated demyelination

Intracranial (i.c.) infection of susceptible strains of mice such as C57BL/6 with the
neuradapted JHM strain of mouse hepatitis virus (JHMV) results in chronic
neuroinflammation and demyelination within the CNS (Fleming et al., 1986). A robust
inflammatory response characterized by CD4+ T cells, CD8+ T cells, natural killer (NK)
cells, B cells, and macrophages occurs during the acute stage of infection (Williamson and
Stohlman, 1990; Williamson et al., 1991). Studies have shown that clearance of infectious
virus is mediated by both CD4+ and CD8+ T cells (Lane et al., 2000; Marten et al., 2001;
Pearce et al., 1994; Williamson and Stohlman, 1990). CD4+ T cells are crucial in allowing
for maintenance of CD8+ T cells through an undefined mechanism(s) (Stohlman et al.,
1998). CD8+ T cells help eliminate virus by two distinct mechanisms that are in part
dictated by the host cell. Clearance from infected astrocytes and microglia is mediated by a
perforin-dependent mechanism whereas IFN-y is responsible for controlling infection in
oligodendrocytes (Lin et al., 1997; Parra et al., 1999). The kinetics of immune cell
infiltration into the CNS in response to MHYV infection is presented in Figure 1A. A detailed
description of host defense mechanisms is provided in Bergmann et al. (Bergmann et al.,
2006). MHV persistence in white matter tracts results in a chronic demyelinating disease in
which foci of demyelination are associated with areas of viral RNA/antigen lasting up to one
year post-infection (p.i.) (Figure 1B) (Bergmann et al., 2006; Hosking and Lane, 2009; Lane
and Buchmeier, 1997; Perlman et al., 1999). Histopathoglical analysis of mice persistently
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infected with virus reveals numerous demyelinated axons with very few axons undergoing
remyelination (Figure 2). Clinically, mice develop loss of tail tone and a partial-to-complete
hind-limb paralysis. As a result of the clinical and histologic similarities between MHV-
induced demyelination and the human demyelinating disease multiple sclerosis (MS), the
MHYV system is considered a relevant model for studying the underlying
immunopathological mechanisms contributing to immune-mediated demyelinating diseases
(Lane and Buchmeier, 1997).

3. Progenitor cell transplantation and remyelination

Many MS treatments are geared towards reducing neuroinflammation with ultimate goal of
attenuating progression of disease (Rizvi and Agius, 2004). However, these treatments often
do not address the neurodegenerative phase of disease i.e. demyelination and axonal loss.
Indeed, remyelination can occur spontaneously in the adult human brain as evidenced by
shadow plaques, in which large regions of white matter undergo remyelination with
characteristically thin myelin sheaths (Halfpenny et al., 2002). However remyelination does
not occur uniformly within a lesion or across many lesions. Two major events have been
proposed to explain the failure of remyelination in MS: (i) difficulties in recruiting
oligodendrocyte progenitor cells (OPCs) to areas of active demyelination and (ii) inhibition
in differentiation of OPCs into myelin-competent oligodendrocytes capable of promoting
remyelination (Franklin, 2002). In each of these two possibilities, signaling by growth
factors, cytokines/chemokines, and extracellular matrix molecules expressed during
neuroinflammation are thought to contribute to an environment restrictive to remyelination
by endogenous oligodendrocytes.

Stem cells and neural precursors represent attractive sources for the generation of
remyelination-competent cells, as they can be readily amplified and differentiated to the
oligodendrocyte lineage (Ben-Hur et al., 1998; Brustle et al., 1999b). Studies in animal
models have proven invaluable for identifying new methods for inducing remyelination in
animals with established demyelination. Transplant of rodent embryonic stem cells into
myelin-deficient shiverer mice resulted in cellular migration in the spinal cord,
differentiation into oligodendrocytes and astrocytes, and myelination of axons (Brustle et al.,
1999a). Similarly, transplant of human embryonic stem cell (hESC) derived oligodendrocyte
progenitor cells into myelin-deficient shiverer mice resulted in oligodendrocyte
differentiation and remyelination (Nistor et al., 2005). Animal models of demyelination have
also reported reduced demyelination following transplantation of stem cells. For example,
transplantation of stem cells into animal models of acute demyelination resulted in
remyelination (Cao et al., 2002). Injection of adult neuronal precursors into mice with EAE
induced recovery from disease and a significant decrease in the level of demyelination
(Pluchino et al., 2003; Pluchino et al., 2005). Similarly, transplantation of stromal bone
marrow cells into demyelinated rat spinal cord yielded remyelination (Akiyama et al., 2002).

Transplantation of human OPCs (hOPCs) generated from hESCs into spinal cord injured
rats results in successful engraftment associated with cell survival and functional recovery
(Keirstead et al., 2005). In addition, studies have also supported that neural progenitor cells
inherently are not immunogenic as they do not elicit an immune response and resist
destruction as allografts over relatively short periods of time (Hori et al., 2003; Hori et al.,
2007; Modo et al., 2002). Moreover, xenogeneic transplantation of hNSCs derived from
hESCs resulted in suppression of the host immune response (Akesson et al., 2009) and these
observations have been supported in additional studies involving transplantation of hNSCs
into non-human primate models of demyelination (Pluchino et al., 2009a). Nonetheless, not
all studies support that stem cells or their derivatives are immunosuppressive and/or resist
rejection following transplantation. This was recognized by studies over 20 years ago that
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demonstrated that transplantation of allogeneic neural cells into the CNS of recipient mice
resulted in immune cell infiltration and rejection (Mason et al., 1986; Nicholas et al., 1987a;
Nicholas et al., 1987b). Transplantation of allogeneic mixed glial cell cultures resulted in
remyelination failure and graft rejection by one month in rats with demyelinating lesions
induced by spinal cord injection of ethidium bromide (Tepavcevic and Blakemore, 2006).
More recently, elegant tracking methodologies employed by Swijnenburg et al.
(Swijnenburg et al., 2008) demonstrated hESCs are rapidly rejected following injection into
immune-competent mice. Indeed, we have also determined that hOPCs derived from hESCs
transplanted into MHV-infected mice do not survive and only focal remyelination occurs
that is most likely mediated by endogenous OPCs (Hatch et al., 2009). Grinnemo et al.
(Grinnemo et al., 2006) showed that hESCs expressed HLA class | and 11 genes and elicited
robust infiltration of T cells and macrophages that surrounded hESCs soon after
transplantation. Collectively, these findings emphasize the potential clinical hurdles facing
transplantation of stem cells for therapeutic use. Even though stem cells reportedly express
low levels of MHC antigens, even single differences between donor ESC and recipient
minor histocompatibility antigens may facilitate graft rejection (Robertson et al., 2007).
Therefore, it is critical to investigate novel strategies to induce sustained “life-long”
tolerance to ensure long-term survival of stem cells.

This brief review will summarize recent studies from our group that have investigated the
therapeutic potential of both mouse and human stem cells to promote repair following
transplantation into the CNS of mice persistently infected with MHV. Focus points will
include a comparison of the therapeutic benefits of cell replacement therapies using these
two distinct stem cell populations and discussion about the potential role for chemokines in
contributing to the positional migration of these cells following engraftment.

4. Transplantation of mouse NSCs into MHV-infected mice

In order to determine whether transplantation represents a viable strategy for treating
demyelination, it is necessary to better understand the range of environmental conditions
that support transplantation-mediated remyelination. Intracranial injection of MHV provides
an environment of ongoing demyelinating pathogenesis, and is thus distinct from gliotoxin
lesions as well as autoimmune-mediated demyelination e.g. EAE. We have recently
demonstrated that intraspinal transplantation of mouse NSCs into mice persistently infected
with JHMV resulted in survival and extensive migration of engrafted cells both rostral and
caudal to the site of implantation (Totou 2004). Importantly, our experimental approach was
to transplant syngeneic NSCs derived from C57BL/6 mice (H-2° background) into MHV-
infected C57BL/6 mice to eliminate the possibility of rejection. Transplantation resulted in
successful engraftment and the majority of transplanted cells differentiated into either OPCs
or mature oligodendrocytes (Totoiu et al., 2004). Importantly, transplanted cells selectively
accumulated within demyelinated white matter tracts accompanied by axonal sparing and
extensive remyelination. Remyelinated axons were identified by their characteristically thin
myelin sheaths (Figures 3) and appeared in aggregates distributed throughout the dorsal,
ventral and lateral columns amongst demyelinated axons. In contrast, non-transplanted
animals displayed demyelinated axons that were wide-spread throughout lateral and ventral
white matter columns. Remyelination extended 8mm cranial and 6mm caudal to the
implantation site and contained 54% to 67% remyelinated axons. With regards to clinical
disease, n on-transplanted animals developed clinical disease typically characterized by a
waddling gait and partial hind-limb weakness by 8-9 days post-infection, which progressed
to complete hind-limb paralysis by 10 days post-infection, persisting for the duration of the
experiment. In contrast, transplantation of NSCs resulted in a significant improvement in
locomotor abilities (Figure 4).
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Given the importance of the inflammatory response in initiating and maintaining disease in
MHV-infected mice (Glass et al., 2004; Glass et al., 2001; Lane et al., 2000; Liu et al., 2001;
Stiles et al., 2006; Wu et al., 2000; Wu and Perlman, 1999), we sought to determine if one
mechanism by which transplanted progenitor cells promoted remyelination was through
modifying the severity of inflammation. To address this question, we first evaluated
leukocyte infiltration into the CNS by flow cytometry at 10 and 21 days post transplantation
of NSCs or vehicle as a control. The overall frequency of infiltrating of CD4* T cells, CD8*
T cells, and macrophages (F4/80*CD45Md") was not altered in mice receiving progenitor
cells as compared to control mice. Further, the frequency and number of virus-specific
CD4+ and CD8+ T cells was not affected in transplanted mice (Hardison et al., 2006).
Analysis of proinflammatory chemokine and cytokine gene expression revealed no change
in the abundance of specific mMRNA transcripts in transplanted versus non-transplanted mice.
Our findings are in marked contrast to earlier studies by Pluchino and colleagues (Pluchino
et al., 2005) demonstrating that neuroprotective effects of NSCs is mediated through
predominantly immunomodulatory effects using a mouse model of EAE. Long-term
surviving undifferentiated NSCs persist within perivascular areas whereby they participate
in protection by promoting apoptosis of infiltrating inflammatory T cells (Pluchino et al.,
2005). Similarly, Einstein et al. (Einstein et al., 2006) also observed muted infiltration of T
cells into the CNS following NSC transplantation into the CNS of mice with EAE that
coincided with an increase in T regulatory cells. Dampened neuroinflammation was
associated with diminished tissue injury accompanied by improved clinical outcome
(Einstein et al., 2006). Mechanisms associated with NSC-mediated immune regulation
indicate that upon subcutaneous injection of these cells into mice with established EAE,
NSCs are able to preferentially accumulate within draining lymph nodes (Pluchino et al.,
2009a). Residing in defined anatomical locations, NSCs were found to dampen activation of
myeloid dendritic cells resulting in restrained expansion of antigen-specific
encephalitongenic T cells. Differences between the therapeutic effects of NSCs observed in
the MHV model of disease compared to those observed in EAE models may be explained by
several potentially important reasons: 1) persistent viral infection of the CNS may create a
vastly different environment within the CNS compared to disease induced by injection of
encephalitogenic myelin peptides (in combination with adjuvant) and this influences the
biology of transplanted NSCs through as-of-yet undefined mechanisms; 2) the site of NSC
implantation as well as timing of injection may be critical with regards to how these cells
function. We only injected NSCs into the spinal cords of mice persistently infected with
virus well after neuroinflammation and demyelination were evident. Moreover, we do not
observe migration of engrafted cells to peripheral organs e.g. lymph nodes or spleens where
they may have immunodulatory effects. In contrast, introduction of NSCs via intravenous,
intraventricular, or subcutaneous injection early following immunization with myelin
epitopes clearly resulted in differential outcome within the context of where cells
accumulate, function, and therapeutic outcome. These factors must be considered when
evaluating the translational benefits of cell replacement therapies in treating chronic
inflammatory neurologic diseases such as MS.

5. Transplantation of OPCs derived from hESCs into JHMV-infected mice

Our laboratory has been interested in determining whether transplantation of clinically
applicable hESC-derived OPCs promote remyelination using the MHV-model of
demyelination. The ability of clinically applicable cells to facilitate remyelination in a model
of MS would be an essential step towards developing novel therapies. Perhaps the most
alluring source of OPCs are from hESCs as they can be easily amplified, appear to harbor
limitless potential for propagation and can be readily differentiated. Moreover, embryonic
derivatives may be more proficient in migration and myelination when compared to their
adult counterparts, as recently suggested by others (Blakemore and Irvine, 2008; Sim et al.,
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2002; Wolswijk and Noble, 1992). It is important to note, however, that the broad plasticity
of hESCs or undifferentiated cells (Amariglio et al., 2009) may also be detrimental, as
spurious propagation of unwanted and potentially harmful cell types could result in tumors
or heterologous tissue formation within the recipient. Therefore, obtaining a high-purity
population of pre-differentiated OPCs is essential for safe and effective clinical use. Indeed,
hESCs can be differentiated into high-purity OPCs (~90%) that are able to integrate, mature
and form compact myelin in dysmyelinated shiverer mice (Nistor et al., 2005) and spinal
cord injured rats (Keirstead et al., 2005). However, we recently determined that
transplantation of high-purity OPCs in MHV-infected mice with established demyelination
did not result in either improved clinical recovery or promote extensive remyelination
(Hatch et al., 2009). Importantly, implanted cells failed to survive longer than 2 weeks post-
transplantation in spite of administration of immunosuppressants that dampened T cell
function. Transplanted cells did not migrate from the site of injection and only focal
remyelination was observed. In contrast, human NSCs have recently been shown to survive
and exert neuroprotective effects in both mouse and non-human primate models of EAE
(Aharonowiz et al., 2008; Pluchino et al., 2009a). Similar to results observed with mouse
NSCs, the therapeutic effects of human NSCs were associated with immune regulation.
Collectively, these findings emphasize the complexities of cell replacement therapies with
regards to understanding local environments that allow for transplanted cells to survive.
Moreover, these studies highlight the importance of the model systems utilized, maturation
state of transplanted cells, as well as the route of injection with regards to understanding the
nature of the clinical relevance of these approaches to treat human neurological diseases.
With regards to differences in survival and repair following transplantation of hESC-derived
OPCs into MHV-infected mice with the studies discussed above as well as our work on
mouse NSC-mediated repair in MHV-infected mice, there are several possible explanations.
First, it is unlikely that differentiated OPCs share the same capacity for migration as NSCs
(either mouse or human) and this restricts the ability of transplanted cells to extensively
remyelinate axons following injection into MHV-infected mice. Secondly, we have never
observed engrafted cells — mouse or human — migrating to secondary lymphatic tissue such
as cervical lymph nodes following transplantation into MHV-infected mice and this limits
the possibility of immune modulation. These findings emphasize the importance of route of
delivery e.g. i.v. delivery versus injection into the spinal cord with effector function of the
transplanted cell population and further highlights that the maturation stage of the cell —
OPC versus NSC — may also be critical not only in trafficking to lymph nodes but also in
affecting T cell responses directly within the CNS.

6. Chemokine/chemokine receptors and stem cell transplantation

Although the mechanisms by which transplanted NSCs protect against tissue injury and
promote clinical recovery may differ depending upon the model system employed, what is
clear is surviving engrafted cells are mobile and able to specifically accumulate to target
tissue and positionally migrate to defined anatomic locations. Numerous studies have
demonstrated that NSCs express chemokine receptors supporting an important role in
allowing cells to proliferate and/or migrate upon injection (Beech et al., 2007; Dziembowska
et al., 2005; Gordon et al., 2009; Guan et al., 2008; Imitola et al., 2004; Itoh et al., 2009;
Tran et al., 2007; van der Meulen et al., 2009). We have determined that glial-enriched
cultures derived from mouse NSCs secrete chemokines in response to cytokine treatment
(Whitman et al., 2009). In addition, we have found that NSCs as well as differentiated
oligodendrocyte progenitor cells (OPCs) derived from NSCs express an array of chemokine
receptors including CXCR2, CXCR3, CXCR4, and CXCR7 (unpublished observations)
(Figure 5). Moreover, treatment of hOPCs with either IFN-y or TNF-a alone or in
combination also results in increased expression of MRNA transcripts specific for defined
chemokines including CXCL9 and CXCL10 as well as chemokine receptors CXCR2 and
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CXCRA4. Transplanted cells were also found to express chemokine receptors.
Immunostaining revealed that engrafted mouse NSCs expressed both CXCR4 and CXCR7
and these cells were enriched within white matter tracts undergoing demyelination (Figure
6). Further, CXCL12, the ligand for both CXCR4 and CXCRY7, is also strongly expressed
within demyelinating white matter tracts suggesting that implanted NSCs preferentially
migrate and accumulate within areas of demyelination by responding to CXCL12
(unpublished observations). We are currently pursuing the functional relevance of
chemokine receptor expression on transplanted NSCs. CXCR4 is expressed on hESC-
derived OPCs at 2 weeks post-transplantation yet we do not believe that this chemokine
receptor, nor others, were functional as transplanted cells displayed only minimal migration
from site of injection (Hatch et al., 2009) (unpublished observations). It also bears
mentioning that we have not observed a dramatic increase in transcripts encoding for
members of the CCR binding chemokine receptors on cultured NSCs treated with cytokines.
While this does not eliminate a potentially important role for CC chemokines in
participating in transplanted NSC-mediated repair in the MHV model system, we interpret
these findings that CXC binding receptors may be more important in mediating trafficking
as well as maturation following engraftment.

7. Perspectives

Standard treatment with immunomodulators and/or immunosuppressants have yielded a
ranging degree of success in patients with immune-mediated demyelinating diseases (Rizvi
and Agius, 2004) or injury (Sayer et al., 2006), and it is clear that the complex nature of
demyelination warrants novel approaches that focus not only on limiting inflammation and
neurodegeneration, but also on promoting repair. Potentially novel therapies may be related
to i) discovering specific targets that exploit the dual nature of neuroinflammation in order
to suppress the degenerative components, while simultaneously enhancing neuroprotection
through remyelination by endogenous oligodendrocytes, ii) providing support for
remyelination-competent endogenous OPCs and oligodendrocytes and iii) implanting
myelinogenic cells into sites of neuroinflammation that are directly capable of inducing
remyelination of the damaged axons. Individual application of these methods has been met
with success in murine models of demyelination, but it is important to remember that
success in these systems may not necessarily translate to the human disease. Moreover,
understanding how transplanted cells undergo migration in order to accumulate within areas
of pathology will also be critical when considering how to potentially enhance trafficking. In
this regard, evaluating the functional contributions of chemokine receptors expressed on
NSCs in allowing engrafted cells to positionally migrate represents an important hurdle in
our understanding of cell replacement therapies for treating chronic neurologic diseases.
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Figure 1. Pathogenesis of MHV infection of the CNS of C57BL/6 mice

(A) Schematic representation of leukocyte infiltration into the CNS of MHYV infected mice
over time. Early infiltration is characterized by migration of cells of the innate immune
response e.g. NK cells and macrophages, while infiltration of virus-specific T cells is critical
in controlling viral replication. Neutralizing antibodies, not detectable until chronic disease,
are necessary in preventing viral recrudescence. (B) Representation of time course of
demyelination in MHV-infected mice. Although viral titers are cleared below detectable
levels (via plaque assay) between days 10-15, viral RNA and antigen remains detectable out
to a year post-infection (p.i.). As animals reduce viral titers within the CNS, demyelinating
lesions and clinical disease is initiated and can also last up to 1 year p.i. Both T cells and
macrophages contribute to demyelination in mice persistently infected with MHV. Epitope
spreading i.e. generation of autoreactive T cells is not thought to contribute to white matter
damage in the MHV model system. Shaded areas in A and B represent the limit of detection
for CNS virus as determined by plaque assay.
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Figure 2. Extensive demyelination at 5 weeks post-infection within white matter tracts of MHV-
infected animals

(A) Resin embedded cords from uninfected (sham) animals stained with toluidine blue show
normally myelinated axons throughout the white matter. Note the thick, tight, multilayered
myelin on all axons (1000x). (B) High magnification shows MHV-infected animals with
extensive demyelinated axons (asterisks) throughout the section (1000x). These animals also
have some remyelinated axons (arrows) as well as areas of normally myelinated axons
(arrowheads).
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Figure 3. Remyelination following successful engraftment of mouse NSCs

A. Electron photo-micrograph of spinal cord white matter from an MHV-infected mouse 33
days after induction of disease illustrating a demyelinated axon (arrow) and a normally-
myelinated axon (arrowhead). B. Electron photomicrograph of spinal cord white matter from
an MHV-infected mouse 33 days after induction of disease and 21 days after transplantation
of glial-committed progenitor cells. Note the thin myelin sheaths (arrow) characteristic of
remyelination (for comparison, note the thickness of the normal myelin sheath in A
(arrowhead). Magnification for A and B, 39000X.
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Figure 4. Significant clinical improvement following intraspinal injection of myelinogenic neural
stem cells to mice with established demyelination

Average clinical score of mice that received intraspinal injection of neural stem cells
(250,000 cells, n=4) or vehicle control (HBSS, n=5). Cells were transplanted into mice with
established demyelination, 14 days post-infection with a neuroadapted strain of JHMV.
Scores are based on a four point scale: 0 - no abnormality; 1 - limp tail; 2 - waddling gait
and partial hind limb weakness; 3- complete hind limb paralysis; 4 - dead. *p < 0.05.
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Figure 5. CXCR2 and CXCR3 expression in OPC-enriched cultures

NSCs were isolated from striatal tissue of postnatal day 1 mice and differentiated in high
purity cultures of OPCs. Immunostaining using specific antibodies directed against CXCR2
and CXCR3 was detected with secondary fluorescent conjugated antibodies and analyzed
using confocal microscopy. Figure is the merge of 8 um Z-stack originated from projection
of 0.5 um thickness planes. CXCR2 and CXCR3 staining are shown as red and green
respectively, blue represents nuclear DAPI staining; scale bar 10 pum.

J Neuroimmunol. Author manuscript; available in PMC 2011 July 27.



1dudsnuey Joyiny vd-HIN 1dudsnuely Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Tirotta et al. Page 17

CxXCR4

s

Lt f

Figure 6. NSCs express chemokine receptors 3 weeks post-transplant

NSCs transplanted into the spinal cords of MHV-infected mice with widespread
demyelination migrate extensively and selectively accumulate within damaged white matter
tracts. Merging of fluorescence images illustrates CXCR4+ (A) and CXCR7+ (B) GFP+
NSCs 3 weeks post-transplantation (bar s= 20 pm).

J Neuroimmunol. Author manuscript; available in PMC 2011 July 27.



