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Multiple sclerosis (MS) is associated with irreversible disability in a significant proportion of patients. At pre-
sent, there is no treatment to halt or reverse the progression of established disability. In an effort to develop
cell therapy-based strategies for progressive MS, we investigated the pre-clinical efficacy of bone marrow
mesenchymal stem cell-derived neural progenitors (MSC-NPs) as an autologous source of stem cells. MSC-
NPs consist of a subpopulation of bone marrow MSCs with neural progenitor and immunoregulatory proper-
ties, and a reduced capacity for mesodermal differentiation, suggesting that this cell population may be
appropriate for clinical application in the CNS. We investigated whether MSC-NPs could promote repair
and recovery after intrathecal injection into mice with EAE. Multiple injections of MSC-NPs starting at the
onset of the chronic phase of disease improved neurological function compared to controls, whereas a single
injection had no effect on disease scores. Intrathecal injection of MSC-NPs correlated with reduced immune
cell infiltration, reduced area of demyelination, and increased number of endogenous nestin-positive progen-
itor cells in EAE mice. These observations suggest that MSC-NPs may influence the rate of repair through
effects on endogenous progenitors in the spinal cord. This study supports the use of autologous MSC-NPs

in MS patients as a means of promoting CNS repair.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Multiple sclerosis (MS) is a demyelinating disease that is character-
ized pathologically by widespread discrete inflammatory lesions within
the brain and spinal cord parenchyma. Over a variable period of time
the accumulating lesion burden results in a progressive clinical course
that is associated with physical or cognitive disability [1]. While the
mechanisms underlying disease progression remain unclear, it is likely
that endogenous repair mechanisms are inhibited by the hostile lesion
environment caused by chronic disease inflammation, leading to
remyelination failure, axonal loss, and long-term disability. There is a
dire need to develop therapeutic strategies aimed at prevention or
reversal of progression-related disability through remyelinating
and/or neuroprotective mechanisms.

Stem cell biology and its clinical application represent an exciting
area of investigation that has the potential of having therapeutic effi-
cacy for progressive forms of MS and other neurodegenerative

Abbreviations: MSC-NP, mesenchymal stem cell-derived neural progenitor; EAE,
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brospinal fluid; NFM, neurofilament medium; GFAP, glial acidic fibrillary protein; CDS,
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diseases. If a cell therapy-based approach is to be translated into clin-
ical trials, a number of preclinical studies are necessary in order to
identify the source of cells (adult or embryonic), the optimal route
of administration, dosing regimen, and long term safety, tolerability
and efficacy. In addition, specifically in MS, the multiplicity of lesions
in the brain and spinal cord require that any therapeutic
strategy would result in widespread dissemination of the transplanted
cells within the CNS. Because MS is an autoimmune condition, any
factors that contribute to host immune activation such as tissue rejec-
tion of transplanted cells, have the added risk of exacerbating the dis-
ease activity. One strategy to circumvent immune rejection is to use
an autologous source of cells, such as bone marrow mesenchymal
stem cell-derived neural progenitors (MSC-NPs). Delivery of these
cells to the multiple areas of involvement may be best possible by
exploiting the cerebrospinal fluid flow dynamics to enable transport
of these cells to both the brain and spinal cord.

MSC-NPs have been characterized as a subset of MSCs that exhibit
neuroectodermal lineage characteristics including neurosphere
morphology, clonogenic growth, and expression of neural markers
[2,3]. We sought to investigate whether MSC-NPs could promote
remyelination and recovery in the experimental autoimmune
encephalomyelitis (EAE) mouse model of MS. MSC-NPs were injected
intrathecally into EAE mice with chronic disability. We report that
multiple injections of MSC-NPs improve clinical and pathological
parameters of EAE, and are associated with promotion of endogenous
repair mechanisms.
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2. Methods
2.1. Cell culture

Syngeneic mouse MSCs were derived from 9 week old C57BI/6 mice
according to published protocols [4]. Briefly, femurs and tibias were
dissected and flushed with 2% FBS in PBS. Bone marrow cells were
washed and plated in MSC expansion medium (Mouse Mesencult®
Proliferation medium, Stem Cell Technologies, Inc.) at a density of
1x 106 cells/cm?. Nonadherent hematopoietic cells were eliminated
by complete media change every 3-4 days. When cells reached 70% con-
fluency (approximately 3 weeks) cells were passaged with 0.25% trypsin
for up to 20 passages. MSCs at passage 8 were free of hematopoietic cell
contamination (CD45~/CD11b ™) thus no further purification was need-
ed. Mouse MSCs used for experimentation were between passage 8 and
17.

For MSC-derived neural progenitors (MSC-NPs), MSCs were cultured
in low-adherence flasks in serum-free neural progenitor maintenance
media (NPMM, Lonza) containing NSF-1 (1x), and 20 ng/ml each of epi-
dermal growth factor (EGF) and basic fibroblast growth factor (bFGF) for
21 days with complete media change every 2-3 days. Floating “neuro-
spheres” were visible after 2 days. Single cell suspensions of MSC-NPs
were obtained by centrifugation at 200xg for 5 min, resuspension in
1 ml room temperature TrypLE, and trituration 20 times with a sterile
fire-polished glass pipette. MSC-NPs were then washed twice in PBS
prior to each experiment. Trypan blue staining and hemacytometer
counting were performed to confirm single cell suspension and >80%
viability. For in vivo tracking of injected cells, mouse MSCs were labeled
with 800 nM CellTracker™ CM-Dil (Invitrogen) according to manufac-
turer's instructions just prior to induction of MSC-NPs.

2.2. Flow cytometry

Cells were resuspended in staining buffer (2% FBS/PBS) and cell
surface staining was carried out using FITC-conjugated rat anti-
mouse CD45, FITC-conjugated rat anti-mouse Sca-1, or with unconju-
gated rat anti-mouse CD9 or CD44 (all primary antibodies 1:100, BD
Pharmingen) followed by Alexa 488-conjugated goat anti-rat secondary
antibody (1:2500, Molecular Probes). For intracellular NF-M staining,
cells were resuspended in BD Cytofix/Cytoperm™ fixation and permeabi-
lization solution then washed with BD Perm/Wash buffer according to
manufacturer's instructions. Cells were incubated with rabbit anti-
Neurofilament-M 1:1000 (Chemicon) followed by Alexa 488-conjugated
goat anti-rabbit secondary antibody (1:2500, Molecular Probes). Analysis
was performed on a FACS Aria flow cytometer (BD).

2.3. Quantitative real-time PCR (qPCR)

Total RNA was extracted from MSC and MSC-NP paired samples
using QIAGEN RNeasy Plus, and first-strand ¢cDNA was synthesized
from equal amounts of RNA from each sample using Superscript III
(Invitrogen). mRNA expression was measured by qPCR using TagMan®
Gene Expression Assays (Applied Biosystems, Inc) for Scal (Ly6a)
(MmO00726565_s1), smooth muscle isoform of «2-actin (SMA)
(MmO01546133_m1), Nestin (Mm00450205_m1), medium neurofila-
ment (NF-M) (Mm00456201_m1), and glial acidic fibrillary protein
(GFAP) (MmO01253034_m1). All target genes were normalized to
Hprt1 (MmO00446968_m1) endogenous control. QPCR was carried out
with TagMan® Fast Universal PCR Master Mix (Applied Biosystems)
in a 96 well format using 7900HT Fast Real-Time PCR System. Relative
quantification was analyzed using RQ software (Applied Biosystems).

2.4. Adipogenic and osteogenic differentiation

MSCs or MSC-NPs were plated at 2500 cells/cm? in MSC expansion
medium and differentiation was induced after 48 h. All treatment

conditions were assessed in duplicate. For adipogenic differentiation,
adipogenic induction media (DMEM containing 2% FBS, 1 pM dexa-
methasone, 0.5 mM IBMX, 5pg/ml insulin, 50 uyM indomethacin,
100 U/ml penicillin, and 100 pg/ml streptomycin) was added for
14 days with media change every 2-3 days. Controls were main-
tained in MSC expansion medium only. To visualize lipid accumula-
tion, cultures were fixed in 4% paraformaldehyde for 30 min and
stained with 0.3% Oil Red O in 60% isopropanol for 50 min and coun-
terstained with hematoxylin. Red staining was visualized by light
microscopy.

For osteogenic differentiation, cells were plated as above and cultured
in osteogenic induction medium (DMEM containing 2% FBS, 1.0 uM dexa-
methasone, 50 uM ascorbic acid, 10 mM glycerol 2-phosphate, 100 U/ml
penicillin, and 100 pg/ml streptomycin)for 14 days with media change
every 2-3 days. Controls contained MSC expansion media alone. Cells
were fixed in 70% cold ethanol for 1 h and stained with 1% Alizarin Red
S (Millipore) for 30 min. Red staining was visualized by microscopy.

2.5. Co-culture assays

Mouse MSCs or MSC-NPs were plated 15,000 cells/cm? one day
prior to T cell isolation. CD4"/CD25~ T cells were isolated from
C57Bl/6 mouse splenocytes using untouched CD4* T cell isolation
kit (Miltenyi) followed by CD25 microbead kit (Miltenyi) to deplete
activated T cells. CD4"/CD25~ cells were labeled with 2.5 uM CFSE
and plated at a 10:1 ratio with MSCs or MSC-NPs in RPMI media
with 10% FBS. Cells were left unstimulated, or were stimulated with
anti-CD3/CD28 Dynabeads (Invitrogen). All conditions were tested in
duplicate. After 72 h, T cells were collected, stained with anti-mouse
CD4-Pacific Blue (BD), and analyzed for CFSE staining by flow cytometry
with a BD FACS Aria. Population doublings were analyzed using DeNovo
FCS Express V3 software.

2.6. EAE induction and MSC-NP injections

All animal experiments were approved by the St. Luke's Roosevelt
Hospital Center IACUC. 8 week old female C57BL/6 mice purchased
from Jackson Laboratory (Bar Harbor, ME) were immunized subcutane-
ously with 200 pg of the myelin oligodendrocyte glycoprotein peptide
35-55 (MOGss_s5; AnaSpec, Fremont, CA) diluted in 100 pl PBS and pre-
pared in an equal volume of complete Freund's adjuvant containing
5 mg/ml Mycobacterium tuberculosis (H37Ra) (Difco, Detroit, MI). Mice
received i.v. injection of 200 ng pertussis toxin (List Biological Laborato-
ries, Campbell, CA) on days 0 and 2 post immunization (p.i.).

Mice were weighed and evaluated for neurological disability daily.
Disability was scored using a 0-13 EAE scale [5] which was modified
from the standard 0-5 scale [6]. The 0-13 scale was preferred over
the traditional 0-5 scale because in our preliminary pilot studies the
modified scale correlated better with the clinical neurological exami-
nation of the mice. The modified scoring system represents the sum
of the tail and all four limbs and thus allows for more robust assess-
ment of clinical effects during chronic EAE. In the modified 0-13
scale, the tail and limbs were scored individually as follows. The tail
was scored as 0 (normal tail), 1 (mild tail weakness), 2 (severe tail
weakness), or 3 (completely paralyzed tail). Each hind-limb was
scored separately as O (normal hind limb strength), 1 (mild weak-
ness), 2 (moderate weakness), 3 (severe weakness), or 4 (full paraly-
sis). Fore limbs were scored together as 0O (normal movement), 1
(weakness and difficulty using forelimbs to pull body), or 2 (paralysis).
The scores were tabulated for a final score up to 13. The scorer was
blinded to the treatment groups. Scores based on the traditional 0-5
scale were also determined for comparison.

Mice that had developed EAE by day 21 were divided into 6 treat-
ment groups that received three intrathecal injections on days 21, 28,
and 35 post immunization. Groups were as follows: Group 1, PBS
(n=18); Group 2, 2x10* MSC-NPs each injection (n=18); Group
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3, 5x10% MSC-NPs each injection (n=16); Group 4, 2 x 10> MSC-NPs
each injection (n=18); Group 5, 1x10% MSC-NPs each injection
(n=14) and Group 6, 1 x 10°MSC-NPs in first injection on day 21 fol-
lowed by two injections of PBS on days 28 and 35 (n=18). Stem cells
were delivered intrathecally via the cisterna magna according to pub-
lished protocols [7,8]. Briefly, mice were anesthetized and fixed on a
stereotaxic apparatus with the incisor tilt positioned at —8° such
that the site of injection, the cisterna magna, was nearly the highest
point of the animal. A 1 cc syringe (25 gauge) with permanently at-
tached needle was inserted along the horizontal line into the top of
the foramen magnum. A volume of 20 pl of resuspended cells in PBS
or PBS alone was injected slowly, followed by a 2 minute period
before the needle was withdrawn. A drop of PBS (100 pl) was placed
on top of the injection site in order to reduce cell leakage.

Average daily scores, pre-treatment scores (disease onset to day 21),
and post-treatment scores (day 22 to termination) were calculated for
each group. Cumulative disease score (CDS) was calculated as the sum
of all scores between days 1 and 21 (pre-treatment) and days 22 and
87 (post-treatment). Day 87 was the last day for which all animals in
every group were scored, and was thus chosen as the endpoint for cal-
culating CDS.

2.7. Immunohistochemistry

Mice were sacrificed on days 37, 56, and 91 post-immunization,
corresponding to 2.3 weeks, 5 weeks and 10 weeks after the first
stem cell injection. The day 37 timepoint was designed to correspond
to 48 h post third injection for the multiple injection group. 5 mice
per group per time point were removed for histology, representing
the average clinical score of their group. Mice were terminally anes-
thetized with an intraperitoneal injection of pentobarbital 40 mg/kg
and perfused through the left ventricle with saline followed by 10%
formalin and post-fixation for 24 h. Following fixation, the brain and
spinal cord were cut into 0.5 cm blocks and paraffin embedded. 5 pM
transverse spinal cord sections were analyzed by immunohistochemical
staining using the following antibodies: anti-CD3 (M-20; Santa Cruz)
(1:100), anti-MBP (C-16; Santa Cruz) (1:500), anti-Nestin (Millipore)
(1:100), and anti-GFAP (Dako) (1:500). Primary antibodies were
detected with either anti-goat or anti-mouse secondary antibody
(1:1000) conjugated with Alexa 488 (Invitrogen). 4/, 6-diamidino-2-
phenylindole (DAPI; Invitrogen) was used for cell nuclei detection.
Negative control samples were performed omitting the primary
antibody.

Quantification of immune cell infiltration, demyelination, and Nes-
tin staining was performed on at least five spinal cord cross-sections
per animal spanning the length of the spinal cord. All quantitation
was performed in a blinded manner by omission of red (Dil)
fluorescence. Immunohistochemistry was performed with anti-CD3 as
described above. The number of cells positive for CD3 were counted
manually for all positive fields (average of 6 fields per spinal cord)
and divided by the area of the field. Quantiation of DAPI positive cells
was performed using Image] software. Digital images of were captured
at 40x magnification with a Zeiss LSM 510 META confocal microscope.
Area of demyelination was quantified on composite 10x digital images
of MBP-stained spinal cords assembled using tile scan. Areas of demye-
lination were identified on individual tiled images according a modified
protocol [9]. Briefly, the area of each spinal cord section and the area of
grey matter were traced and measured using the overlay Closed Bezier
tool in Zen 2009 software. White matter area was determined by sub-
tracting grey matter area from whole spinal cord area. Area of white
matter demyelination was determined using standard morphological
criteria with evidence of decreased MBP intensity relative to the adja-
cent white matter, and measured as above. Demyelination for each
mouse was expressed as a percentage of the total white matter area
sampled. Areas of demyelination were confirmed by luxol fast blue
staining of an adjacent section. For Nestin quantitation, endogenous

Nestin expression was determined by immunohistochemistry and visu-
alized by confocal microscopy at 20x. The number of discrete fields con-
taining Nestin positive cells was counted manually.

2.8. Statistical analysis

Average EAE scores were analyzed by Kruskal-Wallis to test dif-
ferences between all dose groups, and Mann Whitney to determine
significance between individual treatment groups and control. For
statistical analysis of CDS, only mice that had follow-up of at least
87 days were included. Cumulative scores from day 1 to 21 (baseline)
were compared by ANOVA. Cumulative scores from day 22 to 87 for
each group were log transformed and differences were assessed
using multiple linear regression adjusted for baseline (log) CDS, and
day of disease onset. All other data were analyzed by one way
ANOVA to test differences between multiple groups, and unpaired,
two-tailed, Student's t-test to determine significance between two
groups. Statistical significance was set to p values<0.05. SAS v9.2
and GraphPad Prism 4 were used to calculate significance.

3. Results
3.1. Characterization of MSC-NP cell population

In order to establish pre-clinical proof-of-concept efficacy studies
supporting the use of autologous MSC-derived neural progenitors
for the treatment of MS, we first derived and characterized the
homologous cell population from mice. MSCs derived from bone mar-
row from C57BI/6 mice displayed adherent MSC morphology (Fig. 1A)
and characteristic CD9"/CD44%/Scal*/CD45~ cell surface pheno-
type (Fig. 1D). The neuroectodermal conversion of MSCs into MSC-
derived neural progenitors (MSC-NP) has been described previously
for human MSCs [2]. We used a similar protocol to derive MSC-NPs
from mouse MSCs. Mouse MSC-NPs displayed characteristic “neuro-
sphere” morphology with clusters of cells growing in suspension
(Fig. 1B). We confirmed the neural lineage potential of MSC-NPs by
gene expression analysis of genes associated with neural lineage dif-
ferentiation including Nestin (neural stem cell marker), medium neu-
rofilament (NFM, neuronal marker), and GFAP (glial and neural stem
cell marker). Nestin and GFAP were upregulated approximately 2-
fold, and NFM was upregulated >100 fold (Fig. 1F). Protein expression
of Nestin and GFAP was detectable at low levels by immunocyto-
chemistry (data not shown) and significant NFM protein was detect-
able by both immunocytochemistry (data not shown) and flow
cytometry (Fig. 1E) in MSC-NPs. Conversely, MSC-NPs expressed
decreased mRNA levels of the MSC marker smooth muscle isoform
of alpha actin (SMA), as well as a slight decrease in Scal and
(Fig. 1F) which was consistent with reduced cell surface expression
of MSC markers CD9, CD44, and Scal (Fig. 1E) in MSC-NPs compared
to MSCs. Expression of CD45 in MSC-NPs remained absent (data not
shown).

A defining characteristic of multipotential MSCs is their ability to
undergo in vitro differentiation into adipocytes and osteocytes [10].
To test whether MSC-NPs are also capable of differentiation into me-
sodermal lineages, MSC-NPs were cultured under adipogenic and os-
teogenic differentiation conditions. Mouse MSCs were capable of
adipogenic and osteogenic differentiation in vitro (Fig. 2A and C).
MSC-NPs showed markedly decreased Oil Red O lipid vacuole for-
mation compared to MSCs after culture in adipogenic induction medi-
um (Fig. 2B). Similarly, MSC-NPs displayed decreased alizarin red
staining indicative of calcium deposition compared to MSCs after cul-
ture in osteogenic induction medium (Fig. 2D). Reduced mesodermal
plasticity, together with the observed increase in neural marker
expression and decreased MSC marker expression in the MSC-NP
cell population indicate a conversion from multi-potent MSCs to a
more lineage-restricted neural progenitor-like population.
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Fig. 1. Characterization of mouse MSC and MSC-NP cell populations. (A) Morphology of mouse MSCs at passage 8 (10x magnification). (B) “Neurosphere” morphology of MSC-NPs
(10x magnification). (C) Red fluorescence of Dil labeled MSC-NPs analyzed prior to injection into mice. (D, E) Cell surface phenotype of MSCs (D) and MSC-NPs (E) determined by flow
cytometry using antibodies against CD9, CD44, Scal, and CD45 (represented by black histograms) compared to isotype controls (grey filled histograms). Intracellular Neurofilament-M
(NFM) staining was also evaluated in MSC-NPs in (E). (F) Gene expression analysis by qPCR of MSC-NPs compared to the MSCs from which they were derived. MSC-NPs showed increased
mRNA expression of neural markers Nestin, NF-M, and GFAP, and decreased expression of MSC markers Scal and SMA. Values represent mean of 4 separate experiments. Error bars

represent SE.

3.2. Immunoregulatory properties of MSC-NPs

MSCs possess an array of immunoregulatory properties which in-
clude suppression of T cell activation and proliferation [11]. To inves-
tigate whether MSC-NPs retain the immunomodulatory properties of
MSCs, we incubated MSCs or MSC-NPs together with anti-CD3/CD28-
stimulated T cells from syngeneic mouse splenocytes at a ratio previ-
ously shown to suppress T cell proliferation [11]. Co-culture with
either MSCs or MSC-NPs reduced proliferation of CD4"T cells
(Fig. 3A-D). Only 3.5% and 6.3% CD4*T cells underwent 5 or more
population doublings when co-cultured with MSCs or MSC-NPs,
respectively, compared with 24.8% of CD4"T cells without co-culture
(Fig. 3E). These results suggest that MSC-NPs display immunomodulatory

activity that is similar in vitro to the known properties of unmanipulated
MSCs.

3.3. Injection of mouse MSC-NPs improves neurological disability in EAE
mice

To determine whether MSC-NPs affect CNS repair and remyelina-
tion, we injected syngeneic mouse MSC-NPs intrathecally into mice
with EAE. EAE was induced upon immunization of mice with an anti-
genic peptide of the myelin oligodendrocyte glycoprotein (MOG) and
showed characteristic monophasic acute inflammatory phase with
average onset 12 days post-immunization (DPI) (Table 1). MSC-NP
injections commenced at the onset of the chronic phase on day 21
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Fig. 2. Loss of mesodermal differentiation capacity in MSC-NPs. (A,B) Oil Red O staining of accumulated lipids after adipogenic differentiation demonstrating limited adipogenic
differentiation by MSC-NPs (B) compared to MSCs (A). (C,D) Alizarin Red staining of calcium deposition after osteogenic differentiation demonstrating limited osteogenic differ-
entiation by MSC-NPs (D) compared to MSCs (C). Data is representative of two separate experiments.

in order to better model therapy aimed at patients with established
MS. Cells were injected intrathecally (via cisterna magna) in mice as
a means to disseminate cells throughout the brain and spinal cord.

Mouse MSC-NPs were labeled with a red fluorescent dye (Dil) for
tracking (Fig. 1C), and resuspended in phosphate buffered saline
(PBS) and compared to PBS only injections (Group 1). Dosing of
MSC-NPs ranged from 2x10* to 1x 108 cells in each of three injec-
tions given days 21, 28, and 35 (Groups 2 through 5). A single injec-
tion of 1x10° cells on day 21 was also included (Group 6). Prior to
treatment, there were no significant differences in disease onset,
maximum EAE score, average EAE score, or cumulative disease score
(CDS) over the first 21 days between any of the groups (Table 1 and
Fig. 4B). MSC-NP or PBS-injected EAE mice were followed up to
10 weeks post-first injection. Following the monophasic acute
phase, group 1 control mice displayed a chronically stable disease
course (Fig. 4A). In contrast, mice receiving multiple injections of
MSC-NPs demonstrated a dose responsive improvement in EAE
scores over time, with greatest efficacy in the 2x10° cell dose
group (group 4) (Fig. 4A). Group 2 and 3 mice receiving multiple
injections of low dose MSC-NPs demonstrated significantly reduced
average EAE score and cumulative disease score as a result of treat-
ment (Table 1 and Fig. 4C). Multiple injections of 2x10° cells
(group 4) resulted in highly significant improvement in average
daily (Fig. 4A) and post-treatment (Table 1) EAE scores, as well as sig-
nificant improvement in CDS 22-87 (Fig. 4C), compared to controls.
Similar improvements were observed following multiple injections
of the highest dose of 1x10° cells (group 5) (Table 1 and Fig. 4C).
Significant improvement in outcomes was also noted using the tradition-
al 0-5 scale to measure EAE (Supplemental Table 1 and Supplemental
Fig. 1). These results show amelioration of neurological disability associat-
ed with multiple intrathecal MSC-NP injections, with 2x10°> MSC-NP
dose as the optimal dose in EAE mice.

Mice injected with a single dose of 1x10° MSC-NPs (Group 6)
showed no difference in post-treatment CDS 22-87 compared to
PBS controls (Fig. 4C). Similarly, there was no reduction in average
post-treatment scores, which were actually increased compared to
the control group (Table 1), probably due to the slightly higher

baseline average in group 6. Overall these data suggest that multiple
dosing of intrathecally injected MSC-NPs compared to a single dose
correlates with increased efficacy.

3.4. Reduced T cell infiltration and demyelination in MSC-NP-treated
mice

Mice were sacrificed for post-mortem analysis (approximately 5
mice/group/timepoint) at 2.3, 5, and 10 weeks after the first MSC-
NP injection. Gross examination of each mouse at each timepoint
showed no adverse events associated with cell injections. Group 1
(control), groups 4 and 5 (multiple high doses) and group 6 (single
high dose) were examined further for histopathology. We found evi-
dence of engraftment of injected Dil-labeled MSC-NPs at all time-
points (Fig. 5C and D). MSC-NPs were found in inflammatory foci in
parenchyma of the brain stem (data not shown) and spinal cord
(Fig. 5A-D) as defined by areas of T-cell infiltration (CD3*, labeled
green). We observed that the presence of engrafted MSC-NPs in
lesions correlated with decreased CD3™" T cell staining (Fig. 5C and D).
Quantitation of CD3* cells over the length of the spinal cord demon-
strated that MSC-NP treated mice had reduced T cell infiltration com-
pared to controls, and these differences reached significance at the
10 week time point (Fig. 5E). Specifically, mice injected either once or
three times with the highest dose of 1x 10® MSC-NPs demonstrated sig-
nificantly reduced T cell infiltration (Fig. 5E). There were no differences
in total number of DAPI +- cells in sections between any of the groups
(Supplemental Table 2).

We next analyzed spinal cord demyelination in order to assess the
effect of injected MSC-NPs on degree of demyelination. Myelin was
stained with anti-MBP antibody, and the area of white matter demy-
elination was calculated for each section from PBS (Fig. 6A) and MSC-
NP (Fig. 6B) treated EAE mice. We observed significantly reduced area
of white matter demyelination in EAE mice treated with three doses
of 2x10° or 1x10® MSC-NPs compared to PBS controls when exam-
ined 5 and 10 weeks after the first injection of MSC-NPs (Fig. 6C). EAE
mice receiving a single dose of 1x10% MSC-NPs also had reduced
area of demyelination which was only significant at the 10 week
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Fig. 3. Suppression of T cell proliferation by MSCs and MSC-NPs. CFSE-labeled naive CD4*/CD25~ T cells were either unstimulated (A), or stimulated with anti-CD3/CD28 for 3 days
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Table 1
Disability assessment for each treatment group.
Treatment groups Treatment regimen Disease onset, DPI Maximum EAE Average EAE Average EAE
score pre-treatment® score pre-treatment® score post-treatment”
Group 1 PBS 121+1.8 111+£14 82420 75420
Group 2 2x10% MSC-NP multiple dose 121412 10.1+2.2 75+23 594197
Group 3 5x10* MSC-NP multiple dose 11.7+16 10.0+£2.0 75+2.1 5.6+ 2.57
Group 4 2x10° MSC-NP multiple dose 114+1.0 11.0+15 8.1+2.0 5.4+ 1.61
Group 5 1x10°% MSC-NP multiple dose 123420 102419 75+23 54+ 1.6%
Group 6 1x10% MSC-NP single dose 124419 11.6+1.6 9.1+19 8.9+ 247

Values represent mean + SD.

“Calculated from disease onset to day 21.
bCalculated from day 22 to termination.
fp<0.05, £ p<0.01; compared to group 1.
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Fig. 4. Multiple intrathecal MSC-NP injections improve EAE disease course and cumu-
lative disease. (A) Daily average EAE scores of mice treated with three intrathecal
doses (3x) of PBS (black circles) or with 2 x 10> MSC-NPs (open circles). Arrows indi-
cate time of injection. Error bars represent SE. From day 45 onwards, the average daily
scores for group 4 were statistically significant (p<0.01) from group 1 as determined
by Mann Whitney. (B,C) Boxplots showing pre-treatment CDS between days 1 and
21 (B), and post-treatment CDS between days 22 and 87 (C). Treatment groups includ-
ed the following: Group 1 (PBS 3x), Group 2 (2x 10* MSC-NPs 3x), Group 3 (5x10°
MSC-NPs 3x), Group 4 (2x10°> MSC-NPs 3x), Group 5 (1x10% MSC-NPs 3x), and
Group 6 (1x10% MSC-NPs 1x). *, p<0.05; **, p<0.01; ***, p<0.001; ns = not significant.

timepoint. Although reduced demyelinated area did not completely
correlate with cell dose or number of injections, the two multiple
dose groups that showed the smallest cumulative area of demyelin-
ation, also showed significant amelioration of EAE severity.

3.5. Increased endogenous neural progenitors associated with
transplanted MSC-NPs

To investigate whether transplanted MSC-NPs had an effect on en-
dogenous repair mechanisms, we analyzed nestin immunoreactivity
as a marker for endogenous neural and astroglial progenitor cells.
Nestin expression has been found to increase in response to patholog-
ical insult to the brain and spinal cord [12,13] and the re-expression
of nestin in reactive astrocytes has been associated with neuroprotec-
tion [14]. In spinal cord sections of EAE mice, we found discrete
regions of nestin-positive cells associated with some lesion areas at
all timepoints in both control (Fig. 7A-C) and MSC-NP-injected
(Fig. 7E-G) mice. In MSC-NP-treated mice, Dil positive MSC-NPs
were frequently located in or around the nestin positive areas
(Fig. 7E-G). We also examined GFAP expression as a marker of astro-
gliosis. In contrast to nestin, which was expressed in a minority of
cells throughout the spinal cord, GFAP was highly expressed through-
out all lesion areas at all timepoints (Fig. 7D and H). Dil "MSC-NPs did
not show detectable expression of Nestin or GFAP in vivo, consistent
with low level of nestin and GFAP immunoreactivity in mouse MSC-
NPs in vitro.

The number of discrete sites containing nestin positive cells was
counted in the spinal cords in each treatment group. There was a sig-
nificant increase in the number of nestin-positive sites in mice
injected with three doses of MSC-NPs when examined at the
2.3 week (1x10° dose) or 5 week (both 2x10° and 1x10° doses)
timepoints compared to PBS-injected controls (Fig. 71). The slight in-
crease in the number of nestin-positive sites after a single injection of
MSC-NPs after 2.3 and 5 weeks was not significant compared to PBS
controls. In all cases, the difference in number of nestin-positive
sites between MSC-NP and PBS-injected mice was no longer apparent
10 weeks post injection (Fig. 71). In contrast, there were no differ-
ences in GFAP staining between any of the groups (data not
shown). These observations suggest that MSC-NPs may accelerate the
rate of repair in EAE through effects on endogenous nestin-positive pro-
genitors in the spinal cord.

4. Discussion

In the past two decades, the treatment of multiple sclerosis has radi-
cally changed with the introduction of disease modifying therapies
(DMTs) that are able to effectively control the autoimmune/inflammatory
components of the disease. While the relapse rates of patients have been
dramatically reduced with the use of DMTs, it is unclear whether the un-
derlying progression of the disease is halted by the use of these agents
[15]. It is also recognized that DMTs are relatively ineffective in the treat-
ment of progressive forms of MS [16]. To develop an effective treatment
targeting progressive MS patients, a preclinical strategy aimed at control-
ling disease activity and inducing repair in an experimental model is nec-
essary. A number of repair strategies are currently under preclinical
investigation [17], although the positive results seen in animal models fre-
quently do not extrapolate well to human trials. The most widely accept-
ed model of MS is EAE, but in many instances disease amelioration and
prevention is only possible if treatment is initiated at or near the onset
of EAE symptoms [18]. The ability to block, delay, or reduce disability in
EAE may not necessarily predict efficacy in MS due to our inability to in-
tervene therapeutically in MS until well after disease onset. To overcome
this problem, the current study was designed such that treatment was ini-
tiated in clinically established EAE to better mimic the complexity of the
clinical situation and to best determine reversal of disease pathology.

MSC-NPs are derived with minimal manipulation from autologous
MSCs, and thus are a convenient source of adult stem cells with neural
progenitor properties for use in CNS repair strategies. The neural lineage
potential of MSC-NPs, as evidenced by upregulation of neural-specific
genes such as Nestin and Neurofilment M, is consistent with previous
studies which demonstrated that the culture of MSCs under conditions
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* p<0.05.

optimal for brain derived neural stem cells selects a fraction of MSCs
(anywhere from 6% to 60%) which exhibit neurosphere morphology
[2,19]. In addition, MSC-NPs exhibited in vitro electrophysiological
properties indicating functional neuronal differentiation [3,19]. Despite
the in vitro neural differentiation potential of these cells, we found no
evidence of in vivo transdifferentiation after transplantation in EAE. In
addition to neural markers, a number of trophic factors are also upregu-
lated in MSC-NPs compared to MSCs, which may promote CNS repair in
vivo [20]. The contribution of such trophic factors to the efficacy of MSC-
NPs is currently under investigation.

Inherent in the characteristic multipotentiality of MSCs is a certain
degree of heterogeneity, where multiple phenotypes can be detected
representing different levels of osteoblastic, chondrocytic, and adipocy-
tic lineage commitment [21,22]. The relationship between differentia-
tion plasticity and overall therapeutic efficacy of MSCs remains ill
defined, although it is likely that such a correlation exists with re-
spect to therapeutic efficacy for skeletal disorders, for example. For

non-homologous applications such as CNS transplantation, the pos-
sibility of uncontrolled mesodermal lineage differentiation by trans-
planted MSCs remains a potential risk [23]. Our study revealed that
only a small fraction of MSC-NPs retain mesodermal differentiation
potential compared to MSCs, which is consistent with the existence
of a small subpopulation of MSC-NPs that harbor bipotential proper-
ties [19]. The reduced capacity for MSC-NPs to undergo adipogenic or os-
teogenic differentiation may decrease the hypothetical risk of ectopic
differentiation into mesodermal tissue upon CNS transplantation.

One of the key aims of this study was to compare the preclinical
efficacy of multiple dosing vs. single dosing of MSC-NPs. We demon-
strated that three injections of MSC-NPs spaced one week apart
resulted in significant amelioration of disease symptoms compared
to a single injection. A multiple injection regimen for MSC-based ther-
apies is further supported by a similar study where multiple intrathe-
cal administration of MSCs prolonged survival in a transgenic mouse
model of amyotrophic lateral sclerosis [24]. Why multiple dosing

Please cite this article as: Harris VK, et al, Clinical and pathological effects of intrathecal injection of mesenchymal stem cell-derived neural
progenitors in an experimental model of multiple sclerosis, ] Neurol Sci (2011), doi:10.1016/.jns.2011.08.036



http://dx.doi.org/10.1016/j.jns.2011.08.036

V.K. Harris et al. / Journal of the Neurological Sciences xxx (2011) xxx-xxx 9

% Demyelination

0
5 weeks

m PBS

B 2x1075 MSC-NP 3X
0 1x1076 MSC-NP 3X
0 1x1076 MSC-NP 1X

ok

_l_

10 weeks

Fig. 6. Decreased area of demyelination in MSC-NP-treated EAE mice. Spinal cord demyelination was analyzed in sections from PBS (A) and MSC-NP (B) injected EAE mice by im-
munofluorescence with anti-MBP (green). Nuclei were detected by DAPI (blue) and visualized at 10x magnification. Sections shown are representative of Group 1 (PBS) in panel A,
and Group 4 (2x10°> MSC-NPs 3x) in panel B analyzed 10 weeks post-first injection. Red line indicates demyelinated area. Scale bar equivalent to 200 um. (C) Quantitation of
demyelinated area in the indicated treatment groups examined 5 and 10 weeks post-first injection. Values represent mean = SE. *, p<0.05; **, p<0.01; ***, p<0.001.

and not a single dose results in neurological benefit is unclear, since in
both cases we observed cell engraftment along with decreased im-
mune cell infiltration. Cells were injected well after disease onset
and thus any focal immunomodulatory effects of MSC-NPs may not
be sufficient for disease recovery. Alternatively, it is possible that
the clinical benefit seen with multiple dosing is not wholly dependent
on immunomodulatory functions. Amelioration of EAE symptoms in
the multiple injection groups correlated best with a sustained
decrease in the area of demyelination and an early increase in the
presence of nestin positive progenitors. These data suggest that sus-
tained effects of MSC-NPs given in multiple doses may overcome a
threshold level of demyelination resulting in clinical recovery. The
exact mechanism(s) by which MSC-NPs exert clinical benefit requires
further investigation, however the correlation with increased nestin-
positive progenitors suggests a possible trophic effect. The potential
trophic effects of circulating MSC-NPs may be short-lived in the CSF
as cells die over time. Thus, repeated administration of cells would
be required to sustain these effects.

Nestin-expressing multipotent progenitor cells in the adult CNS are
increased in response to various types of injury [12-14,25], although
the fate of nestin positive cells in the CNS and their exact contribution
to repair remain unclear. Previous EAE studies have found nestin ex-
pression in astrocytes and ependymal cells in EAE lesions [26,27].
Nestin expression inactivated astrocytes may contribute to the neuro-
protective function as a consequence of embryonic reversion of the
mature glial cytoskeleton accompanied by expression of still unknown
neuroprotective factors [14,28]. In our EAE study, the pattern of nestin
expression only partially overlapped with GFAP expression, and, unlike
nestin, there was no apparent correlation between MSC-NP injections
and GFAP expression. Further investigation will be required in order

to elucidate the exact nature of nestin expressing cells during EAE and
whether or not they represent a subpopulation of activated astrocytes.
Nevertheless, our results that MSC-NP-injections correlate with in-
creased areas with nestin expression suggest that the recruitment or in-
duction of endogenous nestin expression may confer some kind of
neuroprotection, possibly through a bystander mechanism mediated
by MSC-NPs. These results suggest that one possible mechanism for
the therapeutic efficacy of MSC-NPs is to increase the rate of CNS repair
through the recruitment of nestin positive progenitor cells in the spinal
cord in EAE.

In our approach, we selected the intrathecal route of administra-
tion as a means to deliver a significant number of cells to multi-
focal lesion areas in the CNS in order to better target repair mecha-
nisms in a progressive MS patient population who is likely to be
refractory to peripheral immunomodulatory agents. Previous studies
which administered MSCs intravenously into EAE mice found only a
small fraction of MSCs infiltrating into inflamed areas in the CNS,
where they might directly influence repair mechanisms in the lesion
[29-32]. In our study, we observed dissemination of MSC-NPs
throughout the brain and spinal cord, where cells were primarily as-
sociated with the meninges near inflammatory foci, along with some
migration into the parenchyma. We did not observe any cellular
masses such as those recently reported following intracerebroventri-
cular transplantation of MSCs [33]. Overall, the intrathecal application
of MSC-NPs was well tolerated in mice with EAE. Similarly in humans
with MS, previous clinical experience with intrathecal MSCs demon-
strated that intrathecal administration is well tolerated at human
dose equivalents to our EAE study [34-36].

Our preclinical studies using an experimental model of MS help
establish the basis for future clinical studies using multiple doses of
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MSC-NPs administered intrathecally. Whether the effects of MSC-NPs
seen in EAE pertaining to disease pathology, immunomodulation, and
host progenitor cell response will be seen in patients in MS remains to
be established.

Supplementary materials related to this article can be found
online at doi:10.1016/j.jns.2011.08.036.
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