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Abstract

To determine the potential for using stem cells in the treatment of ischemic injuries of the central nervous sys-
tem, clinically relevant experiments were performed administering human adult adherent bone marrow derived
stem cells into a rat model of ischemic stroke. Variables such as the requirement for inmunosuppression, route
of cell administration, window for therapeutic benefit and optimal cell dosage have all been examined in a series
of relevant translational experiments in animals undergoing middle cerebral artery ligation stroke injury. Animals
were tested for improvements in locomotor and neurological function at time points as late as 6 months post-cell
transplantation and demonstrated sustained statistically significant benefit from a single dose of cells. Following
sacrifice, immunohistochemistry was performed on tissues to determine stem cell engraftment and fate, as well
as neuroprotection of endogenous tissue at the sites of ischemic injury. The results indicate locomotor and neu-
rological improvement correlates with improved neuroprotection and limited retention of the transplanted stem
cells, with limited neuronal fate. The observed benefit occurs in a cell dosage dependent fashion suggesting a
pharmacological role for the cells when administered intravenously in these injury models.
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1. Introduction

The treatment of stroke in adults represents a current
unmet medical condition of significance in the United
States and abroad. Stroke is the third leading cause
of death and the leading cause for disability in the
United States. There is currently only one therapy for
treating stroke (recombinant tissue plasminogen acti-
vator), and even this approved therapy is limited by
its narrow window of therapeutic efficacy. No cell-
based therapeutics are currently on the market for
treating stroke, which had an estimated cost of over
$68.9 hillion dollars to patients in both direct and indi-
rect costs in the United States alone in 2009 (Lloyd-
Jones et al. 2009). Pre-clinical animal studies point to
benefit derived from transplanted stem cells following
ischemic injury in the CNS (Chen et al. 2001c; Chen
et al. 2003b; Li and Chopp 2009; Ohtaki et al. 2008;
Shyu et al. 2006; Yasuhara et al. 2008; Yasuhara et
al. 2006b; Zhao et al. 2002), in the heart (reviewed in
(Charwat et al. 2008; Ting et al. 2008)), the peripher-
al vasculature (Aranguren et al. 2008) and other in-
flammatory injury models (Aggarwal and Pittenger
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2005; Kovacsovics-Bankowski et al. 2008; Kovacsov-
ics-Bankowski et al. 2009).

It was recently demonstrated that the intravenous (IV)
administration of multipotent adult progenitor cells
(MAPC) provided equivalent recovery as cells in-
jected directly into the brain of animals having under-
gone surgically induced neonatal hypoxic-ischemic
(H1) injury, as measured by behavioral improvements
and reduction in ischemic cell loss (Yasuhara et al.
2008). This finding supports the hypothesis for using
MAPC, a unique allogeneic adult stem type, in treat-
ment of individuals suffering an ischemic brain injury.
In an effort to bring this therapy to the clinic, a set of
clinically relevant optimization experiments using
MultiStem®, a proprietary human adult stem cell
product isolated, grown and expanded under MAPC
conditions, was performed to treat rats that had un-
dergone surgically induced ischemic stroke injuries.
The purpose of this study was to compare the beha-
vioral benefits of these cells in the presence or the
absence of immunosuppressive agents, to determine
the optimal route of administration of the cells, to un-
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derstand the time course of benefit for cell adminis-
tration and to determine the optimal dose level for
demonstrating efficacy for recovery. All experiments
performed in the study were focused on effectively
translating the observed therapeutic benefit of these
cells in animal studies towards a clinical setting for
treatment of patients suffering an ischemic stroke.

2. Methods
2.1. Animals and ischemic stroke surgical procedures

All animals were handled under Medical College of
Georgia (MCG) ACORP protocol #0205-001, and
animal sacrifice, tissue harvest, fixation and immuno-
histochemistry performed at MCG. Adult, male Spra-
gue Dawley rats were used in all procedures. Prior to
stroke surgery, none of the animals differed in their
motor and neurologic performance (baseline). After
stroke, animals that reached the pre-set criterion
of >75% biased swing activity in elevated body swing
test (EBST) and >2.5 neurologic deficit score in Be-
derson test were included for subsequent transplant
experiments (post-stroke).

All surgical procedures were conducted under aseptic
conditions. The animals were anesthetized with equi-
thesin (300 mg/kg, i.p.) and checked for pain reflex-
es. Under deep anesthesia, animals underwent the
Middle Cerebral Artery (MCA) ligation surgery. The
MCA ligation technique involved identifying and iso-
lating the bilateral common carotid arteries (CCA)
through a ventral midline cervical incision. The CCA
were ligated with non-traumatic arterial clips. A cra-
niotomy of ~2 x 2 mm? was made in the right squa-
mosal bone. The right MCA distal to the lenticulo-
striate branches was ligated for one hour with a 10-O
suture; thereafter the suture was removed and reper-
fusion ensued. The craniotomy was then covered
with gelfoam. A heating pad and a rectal thermometer
allowed maintenance of body temperature at normal
limits. Laser Doppler measurements were used to
verify arterial ligation, with the Doppler probe placed
at the distal end of the MCA to measure cerebral
blood flow before, during and after occlusion. A de-
crease of >80% of blood flow compared to baseline
was used to describe successful occlusion, with suc-
cessful reperfusion described as >50% of baseline.
Only animals who successfully achieved >80% oc-
clusion and >50% reperfusion were utilized in the
study. This surgical model has been used successful-
ly in previously published rat stroke studies (Chiang
et al. 1999; Wang et al. 2001).

2.2. Cell preparation

MultiStem used in this study were banked and vali-
dated at Athersys, Inc. Cells (rat and human) were
shipped to MCG on dry ice and stored in liquid nitro-
gen until reconstituted for the experiments. Frozen

vials containing the required numbers of MultiStem
were removed from the liquid nitrogen freezer. The
vial information was recorded and vials were thawed
in a 37°C water bath. Once the ice crystals disap-
peared from the vials, they were removed from the
water bath and placed into a biological safety cabinet.
Each vial was rinsed with 70% ethanol and wiped
with a sterile kimwipe. The contents of the vial were
transferred to a 15 mL conical centrifuge tube. 10 mL
of pre-warmed media was added to the centrifuge
tube that contained the cells. The tube was then cen-
trifuged at 500xg for 5 minutes at room temperature.
The supernatant was removed from the tube and the
pellet re-suspended in media for cell counting. After
cell counting, the tube was centrifuged at 500xg for 5
minutes at room temperature. The supernatant was
aspirated and the cell pellet was re-suspended in
PBS to cell concentrations meeting the dose re-
quirements for the experiment.

2.3. MultiStem transplantation (IC and 1V)

All surgical procedures were conducted under aseptic
conditions. Under equithesin (3 ml/kg i.p.) anesthesia
(animals checked for pain reflexes), the animals were
implanted with MultiStem either directly into the stria-
tum (0.5 mm anterior to bregma, 2.8 mm lateral to
midline and 5.0 mm below the dural surface) using a
28-gauge implantation cannula (Borlongan et al.
1998c; Borlongan et al. 1998d). Cells were thawed
just prior to transplantation surgery as described in
section 4.2 above. Viability cell counts, using Trypan
Blue exclusion method, were conducted prior to
transplantation and immediately after the transplanta-
tion on the last animal recipient to demonstrate cells
were still >80% viable. The cell dosages described
refer to number of viable cells. Transplantation sur-
gery was carried out within 2 hours after thawing the
cells. The infusion rate of the cells into the animals
was 1 ul of cell solution per minute. Total volume in-
fused was 3 pl per animal. Following infusion, a 3-
minute absorption period was allowed before the
needle was retracted. A heating pad and a rectal
thermometer were used to maintain body tempera-
ture at 37°C throughout surgery and following recov-
ery from anesthesia.

For IV infusion, following equithesin (3 ml/kg i.p.)
anesthesia (animals checked for pain reflexes), ani-
mals received transplantation directly into the ex-
posed jugular vein in a total volume of 50 ul of PBS
over an infusion period of 10 minutes. A heating pad
and a rectal thermometer were used to maintain body
temperature at 37°C throughout surgery and following
recovery from anesthesia. Transplantation was car-
ried out within 2 hours after thawing the cells regard-
less of the route of administration.

2.4. Locomotor and neurological testing
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All animal observers were blinded to the treatment of
the animal at the time of evaluation. Animals were
subjected to the elevated body swing test (EBST)
and a 4-point neurological exam called the Bederson
test. These tests have been shown to be sensitive
assays of motor/sensory deficits produced by unila-
teral stroke surgery (Borlongan et al. 1998a; Borlon-
gan and Sanberg 1995; Borlongan et al. 1998b; Bor-
longan et al. 1998d). The EBST involves handling the
animal by its tail and recording the direction of the
swings. The test apparatus consisted of a clear Plex-
iglas box (40 x 40 x 35.5 cm). The animal was gently
picked up at the base of the tail, and elevated by the
tail until the animal's nose is at a height of 2 inches (5
cm) above the surface of the box. The direction of the
swing, either left or right, was counted once the ani-
mals head moved sideways approximately 10 de-
grees from the midline position of the body. After a
single swing, the animal was placed back in the Plex-
iglas box and allowed to move freely for 30 seconds
prior to retesting. These steps are repeated 20 times
for each animal. Normally, intact rats display a 50%
swing bias, that is, the same number of swings to the
left and to the right. A 75% swing bias would indicate
15 swings in one direction and 5 in the other during
20 trials. Previously the EBST has been demonstrat-
ed to be an effective tool in demonstrating stable
asymmetric deficits in lesioned animals for up to six
months (Borlongan and Sanberg 1995).

One hour after the EBST, a neurological exam called
the Bederson Test was conducted following proce-
dures previously described (Altumbabic et al. 1998;
Bederson et al. 1986). The neurological score for
each rat was obtained using 4 tests which include (1)
observation of spontaneous ipsilateral circling, graded
from 0 (no circling) to 3 (continuous circling); (2) con-
tralateral hindlimb retraction, which measures the
ability of the animal to replace the hindlimb after it is
displaced laterally by 2 to 3 cm, graded from 0 (im-
mediate replacement) to 3 (replacement after minutes
or no replacement); (3) beam walking ability, graded
0 for a rat that readily traverses a 2.4-cm-wide, 80-
cm-long beam to 3 for a rat unable to stay on the
beam for 10 seconds; and (4) bilateral forepaw grasp,
which measured the ability to hold onto a 2-mm-
diameter steel rod, graded O for a rat with normal fo-
repaw grasping behavior to 3 for a rat unable to grasp
with the forepaws. The scores from all 4 tests, which
were performed over a period of about 15 minutes on
each assessment day, were added to give a neuro-
logical deficit score (maximum possible score, 12)
and then divided by 4 (the number of individual tasks)
to give an average neurological deficit for each ani-
mal.

2.5. Immunohistochemical and histological analyses

At the conclusion of in life testing, animals were sacri-
ficed for histology and immunohistochemistry. Some
slices were processed using hematoxylin and eosin
(H&E) and Nissl staining of brain sections. Alternate
slices of tissues were processed using standard ABC
methods using modified procedures. Briefly, 20 pm
cryostat sectioned tissues were examined at 4X
magnification and digitized using a PC-based Image
Tools computer program. Brain sections were blind-
coded and Abercrombie’s formula was used to calcu-
late the total number of immuno-positive cells. This
formula allows for a downward correction of stained
cells normally associated with observer bias. The
Borlongan laboratory routinely performed such quan-
tification of quantifying transplanted cells (Borlongan
et al. 2000; Borlongan et al. 2001).

2.6. Statistical analyses

Using power calculations [(1-Beta) 0.80] with alpha
set at 0.05, the number of animals indicated generat-
ed the minimum number of data sets necessary to
run statistical analyses. The behavioral scores (EBST
and Bederson Test) and graft survival (Abercrombie
corrected) were analyzed with One-way ANOVA.
Pairwise comparisons were made between treatment
groups by Protected Fisher's LSD. The level of signi-
ficance was set at p< 0.05.

2.7. Experimental designs
2.7.1 Immunosuppression experiment

Thirty-five Sprague Dawley (SD) rats underwent mid-
dle cerebral artery (MCA) ligation surgery to induce a
surgical stroke in the animals. Seven days after the
induction of stroke, animals were randomized into
five cohorts of seven animals each, with each cohort
receiving direct intra-cerebral administration of one of
the following treatments: 1) 3 pl injection of PBS con-
taining 400,000 allogeneic rat MAPC with no immu-
nosuppression, 2) 3 ul injection of PBS containing
400,000 allogeneic rat MAPC with immunosuppres-
sive treatment (CsA, 1 mg/kg, intraperotineal), 3) 3 pl
injection of PBS containing 400,000 human xeno-
geneic MultiStem with no immunosuppression, 4) 3 ul
injection of PBS containing 400,000 xenogeneic hu-
man MultiStem with immunosuppressive treatment
(CsA, 1 mg/kg, i.p.), 5) 3 pl injection of PBS contain-
ing 400,000 irradiated, non-viable xenogeneic human
MultiStem with immunosuppressive treatment (CsA,
1 mg/kg, i.p.). At 14 days after cell transplantation,
and every 14 days thereafter for 8 weeks, each ani-
mal underwent an EBST and Bederson Test to de-
termine locomotor and neurological function.

2.7.2 Route of administration experiment

Forty-two SD rats underwent middle cerebral artery
(MCA) ligation surgery to induce a surgical stroke in
the animals. Seven days after the induction of stroke,
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animals were randomized into six cohorts of seven
animals each, with each cohort receiving intravenous
administration of one of the following treatments: 1)
400,000 human MultiStem with immunosuppressive
treatment (CsA, 1mg/kg, intraperotineal), 2) 400,000
human MultiStem with no immunosuppression, 3) 1
Million human MultiStem with immunosuppressive
treatment (CsA, 1mg/kg, i.p.) 4) 1 Million human Mul-
tiStem with no immunosuppressive treatment 5) 1
Million irradiated, non-viable human MultiStem with
immunosuppressive treatment (CsA, 1 mg/kg, intra-
perotineal), or 6) 1 Million irradiated, non-viable hu-
man MultiStem with no immunosuppressive treat-
ment. At 14 days after cell transplantation, and every
14 days thereafter for 8 weeks, each animal under-
went an EBST and Bederson Test to determine lo-
comotor and neurological function.

2.7.3 Window of therapeutic benefit experiment

Twenty-Eight SD rats underwent middle cerebral ar-
tery MCA ligation surgery to induce a surgical stroke
in the animals. The animals were randomized into
four groups of seven animals each, with each group
receiving intravenous administration of 1 Million Xe-
nogeneic MultiStem. No immunosuppression was
used on any animals in this experiment. Group 1 an-
imals received cells 1 day after induction of ischemic
stroke, Group 2 animals received cells 2 days after
induction of ischemic stroke, Group 3 animals re-
ceived cells on Day 7 after induction of ischemic
stroke, and Group 4 animals received 1 Million non-
viable irradiated cells on Day 7 after induction of
ischemic stroke. At 14 days post cell transplantation,
and every 14 days thereafter for 8 weeks, each ani-
mal underwent an EBST and Bederson Test to de-
termine locomotor and neurological function. Animals
were sacrificed after testing on day 56 post-
transplantation and brains were harvested, fixed and
then stained for analysis by immunohistochemistry
and microscopic analyis to determine MultiStem en-
graftment or Nissl staining to determine endogenous
neuronal protection.

2.7.4 Dose escalation experiment

Forty-nine Sprague-Dawley rats underwent a surgical
ligation of the distal middle cerebral artery to induce
an ischemic stroke in the cortex of the animal. 2 days
post-injury animals were randomly assigned to one of
7 groups. All cells were transplanted via intravenous
administration into the jugular vein. No animals re-
ceived immunosuppression at any point in the study.
Rats received either 1 million irradiated non-viable
MultiStem as a negative control, 400,000, 1 million, 2
million, 4 million, 10 million or 20 million xenogeneic
human MultiStem. All of the animals were evaluated
for locomotor performance and neurological deficits
using the EBST and the composite Bederson test,

respectively on day 14 post-cell transplantation and
then every other 14 days afterwards throughout the
“in life” portion of the study. Following testing on day
84 post-transplantation, animals were sacrificed and
evaluations of transplanted cell persistence, and en-
dogenous neuroprotection were performed using im-
munohistochemistry and microscopy techniques.

3. Results
3.1 Requirement for immunosuppression

As shown in Figure 1 and Figure 2, regardless of
whether xenogeneic or allogeneic cells are trans-
planted or whether CsA is used, animals receiving
administration of the stem cells show sustained and
statistically significant improvements in both the tests.
These data demonstrate that immunosuppression is
not required in conjunction with MultiStem as a the-
rapeutic, and that cells transplanted 7 days after
ischemic stroke injury provide sustained (8-week)
and statistically significant benefit.

3.2. Route of administration

As shown in Figure 3, locomotor benefit is dose de-
pendent as only animals infused IV with 1 Million
cells show any sustained improvement versus non-
viable control cells. However, significant neurological
benefit is observed at doses of both 400,000 and 1
Million transplanted cells, although there is a trend of
animals treated with 400,000 cells to show a decline
in recovery over the 56 day time period. Animals
treated at a dose of 1 Million cells show sustained
and statistically significant improvement in both tests
over the entire 8 week time course of the study. Al-
though only the animals receiving cells in the ab-
sence of immunosuppression are illustrated in Figure
3, there was no difference between animals that did
or did not receive CsA in either the EBST or Beder-
son tests (data not shown).

3.3. Window of therapeutic benefit

Evaluation of locomotor and neurological skills in rats
receiving 1 Million xenogeneic MultiStem Intra-
venous at different times after induction of ischemic
stroke. There is a sustained and statistically signifi-
cant improvement in all groups receiving 1 Million
viable MultiStem regardless of when the cells are
delivered as demonstrated in both locomotor and
neurological tests, compared to the non-viable control
(Figure 4). There was no statistical difference be-
tween the different experimental groups when com-
paring the EBST and Bederson test results. These
data demonstrate that IV administration of MultiStem
can provide benefit in ischemic brain injuries when
administered in a window from 1 to 7 days following
the injury.
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Figure 1: Xenogeneic and allogeneic MultiStem promote sustained and statistically significant lo-
comotor recovery following ischemic stroke in rats. Rats underwent a distal middle cerebral artery liga-
tion surgery to induce a focal ischemic stroke. 7 days after induction of the stroke injury, rats were randomly
placed into one of 5 treatment groups. Eight animals per group received either 400,000 allogeneic rat Mul-
tiStem via intracranial injection with or without Cyclosporine A treatment (CsA) or 400,000 xenogeneic hu-
man MultiStem cells with or without Cyclosporine A treatment. 400,000 irradiated non-viable human MultiS-
tem were transplanted into the negative control animals. The Elevated Body Swing Test (EBST) was per-
formed to demonstrate locomotor outcomes every 14 days post-transplantation for 8 weeks. The asterisks
indicate a significant difference between the negative control treatment group and the MultiStem experimen-
tal groups (One-Way ANOVA, p< 0.05; Fisher’'s PLSD, p< 0.05).
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Figure 2: Transplanted allogeneic and xenogeneic MultiStem cells provide sustained and significant
neurological benefit in rat model of stroke without requirement for immunosuppression.__Rats un-
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derwent a distal middle cerebral artery ligation surgery to induce a focal ischemic stroke. 7 days after induc-
tion of the stroke injury, rats were randomly placed into one of 5 treatment groups. Eight animals per group
received either 400,000 allogeneic rat MultiStem via intracranial injection with or without Cyclosporine A
treatment (CsA) or 400,000 xenogeneic human MultiStem cells with or without Cyclosporine A treatment.
400,000 irradiated non-viable human MultiStem were transplanted into the negative control animals. Beha-
vioral tests (Bederson composite tests) for neurological functions were conducted every 14 days post-
transplantation for 8 weeks. The asterisks indicate a significant difference between the negative control

treatment group and the MultiStem experimental groups (One-Way ANOVA, p< 0.05; Fisher’s PLSD, p<
0.05).
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Figure 3: IV transplanted xenogeneic MultiStem cells provide motor and neurological benefit in rat
mcal model of stroke. Rats which had undergone the MCAL surgically induced stroke, received 400K Mul-
tiStem 7-days post injury (blue bars), 1 Million MultiStem 7-days post injury (red bars) or 1 Million irradiated
non-viable MultiStem 7 days post-injury (yellow bars) via direct IV infusion into the jugular vein. Animals
were then subjected to EBST measurements or Bederson testing every 14 days after cell transplantation for
8 weeks. The asterisk indicates where animals that received MultiStem showed a significant (p<0.05) im-
provement over the negative control treated animal group (One-Way ANOVA, p< 0.05; Fisher's PLSD, p<
0.05). All data in this figure were from animals which received no immunosuppression.
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Figure 4: Transplanted xenogeneic MultiStem cells provide sustained and statistically significant
motor and neurological benefit in rat mcal model of stroke when delivered 1, 2 or 7 days post-injury.
Rats which had undergone surgical MCAL induced stroke, received 1 million MultiStem intravenously 1-day
post-injury (blue bars), 2-days post-injury (red bars), 7-days post-injury (green bars) or 1 million irradiated
non-viable MultiStem cells 7 days post-injury (pink bars). Animals were then subjected to EBST measure-
ments or Bederson testing every 14 days after cell transplantation. The asterisks indicate that the animal
groups that received xenogeneic MultiStem (Days 1, 2 and 7) all showed a significant (p<0.05) improve-
ment over the control group (One-Way ANOVA, p< 0.05; Fisher's PLSD, p< 0.05). There was no statistical
difference between cell treated animal groups at any time point
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Figure 5: Temporal reduction in endogenous neuronal cell loss following iv infusion of MultiStem in-
to rats suffering ischemic stroke. Following behavioral testing on Day 56 post-MultiStem infusion, ani-
mals that had undergone a surgical MCAL induced ischemic stroke were sacrificed and brain section were
Nissl stained to compare endogenous neuronal viability of engrafted animals receiving cells at different
times after stroke. Viable cells per field were counted and compared to the counts from the uninjured con-
tralateral field on the same section (Uninjured contralateral cell counts set to 100%). Data demonstrates
statistically significant protection of neurons in the penumbral region following MultiStem transplantation.
Asterisks indicate statistical significance at p<0.05 versus other groups (One-Way ANOVA, p< 0.05; Fish-
er's PLSD, p< 0.05).
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Figure 6. Dose dependent improvement in locomotor testing following IV administration of human
MultiStem in rat mcal model of stroke. Rats which had undergone MCAL surgically induced stroke, re-
ceived the indicated dose of human MultiStem 2-days post-injury. Animals were then subjected to EBST
measurements every 14 days after cell transplantation for 12 weeks. The asterisks indicate the animal
groups that showed a significant (p<0.05) improvement over the control group (One-Way ANOVA, p< 0.05;
Fisher's PLSD, p< 0.05). Behavioral tests for locomotor function were conducted prior to surgery
(BASELINE), after stroke surgery and recovery but prior to cell administration (POST-STROKE) for refer-
ence.
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Figure 7. Dose dependent improvement in neurological testing in rats following IV administration of
MultiStem in rat mcal model of stroke. Rats which had undergone MCAL surgically induced stroke, re-
ceived the indicated dose of human MultiStem 2-days post-injury. Animals were then subjected to Bederson
Composite Testing every 14 days after cell transplantation for 12 weeks. All dosage groups at all time
points showed a statistically significant (p<0.05) improvement over the control group (One-Way ANOVA, p<
0.05; Fisher's PLSD, p< 0.05). Testing for neurological functio were conducted prior to surgery (BASELINE),
after stroke surgery and recovery but prior to cell administration (POST-STROKE) for reference.

Histological analysis of MultiStem engraftment in
ischemic stroke rat brain following IV Infusion at 1, 2
and 7 days post-injury. Following the last behavioral
testing at day 56 for each group, animals were sacri-
ficed and the brains were harvested. Semi-thin sec-
tions of paraffin embedded tissue were stained with
DAPI to visualize all cell nuclei and mouse anti-HuNu
(human nuclei) polyclonal antibodies, followed by
FITC-conjugated goat anti-mouse monoclonal anti-
bodies to stain engrafted human MultiStem. The total
number of engrafted cells counted was then calcu-
lated as a percentage of total number of cells infused
per animal (data not shown). Although not statistically
significant there is a trend showing that the earlier the
cells were infused after injury, the fewer viable en-
grafted cells remain. One day after injury had an av-
erage of 0.75% engraftment, 2 days after injury had
an average of 1.1% engrafted cells while infusion 7
days after injury had 1.27% viable engrafted cells.
These data suggest that the hostile inflammatory en-
vironment present near the ischemic injury after
stroke may be less favorable for engraftment and
long term survival of the infused MultiStem.

Earlier Infusion of MultiStem promotes ilncreased
endogenous neuronal protection following stroke. In
addition to determining the level of graft survival
present in the ischemic brain at day 56 post cell infu-
sion, alternate sections were Nissl stained to deter-
mine the level of endogenous neuronal viability.
There was a statistically significant decrease in en-
dogenous neuronal death the earlier the MultiStem
were infused (Figure 5). There was a statistical dif-
ference between viable neurons in animals receiving
MultiStem on Day 1 vs. Day 2 after stroke, as well as
statistical significance between animals receiving
cells on Day 1 vs. Day 7. These results suggest that
the earlier cells are delivered following an ischemic
event, the more benefit the cells may be able to exert
in protecting endogenous neurons and the peri-infarct
region.

3.4. Dose escalation

Evaluation of locomotor and neurological skills in rats
receiving different doses of xenogeneic MultiStem

after induction of ischemic stroke. Transplantation
with human MultiStem resulted in a significant

(p<0.05) improvement over control for EBST locomo-
tion and Bederson neurological function. It is clear
that there is a dose response effect of MultiStem,
with increasing effectiveness at higher doses. This
effect began 14 days post-transplant and was main-
tained through Day 84. The magnitude of the im-
provement was rapid as evidenced in the lower dos-
es increasing from 400k to about 4 million cells, sub-
sequently the rate of improvement slowed and
tended to plateau for the 10 and 20 million cell doses.
These results are presented graphically for the EBST
(Figure 6) and Bederson composite (Figure 7).

4. Discussion

Over the past decade, a number of different adult
stem cell types have been isolated and subsequently
tested in pre-clinical models of ischemic brain injury
or stroke with encouraging results (Chen et al. 2001a;
Chen et al. 2003b; Li and Chopp 2009; Ohtaki et al.
2008; Shyu et al. 2006; Yasuhara et al. 2006b; Zhao
et al. 2002). Much of the early pre-clinical work per-
formed by Chopp and colleagues used marrow de-
rived stromal cells. Reports demonstrated that trans-
plantation of marrow derived stromal cells improve
functional outcome in a dose-response fashion in
rodent middle cerebral artery occlusion models when
given intracerebrally, intra-arterially, or intravenously
(Chen et al. 2001a; Chen et al. 2001b; Li et al. 2001).
Intravenous transplantation is effective at improving
functional outcome even when given as late as one
month after the insult (Shen et al. 2007). There was
no reduction of infarct size; instead a neurorestora-
tive effect was observed with increases in angioge-
nesis, neurogenesis and synaptogenesis in the mar-
row stromal cell-treated groups (Chen et al. 2003a;
Chen et al. 2003b).

MultiStem®, a proprietary stem cell product,
represents a unique population of adherent bone
marrow derived cells and testing and validation in
pre-clinical models of injury and disease must be
confirmed independently from other bone marrow
derived stem and stromal cells from which MultiStem
has separate and distinct biology (Boozer et al. 2009).
MultiStem is being developed for the treatment of
multiple disease indications, and the Food and Drug
Administration has already allowed use of this cell
product in Phase I clinical trials including treatment of
acute myocardial infarct and prophylaxis against graft
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vs. host disease, and these trials are currently enrol-
ling patients. It has previously been demonstrated
that these cells are effective in a neonatal rat model
of hypoxic-ischemic brain injury (Yasuhara et al. 2008;
Yasuhara et al. 2006a; Yasuhara et al. 2006b). In an
effort to determine whether MultiStem is effective in
treatment of ischemic stroke, a series of translational-
ly relevant experiments were undertaken paralleling
previous work performed with marrow derived strom-
al cells.

The results indicate that immunosuppression is not
required for MultiStem to provide benefit in a rat
model of ischemic stroke when delivered intra-
cranially (Figures 1 and 2). The benefit is sustained
and significant through the entire in life portion of the
experiments, as measured by the EBST and compo-
site Bederson testing. MultiStem has previously been
shown to have minimal immunogenicity, allowing it to
be used “off-the-shelf” without tissue matching or the
need for immunosuppresion in providing benefit in a
graft vs. host injury model (Kovacsovics-Bankowski
et al. 2008), and the results of the current study sup-
port this biological feature of these cells.

In order to find a more a “clinically practical” route of
administration compared to our initial intra-cranial
delivery experiments, the efficacy of intravenous deli-
very of MultiStem over a limited dose range was
compared in the rat surgical stroke model. Validation
of such a minimally invasive delivery route would ob-
viate the need for direct transplantation of the cells
into the brain, thereby eliminating the need for a neu-
rosurgical component in the clinic. Since therapeutic
benefits were observed with an intracranial dose of
400,000 delivered cells, this dose was used as refer-
ence for our comparative 1V studies. Intravenous in-
fusion of 400,000 MultiStem produced partial benefits
detected only in Bederson test, whereas the 1 million
cell dose promoted more robust and stable behavior-
al recovery than controls in both tests (Figure 3). The
benefits demonstrated by the 400,000 cell dose in the
Bederson test, although significant at all time points
tested, showed a trend towards loss of a sustained
benefit as a function of time over the course of testing.
This partial study also showed that immunosuppres-
sion is not required to produce benefits in an intra-
venous delivery paradigm as well. These findings
support previously published reports demonstrating
the efficacy in outcomes following intravenous admin-
istration of marrow stromal cells (Chen et al. 2001b)
or umbilical cord blood stem cells (Chen et al. 2001c)
in rat models of stroke. It has also been reported that
intravenous administration of cord blood was more
effective than intra-striatal administration in producing
functional benefit following stroke in rats (Willing et al.
2003).

In view of the fact that 400,000 intravenously admi-
nistered MultiStem resulted in producing only partial
benefits, which appear to wane over time, when
compared to 1 million cells, attempts were made to
resolve this unstable functional recovery in two ways:
by performing a more extensive dose ranging for the
intravenously administered stem cells, as well as by
understanding the time course of functional benefit
for administering cells post-stroke. The theoretical
rationale for early transplantation is based on the rap-
id deterioration of the brain after stroke, suggesting
that immediate intervention is likely to provide relief
and halt the disease progression. Subsequently, a
new cohort of adult rats underwent the same stroke-
transplant paradigm, with modification of the timing of
intravenous MultiStem treatment by transplanting
animals at day 1, 2 or 7 post-stroke or with irra-
diated non-viable MultiStem as a negative control at
day 7 post-stroke. A one million cell dose was deli-
vered intravenously in order to test the hypothesis
that if early timing was effective, then it should en-
hance the functional effects comparable to higher
doses of cells, as well as the fact that this dosage
had demonstrated a sustained statistically significant
benefit in the previous study. Regardless of timing,
intravenous administration at days 1, 2 or 7 post-
stroke resulted in a similar degree of behavioral re-
covery compared to controls, which was sustained up
to 2 months post-transplant (Figure 4). However,
histological examination revealed that day 1 delivery
led to better protection of at risk cells in the peri-
infarct region (>80% of intact) than day 2 or 7 (75%
and 60% of intact; p’s < 0.05; Figure 5). As alluded
to in section 3.3 above, histological staining of alter-
nate sections for the presence of engrafted MultiStem
illustrates an inverse relationship between viable rat
neurons and engrafted MultiStem. The earlier the
MultiStem cells are administered, fewer MultiStem
cells are detectable at Day 56 post-infusion, however
the greater the level of host neuronal protection. Fur-
thermore, preliminary unpublished shorter term (i.e.
1-7 day) studies suggest that the majority of MultiS-
tem are cleared from the injury site within 48-72
hours. These data suggest that the therapeutic bene-
fit MultiStem provides in this rodent model of stroke is
unlikely to be from direct neuroreplacement. The po-
tential mechanisms that may explain the observed
neuroprotection are being actively pursued, with hy-
potheses that multiple trophic factors and down-
stream signaling pathways may be implicated.

One possible pathway through which MutliStem may
provide survival benefit is through the Akt pathway.
Although, the direct role of Akt pathway involvement
by MultiStem following stroke remains to be demon-
strated, it is interesting to note that both VEGF and
BDNF, growth factors demonstrated to be expressed
by MultiStem at the transcriptional (Hamilton, unpub-
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lished results) and protein levels (van't Hof, unpub-
lished results) in vitro, have been cited to activate Akt
and provide neuroprotection following ischemic injury
in vivo (Han and Holtzman 2000; Kilic et al. 2006).
Similar trophic factor cascades and neuroprotective
mechanisms have been proposed for the benefits
conferred by infused marrow stromal cells in pre-
viously published rodent stroke studies (Chopp and Li
2002).

To more thoroughly understand the dose response
following intravenous MultiStem administration in a
stroke injury model, an extensive dose ranging expe-
riment was performed in groups of stroke injured rats.
Data from both locomotor and neurological tests illu-
strate that there is a dose dependent improvement in
outcomes up to the 4 million cell dosage, at which
point no further significant improvement is exhibited
despite increases in intravenous administered cells
up to 20 million total infused cells (Figures 6 and 7).
The data supports the hypothesis that intravenous
administered MultiStem provide a “pharmacologic”-
like effect that plateaus at higher cell dosages sug-
gesting that at least some aspect of the benefit that
the cells provide can be saturated above which no
additional cells effect additional biological benefit.

It is proposed that MultiStem must be producing pro-
teins or trophic modulators that are involved in one or
more of the following biological processes: (1) over-
riding the basic processes of neuronal cell decline
and death caused by the ischemic injury (limited oxy-
gen, nutrients), (2) intervening in the neuro-
inflammatory  process, (3) stimulating neo-
angiogenesis and improving circulation to the
ischemic tissue, and/or (4) contributing indirectly to
endogenous tissue regeneration, i.e. causing the re-
cruitment or production of new endogenous cells to
replace damaged cells. It is important therefore to
identify and evaluate candidates produced by MultiS-
tem or affected by the presence of MultiStem which
may participate in these processes using techniques
such as proteomic and genomic analysis.

Cell therapy for stroke represents an important para-
digm in treatment of acute ischemic injury, in the con-
text of a multi-modality approach to ischemic injury
(Stem Cell Therapies as an Emerging Paradigm in
Stroke (STEPS): bridging basic and clinical science
for cellular and neurogenic factor therapy in treating
stroke 2009). Given the failure of many single modali-
ty drugs, it is important to assess this new approach
in the translational setting. The FDA recently granted
approval to initiate a Phase | safety evaluation for
MultiStem infusion at day 2 following ischemic stroke.
That clinical study as well as the evaluation of bone
marrow mononuclear cells (Savitz 2009) or gene
modified neuronal stem cells (Stroemer et al. 2009)

will comprise an important translational dataset to
resolve this important unmet clinical need.
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