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Abstract

Background—There are no effective treatments that slow the progression of neurodegenerative
diseases. A major challenge of treatment in neurodegenerative diseases is appropriate delivery of
pharmaceuticals into the cerebrospinal fluid (CSF) of affected individuals. Mesenchymal stromal
cells (MSCs — either naive or modified) are a promising therapy in neurodegenerative diseases and
may be delivered directly into the CSF where they can reside for months. In this preclinical study,
we evaluated the safety of intrathecal autologous MSCs in a rabbit model.

Methods—Autologous adipose-derived MSCs (or a-CSF) were delivered intrathecally, either
with single or repeated injections into the foramen magnum of healthy rabbits, and monitored for
4 and 12 weeks, respectively.

Results—Rabhbits tolerated injections well and no definitive MSC-related side effects were
observed apart from three rabbits that had delayed death secondary to traumatic foramen magnum
puncture. Functional assessments and body weights were equivalent between groups. Gross
pathology and histology did not reveal any abnormalities or tumor growth. Complete blood count
(CBC) data were normal and there were no differences in CSF IL-6 levels in all groups tested.

Discussion—Our data suggest that intrathecal delivery of autologous MSCs is safe in a rabbit
model. Data from this study has supported two successful Investigational New Drug (IND)
applications to the FDA, resulting in the initiation of two clinical trials using autologous MSCs in
amyotrophic lateral sclerosis and multiple system atrophy.
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Introduction

Neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) and multiple
system atrophy cause significant morbidity and mortality and are increasing in incidence due
to the aging population. There are no effective therapies that alter the inexorable neuronal
loss in these devastating diseases. Autologous mesenchymal stromal cells (MSCs,
alternatively referred to as mesenchymal stem cells) shows promise as a therapy in
neurodegenerative diseases and may be delivered intrathecally, therefore bypassing the
blood-brain barrier. As part of the translation process to treat human disease, regulatory
agencies such as the FDA have required animal safety studies as described here that provide
insight into the systemic response to intrathecal autologous MSCs.

Proposed mechanisms of action for unmodified MSCs are either growth factor production or
modulation of the immune system.1~3 These mechanisms may explain their demonstrated
benefit in animal models of ALS 4, multiple system atrophy® multiple sclerosis 6.7,
Parkinson’s disease &, and stroke . Furthermore, MSCs may be modified to produce
pharmaceuticals (e.g. growth factors), thus transforming them into excellent candidates for a
cell-based drug delivery system that bypasses the blood-brain barrier 1011,

While most studies of MSCs in the central nervous system have not focused on safety,
available reports suggest there are no major side effects. In various animal models, groups
have demonstrated that MSCs may safely be injected into the spinal cord and brain of
normal or injured animals including mice 12, rats 13, and rhesus monkeys 14. It has been
shown that these cells may survive and reside in the cord for up to 3 months after injection,
and furthermore can migrate to the site of spinal cord injury 15-17,

Studies of MSCs in human nervous system diseases are limited. Of note, intrathecal
injection of autologous bone marrow-derived MSCs demonstrated safety in 25 patients with
either ALS or multiple sclerosis 8. A combined intrathecal and intravenous approach with
autologous MSCs has provided safety data and initial efficacy in MSA 19, MSCs or other
stem cell types have been injected directly into the spinal cord of ALS patients with
favorable safety reports 1921, Overall, these reports provide preliminary evidence of safe
applications of MSC delivery into humans.

We have been developing intrathecal delivery of adipose-derived autologous MSCs as an
experimental treatment for neurological degenerative diseases, and have active INDs and
IRB-approved studies in amyotrophic lateral sclerosis (IND 14788) and multiple system
atrophy (IND 15176). As part of the IND process, we had close discussions with the FDA
who required demonstration of safety in an animal model. We chose to study rabbits because
when compared to rats or mice, rabbits are phylogenetically, anatomically and
physiologically more analogous to humans. They are also large enough to monitor and
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assess physiological changes after injury 22. We now report rabbit adipose provides a source
of MSCs that can be isolated, expanded ex vivo, and safely injected back into the
subarachnoid space.

Materials and Methods

Animals

All animal experiments were carried out according to the guidelines approved by Mayo
Clinic Institutional Animal Care and Use Committee (IACUC). Rabbits were housed
according to National Institutes of Health (NIH) and U. S. Department of Agriculture
guidelines. All rabbits were held on a 12-hour light-dark cycle on a standard regimen, with
food and water ad libitum in conventional housing. Forty-six New Zealand White rabbits
(Harlan, Charles River Laboratories, Wilmington, Massachusetts; Harlan Laboratories,
Indianapolis, Indiana), both male and female weighing between 2-3kg, aged 3—-6 months,
were used in this study. The rabbits were kept for 4 (single cell injection group) and 12
weeks (single and repeated cell injection groups), respectively and then euthanized. All
rabbits were cared for with availability of experienced veterinarians and researchers.

Primary Culture of Rabbit Mesenchymal Stromal Cells

For adipose tissue harvesting, rabbits were first anesthetized with an intramuscular injection
of ketamine (35 mg/kg), xylazine (5 mg/kg) and acepromazine (2.3 mg/kg) 23. Next, the
back of animal was shaved and scrubbed with Betadine. Using a #10 scalpel, a 2-3 cm
incision through the skin was made in the dorso-medial line of rostro-dorsal region, and a
1X3 cm sample of adipose tissue was excised from the adipose panicles. The skin was
sutured with 3.0 vicryl 24,

After harvesting, the adipose tissue was fragmented and cut into small pieces, washed in
PBS supplemented with penicillin and streptomycin (1%), and transferred into sterile PBS
(Invitrogen). The tissue was washed by centrifugation three times, at 260g for 10 minutes,
before being transferred to an open 10cm petri dish in a lamina flow hood. Any discolored
tissue and excess vasculature were removed and the tissue diced with a combination of razor
blades and scissors. The tissue was re-suspended in 0.075% Collagenase (Worthington
Biochemical Corporation) in Hank’s buffer and returned to a 50ml falcon centrifuge tube,
and incubated at a 37°C water bath. The tube was inverted every 5 minutes for a period of
45 — 60 minutes, or until the contents of the tube appeared uniformly cloudy. The digested
tissue increased to a volume of 50ml with media containing Advanced MEM low glucose
(Invitrogen), 5% human platelet lysate (Mayo blood bank), 2 Units per ml Heparin (APP
Pharmaceuticals LLC, IL), and 2mM GlutaMAX (Invitrogen), and then centrifuged at 1100g
for 10 minutes. The supernatant was removed and the pellet was re-suspended in 10ml ACK
(Ammonium-Chloride-Potassium (K)) buffer (Mayo Blood Bank) and incubated at room
temperature for 5 —10 minutes before being passed step wise through a 70um and 40um
filters. A small sample was counted on a hemocytometer in the presence of trypan blue
(Sigma) to confirm viability. Cells were plated on either a 75 or 175cm3 tissue culture flask
(Falcon) and the media was changed every other day. Flasks of cells were split 1:3 upon
reaching 80-90% confluency using 0.25% Trypsin EDTA. At one week, 1x 107 cells were
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suspended in 200l of artificial CSF (a-CSF, 119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM
KCI, 1 mM NaH,POy, 1.3 mM MgCls,, 10 mM glucose) for injection. The remaining cell
culture was store frozen in FCS (fetal calf serum, Invitrogen) 10% DMSO for future cell
injections and characterization 24,

Intrathecal Injection of MSCs

Rabbits were anesthetized as described above, and a 25-gauge needle was aseptically
inserted into the cisterna magna between the base of the skull and the first vertebrae 2°. 200
ul of CSF was taken and replaced with 200 pl of 1 x 107 autologous MSCs in a-CSF for test
groups, or just 200ul of a-CSF for control groups. The animals remained under general
anesthesia throughout the procedure and were moved to a recovery area to recover from
anesthesia after 30 minutes in the head-down position. The animals were housed and
observed for up to 4 or 12 weeks and then euthanized. In human studies, we plan to inject 1—
10 x 107 MSCs into the ~125mL total CSF volume in humans. Given that rabbits have
~5mL total CSF volume, the 1 x 107 rabbit MSCs injected correspond to a dose that is 2.5-
fold higher relative to the projected maximum human dose.

Study Design

The groups were designed as follows: for the 4-week study: one cisternal injection was
performed in either control rabbits (n=7; 200 pl of a-CSF) or experimental rabbits (n=9; 1 x
107 MSC in 200ul a-CSF) and then followed longitudinally for 4 weeks. For the 12-week
study, control rabbits (n=10) were injected with 200 pl a-CSF, while single-injection rabbits
(n=10) were injected with 200 ul a-CSF containing 1 x 107 MSCs once at the beginning of
the study, and repeated-injection rabbits (n=10) were injected with 200 ul a-CSF containing
1 x 107 MSCs three times at week 0 (WO0), week 4 (W4) and week 8 (W8).

Post-operative Functional and Behavioral Assessments

Baytril (5mg/kg) and Buprenex (25mg/kg) were given intramuscularly daily for the first
week after surgery. Veterinarians and veterinary technicians recorded and maintained
regular post-operative monitoring records as per departmental procedure. Animals were
observed daily by study staff and any complications or deficits were discussed with
Veterinary Medicine. Detailed functional and behavioral assessments (as reported in Results
section) were conducted on a daily basis for the first week after surgery/injection, and then
on a weekly basis throughout the rest of the study period.

Complete Blood Count (CBC) and IL-6 in CSF

Blood and CSF were taken before surgery (WO0), at W2, and W4 for 4-week study groups,
while before surgery (WO0), at W4, W8 and W12 for 12-week study groups. 500ul blood was
drawn from marginal ear vein of the rabbits for hematology tests. Blood samples were
analyzed for CBC by using VetScan HM2 hematology system (Abaxis, Union City, CA).
200pl CSF was taken by cisternal puncture 2%, which in selected cases was used to measure
levels of IL-6 by using Microplate Spectrophotometer (SpectraMax 340PC, Molecular
Devices, Sunnyvale, California).
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Organ Weight and Histopathological Studies

Results

At the end of the experiment, animals were euthanized with intraperitoneal injection of
pentobarbital (65 mg/kg) and transcardially-perfused with 4% paraformaldehyde. All vital
organs including heart, liver, spleen, lung, kidneys, brain and spinal cord were dissected,
examined, weighed, photographed, fixed and preserved in 10% formalin at 4°C. A
photographic image of each organ was taken for all rabbits. Weights were compared
between groups as actual weights and percentage of total body weight. Ratios of organ to
body weight were calculated for each rabbit. Macroscopic examination was conducted for
each organ by 2 researchers. All vital organs, including brain (cortex, midbrain, cerebellum,
brainstem) and spinal cord (cervical, thoracic, lumbar and sacral levels) were processed,
embedded in paraffin, sectioned to obtain 10 um thick and stained with hematoxylin and
eosin (and in some cases Mas-Trichrome) to examine both macro- and microscopic
changes 26

Animal Survival

Of the 54 animals that were enrolled, 46 survived for the duration of the study. In 4W-study
groups, 3 out of 19 rabbits died while on study with a mortality of 15.7% that was within our
expected mortality rate of 20%. One rabbit died due to anesthesia, and the other two died
during the surgical procedures. In 12W-study groups, 5 out of 35 rabbits died while on study
with a mortality of 14.3% that was within our expected mortality rate of 20%. Two of the
rabbits died during surgical procedures; one at adipose harvesting and one during the first
cell injection. These were both thought to be due to anesthesia/airway complications. The
remaining three animals were euthanized because of weight loss and failure to thrive at
various intervals after surgical injection. These three animals are not included in our
analyses, and are discussed in detail below (see Delayed Complication of Cisternal Injection
section).

Functional and Behavioral Assessment

Assessments were performed for body weight, rectal temperature, general health condition,
wound condition, movement (walking, hopping, and rearing), stimulus response (click,
touch approach and pupil response), and pain behaviors (consciousness, chewing, hair
pulling). Numerical or scaled data from functional or behavioral studies were analyzed using
non-parametric analysis of variance (Kruskal-Wallis) comparing control, single-dose and
multidose groups at each time-point and sequentially within groups. Binary data (e.g.
presence or absence of hearing response, blink response, etc) were analyzed using a
contingency analysis. All functional assessments did not show statistical differences
between the experimental and control groups.

Complete Blood Counts (CBC) and IL-6 Levels

Blood studies that were performed were: total white blood cell (WBC), lymphocyte (LYM),
monocyte (MON), granulocyte (GRA), lymphocyte percentage (LY M%), monocyte
percentage (MON%), granulocyte percentage (GRA%), total red blood cell (RBC),
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hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red cell
distribution width (RDW), platelet (PLT), platelet percentage (PCT), mean platelet volume
(MPV), and platelet distribution width (PDW). All blood studies were within normal limits,
and there were no statistically significant differences between control and MSC-treated
groups.

Four rabbits from each group within the 12W experiment were selected and levels of CSF
IL-6 were measured by using Rabbit Interleukin 6 (IL-6) ELISA Kit (Cusabio Biotech Co.,
LTD). All samples tested were less than the lowest standard (16pg/mL)

Organ and Pathology Studies

Organ weights were compared between groups as actual weights and percentage of total
body weight. There were no abnormalities and no significant differences in the body weights
and the ratio of organ to body weight between controls and MSC-treated groups (ANOVA
p>0.05).

Gross and macroscopic examinations did not show any meaningful difference between the
control and MSC-treated groups of 4-week study (Fig 1A—F) and 12-week study (Fig 1G-
L). Detailed microscopic examination did not reveal histological deviations in any of the
vital organs (including brain and spinal cord) among all groups (Fig 2A-L).

Delayed Complications of Cisternal Injection

Three animals were euthanized because of weight loss and failure to thrive at various
intervals after surgical injection. All major organs, including heart, lungs, kidneys, spleen
and liver were normal in the sick rabbits. In the sick rabbits, the main autopsy results of
brain and spinal cord examination were: 1) Needle puncture injury: there was a clear-cut
antemortem needle puncture with local recent bleeding at the cranio-cervical junction (Fig
3A and 3B). This was felt to represent an inadvertent needle stick at the time of surgical
injection; 2) A collection of fibroblast-like cells near encircling the dorsal subdural space
adjacent to the needle puncture injury; 3) Bacterial pneumonia - as immediate cause of pre-
mortem weight loss and failure to thrive, possibly due to brain stem injury from the needle
stick.

Detailed histopathology of the needle puncture site revealed that the puncture injuries at the
upper cervical and cranio-cervical junction level penetrated deep into the spinal cord
parenchyma (two thirds of the way through the cord). Hemosiderin-laden macrophages lined
the cavity of the needle track and were scattered over the meningeal surfaces of the spinal
cord and brain stem. The collection of cells in the subdural space of the puncture site
encircled the dorsal aspect of the craniocervical junction. The cells had the appearance of
well-differentiated, loosely packed stromal cells or fibroblasts. There were capillaries within
the cell collection and signs of recent hemorrhage (red cells interspersed between stromal
cells with leaking into the surrounding CSF space) and past hemorrhage (hemosiderin-laden
macrophages) (Fig 3C). Abnormal stromal cell accumulation on the edge of the cervical
cord was found in two of the cases (Fig 4A). There were no inflammatory infiltrates in the
surrounding dural or spinal cord tissue and no evidence of compression or CSF obstruction.
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Mitotic index of the stromal cells within the cell collection was very low (<2%) with no
signs of malignant transformation (Fig 4B). Tissue was stained with human specific cell
markers but the level of background staining was too high to allow interpretation. Our final
interpretation was that the immediate cause of weight loss and failure to thrive was probably
due to hemorrhage within the cell collection with leaking of blood into the CSF, leading to
bacterial pneumonia. Furthermore, the cell collection at the site of injury may have
represented a MSC collection, as it is known that MSCs migrate to sites of injury.

Discussion

In our current study we have demonstrated that repeated intrathecal administration of 1 x
107 autologous MSCs into the rabbit cisterna magna is without any demonstrable side
effects on multiple tests of general health, function and behavior. We chose this study
protocol after close discussion with the FDA in order to mirror our planned human phase |
safety studies in ALS and MSA. The amount of MSCs administered into the rabbit was 2.5-
fold higher than for our human studies, when estimating equivalent CSF volumes between
rabbits and humans. This data was successfully utilized as animal safety data for human
INDs at the FDA (INDs 14788 and 15176).

While a concerning risk related to MSCs has been tumor formation, we did not find any
evidence of this in our study. MSCs have been reported to have a tumorigenic potential in in
vitro and in vivo experiments within long term expanded cell populations 27-2%, MSCs were
also reported to induce tumor transformation of surrounding cells if loaded into bio-scaffold,
possibly inducing a tumor niche 3. This risk will need to be continually monitored in human
clinical trials.

There are many unanswered questions regarding MSC therapy in humans. First, it is still
unclear what the best route of delivery is: intravenous 1831 intraarterial 932,

intrathecal 18:33 intraspinal 20, or a combination of these. To date, studies suggest that each
of these routes of administration is safe. Therefore the route of administration will need to
be tailored to the specific medical indication. In the case of neurological disease, we argue
that intrathecal approach may be most effective. Intrathecal therapy brings along the luxury
of bypassing the blood-brain barrier. Furthermore, intrathecal MSC injection offers an
important advantage to intraspinal injection in that it reduced the risk of neurological
damage. Animal studies have demonstrated that intrathecal injection of stromal cells lead to
dispersion throughout the cerebrospinal fluid and the spinal cord surface with some
migration into spinal cord lesions 15:34,

Another unresolved issue is how many injections will be necessary to provide a therapeutic
benefit. A recent study on stem cells demonstrated the greatest therapeutic benefit in a
model of middle cerebral artery occlusion in rats when a one-time injection of high dose of
cells was conducted, rather than repeated injection of small dose of cells over several time
points 32, However, in a study of clinical and pathological effects of intrathecal injection of
MSC-derived neural progenitors in an experimental model of multiple sclerosis, the data
suggested that multiple dosing of intrathecally injected MSCs correlated with the enhanced
outcome compared to a single dose injection of MSCs 36. Another study demonstrated that
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single injection of hMSCs was unable to exhibit beneficial effects in superoxide dismutase 1
(SOD1) mice. Repeated injection of hMSCs has reduced weight loss, improved motor
performance, reduced motor neuron loss, and more importantly, increased survival in SOD1
transgenic mice 37. Further work clearly is needed in this area.

Despite the obstacles that remain for MSC therapy, a multitude of putative benefits of MSCs
continue to be discovered. MSCs are hypo-immune and usually do not elicit allogeneic
rejections. Furthermore, MSCs have been shown to possess a wide array of characteristics
that make them immunosuppressive. Immunologically, MSCs have been shown to be
involved with toll like receptors (TLR), dendritic cells, B and T cells, and T-regulatory cells
(Treg) to become immunosuppressive, and thereby greatly minimizing the risks associated
with allogenic rejection 3842, After engraftment, MSCs have shown to direct host cellular
machinery towards angiogenesis, neurogenesis, and synaptogenesis. Investigators have also
shown injected MSCs enter injured tissues where they alleviate damage, likely due to
increased production of growth factors from MSCs and host tissues 4345,

Pre-clinical MSC studies have begun to transition into human clinical trials 647, Ongoing
clinical trials and investigations involving MSCs have reached into the realms of ischemic
stroke, multiple sclerosis, acute leukemia, graft-versus-host disease, critical limb ischemia,
articular cartilage and bone defects, and many others. Recent MSC advances in cardiac
repair and bone disorders have shown great promise, but significant obstacles still stand with
inconclusive engraftment and lack of standardization of cell characterization 47:48,

There is growing evidence that MSCs may provide therapeutic benefit in neurodegenerative
diseases. Several studies have been published suggesting promise in intrathecal injections of
MSCs as a possible remedy for ALS 184951 MSC therapy in MSA has also been studied,
and there are favorable results from early studies 12, Currently, most human MSC studies
use naive autologous MSCs, but there are developing technologies that modify MSCs to
produce growth factors. Using MSCs as a primary vehicle, current clinical trials for MSC
injection are showing great promise for treatment of a wide variety of neurodegenerative
disorders 47.

In conclusion, intrathecal delivery of autologous MSCs into CSF in rabbits appeared to be
safe and did not cause tumor development in rabbits. MSC injection may potentially act as a
therapeutic delivery platform for neural growth or protective factors in the treatment for
neurodegenerative diseases such as ALS and multiple system atrophy.
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ALS amyotrophic lateral sclerosis
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ANOVA analysis of variants
CSF cerebrospinal fluid
DM SO dimethyl sulfoxide
EDTA ethylenediaminetetraacetic acid
FDA Food and Drug Administration
hMSCs human mesenchymal stem cells
IACUC Institutional Animal Care and Use Committee
IND investigational new drug
MEM minimal essential medium
MSA multiple system atrophy
MSC mesenchymal stem cell
PBS phosphate buffered saline
TLR toll-like receptors
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Figurel.

G?oss pictures of major organs, i.e. heart (A), lung (B), liver (C), spleen (D), kidney (E),

spinal cord and brain (F), from single injection for 4-week study; and heart (G), lung (H),
liver (1), spleen (J), kidney (K), spinal cord and brain (L), from repeated injection for 12-
week study. Scale Bar: 2 cm
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Figure 2.
Microscopic observation of major organs, i. e. heart (A), lung (B), liver (C), spleen (D),

kidney (E), spinal cord and brain (F), from single injection for 4-week study; and heart (G),
lung (H), liver (1), spleen (J), kidney (K), spinal cord and brain (L), from repeated injection
for 12-week study.
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Figure3.
Needle stick as shown with arrow (A) at low power and (B) at higher power, and

hemosiderin in meninges (C) in a few animals in both 4-week and 12-week studies.
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Figure4.
Abnormal cell accumulation on the edge of the cervical cord (A) and mitotic change (B) as

shown with arrows in one of animals in 12-week study.
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