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Abstract
Objective
This phase I/II study sought to explore intrathecal administration of mesenchymal stem cells
(MSCs) as therapeutic approach to multiple system atrophy (MSA).

Methods
Utilizing a dose-escalation design, we delivered between 10 and 200 million adipose-derived
autologous MSCs intrathecally to patients with early MSA. Patients were closely followed with
clinical, laboratory, and imaging surveillance. Primary endpoints were frequency and type of
adverse events; key secondary endpoint was the rate of disease progression assessed by the
Unified MSA Rating Scale (UMSARS).

Results
Twenty-four patients received treatment. There were no attributable serious adverse events,
and injections were generally well-tolerated. At the highest dose tier, 3 of 4 patients developed
low back/posterior leg pain, associated with thickening/enhancement of lumbar nerve roots.
Although there were no associated neurologic deficits, we decided that dose-limiting toxicity
was reached. A total of 6 of 12 patients in the medium dose tier developed similar, but milder
and transient discomfort. Rate of progression (UMSARS total) was markedly lower compared
to a matched historical control group (0.40 ± 0.59 vs 1.44 ± 1.42 points/month, p = 0.004) with
an apparent dose-dependent effect.

Conclusions
Intrathecal MSC administration in MSA is safe and well-tolerated but can be associated with
a painful implantation response at high doses. Compelling dose-dependent efficacy signals are
the basis for a planned placebo-controlled trial.

Classification of evidence
This phase I/II study provides Class IV evidence that for patients with early MSA, intrathecal
MSC administration is safe, may result in a painful implantation response at high doses, and is
associated with dose-dependent efficacy signals.
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Multiple system atrophy (MSA) is a relentlessly progressive
and invariably fatal neurodegenerative disorder. It is charac-
terized clinically by autonomic failure along with motor dys-
function that may predominantly involve parkinsonism
(MSA-P) or cerebellar impairment (MSA-C).1,2 The patho-
logic hallmark of MSA is glial cytoplasmic α-synuclein inclu-
sions with associated neuronal loss in selective brain
regions.3–5 These inclusions are the result of accumulation
and aggregation of conformationally changed α-synuclein
oligomers, which are thought to be causally linked to disease
progression in MSA.6,7

The precise mechanisms leading to neuronal loss are not en-
tirely understood, but there is increasing evidence that depri-
vation of neurotrophic factors is playing an important role.8

Neuroinflammatory mechanisms such as microglial activation
appear to also play a role, particularly in early disease stages.9,10

Considering the rapid progression and grim prognosis of this
disease, it comes as no surprise that many attempts have been
made to discover a disease course–modifying intervention.
Recently, a large, placebo-controlled trial utilizing rifampicin,
which had shown great promise in preclinical studies, failed to
indicate even a trend at slowing disease progression.11 Other
previous trials utilizing growth hormone, minocycline, rasa-
giline, riluzole, and lithium also were either inconclusive or
negative.12–16 The one exception is a double-blind placebo-
controlled trial of mesenchymal stem cells (MSCs), which
showed significantly slower disease progression in patients
treated with intracarotid and intravertebral injections of
MSCs followed by IV administration.17

MSCs are known to be capable of differentiating into various
cell types under appropriate conditions and to secrete neu-
rotrophic factors exerting neuroprotective effects, including in
the transgenic mouse model of MSA.18–26 This neurotrophic
support along with well-documented immunomodulatory
properties provide compelling scientific rationale for the
positive MSC trial, with excitement dampened only by ap-
parent safety concerns, with intra-arterial injections resulting
in ischemic lesions.27

In an attempt to develop a safer route of administration along
with more widespread CNS access, we sought to evaluate
safety and tolerability of intrathecal autologous MSC delivery
in patients with MSA, and to explore signals of potential
efficacy of this approach.

Methods
Study design
A phase I/II dose-escalation trial of intrathecal injection of
autologous MSCs was performed at Mayo Clinic, Rochester,
Minnesota. Escalating doses of MSCs were delivered over 3
patient groups with group 1 receiving a single dose of 1 × 107

cells, group 2 receiving 2 doses of 5 × 107 cells each 1 month
(±4 days) apart, and group 3 receiving 2 doses of 1 × 108 cells
each 1 month apart. Advancement to the next dose cohort
occurred after 8 patients had adequately tolerated a dose.

Participants
Patients with earlyMSA (MSA-C orMSA-P) were required to
fulfill consensus criteria for probable MSA and to have at least
a moderate degree of autonomic failure based on autonomic
function testing. A score ≤17 (omitting the erectile dysfunc-
tion score) on part 1 of the Unified MSA Rating Scale
(UMSARS) ensured enrollment of patients at a relatively
early disease stage.28 Patients were excluded if they scored 24
points or less on the Mini-Mental State Examination, had
a clinically significant or unstable medical or surgical condi-
tion that might preclude safe completion of the study or might
affect the results of the study, had taken any investigational
products within 60 days prior to baseline, or had a contrain-
dication for MRI scanning.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the Mayo Clinic Institutional
Review Board, and written informed consent was obtained
from all participants. The trial was registered at ClinicalTrials.
gov (NCT02315027).

MSC collection, preparation,
and administration
A subcutaneous fat biopsy was taken from the abdomen of
each participant, and up to 15 mL of subcutaneous fat was
removed. The biopsy tissue was delivered to and processed in
Mayo’s human cellular therapy laboratory, a cGMP cell pro-
cessing facility atMayo Clinic Rochester (Immune Progenitor
and Cell Therapeutics [IMPACT]). Cells were expanded ex
vivo in a platelet lysate-based media (PLTMax, Mill Creek,
Life Sciences, Rochester, MN). Cells were cryopreserved
during release criteria analysis, which included testing for
phenotype, mycoplasma, culture sterility, and cytogenetic
analysis. Cells not meeting release criteria were not adminis-
tered to the patient. In the event of release criteria failure or

Glossary
AE = adverse event; BDNF = brain-derived neurotrophic factor; CASS = Composite Autonomic Severity Score; COMPASS =
Composite Autonomic Severity Scale; CRTU = Clinical Research and Trials Unit; GDNF = glial-derived neurotrophic factor;
MSA = multiple system atrophy;MSA-C = multiple system atrophy predominantly involving cerebellar impairment;MSA-P =
multiple system atrophy predominantly involving parkinsonism;MSC = mesenchymal stem cell; NGF = nerve growth factor;
UMSARS = Unified MSA Rating Scale.
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lack of adequate cell growth, one further attempt was allowed
from a second biopsy. Three to five days prior to infusion, the
cells were placed into culture to allow recovery and accurate
dosing.

After completion of baseline assessments, all participants were
admitted to Mayo’s inpatient Clinical Research and Trials
Unit (CRTU) the evening before, and remained hospitalized
for 48 hours after MSC injection. MSCs were delivered sus-
pended in lactated Ringer’s solution and administered within
12 hours of preparation. A lumbar spinal needle was placed in
the subarachnoid space via a standard posterior, intervertebral
approach between lumbar level 2 and 5; the specific level was
determined individually for each patient based on anatomical
considerations. After collection of CSF for baseline analysis,
MSCs were infused into the CSF over 1–2 minutes via free-
hand delivery by one of the study physicians, followed by a 1
mL flush with lactated Ringer’s. After cell injection, the patient
was placed in a 10° Trendelenburg position and rotated side
to back to side every 15 minutes for 2 hours to maximize even
distribution of cells in the CSF.

Study assessments
Baseline assessments prior to MSC administration included
safety laboratory studies, vital signs, general medical and
neurologic examination, UMSARS (consisting of part I, which
quantifies patients’ symptoms and function, and part II, which
quantifies findings on neurologic examination), autonomic
function testing (including autonomic reflex screen and
thermoregulatory sweat test), autonomic symptom assess-
ment (using the Composite Autonomic Severity Scale
[COMPASS]–select), as well as MRI of the entire neuraxis.29

In order to quantify autonomic deficits, the Composite Au-
tonomic Severity Score (CASS), a validated instrument to
quantify the overall severity and distribution of autonomic
failure based on standardized autonomic testing, was de-
rived.30 All clinical assessments were completed by the same
investigator (W.S.).

During the stay in the CRTU, participants were closely ob-
served for any adverse events (AEs) during and immediately
following MSC injection. Vital signs were monitored every 15
minutes for 1 hour, then hourly for 4 hours, and then every 4
hours until dismissal. Participants were instructed to monitor
temperature, blood pressure, and pulse twice daily after dis-
charge for 4 weeks, and to chart these variables in a patient
diary along with any AEs for review at subsequent study visits.
Participants returned for weekly visits at Mayo’s outpatient
CRTU for the first 4 weeks after eachMSC injection for safety
laboratory studies, vital signs, general medical and neurologic
examination, spinal fluid collection at 1 and 4 weeks after
MSC injection, and MRI of the entire neuraxis at 3 weeks
following MSC injection.

After completion of the early follow-up phase, additional late
follow-up visits at the outpatient CRTU took place at 6
months and 12 months following the first MSC injection with

safety blood collection, recording of AEs, vital signs, general
medical and neurologic examination, UMSARS, autonomic
function testing (12 months), COMPASS select, and MRI of
the entire neuraxis (12 months). Additional phone visits at 3
and 9 months following the first MSC injection gathered
information about AEs and UMSARS, part I. Further details
of study timeline and assessments are provided in figure 1.

Primary research question and
outcome measures
The primary research question of this study was if intrathecal
autologous MSC delivery in patients with early MSA is safe
and adequately tolerated (Class IV evidence). The primary
outcome measure of this study was therefore the type and
frequency of AEs based on above described clinical and im-
aging data. Secondary outcome measures were designed to
explore signals of potential efficacy and included assessments
of (1) rate of change from baseline to 12 months (using slope
analysis) in UMSARS (UMSARS total, UMSARS I, UMSARS
II); (2) change from baseline to 12 months in indices
reflecting autonomic symptoms (COMPASS-select) and
dysfunction (CASS); (3) change in spinal fluid markers fol-
lowing MSC injections; and (4) survival at 12 and 24 months
following the first MSC injection. Spinal fluid markers of in-
terest included cell count, protein, cytology, as well as levels of
neurotrophic factors (nerve growth factor [NGF], glial-
derived neurotrophic factor [GDNF], and brain-derived
neurotrophic factor [BDNF]). Neurotrophic factor levels
were measured utilizing a dedicated Millipore (Burlington,
MA) Luminex assay.

Statistical analysis
Descriptive statistics were used to describe demographic and
parameter characteristics, including mean, SD, frequencies,
and percentages as appropriate. Type, frequency, and attri-
bution of AEs were captured using frequencies.

Rate of change in UMSARS scores was calculated for each
participant by regressing scores against time (months) to
estimate a participant-specific rate of increase in points per
month. We used the resulting slope parameter estimate as the
response feature for each participant to account for repeated
measurements.31 In order to assess for an efficacy signal, we
compared progression slopes with participant-specific pro-
gression slopes derived from the placebo group (n = 50) of
our recently completed rifampicin treatment trial.11 This
study had similar inclusion and exclusion criteria, included
patients at a similar disease stage, utilized identical disease-
specific instruments to assess neurologic function and deficits,
and was led by the same senior investigator. We compared
baseline characteristics with the 24 MSC-treated patients and
found slight differences for UMSARS scores and MSA type
(C vs P). We therefore proceeded to match patients on those
variables using a computerized algorithm resulting in 22
matched pairs. After matching, there were no baseline dif-
ferences between the groups (p values ≥0.15, using Wilcoxon
rank sum and Fisher exact tests, for all baseline variables,
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including age, sex, baseline UMSARS scores, baseline
COMPASS-select scores, MSA type, and disease duration).

Autonomic indices (COMPASS-select and CASS) were com-
pared between baseline and 12 months. Spinal fluid markers
obtained after the study intervention were compared to baseline.

Frequencies were compared using the χ2 or Fisher exact test;
group differences were compared using Wilcoxon rank sum
test; paired analysis utilized Wilcoxon signed rank test. All
statistical tests were 2-sided, and p values < 0.05 were con-
sidered statistically significant. Analysis was performed using
SAS software version 9.4 (SAS, Cary, NC).

Data availability
Anonymized data will be shared by request from any qualified
investigator.

Results
Participants
A total of 27 patients with MSA were enrolled to reach the
goal of 24 patients receiving MSC injections. Two patients
were excluded from MSC delivery due to chromosomal ab-
normalities in the stem cell specimen (n = 1) and insufficient
cell growth (n = 1) in 2 separate fat biopsy specimens. One
patient no longer met inclusion criteria at baseline.

Of the 24 patients receiving intrathecal MSC delivery, all
completed the planned 12 months of follow-up. One patient

did not return for in-person evaluations at 6 and 12 months
but completed follow-up visits via phone calls. There were no
dropouts. Baseline characteristics of the 24 patients who re-
ceived study treatment are summarized in table 1.

Primary outcome
Intrathecal injection of autologous MSCs in patients with
MSA was found to be safe and generally well-tolerated. There
were no attributable serious AEs. A total of 50 AEs were
observed related to the underlying disease (n = 7), to spinal
taps (n = 9), and to the MSC product (n = 26), and non-
specific AEs attributed as probably or definitely not related to
study procedures (n = 8). AEs are further detailed in table 2.

Of particular interest were AEs attributable to the MSC
product. None of those occurred among participants in group
1. Two participants (both in group 2) experienced a self-
limited febrile reaction less than 10 hours in duration within
24 hours following the MSC injection. One out of 8 patients
in group 2 noted fairly symmetric low back/proximal poste-
rior lower extremity discomfort with bending over, coughing,
or other maneuvers associated with straining, while all 8 were
found to have changes on MRI consisting of clumping,
thickening, or mild enhancement of cauda equina nerve roots
near the injection site on postgadolinium sequences. Since
there were no other associated symptoms or any neurologic
deficits, the study proceeded to group 3. After 3 out of 4
patients in that dose group experienced similar but more se-
vere low back/proximal posterior lower extremity discomfort,
the decision was made to stop injections at that dose level and

Figure 1 Study timeline
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to expand group 2 by administering group 2 dosing to the
remaining 4 patients who had already been enrolled (resulting
in 12 patients in group 2). The additional 4 patients added to
group 2 all developed transient low back/proximal posterior
lower extremity discomfort, but milder than group 3 partic-
ipants. The discomfort overall occurred in 8 patients, and was
self-limited and resolved within 12 weeks in all but 2 partic-
ipants who had more persistent low back discomfort. The
above described MRI findings were seen in all participants
receiving group 2 and 3 dosing and were associated with
variable elevations of CSF protein and cell count. An example
of the observed nerve root thickening and enhancement is
shown in figure 2. CSF protein and cell count before and after
MSC injection by dose group is provided in figure 3. Cytology
analysis revealed no evidence of malignancy.

Secondary outcomes
The rate of disease progression as measured using the rate of
change of UMSARS total was markedly lower in MSC treated
patients compared to the matched control group (0.40 ± 0.59
vs 1.44 ± 1.42 points/mo, p = 0.004, Wilcoxon rank sum test).
This difference was more pronounced for the medium than
the low-dose tier, suggesting a dose-dependent effect (figure
4). The small number (n = 4) of observations in the high-dose
group did not lend itself to statistical comparisons, but the
observed rate of change was highly variable between patients
in that group (range −0.29 to 1.00). The rate of change of
subcomponents of UMSARS (UMSARS I and UMSARS II)
showed similar differences compared to the control group
(UMSARS I 0.26 ± 0.35 vs 0.62 ± 0.53 points/month, p =
0.015; UMSARS II 0.16 ± 0.31 vs 0.80 ± 0.92, p = 0.009,
figure 4).

Autonomic symptoms and function assessed using
COMPASS-select and CASS scores did not change between
baseline and 12 months (p = 0.67 and 0.10, respectively;
Wilcoxon signed rank test).

NGF was undetectable or only detected at low levels (up to
0.54 pg/mL) at baseline. While there was no significant in-
crease following MSC administration at the lowest dose tier,
NGF increased over 100-fold by 1 week after MSC admin-
istration with well-detectable levels for all patients in the
medium-dose tier. NGF levels decreased but remained
markedly elevated 4 weeks after administration (figure 5).
NGF increased on average even more so in the few high-dose

Table 1 Demographic, clinical, autonomic, and
autonomic characteristics on enrollment

Characteristics Values

Patients, n 24

Age, y 57.3 ± 6.3

Female 5 (21)

Disease duration, y 3.7 ± 1.7

MSA-C 19 (79)

UMSARS total 31.4 ± 7.7

UMSARS I 14.0 ± 3.0

UMSARS II 17.5 ± 5.4

COMPASS-select 40.1 ± 16.5

CASS 6.9 ± 1.6

Abbreviations: CASS = Composite Autonomic Severity Score; COMPASS =
Composite Autonomic Severity Scale; MSA-C = multiple system atrophy
predominantly involving cerebellar impairment; UMSARS = Unified MSA
Rating Scale.
Values are mean ± SD or n (%).

Table 2 Adverse events, frequency, and attribution

Adverse event
Frequency,
n (%)

Intervention
attribution

Adverse events attributable to
underlying disease

Urinary tract infection 3 (13) Definitely not

Fall resulting in fracture 2 (8) Definitely not

Fatigue 1 (4) Probably not

Urinary retention 1 (4) Probably not

Adverse events, nonspecific

Temporary calf cramping/
twitching

2 (8) Probably not

Intermittent paresthesia 2 (8) Probably not

Hernia incarceration 1 (4) Definitely not

Sinus infection 1 (4) Definitely not

Shortness of breath (known
COPD)

1 (4) Definitely not

Corneal transplant rejection 1 (4) Definitely not

Adverse events attributable to
repeat spinal taps

Headache, nonspecific/positional 6 (25) Probably (LP)

Headache requiring blood patch 1 (4) Definitely (LP)

Nonspecific, short duration back
pain

2 (8) Possibly (LP)

Adverse events attributable to the
MSC product

Fever within 24 h after MSC
injection

2 (8) Probably (MSC)

Positional low back/lower
extremity pain, persistent

2 (8) Definitely (MSC)

Positional low back/lower
extremity pain, temporary

6 (25) Definitely (MSC)

MRI abnormalities 16 (67) Definitely (MSC)

Abbreviations: COPD = chronic obstructive pulmonary disease; LP = lumbar
puncture; MSC = mesenchymal stem cell.
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tier patients, though there was high variability. BDNF and
GDNF were undetectable at baseline but became detectable
in one patient (13%) in the low-dose group and in 9 (56%) for
BDNF and 8 (50%) for GDNF in the medium- and high-dose
groups following MSC injection.

All patients survived beyond the 12 months follow-up period
of the study. Extended surveillance of survival shows 21 of the
24 treated patients (88%) still alive at 2 years following the
first MSC injections.

Discussion
MSA has a grim prognosis, with a median time from first
symptom to death of 8–10 years, median survival from time of
diagnosis of about 3 years, and median survival from enroll-
ment in a large national prospective natural history study of
only 1.8 years.32,33 There are currently no approved therapies
to slow or halt disease progression. Here, we present a phase
I/II dose escalation study of adipose-derived autologous
MSCs delivered intrathecally to patients with MSA, based on
(1) evidence to suggest that deprivation of neurotrophic
factors is playing an important role in the pathophysiology of
MSA; (2) evidence of the capability of exogenous MSCs to
secrete neurotrophic factors exerting neuroprotective effects;

and (3) a previous positive double-blind, placebo-controlled
trial of intra-arterial and IV autologous MSC treatment
of MSA.

Our findings support the results of the previous trial but go
beyond supporting evidence that MSCs delivery in MSA is
feasible and may have a role in course modification of this
rapidly progressive and invariably fatal disease in a number of
ways.

First, there is a safety concern about intracarotid and intra-
vertebral artery injections, as illustrated by documentation of
ischemic lesions, likely related to microembolization.17,27,34 In
an earlier pilot trial, MRI lesions on diffusion-weighted im-
aging following intra-arterial MSC delivery were seen in as
many as 64% of patients.34 The subsequent double-blind trial
reported fewer (29% in the active arm) such lesions, yet one
participant with multiple such infarcts developed transient
neurologic deficits.17 The fact that such lesions occurred at
similar frequency (35%) in the placebo group suggests that
the lesions were likely related to the angiographic procedure.
Patients in those studies also received IV MSC infusions.
Although the blood–brain barrier has been shown to be less
tight in MSA with impairment correlating with the severity of
disease, the first passage through lung capillaries following
venous infusion along with the remaining blood–brain barrier
would be expected to comprise major hurdles in MSC access
to the CNS.35

Our trial demonstrated intrathecal delivery of autologous
MSCs to be safe and well-tolerated as long as the dose per
administration was less than 1 × 108 cells per administration.
The positional low back and posterior lower extremity dis-
comfort observed at the medium-dose tier was generally
mild and short-lived, and was in none of our participants,
including those in the high-dose tier, associated with neu-
rologic deficits. The MRI findings of thickening, clumping,
or mild enhancement of cauda equina nerve roots in the area
of MSC injection were seen in every patient in the medium-
and high-dose tier, yet only half of the patients noted an
associated low-back discomfort. With the elevated CSF
protein and cell count in many of the cases and lack of
neurologic deficits, the underlying mechanism is likely a re-
active implantation response to MSCs, which in more severe
cases may take on characteristics of reactive arachnoiditis.
This phenomenon remains the subject of active research,
and we anticipate being able to provide a more definitive
answer as to the pathologic correlate as more autopsy ma-
terial becomes available.

Second, intra-arterial delivery in carotid and vertebral arteries
limits MSC delivery to the brain, while a significant burden of
the disease includes the spinal cord, including intermedio-
lateral cell column and Onuf nucleus.4,5 Intrathecal delivery of
MSCs allows for more widespread delivery of MSCs across
the blood–brain barrier and to the CNS. This more wide-
spread access to the sites of α-synuclein deposition and

Figure 2 MRI illustrating cauda equina findings

Nerve root thickening, clumping, and enhancement in a 64-year-old patient
with multiple system atrophy predominantly involving cerebellar impair-
ment 7 weeks after the first of 2 intrathecal injections of 5 × 107 autologous
mesenchymal stem cells at the L4/5 interspace. Although the MRI findings
were more prominent than seen in most patients, he remained asymp-
tomatic. (A) Axial T2 image at L4/5 shows thickening of several cauda equina
nerve roots. (B) Axial T1 image post gadolinium at the same level shows
questionable enhancement. (C) Sagittal T2 image of the lumbar spine shows
these changes centered at the site of injection with some distortion and
nodular thickening of nerve roots.
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neuronal loss is more than a theoretical advantage considering
strong support for target engagement of MSCs in various
disease states. For example, MSCs infused into the intrathecal
space of rats were shown tomigrate to the site of experimental
spinal cord injury.20,25,36,37 In several experimental models,

including primates, MSCs have been shown to survive and
reside in the brain and spinal cord for up to 3 months after
injection.19,38–40 The cells appear to intercalate between res-
ident neural cells and maintain their typical morphology and
surface marker expression.

Figure 3 Spinal fluid protein and cell count

CSF protein (top) and cell count (bottom) before and after mesenchymal stem cell (MSC) injection by dose group. The low-dose group showed no significant
change in CSF protein (A) and cell count (D), while medium- and high-dose groups showed a variable increase of both CSF protein (B, C) and cell count (E, F)
after MSC injection. Injection time points are shown as arrows, dashed lines show the upper limit of normal for CSF protein and cell count.
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Third, we could show that patients treated with intrathecal
delivery of MSCs had a slower than expected rate of disease
progression in a dose-dependent fashion. In spite of the
open-label nature of this dose-escalation study, the apparent
dose-dependent effect on the rate of disease progression
utilizing a well-established and validated clinical instrument
is further supported by (1) the comparison with patients
matched on baseline disease characteristics derived from the
placebo group of a recently completed double-blind con-
trolled trial that utilized similar inclusion and exclusion

criteria and studied patients at a similar disease stage; (2)
a similar dose-dependent effect observed for subcomponents
of that instrument; and (3) the survival data, showing that all
patients in our study survived the 12 months of follow-up,
which contrasts with most other MSA trials, including the
rifampicin treatment trial, where 5 of the 50 patients (10%)
in the placebo group died during the 48 weeks of follow-
up.11 That being said, the possibility of some placebo effect
related to the invasive and extensive study procedures can-
not be excluded.

Figure 4 Rate of disease progression (Unified MSA Rating Scale [UMSARS])

Rate of disease progression asmeasured using UMSARS inmesenchymal stem cell (MSC)–treated patients vs thematched control group. UMSARS total (A–C),
UMSARS I (D–F), andUMSARS II (G–I) shown asmean and SD of change permonth comparing low dose andmediumdose to controls (left panels), and change
over time per participant in the low-dose (middle panels) and medium-dose group (right panels). Low-dose group = light blue, medium-dose group = dark
blue, controls = red.
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Finally, the observed clinical effect was associated with
a marked rise in neurotrophic factors in the spinal fluid
documented to be present for at least 4 weeks following
MSC administration. This effect was also dose-dependent
and convincingly seen only in the medium- and high-dose
tiers, though concentration of most neurotrophic factors was
just at or below detection threshold for the baseline samples.
Even more sensitive assays are currently in development.
Although documentation of a rise in neurotrophic factors
following MSC administration supports one of the potential
mechanisms by which MSCs may positively influence the
disease course in MSA, further work is needed to delineate
pathophysiologic mechanisms in MSA and the role of MSCs
in affecting those mechanisms. Besides the deprivation of
growth factors as a result of glial dysfunction, inflammatory
mechanisms, including microglial activation and resulting
oxidative stress, appear to be an important part of the
pathophysiologic cascade and may be positively influenced
by MSCs through their immunomodulatory
properties.10,26,41–43 An effect on endogenous stem cells
with resulting change of the target microenvironment is
another intriguing concept.44

Although the precise mechanisms by which MSCs may pos-
itively influence the disease course in MSA remain only par-
tially understood, there is increasingly convincing evidence
based on preclinical studies and clinical trials that MSCs have
an intriguing potential of modifying the disease course of
MSA. Our study contributes to this evidence and adds in-
formation about the safety and tolerability of the intrathecal
administration route, which we could demonstrate to be

adequate, particularly for doses below 108 cells per dose.
Further work is needed to define the optimal timing of re-
peated injections, to explore long-term efficacy, to better
understand the imaging findings near the injection site, to
document target engagement, and to further define the
mechanism of action. Work in all these areas is currently
ongoing.

In spite of this additional work needed, the available evidence
combined with the poor prognosis of this disease for which no
disease-modifying therapy exists postulate to simultaneously
proceed with a randomized, placebo-controlled trial to pro-
vide proof of efficacy of this approach.

This study established adequate safety and tolerability of in-
trathecal injection of autologous, adipose-derived MSCs in
MSA. In spite of its open-label nature, clinical and surrogate
efficacy signals support a future phase II/III trial.
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Figure 5 Nerve growth factor (NGF) response to mesenchymal stem cell (MSC) injections
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jection (indicated with arrows). NGF
was largely undetectable at baseline,
showed a slight but nonsignificant rise
after the single MSC injection in the
low-dose group (light blue), but was
elevated dramatically 1 week after
each MSC injection in the medium-
dose tier (dark blue), with stillmarkedly
elevated levels 4 weeks after each
injection.
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