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Background: We report the results of 6 patients with Dominant Optic Atrophy (DOA) who met inclusion
criteria and were treated in the Stem Cell Ophthalmology Treatment Study (SCOTS). SCOTS/SCOTS
2 is an Institutional Review Board approved and NIH registered (NCT 03011541) clinical study that uses
autologous bone marrow derived stem cells (BMSC) in the treatment of optic nerve and retinal disease.
Methods: This is an open label, non-randomized clinical study using natural history of the disease as the
comparator. BMSC were separated from aspirated autologous bone marrow with minimal manipulation using
an FDA cleared Class II medical device. Patients were treated with combinations of retrobulbar, subtenons,
intravitreal or subretinal placement of BMSC followed by intravenous injection of BMSC depending on the
arm of the study chosen. There were no surgical complications.

Results: Of the patients treated, 83.3% (5 of 6 patients) experienced visual improvements and in all of these
cases both eyes improved. Ten eyes or 83.3% experienced gains in visual acuity with a median improvement
of 2.125 Snellen lines, or approximately 10.63 letters. Two eyes were considered unchanged compared to
longstanding measurements. Using LogMAR, the average improvement in vision for all eyes was 29.5%.
The averagevisual acuity increasein eyes that improved was 33.3%. Findings were statistically significant with
P<0.001.

Conclusions: Using autologous BMSC per protocols developed in the SCOTS/SCOTS 2 clinical
studies resulted in statistically significant visual acuity improvements in patients with DOA or Kjers Optic
Neuropathy. Improvements occurred in 83.3% of eyes and averaged 29.5%. Mitochondrial transfer and
neuroprotective exosome secretions from the BMSC may have been key to the improvements observed in

this mitochondrial disease.
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Introduction Treatments have been performed since November 2012.

The Stem Cell Ophthalmology Treatment Study (SCOTS) Both underwent evaluation and approval by an Institutional

and its subsequent follow on study SCOTS 2, remain the Review Board. Autologous bone marrow derived stem cells

largest stem cell studies for eye disease registered with
the National Institutes of Health — www.clinicaltrials.

gov Identifier NCT 01920867 and NCT 03011541.
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(BMSC) are separated from bone marrow aspirated from
the posterior Iliac Crest using minimal manipulation in

an FDA cleared class II device. All optic nerve and retinal
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diseases treated are either progressive or unable to improve
spontaneously. SCOTS provides a non-randomized, open
label protocol using natural history as the comparator.
Neither a placebo nor sham treatment is involved, and
all patients accepted into the study receive active BMSC
injections.

Detailed inclusion and exclusion criteria have been
presented frequently in other published papers and are
available on the NIH Clinical Trials website.

Briefly, inclusion criteria include the need to have
disease or damage to the optic nerve or retina that is either
progressive or unlikely to improve. It must be affecting
vision with best corrected acuity of 20/40 or less, or
abnormal central or peripheral visual field. Treatment in
SCOTS is not available until at least 3 months following
any standard disease intervention including surgery, laser or
injections. Eye pressures must be well controlled. Patients
must be at least 18 years old and medically cleared for
anesthesia and surgery.

Exclusion criteria include patients who are not capable
or willing to undergo adequate ophthalmologic exam pre-
and post-treatment. Patients must be capable of providing
informed consent. Patients must not be at serious risk
to their general health or visual function if they have the
procedure.

Dominant Optic Atrophy (DOA), also known as
Autosomal Dominant Optic Atrophy or Kjer’s Optic
Neuropathy, is the most commonly diagnosed inherited optic
neuropathy (1,2), occurring in 1 in 50,000 individuals (3).
OPA loci and genes in the nucleus of human cells code for
inner mitochondrial membrane proteins with mutations
affecting mitochondrial fusion, Adenosine Triphosphate
(ATP) production for cellular energy, control of apoptosis,
calcium processing and maintenance of the mitochondrial
genome. Approximately 60% of families with DOA
exhibit mutations in OPA1(3q28-q29). The patient
typically presents with bilateral loss of visual acuity and
dyschromatopsia in early childhood. There is a wide
variability in visual loss with 13-46% of patients registered
as legally blind. The rate of visual loss may be highly
variable as well.

Patients are advised to avoid alcohol and tobacco, as
well as medications known to interfere with mitochondrial
metabolism. Nutritional supplements such as Vitamins
B12 and Vitamin D, Coenzyme-Q10, and lutein have
been suggested to reduce reactive oxygen induced stress in
the optic nerve. Topical neuroprotective or antiapoptotic
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medications, such as brimonidine, have been tried though
evidence of efficacy is anecdotal (3-5).

Methods

Patients enrolling in SCOTS, and presented in this
paper, all received a full ophthalmologic examination by
the Principal Investigator. This recorded past ocular and
medical history, best Snellen and Early Treatment Diabetic
Retinopathy Study (ETDRS) visual acuities, slit lamp exam
of the eye, intraocular pressure measurement, and fundus
evaluation after dilation. Photos of the fundus, Ocular
Coherence Tomographic (OCT) and automated perimetry
exams were obtained. If suggestion of neovascularization
was found on fundus exam, a fluorescein angiogram was
performed. Interview with the patient and review of their
medical records established the approximate period of
compromised vision.

For patients unable to visualize the Snellen 20/400 letter,
or largest projected Snellen optotype, vision was evaluated
using a 20/200 “E” card from various premeasured distances
until the patient reported correctly. Eccentric gaze was
permitted to obtain the best possible acuity preoperatively.
Vision was recorded as “hand motion” (HM) if the hand-
held optotype was not seen at 1 foot but the patient
reported perception of hand motions. If the ETDRS visual
acuity was less than 5/200, patients were evaluated for their
ability to see hand motions. Acuity of eyes which could only
perceive light was recorded as “light perception” (LP). If no
light could be perceived with the brightest light, vision was
stated as “no light perception” (NLP).

Informed consent was carefully and thoroughly obtained
for each patient. An extensive discussion of the experimental
nature of the intended procedure was provided. All
treatments were performed by a single Principal
Investigator (JN'W) at the same out-patient ambulatory
surgical center under anesthesia.

The patients were required to have eye examinations
following the procedure at 1, 3, 6 and 12 months post-
treatment. The results were to be reported to the Principal
Investigator and Study Director.

There are three available treatment arms in the SCOTS
protocol. The decision about which arm to provide is based
on the degree of visual loss, disease causing visual loss, any
potential treatment risk factors and the patient medical
status. Both eyes are treated assuming both meet the
inclusion criteria. No immunosuppression is utilized as the
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cells are autologous.

An FDA cleared Class 2 medical device is used to
mechanically separate the BMSC concentrate from the bone
marrow aspirate. This concentrate has averaged 1.2 billion
Total Nucleated Cells including mesenchymal stem cells
(MSC) in approximately 14-15 milliliters of concentrate.
Retrobulbar injection provides 3 milliliters of BMSC
concentrate; subtenons injection provides 1 milliliter of
BMSC concentrate; intravitreal injection is 0.05 millimeter;
subretinal injection or intra-optic nerve injection is
approximately 0.1 milliliter. The remaining concentrate is
injected through a 100 micron filter intravenously.

Arm 1 uses stem cell concentrate provided retrobulbar
and sub-Tenons followed by intravenous injection.

Arm 2 uses stem cell concentrate provided retrobulbar,
sub-"Tenon and intravitreal followed by intravenous injection.

Arm 3 treats the eye with better visual acuity using Arm
1 or Arm 2, and the eye with more severe visual acuity
impairment a core pars plana vitrectomy followed by
subretinal or intra-optic nerve stem cell concentrate. This
is followed by intravenous injection. Monocular patients are

not eligible for Arm 3.

Patients
Patient 1

A 62-year-old male with a 15-year history of decreased
visual acuity secondary to DOA. Genetic testing revealed
the presence of the OPAI gene. Preoperatively, the best
corrected visual acuity was 20/80-2 in the right eye (OD)
and 20/100-2 in the left eye (OS). The visual acuity on the
Early Treatment Diabetic Retinopathy Study (ETDRS)
chart was 20/63 OD and 20/100+1 OS. Following informed
consent, the patient underwent Arm 2 OU of SCOTS the
next day. Eighteen months postoperatively, the visual acuity
had improved to 20/40-2 in each eye.

Patient 2

This 39-year-old female was diagnosed with DOA 5 years
prior to her inclusion in SCOTS. The preoperative vision
was 20/60-1 OD and 20/80+1 OS. The visual acuity on
the ETDRS chart was 20/50-2 OD and 20/63+1 OS.
Following detailed informed consent, she underwent
Arm 2 in each eye. Four months postoperatively she was
20/40 in each eye. Twelve months postoperatively the
visual acuity was 20/50 OD and 20/40 OS. The macular
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thickness OCT improved from 190 to 254 microns and
OS from 179 to 254 microns.

Patient 3

This 54-year-old female presented with a visual acuity of
20/200-1 OD and 207400 OS. Genetic testing was reported
as confirming the diagnosis of DOA. The visual acuity on
the ETDRS chart was 20/160+2 OD and 20/200+1 OS.
She underwent Arm 3 OS and Arm 2 OD as per SCOTS
protocol. Two months post-operatively the visual acuity
was 20/150 OD and OS. At 6 months OD was 20/100 and
OS 207200 with ETDRS letters 44 OD and 29 OS. At
12 months OD was 20/100-1 and OS 20/250 with ETDRS
OD 40.5 letters at 1 meter and OS 31.5 letters at 1 meter.

Patient 4

A 40-year-old female with a 20-year history of visual loss
secondary to DOA. The visual acuity was 20/200 in each
eye, ETDRS 20/125-2 OU. The patient underwent Arm
2 OU and at 1 month postoperatively the visual acuity was
OD 20/150 and OS 20/80. Two months later the patient
reported an improvement in color and depth perception. At
6 months postoperatively the visual acuity was OD 20/100-
2 and OS 20/150+2. At 9 months the visual acuity was
20/150 OU and at the 1-year postoperative examination the
visual acuity was 20/100 OU. The visual fields improved
in each eye. At 3 months postoperatively the Visual Field
showed OD MD -7.22 P<0.5% PSD 3.54 P<2% with
superior arcuate and central/paracentral loss. OS MD -7.82
P<0.5% PSD 6.88 P<0.5% with a dense superior arcuate
and central/paracentral scotoma. At the 6 months follow-
up examination the visual field in OD improved to MD
-5.67 P<1% PSD 2.44 P<5% with the superior arcuate
and central/paracentral field loss resolved. OS showed MD
-5.87 P<1% PSD 5.25 P<0.5% and the superior arcuate
and central/paracentral loss had improved significantly.
OCT macular thickness also improved. Preoperatively, the
central macular thickness OD was 213 and OS was 173.
One month postoperatively the OCT was demonstrated at
OD Central 320 Vol Cube 9.6 mm’ thickness um 268, OS
Central 239 Vol Cub 8.7 mm’ thickness um 242. A possible
mild Epiretinal Membrane (ERM) was noted OU.

Patient 5

This 42-year-old male presented with a 30-year history of
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visual loss and confirmatory OPAI testing. The immediate
preoperative visual acuity was 20/60-2 OD and 20/70+1
OS, ETDRS 20/80-2 OU. Vision obtained recently by his
primary ophthalmologist had been 20/70- OU and stable
for several years. The patient underwent Arm 2 OU. Two
months postoperatively the visual acuity was 20/60 OD and
20/70+2 OS. At 6 months OD 20/60-2/+1 and OS 20/70-
1 with ETDRS OD 20/125 and OS 20/125. At 12 months,
the patient’s vision was 20/70- OU with ETDRS 20/100
OU. This was judged to be unchanged because of the
historic consistency. Central OCT thickening improved
from 247 to 279 OD.

Patient 6

This 43-year-old male with a history of amblyopia OD and
a 3-year history of decreased visual acuity OS secondary
to DOA presented with a visual acuity of 20/200 OD
and 20/400 OS. The patient was positive for OPA1. The
ETDRS visual acuity was 20/80-1 OD and 20/200+1 OS.
He underwent Arm 2 of the SCOTS protocol and 1 month
later patient had improved to OD 20/80 and OS 20/100-.
At approximately 4 months post-operatively the patient’s
visual acuity was OD 20/80 and OS 20/150+ and it
remained stable at the 8-month visit.

Results

Outcomes of 6 patients with DOA treated in the Stem
Cell Ophthalmology Treatment Study are presented.
Five patients underwent Arm 2 in both eyes and 1 patient
underwent Arm 2 in one eye and Arm 3 in the other eye.

Snellen lines of visual acuity were calculated based on
LogMAR vision increments as outlined in Tuble 1 (6).
The number of letter improvements assumed 5 letters per
Snellen line. Statistical calculations were done assuming
both equal variance and unequal variance. A two tailed
paired (Dependent). 7-test was chosen because the
intervention was performed on the same eye. Statistical
results were significant at the P<0.001 level for both equal
variance and unequal variance (Welch #-test).

Of the patients treated, 83.3% (n=5) experienced visual
improvements and in all of these cases both eyes improved.
Reviewing eyes treated, 83.3% of eyes experienced gains in
visual acuity with a median improvement of 2.456 Snellen
lines, or approximately 12.29 letters. In LogMAR the
average increase in vision was 29.5% and for those eyes
that improved, the average increase was 33.3%. The eye
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undergoing Arm 3 benefited slightly less than eyes treated
with Arm 2. In the remaining patient (#5) the visions
were potentially minimally decreased when compared
to immediate preop vision in the Principal Investigator’s
examination lane. However the post-operative visions which
were obtained in his primary ophthalmologist’s examination
lane were unchanged when compared to preoperative
visions obtained in the same lane. Therefore the visions
were ultimately judged to be unchanged. This patient had
unusually rapid clearing of the intravitreous stem cells
which may have meant less time for the BMSC, whether
intravitreal or retrobulbar, to provide neuroprotection and
mitochondrial transfer.

Discussion

BMSCs have been clinically evaluated in multiple large
studies including those involving cardiovascular, neurologic,
orthopedic, and ophthalmic diseases. BMSCs have been
shown to differentiate into neuron-like cells (7). BMSC
have been shown to release neuroprotective compounds
including nerve growth factor (NGF) and multiple
neurotrophic factors. These can foster the regrowth of
axons, protect retinal ganglion cells (RGC) and allow
them to integrate into existing neural networks thus
re-establishing neural connections (8-10). Autologous
treatment with BMSCs preclude immunosuppression,
do not result in teratoma formation, and have no ethical
or moral objections (11). Though the eye is considered
relatively immune privileged, this “privilege” may be
compromised in the ocular conditions we are wishing to
treat (12), providing an additional benefit of autologous
versus embryonic stem cells.

In a glaucoma murine model using BMSC placed in
the vitreous cavity, BMSC did not necessarily engraft, but
provided a 10-20% increase in the number of surviving
RGC (13,14). In a model of optic nerve crush and
transection, the use of BMSC provided a doubling of the
number of regenerating axons located 100-1,200 pm distal
to the lesion site in comparison to a control group. In
addition, the survival of RGC improved by 15-28% during
the 8-28 days period following the injury (15,16).

In a small clinical study of patients with secondary
progressive Multiple Sclerosis (17), the suggestion of a
neuroprotective effect was observed following treatment
with MSC. These effects were felt to result from either
retinal glia activation and glia-mediated neuroprotection or
through signaling between the stem cells and the damaged
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RGCs.

It has been demonstrated that BMSC can differentiate
into photoreceptor cells (18), secrete factors to promote
photoreceptor survival (19), and have been proven to
possess neurotrophic effects on the retina (20,21). We have
previously demonstrated the ability of autologous BMSC to
successfully treat optic nerve disease (22,23).

Mitochondrial transfer is postulated to be a mechanism
by which improvement may be obtained in mitochondrial
dysfunction. In a report by Liu et 4., MSC were observed
using laser scanning confocal microscopy to transfer their
mitochondria via a tunneling nanotube-like structure (24).
They showed that mitochondrial transfer was frequent
and essentially one way from the MSC to endothelial cells,
protecting them from apoptosis.

In the one patient with no improvement in vision, the
BMSC placed intravitreal per the Arm 2 protocol rapidly
cleared and were no longer visible at the 2-month post-
operative visit. In our experience it is typical for intravitreal
BMSC to persist for approximately 4 months. It is possible
their early departure would result in less exosomal release
of mRNA and neurotrophic factors, less mitochondrial
transfer to the ganglion cell layer on the surface of the
retina adjacent to the vitreous and less opportunity for
neuronal transdifferentiation and migration into the nerve
fiber layer. The result could be an absence of benefit and
minimal decrease in vision in one eye as a consequence of
residual vitreal debris.

Conclusions

The approach utilized in SCOTS for optic nerve disease
provides transfer of the fraction of bone marrow containing
BMSC to either the optic nerve directly or to close
proximity of the optic nerve and retinal ganglion cell layer.

A number of preclinical studies provide evidence that
mitochondrial transfer can take place between BMSC,
including MSC, and tissue having undergone injury with
the resultant improvement in ATP production allowing for
increased survival of the injured cells.

The mechanism of this transfer via a nanotube like
structure has been delineated and blockage of this process
has been shown to interrupt mitochondrial transfer. Both
epithelial and endothelial cells have been shown to accept
mitochondria and neural tissue such as the retinal ganglion
cell layer and optic nerve are likely capable of participating
in this receipt of mitochondria.

Various mechanisms of action have been identified
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to explain the effects of BMSC. These include secretion
of exosomes derived from MSC that release microRINA
(miRNA) that enhance the expression of genes promoting
cell survival and reduce the actions of harmful genes.
Additional exosomes release growth factors including brain-
derived neurotrophic growth factor (BDNF), NGF and
glial cell line-derived neurotrophic factor (GDNF). BMSC
can transfer cytoplasmic structures via cytoplasmic bridges
including mitochondria. Immunomodulation is known to
occur from BMSC. There are also paracrine effects and the
ability of BMSC to transdifferentiate into neurons which
provide beneficial effects (25-29).

Diseases affect different layers of the retina and impact
the optic nerve and ganglion cells variably. Benefits accrued
and the means by which they occur may vary in response to
the type of damage detected by the BMSC. One or more
mechanism of actions may predominate depending on the
disease. Duration of the proximity of BMSC to tissues
being treated may be important for these mechanisms to
provide positive effects. Mitochondrial transfer appears
to be a major contributor to the positive effects of BMSC
and therefore a means by which patients with hereditary
mitochondrial diseases may improve visual function. Similar
patient improvements in our previous report on Lebers
Hereditary Optic Neuropathy also suggest that these
mechanisms are likely the means to positive effects on the
ganglion cell layer and vision (30).

In this paper we presented 6 patients with DOA who
underwent treatment in SCOTS with 83.3% of patients
and eyes showing visual improvement maintained over
a period of up to 24 months. Results showed an average
increase in vision of 29.5% on LogMAR. The use of BMSC
as provided in the SCOTS study appears to show consistent
benefit to vision in mitochondrial optic neuropathies.
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