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Abstract

e AIM: To evaluate the role of bone marrow-derived stem
cells in the treatment of advanced dry age-related macular
degeneration (AMD) using multifocal electroretinogram
(mf-ERG) and fundus autofluorescence imaging.

e METHODS: Thirty patients (60 eyes) with bilateral central
geographic atrophy (GA) were recruited. Worse eye of
each patient received autologous bone marrow-derived
hematopoietic stem cells (BM-HSCs) (group 1) and the
fellow eye with better visual acuity served as control (group
2). The effect of stem cell therapy was determined in terms of
visual acuity, amplitude and implicit time in mf-ERG and size
of GA on fundus autofluorescence imaging. These tests were
performed at presentation and first, third and sixth month
follow up. Adverse events (if any) were also monitored.

e RESULTS: At 6mo follow-up there was no statistically
significant improvement in median logMAR best corrected
visual acuity (BCVA) in either group. Mf-ERG revealed
significant improvement in amplitude and implicit time in
the intervention group. A significant decrease was also
noted in greatest linear dimension (GLD) of GA in the eyes
receiving stem cells [6.78+2.60 mm at baseline to 6.56+2.59 mm
at 6mo (P=0.021)]. However, no such improvement was
noted in the control group.

e CONCLUSION: Electrophysiological and anatomical
improvement in the intervention group sheds light on the
therapeutic role of BM-HSCs. Further studies are required
to determine the stage of disease at which the maximal
benefit can be achieved and to standardize the dose and
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frequency of stem cell injection.
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INTRODUCTION
A ge-related macular degeneration (AMD) is one of the
leading causes of low vision in the elderly population
in developed nations'). The expected number of people with
AMD in 2020 is 196 million, increasing to 288 million in
2040". Age being the most important risk factor for AMD, the
prevalence of this disease is expected to increase in the coming
years”. In the last decade, numerous advancements have been
made in the treatment of wet AMD which have shown promising
outcomes. However, the same cannot be said about dry AMD,
particularly the advanced forms i.e. geographic atrophy (GA).
Though many treatment modalities are under trial including, stem
cells, ciliary neurotrophic factor, rheopheresis!*, retinol binding
agents”, ozonated autohemotherapy and prostaglandins, only
AREDS combination is approved till now for retarding the
progression of AMD to advanced form'®.
Initial work by Otani et a/'” in rodent eyes showed a decline
in the retinal vascular degeneration (normally seen in the
rdl or rd10 mouse models) after the intravitreal injection of
adult bone marrow-derived lineage negative hematopoietic
stem cells (BM-HSCs). This finding correlated with neuronal
rescue and improvement in electroretinogram (ERG) readings.
Plasticity of BM-HSCs is now a well-known phenomenon
and is not bounded by lineage specificity. They have been
found to form functional units of other organs, express tissue-
specific proteins in various organs like heart, liver, brain etc.”"".
Our study aims to assess the role of autologous BM-HSCs in
patients with GA.
Multifocal electroretinogram (mf-ERG) is a cone-mediated
retinal response, evaluating central 30 degrees of the retina.
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As GA progresses the mf-ERG response is anticipated to fall.
Decrease in amplitude and increase in implicit time, both are
noted with the advancement of the disease!'” and thus, may be
used to quantify the gain or loss of vision in these patients'”.
SUBJECTS AND METHODS

Procedures A pilot, prospective, single cohort interventional
study was conducted at our tertiary care centre. The research
was approved by the Institute Ethics Committee (IEC-AIIMS)
and Institute Committee for Stem Cell Therapy and Research
(ICSCRT). Patients were recruited from the Outpatient
Department and Vitreo-Retina Clinic of our centre. Enrolment
into the study required a confirmed diagnosis of bilateral GA
with best corrected visual acuity (BCVA) of <6/60 to counting
fingers in the study eye (group 1) and better or equal BCVA in
the fellow (control, group 2) eye. Patients receiving AREDS
treatment in last 3mo were excluded. Patients with wet AMD
and maculopathy secondary to diabetes, vascular occlusions or
any other pathology were excluded. Patients with any systemic
comorbidity affecting Hematopoietic stem cells like exposure
to radiotherapy or chemotherapy were excluded. Written
informed consent was obtained.

All patients underwent baseline ophthalmic evaluation
including baseline BCVA, applanation tonometry, slit lamp
biomicroscopy, clinical photograph, optical coherence
tomography (OCT), fundus fluorescein angiography, fundus
autofluorescence imaging and mf-ERG. Visual acuity was
recorded using a Snellen chart at a distance of 20 feet (6.1 m).
Values were converted to the logarithm of the minimum angle
of resolution (logMAR) score for statistical analysis. The
operators conducting the investigations and researchers
evaluating the results were blinded to the groups.

Multifocal Electroretinogram Mf{-ERG (mf-ERG-Vision
monitor, Monpack 3, Metrovision, France) readings were
recorded from each eye as per the International Society for
Clinical Electrophysiology of Vision (ISCEV) guidelines"*.
The patient was light adapted for at least 15min in room
light. Pupils were fully dilated with 1% tropicamide and 5%
phenylephrine topical eye drops. An LCD screen was used to
produce 61 regular hexagonal stimulus patterns with a viewing
distance of 33 cm (corresponding to a field of 30° horizontally
and 24° vertically) with a central fixation point. The luminance
of a bright hexagon was maintained at 100 cd/m’, <1 cd/m’
for dark hexagon, and 30 cd/m” for background cover. The
stimulus frequency was set at 17 Hz. Cornea was anaesthetized
with 1% proparacaine, refractive correction was given and
recording was done monocularly using contact lens electrodes ;
fixation was monitored on a camera system. The total duration
of pseudorandom stimulation was 5Smin.

Fundus Autofluorescence The procedure was carried out
using VISUPAC. VISUPAC" is a trademark of Carl Zeiss
Meditec AG. Pupils were dilated using 1% tropicamide eye

drops and fundus autofluorescence (FAF) images were recorded
using the blue filter. Areas of hypo-autofluorescence in the
macular region were considered as GA. The greatest dimension
of this hypo-autofluorescent area was measured and noted as
greatest linear dimension (GLD) at baseline, which was then
followed up on each visit using the inbuilt software. The same
operator did FAF imaging for all the patients at each follow-up.
Bone Marrow Aspiration Bone marrow (BM) aspiration was
performed from the iliac crest of the patient at the hematology
facility of our institute. The patient was placed in lateral
decubitus position, with the upper leg flexed and the lower leg
straight. The site of aspiration was cleaned with an antiseptic
scrub and draped exposing the iliac crest. The skin and the area
down to the periosteum were infiltrated with 1% xylocaine.
The BM aspiration needle, with a stylet in place, was inserted
and advanced by rotating clockwise and counterclockwise
slowly until the cortical bone was penetrated and the marrow
cavity was entered. Once within the marrow cavity, the stylet
was removed, and using a 20 cc syringe, approximately 20 mL
to 30 mL of BM was aspirated. The procedure took 10-20min.
Bone Marrow Separation and Transplantation of Mononuclear
Stem Cells BM processing was done at the stem cell facility
of our centre, following Current Good Manufacturing Practice
(cGMP) guidelines and standard protocol under aseptic
precautions. A Ficoll-Paque (GE Healthcare Life Sciences,
Piscataway, NJ, USA) density gradient was used to isolate bone
marrow-mononuclear cells (BM-MNCs)"*'®. The BM was pipetted
repeatedly to prepare a single cell suspension. The BM-MNCs
were separated by layering the single cell suspension over the
density gradient media (lymphocyte separation media, GE
Healthcare) in 15-mL centrifuge tubes (Tarsons) and were
centrifuged at 800 G for 25min. The buffy layer at the interface
was removed using new 15-mL centrifuge tubes and was
washed twice with phosphate buffer saline (PBS) to remove
the lymphocyte separation media. A final volume of 2-4 mL
of concentrated cell suspension was prepared in PBS. A small
fraction of the cell suspension was used for cell counting and
viability testing by trypan blue exclusion. Cell counting was
performed using a hemocytometer. Aliquots of 8 million cells
per 100 pL. PBS were prepared for the injection. A smear
of the cell suspension was prepared over a glass slide and
was stained with 5% Giemsa stain to see the BM-MNCs
morphology.

A Neubauer-type hemocytometer counting chamber and
an upright contrast-phase microscope (Eclipse 80i, Nikon)
were used for manual counts. A 20-uL aliquot of each cell
suspension was diluted by mixing it with 180 pL of PBS, and
it was loaded onto each side of the counting chamber and
counted using the following calculation: cells/mL=average
count per squarexdilution factorx10".
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Figure 1 Representative plot for CD3, CD4 and CD8 enumeration by flow cytometry.

The cell viability was determined using trypan blue dye
exclusion assay by mixing a small volume of the BM-MNCs
with 0.4% trypan blue (Himedia) solution 1:1 in a microtiter
plate.

The BM-MNCs were characterized using a panel of antibodies
(CD34, CD45, CD3, CD4, and CDS) by flow cytometry. The
whole procedure took approximately 2-3h.

Red Blood Cell Depletion by Treatment with Ammonium
Chloride Solution The contamination of red blood cell
(RBC) was removed from the BM sample using this method.
Erythrocytes BM cells were lysed by short-term incubation
(10min) with a mixture of buffered ammonium chloride
solution (NH,CI) (cat. No. A10492-01) and sample in ratio of
4:1 (i.e. 4 mL NH,C] to 1 mL of sample). Gentle vortexing
of the above mixture was done followed by repeated 3 times
washing with IMDM + 2% FBS (cat. No. 12440-053) at 300xg
for 10min. The supernatant was discarded and the cell pellet
was resuspended in IMDM + 2% FBS to make 1-2 mL final
volume for cell count!'”,

Sterility An aliquot of BM and isolated mononuclear cells
was sent for microbiological culture evaluation. The results
of microbial cultures were reviewed by the laboratory In-
charge or designee in a timely manner. During the complete
procedure, no growth of microorganisms was noticed in any of
the cultures in our study.

Flow Cytometry Around 0.5x10° BM-MNCs marrow
were stained with CD34, CD3 (BD PharMingen), CD4 (BD
PharMingen) and CD8 (BD PharMingen) for 30min at 4 °C .
Parallel appropriate isotope controls were also stained. All
samples were rinsed twice in PBS and analysed on a FACS
LSR-II (BD Biosciences) and analysed using software
FACS DIVA 6.12 (BD Biosciences). At least 10 000 cells
in total were analysed. Figures 1, 2 are representative plots
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Figure 2 Representative plot for CD34 and CD45 enumeration.

for enumeration of mononuclear cells using flow cytometry.
Figure 2 depicts cell distribution based on forward scatter
(FSC) and side scatter (SSC) parameter which describe their
size and granularity and ring analysis charts.

Intravitreal Injection of HSCs Transplantation of BM-MNC:
MNCs were suspended in physiological saline. Eight million
cells suspended in 0.1 mL of saline solution were injected
into the mid-vitreous using a 30 gauge needle via pars plana
route under topical anesthesia, under strict aseptic precautions.
Paracentesis was done to avoid sudden peak in the intraocular
pressme (IOP) following intravitreal injection. Cells were
injected in the operating room within twenty minutes of
dispatch from the stem cell facility.

Follow-up Patients were followed up on day one, one week,
first, third and sixth month. At each visit, patients were
examined for BCVA, signs of intraocular inflammation, IOP,

progression of cataract and peripheral retinal evaluation for any
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peripheral breaks. FAF imaging and mf-ERG were performed
at 1, 3 and 6"-month visit for both eyes.

Statistical analysis was performed with SPSS 17 for Windows.
Pre-treatment and 6mo post-treatment visual acuity, mf-ERG
were compared using Wilcoxon Signed Rank Test. P<0.05 was
considered as statistically significant. Continuous variables
have been described as median (minimum-maximum). The
research followed the tenets of the Declaration of Helsinki.
RESULTS

Demographic Data The median age of the patients recruited
was 71y ranging from 61 to 87y. Out of thirty patients,
nineteen were males and eleven were females (Table 1).

Bone Marrow Aspirates Analysis None of the patients
suffered any excessive bleeding, infection or long-standing
discomfort at the biopsy spot. The mean volume of BM
aspirated was 3448 mL. The total cell count was 8 million per
mL with viability being 99%+1%. The mean CD34 and CD45
count of 5.5%=+0.56%, a mean of CD3 count of 14.2%=+9.4%,
a mean of CD4 count of 8.8%+5.3%, a mean CDS8 count of
6.2%+5.7% was noted.

Functional Results In the eye receiving HSCs (Group 1) no
change was noted in the BCVA over the period of 6mo, the
median logMAR BCVA remaining constant at 1.6276 (1-1.86)
(P=0.116). However, in the control eyes (Group 2) decline
was noted in the median BCVA [0.7781 (0.301-1.0791) to 1
(0.301 to 1.1761)]. This decline was however not statistically
significant (P=0.058).

Multifocal Electroretinogram Analysis In Group 1 statistically
significant improvement was noted in the median amplitude
over 6mo in all the rings except 10-15 degree ring. Also
statistically significant decrease was noted in implicit time
in all the zones. In Group 2 there was no improvement in
amplitude or implicit time in any of the zones (Figure 3, Tables
2 and 3).

Fundus Autofluorescence In Group 1 the mean GLD decreased
significantly from 6.78+2.60 (3.45-12.17) mm at baseline to
6.56+2.59 (3.23-11.75) mm at 6mo (P=0.021). In Group 2
the mean GLD increased from 6.57+2.63 (3.05-11.54) mm at
baseline to 6.58+2.64 (3.05-11.65) mm at 6mo, however, the
change was not significant (P=0.987) (Figure 4).
Complications or Adverse Events Adverse events like
endophthalmitis, severe intraocular inflammation or uncontrolled
IOP were not seen in any of the patients.

DISCUSSION

AMD begins with the functional and structural impairment of
retinal pigment epithelium (RPE) which is followed by loss of
photoreceptors, thus causing a decrease in vision. One-third of
eyes with late AMD have GA and two-thirds develop choroidal
neovascularization (CNV). In a population-based study, 42%
of patients with GA presented with visual acuity of 20/200
(legal blindness) or lower and 31% of subjects experienced a

Table 1 Demographic details and visual acuity of eye receiving

stem cells
Serial No.  Age/Sex Study eye Bgsce\l/lze B%Xﬁ at
1 62/F OD 1.86 1.7781
2 76/M oD 1.301 1.1761
3 82/F OD 1.86 1.86
4 74/M (0N 1.7781 1.4771
5 67/M (ON 1.1761 1.1761
6 71/F oD 1.4771 1.301
7 75/F (0N 0.7781 0.7781
8 69/M (0N 1.7781 1.7781
9 81/M (0N 1.86 1.86
10 78/M OD 1.301 1.301
11 62/M OD 1.86 1.7781
12 77/M (0N 1.301 1.1761
13 70/F (0N 1.86 1.86
14 71/M oD 1.7781 1.4771
15 68/F (0N 1.1761 1.1761
16 65/M OD 1.4771 1.7781
17 85/M OD 1 0.7781
18 75/F oD 1.7781 1.7781
19 87/F oD 1.86 1.86
20 61/M (0N 1.301 1.301
21 80/M OD 1.86 1.7781
22 79/F (ON 1.301 1.1761
23 81/M oS 1.86 1.86
24 83/M (0N 1.7781 1.7781
25 76/M oD 1.1761 1
26 69/F OD 1.4771 1.7781
27 77/F (0N 0.7781 0.7781
28 68/M oS 1.7781 1.7781
29 72/M oS 1.86 1.86
30 80/M OD 1.301 1.301

BCVA: Best corrected visual acuity; OD: Oculus dexter; OS: Oculus

sinister.

Table 2 Mf-ERG amplitude (median values in nanovolts)

Ring Group Pret/t 1mo 3mo 6mo P

Group 1 211.5 192 215 2224  0.012
<2 deg

Group2 301 302.5 300  300.5 0.811

Group 1 250.2 239.65 245.65 2514 0.002
2-5 deg

Group2 229 234 233 227.5 0.042

Group 1 195 196  198.5 197.65 0.036
5-10 deg

Group2 1585 1589 1599 158 0.227

Group 1 166.3 168 167 166.5 0.244
10-15 deg

Group2 1453 144.85 14555 1449 0470

Group 1 133.2 133.15 135.85 134.05 0.003
>15 deg

Group2 2143 213.7 21435 2141 0.051

t: Treatment; deg: Degrees.
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Figure 3 Representative 3D visualization map of mf-ERG before
receiving stem cells and at 1%, 3" and 6" month follow-up after

injecting the stem cells .
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Figure 4 Representative FAF imaging of a patient prior to stem

cell injection and on three subsequent follow-ups after the injection.

Table 3 Mf-ERG implicit time (median values in milliseconds)

Ring Group Pret/t Imo  3mo 6mo P

Groupl 468 453 443 43.7  0.003
<2 deg

Group2 48 47.8 4815 483  0.454

Group 1 42.8 4245 4285 4255 0.001
2-5 deg

Group2 44.8 4425 4445 445 0772

Group1 50.7 51.05 51.05 50.5 0.001
5-10 deg

Group2 49.6 50.05 50.7 50.1  0.691

Group I 40.55 4045 383 40.3  0.038
10-15 deg

Group2 47 49.25 4835 473 1.000

Groupl 363 36.15 35.65 359 0.014
>15 deg

Group2 42.65 43.35 43.1 42,65 0.667

t:Treatment; deg: Degrees.

3 line loss in 2y and, a rate of visual decline more pronounced
than observed with untreated diabetic macular edema*"".
Most of the newer therapies aiming to retard progression of GA
can be classified into neuroprotective agents, antioxidants, and

anti-inflammatory agents. Stem cell therapy is hypothesized to
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combine all these above mechanisms to prevent further loss of
degenerating cells and promote regeneration of photoreceptors.
Our study was conducted on the basis of the preliminary work
* and Otani et al”.

In our study, we observed that eyes receiving stem cells

done by Tomita et al'

maintained a constant visual acuity over the period of 6mo,
unlike the control group in which a few eyes experienced
deterioration in the visual acuity. These results may be
attributed to the anti-apoptotic potential of stem cells on
degenerating photoreceptors'”.

It has been studied that as we move from the perilesional
area towards the area of atrophy, the RPE and photoreceptors
become increasingly disorganized”'. So we hypothesize that
these are the active sites of injury where there is an ongoing
insult to the retinal cells. These junctional areas, thus can be
the potential site for homing the injected stem cells and prevent

[22

further progression of atrophy"””. FAF imaging provided
an objective measure of the antiapoptotic and possibly
regenerative capacity of stem cells by showing a significant
decrease in the size of the lesion. Labelling the injected stem
cells using fluorescent probes allows in vivo imaging and gives
a definitive evidence of stem cell integration. This could not
be executed in our current work and is a potential limitation of
our study. Mf-ERG analysis corroborated with the functional
and anatomical improvement seen in our patients. We observed
a significant improvement in mf-ERG response in the treated
eyes. Stem cells are known to activate the resident stem
cells in the neighbouring area by releasing trophic factors
and improve the response from previously damaged part of
retina. Stem cells exert paracrine effect resulting in increased
angiogenesis, anti-apoptotic and chemotactic signalling,
decreased inflammation, remodelling of the extracellular matrix
and activation of neighbouring resident stem cells'”***,

Various stem cell types are being explored as potential sources
for retinal transplantation, including embryonic stem cells
(ESCs), adult stem/progenitor cells and recently, induced
pluripotent stem cells (iPSCs)***”. Use of stem cells for retinal
repair and regeneration require generation of adequate and
appropriate cell populations for transplantation. However,
the gap between the available knowledge and its clinical

[27-28

exploitation is considerable™ "), The success of this procedure

is dependent on safe and efficient tissue delivery and survival
and integration of the transplanted cells within the host™*”,
Also, the transplanted material must be capable of maintaining
an appropriate state of differentiation and should be able to
negate the problems of graft rejection. Considering immune
surveillance a significant issue, the approach of autologous
sources of cells for transplantation would be ideal™.

Human embryonic stem (hES) cells have dramatically
altered the field of cellular biology since the first lines were

established”™"!. With regard to AMD and Stargardt disease,
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these cells have shown commitment to RPE formation in

2331 Recently, John ef al®*! have described how cell

Vitro
source for stem cell-based therapy can be chosen for retinal
damage in AMD. Retinal damage has been classified in three
grades depending on the cells involved. In cases with grade
two (RPE and photoreceptor loss) and grade three (RPE,
photoreceptor and neurons) retinal damage, HSCs and ESCs
can be chosen for stem cell therapy. However, the use of ESCs
is still challenging due to the ethical issues, the immunological
reaction and long-term risks of teratoma formation”" and
difficulties associated with the isolation and culture of these
cell types. In contrast, HSCs are relatively easy to harvest
and being autologous are free from the effects of allogeneic
rejection. Also, the long-term risk of teratoma formation is
negated. Since ours is a preliminary work, further guidelines
need to be furnished regarding dosage, timing and frequency
of HSC injection.

Despite many limitations this study offers glimpses into the
potential therapeutic effect of the autologous bone marrow
derived stem cells for treatment of advanced dry AMD. They
may have a role in not only early stabilization of visual acuity,
but also in limiting the lesion size, to counter the activity at the
lesion margins and to improve the photoreceptor conduction.
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