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Cell Therapy Applications for Retinal Vascular Diseases:
Diabetic Retinopathy and Retinal Vein Occlusion

From the Vitreo-retinal Service, Department of Ophthalmology & Vision Science, University of California Davis Eye Center,
Sacramento, California, United States

Retinal vascular conditions, such as diabetic retinopathy and retinal vein occlusion, remain
leading causes of vision loss. No therapy exists to restore vision loss resulting from retinal
ischemia and associated retinal degeneration. Tissue regeneration is possible with cell
therapy. The goal would be to restore or replace the damaged retinal vasculature and the
retinal neurons that are damaged and/or degenerating from the hypoxic insult. Currently,
various adult cell therapies have been explored as potential treatment. They include
mesenchymal stem cells, vascular precursor cells (i.e., CD34+ cells, hematopoietic cells or
endothelial progenitor cells), and adipose stromal cells. Preclinical studies show that all these
cells have a paracrine trophic effect on damaged ischemic tissue, leading to tissue
preservation. Endothelial progenitor cells and adipose stromal cells integrate into the
damaged retinal vascular wall in preclinical models of diabetic retinopathy and ischemia-
reperfusion injury. Mesenchymal stem cells do not integrate as readily but appear to have a
primary paracrine trophic effect. Early phase clinical trials have been initiated and ongoing
using mesenchymal stem cells or autologous bone marrow CD34+ cells injected intravitreally
as potential therapy for diabetic retinopathy or retinal vein occlusion. Adipose stromal cells or
pluripotent stem cells differentiated into endothelial colony-forming cells have been explored
in preclinical studies and show promise as possible therapies for retinal vascular disorders.
The relative safety or efficacy of these various cell therapies for treating retinal vascular
disorders have yet to be determined.
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etinal vascular disorders, such as diabetic retinopathy and
Rretinal vein occlusion, are common causes of vision loss in
the older adult population in the United States and worldwide.!
Diabetes mellitus affects over 120 million people worldwide
and the incidence of diabetes mellitus is anticipated to increase
to 200 million in the next few decades.? The prevalence of
diabetic retinopathy correlates with the duration of diabetes
mellitus and is approximately 75% after 10 years and 95% after
20 years.? Diabetic retinopathy is a leading cause of blindness
among the working age adults worldwide and one of the
leading causes of vision loss in the elderly.* Retinal vein
occlusion is the second retinal vascular cause of vision loss in
the elderly population in the Unites States and worldwide with
an incidence of 1% to 2% in 10 to 15 years.> Both conditions
affect all ethnic groups. Although intravitreal drug therapy and
laser photocoagulation are used to treat retinal neovasculariza-
tion or macular edema that can occur as visually significant
complications of these common retinal vascular disorders, no
treatment is available for vision loss resulting from retinal
ischemia and/or retinal degeneration associated with these
retinal vascular disorders.®”

Various studies have shown that the quality of life of
patients with eye disease correlated with visual acuity of the
better eye regardless of cause of vision loss.® Vision loss from
diabetic retinopathy or retinal vein occlusion can severely
affect the quality of life.” Thus, there is an unmet need to
develop a treatment to reverse or protect the retinal
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vasculature and retinal neuron in patients with retinal vascular
disease.

RETINAL VASCULOPATHY AND ISCHEMIA

The inner retina is perfused by the retinal circulation provided
by branches of the central retinal artery. As such, retinal
vascular damage associated with diabetic retinopathy or retinal
vascular occlusion can be appreciated on clinical fundus
examination by the changes in retinal vascular caliber, presence
of retinal hemorrhages, exudates and cotton wool spots, and
development of retinal complications such as neovasculariza-
tion or macular edema (Fig. 1A). The extent of retinal
hypoperfusion or ischemia may be appreciated with fundus
fluorescein angiography (Fig. 1B). In severe cases, the
hypoperfusion can be visible on fundus examination as
sclerosed, hypoperfused retinal vessels (Fig. 1C). The net result
is vision loss and retinal neuronal death or degeneration
manifesting clinically as a decrease in retinal thickness. (Fig.
1D).

Retinal ischemia results in impaired oxygen delivery and
metabolic clearance. The net effect is a lowering of the pH,
production of reactive oxygen species, and elevation of
extracellular transmitters with resulting excitotoxicity.'®1! This
may occur acutely, as in retinal vein occlusion, or chronically
and progressively, as in diabetic retinopathy. The degree of
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Ficure 1. Diabetic retinopathy and associated retinal ischemia and degeneration leading to retinal atrophy. (A) Fundus photograph of the left eye a
patient with early proliferative diabetic retinopathy showing scattered retinal hemorrhages, microaneuysms, and intraretinal exudates characteristic
for diabetic retinopathy. Early fronds of retinal neovascularization is noted supratemporal to the macula from proliferative disease. (B) Fluorescein
angiogram of the eye shown in (A) shows a grossly enlarged foveal avascular zone from marked macular ischemia. This explains the severe loss of
vision in this eye. Note the retinal ischemia extends temporal to macula where early retinal neovascularization from proliferative disease is detected.
(O) Fundus photography of a second patient with more severe retinal ischemia from diabetic retinopathy. The main retinal arteries and branches
appear attenuated and white from diffusely sclerosis and lack of perfusion. This eye has inactive proliferative diabetic retinopathy after panretinal
laser photocoagulation. Note the macular pigment changes from chronic atrophy resulting from ischemia. (D) Spectral-domain optical coherence
tomographic cross-sectional image of the macula of left eye shown in (A) showing diffuse thinning of the central macula (star) in the region of
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ischemia. The retinal layers are poorly visualized centrally and there is partial loss of the superficial nerve fiber layer (white arrow) and the deeper
photoreceptor inner segment-outer segment zone (ellipsoid zone, open arrow) in this eye with macular degeneration and atrophy from diabetes
and associated macular ischemia. (E) Spectral-domain optical coherence tomographic cross-sectional image of the macula of a healthy eye for

comparison showing the intact retinal layers.

vision loss associated with both diabetic retinopathy and
retinal vein occlusion correlates with the degree of retinal
ischemia.

In diabetic retinopathy, chronic longstanding hyperglyce-
mia results in dysfunction and death of endothelial cells,
pericytes, and vascular smooth muscle cells, resulting in
breakdown of the blood-retinal barrier and retinal ischemia
from capillary nonperfusion.!? The exact pathogenesis for
diabetic vasculopathy remains unclear. However, both the
endothelial cells and pericytes appear to undergo premature
death in vivo, replicating senescence.” The compromised
retinal vascular architecture and associated inflammation can
lead to upregulation of cytokines and growth factors, especially
VEGF-A.!3 The net effect is retinal vascular leakage leading to
macular edema or neovascularization leading to proliferative
disease. Glial and microglial stimulation also result from
associated inflammation.

Whether the retinal ischemia is acute and chronic,
microvasculature remodeling, and repair occur. In retinal vein
occlusion, revascularization, and/or neovascularization occur
where redundant and acellular basement membrane tubes are
recanalized and reconnected with existing circulation.” New
vessels form in close relationship with developing vessel tubes
and surrounded by macrophages and hypertrophic Miiller cells
and astrocytes that re-establish the glial-vascular relationship.
Microanuerysms and intraretinal microvascular abnormalities
(IRMA) associated with diabetic retinopathy occur in associa-
tion with acellular capillaries close to the arterial side of the
circulation. These vascular changes are thought to represent
endothelial proliferation in the absence of pericytes resulting
from impaired attempts at neovascularization due to the
diabetic environment.”4

RETINAL DEGENERATION ASSOCIATED WITH RETINAL
VASCULOPATHY

Both diabetic retinopathy and retinal vein occlusion are retinal
vascular diseases. However, electroretinography abnormalities
are often noted with both conditions, especially in severe
cases. In the case of diabetes, subtle changes in eletroretinog-
raphy, dark adaptation, and color contrast sensitivity consistent
with retinal neuronal dysfunction can be detected before
clinical signs of diabetic retinal vasculopathy.!> The impair-
ment in retinal function is thought to be a direct effect of
hyperglycemia on retinal neurons although subclinical hypoxic
damage on retinal neuron is also a possible cause because
functional abnormalities may be improved by breathing pure
oxygen. Loss of retinal ganglion cells from apoptosis and
microglial and glial cell reactivity have been described in
diabetic eyes before signs of retinal vascular endothelial
abnormalities are detected.'®'”

In eyes with diabetic retinopathy or retinal vein occlusion,
atrophy, or disruption of the outer retina (i.e., photoreceptor
layer) can be appreciated on optical coherence tomography in
severe cases with irreversible vision loss (Fig. 1D) indicating
that the retinal degeneration associated with retinal vasculop-
athy is not confined to the inner retina perfused by the retinal
circulation, but may extend to the outer retina, either directly
or indirectly.

Cell Therapy for Retinal Vasculopathy

This review will explore the potential use of various cell
therapies as treatment for retinal vasculopathy. The goal of cell
therapy in retinal vascular disease would be to restore or
minimize the vision loss associated with retinal ischemia and/
or retinal degeneration. As such, the cell therapy would have to
restore or replace the damaged retinal vasculature and retinal
neurons.

Direct cell replacement is being explored as potential
therapy for macular degeneration using pluripotent stem cells
differentiated into retinal pigment epithelial cells. Clinical trials
have been initiated using embryonic stem cells and inducible
pluripotent stem cells differentiated into RPE cells and injected
into the submacular space. The treatment results of the phase
I/II study using embryonic stem cell-derived RPE has been
published and the treatment appears to be well tolerated with
visual improvement in some cases.'® For this clinical study,
systemic immunosuppressive therapy was used for 3 months
to minimize rejection of transplanted cells.

In the case of cell therapy for retinal vasculopathy, direct
tissue replacement might be more challenging because several
different cells in the retina are affected in the pathogenesis of
the vision loss. They include the vascular endothelium,
vascular pericytes, vascular smooth muscle, the inner retinal
neurons, the glia and microglia within the retina, and even the
outer retinal photoreceptors. Nonetheless, both preclinical
and clinical studies are ongoing exploring the use of cell
therapy for retinal vascular disease. Most of the work has used
adult mesenchymal or progenitor cells. These adult mesenchy-
mal or progenitor cells are considered multipotent and have
more limited ability to differentiate into the various different
cells damaged in the retina from retinal vascular disease.
However, these adult cells are known to have a regenerative
effect via a local paracrine trophic effect.!®2! Such a
mechanism is less tissue specific and may represent a more
viable approach to regenerate or preserve the various different
damaged cells in the retina resulting from retinal vascular
disorders. The Table summarizes the types of adult cells that
are being explored as potential therapy for retinal vascular
disease. Nonetheless, the therapeutic window for treatment
may be limited as paracrine trophic effect may be limited to
eyes with enough viable cells in the retina. In addition, because
of concerns regarding possibly enhancing ocular neovascular-
ization or other forms of cellular proliferation using cell
therapy, eyes with active ocular neovascularization may not be
ideal candidates for cell therapy. Ultimately, it is possible that
more than one type of cell therapy might be needed to restore
and regenerate the retinal vasculature and the retinal neuron in
order to improve visual function in eyes with significant
ischemic retinopathy.

This review will provide an overview of the various types of
cells that have been explored as potential therapy for retinal
vascular disorders.

MESENCHYMAL STEM CELLS

Mesenchymal stem cells (MSCs) were originally harvested from
bone marrow. These cells also have harvested from adipose
tissue, placenta, umbilical cord blood, Whartons Jelly, dental
pulp, heart, and liver.?? Mesenchymal stem cells readily expand
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TaBLE. Summary of Main Features of Various Types of Adult Cells Explored as Possible Treatment for Retinal Vasculopathy

Cell Feature MSC EPC/CD34 OEC ASC
Source BM, adipose BM, blood Blood Adipose
Expandable Yes No Yes Yes
Route of transplantation® Subretinal, intravitreal, intravenous Intravitreal, itravenous Intravitreal Intravitreal
Allogenic use Yes No Yes Yes
Main cell precursor Muscle, bone Endothelium, blood cells Endothelium Pericyte
Clinical trial Phase 1 Phase 1 None None

BM, bone marrow.

* Routes of cell administration explored in preclinical and/or clinical studies of retinal disorders.

in culture and can be isolated by the cells’ ability to adhere to
the tissue culture plates. The identity of the isolated cells can
be confirmed by the presence of certain cell surface markers
(CD105, CD73, stromal antigen 1, CD44, CD90, CD166, CD54,
and CD49) and absence of cell surface markers for hemato-
poietic cells (CD14, CD45, CDl11a, CD34), erythrocytes
(Glycophorin A), and platelets (CD31).22:23

At least three different potential mechanisms of action for
tissue regeneration have been proposed for MSCs. First and
foremost effect of these cells in vitro and in vivo is the
paracrine trophic effect. These cells have been shown to
secrete neuroprotective and angiogenic factors (e.g., ciliary
neurotrophic factor [CNTF], bFGE VEGE TGF-beta, etc).!® In
pathologic conditions such as hypoxia, this paracrine trophic
effect may be enhanced. Secondly, these cells have some ability
to differentiate into the damaged tissue, but the ability is
somewhat limited because the cells are multipotent. Thus,
they can differentiate into tissue of mesodermal origin more
readily than tissue of ectodermal or endodermal origin.2%2>
Both myogenic and endothelial differentiation of MSCs have
been reported.?® In an animal model of diabetic neuropathy,
direct modulation of both angiogenesis and myelination in the
peripheral nerves was observed by bone marrow-derived
MSCs.?” These stem cells were noted to have preferentially
engrafted in the peripheral nerves but did not become
neurons. Thus, direct tissue replacement may not be the
predominant mechanism of action of these cells in tissue
regeneration. In animal models of retinal degeneration, MSCs
are reported to differentiate into photoreceptors and retinal
pigment epithelium following local or systemic administration,
but it is unclear whether these observations represent true
differentiation or fusion of MSCs with pre-existing photore-
ceptors.?® Lastly, MSCs are immune-modulating cells. In most
systems, these cells are noted to be immunosuppressive by
their ability to generate T regulatory cells and secretion of
cytokines, such as IL-10, II-17, TGF-beta, LIE soluble HLA-G,
and IL-1 receptor antagonist.?? Thus, they have been explored
as potential therapy for autoimmune disorders, such as
multiple sclerosis and Crohn’s disease.?° However, in certain
animal models, an inflammatory reaction or fibrous prolifera-
tion has been observed after intravitreal administration
(Zawadzki RJ, Pugh E, Nolta J, unpublished personal observa-
tions and communications, 2015).

MESENCHYMAL STEM CELLS FOR RETINAL
VASCULOPATHY

The advantage of using MSCs clinically for treatment of retinal
vasculopathy is that these adult stem cells can be easily
harvested and expanded in culture although they represent
less than 0.01% of the cells in bone marrow.2° In addition, both
autologous and allogeneic therapy have been explored in

clinical and preclinical studies because of the presumed
immune privileged status of these cells. However, the immune
privilege status may not be absolute because there is evidence
of immune rejection of allogeneic MSC therapy in preclinical
study.?? Nonetheless, based on phase 1 and 2 clinical trials
completed for various nonocular conditions, no long-term
safety issues have been noted with intravenous, intrathecal,
intramuscular, or intra-articular administration of autologous or
allogeneic MSCs for various conditions ranging for joint
disease, multiple sclerosis, and peripheral ischemia.?® Most
clinical trials have used MSCs from bone marrow. More
recently adipose-derived MSCs have been explored and appear
to be well-tolerated in clinical trial of stroke or ischemic
cardiomyopathy following intravenous or transendocardial
administration.>®3! They appear to be as effective as bone
marrow-derived cells despite some differences in immune-
phenotype, transcriptome, and proteome of these cells from
different origin.3? Of note, animal studies recently have shown
that intravascular injection of MSCs can lead to vascular
obstruction depending on the size of the MSCs,3? raising some
potential concerns about intravascular administration of these
cells.

The use of MSCs for treatment of retinal vascular disease has
been explored.3* Intravenous administration of adipose-
derived MSCs in streptozotocin diabetic rats resulted in
improved blood-retinal barrier integrity and reduction in
blood glucose level after 1 week.3* The donor cells were
observed in the retina expressing rhodopsin and glial fibrillary
acidic protein suggestive of photoreceptor and glial-like cell
differentiation, However, it is unknown whether this observa-
tion resulted from true cell differentiation or fusion of donor
cell with host cell.

Most preclinical studied exploring the use of subretinal
injection of MSCs used murine or rat model of retinal
degeneration. Although direct intaretinal incorporation of the
subretinally injected MSCs is not observed typically, the cell
therapy slowed down retinal degeneration.?%3> Mesenchymal
stem cells have also been administered intravitreally in animal
model of retinal degeneration or ischemia-reperfusion injury.3°
No intraretinal incorporation is noted in any of the studies.
These injected cells typically form a cellular clump in the
midvitrous and retrolentally. In animal models of retinal
degeneration, some studies showed treatment effect after
intravitreal MSC administration although the effect was not as
pronounced as subretinal administration.?> In animal model of
acute ischemia-reperfusion injury, some preservation of
ganglion cell layer was noted with intravitreal MSC adminis-
tration, an effect that could be mimicked using the conditioned
media.3® These observation supports the predominantly
paracrine effect of MSCs on ischemic or degenerating retina.
However, the immune modulatory effect of MSCs could also
play a role because retinal ischemia is associated with local
activation of inflammation.
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Local Vascular Injury

!

Release of Angiogenie Factors into the Circulation (e.gVEGF-A)

!

Activation of Metalloproteinases in Bone Marrow (e.g. MMPs)

|

Stimulate Proliferation and Mobilization of Vascular Precursor Cells

into the Circulation to injured site

Ficure 2. Diagram summarizing the proposed key molecular events
associated with mobilization of vascular precursor cells from bone
marrow.*? Vascular injury results in release of angiogenic factors, such
as VEGF-A into the circulation, which in term results in activation of
MMP in bone marrow. This, in turn, stimulates proliferation and release
of vascular precursor cells (CD34+ cells, endothelial progenitor cells)
into the systemic circulation.

A concern regarding the use of MSC for treatment of
retinal vasculopathy is that there is limited long-term safety
information regarding the use of intravitreal MSCs for
ischemic retinal vasculopathy. A recent study showed no
long-term safety issues following subretinal implantation of
MSCs from Wharton’s Jelly in RCS rat.3” Based on animal
studies, there are some concerns regarding the effect of these
cells following intravitreal injection. Bony or fibrous transfor-
mation has been observed following intravitreal administra-
tion of MSCs in some animal eyes leading to tractional retinal
detachment (Nolta J, Pugh E, Zawadzki R, personal commu-
nication, 2015). This transformation of MSCs may be triggered
by exposure to factors in the eye, such as aqueous humor.>®
In addition, some host factors, such as diabetes, might affect
the efficacy of MSCs. Bone marrow-derived MSCs from
diabetic mouse was noted with reduced migration and
adhesion.?® The diabetic environment appears to reduce the
capacity of MSCs to promote neovascularization in the
ischemic hind limb animal model.%°

Nonetheless, MSCs are being explored in phase 1 clinical
trials for various degenerative and ischemic retinal conditions,
including retinal vein occlusion and diabetic retinopathy. In
order to start a clinical trial under an Investigational New
Drug application approved by the Food and Drug Adminis-
tration (FDA) in the United States, long-term preclinical safety
studies are generally required using cells isolated and
prepared under Good Manufacturing Practice conditions
and using the same method that would be used to prepare
the cells for the clinical trial. Most current clinical studies
using MSCs for retinal vasculopathy are being conducted
outside the US although there is one study listed as being
conducted within the Unites States according to www.
clinicaltrials.gov (in the public domain). Various routes of
administration are being explored, ranging from intravitreal,
periocular, and intravenous. It is unclear how regulated any of
these studies are. The results of these clinical studies are still
pending.
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VAscULAR PRECURSOR CELLs: CD34+ CELLs,
ENDOTHELIAL PROGENITOR CELLS

The potential role of circulating CD34+ cells as endothelial
progenitor cells (EPCs) for tissue regeneration and angiogen-
esis following ischemia was first described by Asahara et al.%!
They showed that these circulating cells differentiated into
endothelial cells in vitro. In addition, in animal models of
ischemia, heterologous, homologous, and autologous EPCs
incorporated into sites of active angiogenesis.

CD34+ cells are found in highest concentration in bone
marrow. In recent years, these CD34+ cells also have been
isolated from adipose tissue, umbilical cord blood, and fetal
liver. Figure 2 summarizes the molecular switches involved in
mobilizing and recruiting these cells from bone marrow in
response to ischemia. Vascular injury results in elevation of
serum levels of angiogenic factors, such as VEGF-A and
placental growth factor, which in turn activates metalloprotei-
nases (MMPs).42 Activation of MMP-9 results in release of stem
cell-active soluble kit ligand, resulting in proliferation and
mobilization of the cells into the circulation.

The number and angiogenic capacity of circulating EPCs in
peripheral blood can vary with disease states and may play a
role in pathogenesis or recovery. In eyes with exudative AMD,
elevated levels of CD34+ cells have been found in peripheral
blood.*3 In patients with cardiovascular disease or risk factors,
such as diabetes mellitus, hyperlipidemia, hypertension, or
smoking, a decreased number and altered functional property
EPCs in peripheral blood have been observed.®* These
alterations in EPCs are speculated to play a role in the
pathogenesis of the associated systemic vascular complica-
tions. In contrast, drugs used to treat hyperlipidemia, (i.e.,
statins) have been shown to increase the number of EPCs and
enhance the proliferative capacity of EPCs in vitro. Similarly,
angiotensin 2 receptor antagonists or angiotensin-converting
enzyme inhibitors have been shown to increase the number of
circulating EPCs in patients with cardiovascular disease.

The adult CD34+ cells are multipotent and have some
capacity to differentiate beyond endothelial cells.*>%® Bone
marrow mononuclear cells have been shown to engraph and
differentiate into retinal cells following intravitreal injection in
a rat model of retinal injury.#” The CD34+ cells are thought to
represent a heterogeneous group of cells.*> Whether the
multipotent nature of this cell population results from the
heterogeneity of the cell population or from true multipotency
of each cell is open to debate. Nonetheless, the multipotency
of these cells is evident in that they can be stimulated to
differentiate into various blood cell lineages as well as
endothelial cells. Thus, these cells are also often referred to
as “hematopoietic cells.” They have been used safely and
successfully clinically for bone marrow transplantation for
treatment of hematologic disorders.®

Currently, CD34+ cells and EPCs are being explored in
phase 1, 2, and 3 nonocular clinical trials as potential therapy
for various ischemic disorders, including ischemic cardiomy-
opathy, peripheral ischemia, and cerebrovascular accidents.>
Endothelial progenitor cells have been found to be more
resistant to oxidative stress when compared to differentiated
endothelial cells.*® Thus, direct engraphment of these cells
into the damaged vascular endothelium may lead to tissue
regeneration. Differentiation of bone-derived stem cells into
both myocytes and vascular cells have been shown in animal
model of myocardial infarct.¢ In addition, these cells can have
a paracrine trophic effect. They have been shown to secrete
proangiogenic factors (VEGE HGE IGF-1, FGF-2) and may play a
role in functional collateralization. They also secrete neuro-
trophic cytokines and are being explored as therapy for
diabetic neuropathy.?® Endothelial progenitor cells also have
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Ficure 3. Immunohistochemical analysis of the retinal vascular of a
NOD-SCID mouse 6 months after acute ischemia-reperfusion injury and
treatment with intravitreal injection with human CD34+ cells from
bone marrow. The human cells (green) are found incorporated into the
mouse retinal vasculature which appears to have normalized (figure
reproduced with permission).>!

been found to prevent oxidative stress-induced apoptosis of
mature endothelial cells via a paracrine effect.?! Direct
immune suppressive and tolerance inducing ability of CD34+
cells have also been described.®

No safety issues have been noted following intravenous
infusion of EPCs. Efficacy results using EPCs for nonocular
indications are somewhat variable depending on study design
and how the cells are isolated.*> Cells for clinical trial have
been harvested from bone marrow or peripheral blood
following mobilization. Many studies have used a crude
mononuclear cellular fraction containing a low concentration
of CD34+ cells, although some studies have used enriched or
purified cellular fraction.

These variations in cell source and isolation are of note
since CD34+ cells or EPCs consist of a heterogenous group of
cells and the relative composition may vary depending on the
source of the cells and how they are harvested.*> For example,
the relative component of CD34+ cellular fraction from bone
marrow may be different from CD34+ cellular fraction
harvested from peripheral blood after mobilization which in
turn may differ from adipose tissue-derived cells. The ideal
source of these cells and the best method of isolating these
cells for therapeutic trial are areas of controversy and ongoing
research.

CD34 is a transmembrane cell surface protein. The exact
function of CD34 is unknown.*> However, because it is present
on the surface of EPCs and mature endothelial cells, this
protein is thought to play an important role in cell-cell
interaction, cell migration and functions of the vascular
endothelium. Although CD34 is one of the cell surface markers
used to identify EPCs, it is not a universal cell surface marker
used to identify or isolate EPCs.” Some uniformity in
nomenclature, identification, and purification of the EPCs

IOVS | Special Issue | Vol. 57 | No. 5 | ORSFj6

may eliminate some confusion regarding interpreting the
results of studies using these cells.

CD34+ CgLis AND RETINAL VASCULOPATHY

The use of CD34+ cells as potential therapy for ischemic retinal
disease has been explored in murine models of diabetic
retinopathy and acute ischemia-reperfusion injury.>° Intravenous
or intravitreal administration of human CD34+ EPCs from
peripheral blood or bone marrow resulted in rapid homing of
the cells into the damaged retinal vascular. Although the
engraftment rate was low, these human cells were found
incorporated into the mouse retinal vasculature at long as 6
months following a single intravitreal administration (Fig. 3).%!
There was an apparent normalization of the damaged retinal
vasculature, suggestive of a therapeutic effect and no adverse
effect was noted. In an animal model of ischemic optic
neuropathy, engraftment and neuroglial differentiation of these
cells from bone marrow into the inner retina were enhanced by
brain-derived neurotrophic factor (BDNF) and CNTE>2

Based on these promising preclinical observations, a phase
1 clinical study is ongoing exploring the safety and feasibility of
intravitreal autologous administration of CD34+ cells from
bone marrow as potential treatment for patients with
irreversible vision loss from retinal ischemia or degeneration.
The preliminary observations of the first several subjects
enrolled and treated were published recently showing no
safety or feasibility issues.>> A high yield of CD34+ cells was
isolated from a single bone marrow aspirate for intravitreal
injection, regardless of the age or concurrent systemic disease
such as diabetes mellitus. This observation is important
because some decrease in the number of circulation EPCs
have been found associated with host factors such as
increasing age, concurrent cardiovascular disease or diabetes
mellitus.“t In addition, EPCs from peripheral blood of a
diabetic subject was found to have defective homing capacity
in animal models of retinal vasculopathy.’® Whether these
observations apply to CD34+ cells from bone marrow remains
to be determined.

Nonetheless, autologous intravitreal CD34+ cell therapy
shows some promise as therapy for retinal ischemia based on
the findings of a study subject with retinal ischemia from a
central retinal vein occlusion who was treated with this cell
therapy.>® Functional and anatomic improvement was noted
on clinical examination during the six month follow-up course
of the study. Although it is impossible to determine whether
the improvement represents a cell treatment response based
on the study design, no adverse intraocular neovascularization
or cellular proliferation was noted in any of the study eyes,.
These are potential adverse effects of concern that may occur
using angiogenic cell therapy. For the ongoing phase 1 clinical
study, active retinal neovascularization from proliferative
diabetic retinopathy or ischemic retinal vein occlusion is one
of the exclusion criteria for study enrollment. This is an
important exclusion because vitreous and aqueous humor
from eyes with active proliferative diabetic retinopathy were
noted to impair the function of bone marrow-derived CD34+
cells in vitro.>* In addition, excluding eyes with active ocular
neovascularization may minimize the potential proangiogenic
effect of endothelial precursor cells

OurGrOwWTH ENDOTHELIAL CELL/ ENDOTHELIAL
Corony-ForMmING CELL

Because EPCs and CD34+ cells are believed to represent a
heterogenous population of cells, one method to enhance the
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therapeutic potential of EPCs is to identify the ‘“true”
endothelial precursor cells and expand them in culture. So
far, investigators have identified at least two distinct subpop-
ulation of EPCs in human blood by molecular analysis, early
EPC (eEPC, also referred to as circulating angiogenic cells or
myeloid angiogenic cells) and outgrowth endothelial cells
(OECs).>>->° Comparative analysis at the transcription level
revealed that eEPCs expressed hematopoietic specific tran-
scripts (RUNX1, WAS, LYN) with links to inflammation and
immunity (TLRs, CD14, HLAs). Early EPCs have minimal
proliferative capacity and do not directly incorporate into the
vascular endothelium but play an important role in promoting
vascular repair via secreting I11-8.57 In contrast, OECs highly
expressed transcripts involved in vascular development and
angiogenesis (Tie2, eNOS, Ephrin). Outgrowth endothelial
cells (OECs) are committed to endothelial lineage and have
significant proliferative potential.

Outgrowth endothelial cells are analogous to endothelial
colony-forming cells described by other authors. This cellular
subgroup of EPCs is thought to represent the ‘“true”
population of endothelial progenitors since they have been
shown to form denovo blood vessels in vivo.’® These cells
interact with endothelial cells to form adherens and tight
junctions. Outgrowth endothelial cells have been found to
release soluble factors that reduce organ fibrosis, perhaps via
attenuation of both TGF-beta and angiotensin 2.52°0 Out-
growth endothelial cells from both healthy and diabetic mice
attenuated diabetic renal injury and dysfunction via an
antioxidant effect, supporting the potential use of autologous
OECs as therapy for diabetic organ complications.®!

The use of OECs as therapy for ischemic retinopathy also
has been explored in an animal model of retinal ischemia.
These cells incorporated into the damaged retinal vasculature
and reduced the avascular zone of the retina, minimizing risk of
pathologic preretinal neovascularization.®?

These OECs make up only a small fraction of isolated EPCs
but can be expanded in culture.®® In addition, these cells
express similar levels of HLA antigen on the cell surface as
MSCs, making them potential candidates for allogeneic cell
therapy.®* These features may make these cells a better choice
for clinical trial than EPCs or CD34+ cells; however, it remains
to be determined whether a purer cell fraction translates to
more efficacy in treating retinal vascular disease. Simply
reconstituting the retinal vascular endothelium may not be
ideal for visual recovery or preservation in the presence of
concurrent retinal degeneration; the paracrine trophic effect
may be just as important in regenerating the neuronal elements
of the retina damaged by retinal ischemia. The potential
interplay between these endothelial colony-forming cells and
other adult stem cells need to be explored further. For
example, endothelial colony-forming cells have been shown
to enhance engraftment and regenerative capacity of MSCs via
paracrine signaling.®>

ADIPOSE STROMAL CELL: PERICYTE PRECURSOR

The presence of multipotent, undifferentiated cells in adipose
tissue was first characterized by Zuk et al.®®®7 Given the
relative abundance and ease of access of adipose tissue, further
research characterized these undifferentiated cells into two
cell fractions: mesenchymal cell fraction or stromal vascular
fraction.®® The stromal vascular fraction consists of a heterog-
enous composition of cells, including MSCs, mast cells, white
blood cells, and CD34+ cells (50%-80%). Among the CD34+
cells, a distinct population of cells is identified without
endothelial cell surface marker (i.e., CD31—/CD144—). These
CD34+/CD31—/CD144— cells attach to uncoated plastic and
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express CD10, CD13, CD90, and pericytic and smooth muscle
markers. They are thought to represent resident pericytes or
their precursors and display a stromal and perivascular position
in blood vessel wall with engraftment.®® However, they lack
some specific pericyte markers (e.g., NG2, CD140b, or alpha-
smooth muscle actin [o-SMA]).

Trakluev et al.®® demonstrated bidirectional paracrine
interaction of these adipose stromal cells with endothelial
cells affecting their function and structure. The conditioned
media resulting from coculture of adipose stromal cells and
endothelial cells contained angiogenic factors (VEGE HFG,
bFGF), inflammatory cytokines (IL-6, IL-8, monocyte chemo-
attractant protein-1 and -2), mobilization factors (macrophage
colony-stimulating factor and granulocyte/macrophage colony-
stimulating factor). Adipose stromal cells also secrete anti-
apoptotic factors.”® In addition, functional vascular networks
can develop in vivo by combining adipose stromal cells and
cord blood endothelial cells.”! Lastly, endothelial cell survival
was increased with adipose stromal cells coculture.”?

The use of adipose stromal cells has been explored as
potential therapy for retinal vasculopathy, including diabetic
retinopathy. The rationale for using adult pericyte or pericyte
precursor cell is based on the theory that diabetic retinopathy
results from the loss of pericytes that provide an anti-
inflammatory and antiangiogenic environment for endothelial
cells under normal conditions.”®74 Adipose stromal cells have
been administered intravitreally and intravenously into animal
models of oxygen induced retinopathy and diabetic retinopa-
thy. Perivascular integration of these adipose stromal cells has
been observed with rescue of retinal capillary damage.3499.75
Improvement in electroretinography and decrease in vascular
leakage and apoptosis around retinal vessels was noted within
1 to 3 weeks following intravitreal adipose stromal cell
injection.”! These cells show promise as potential therapy
for retinal vascular disease. Long-term safety and efficacy
studies will be desired before starting clinical trial.

PLURIPOTENT STEM CELLS

To date, there is no clinical trial that has been started using
pluripotent stem cells as therapy for retinal vascular disease.
Undifferentiated induced pluripotent cells (iPS) have been
explored in an animal model of stroke and found to be
teratogenic.”® However, more recently, Fang et al.”” generated
iPS cells without c-Myc to minimize teratogenicity. Subretinal
transplantation of the non c-Myc iPS cells into the subretinal
space of rat eyes with acute ischemia reperfusion injury
resulted in rescue of the ischemic retinal damage via secretion
of paracrine trophic factors (BDNF and CNTF) and regulation
of oxidative parameters. No tumors were noted after 6 months,
but the transplanted cells remained in the subretinal space
without engraftment.

Other researchers have differentiated embryonic stem cells or
iPS cells into endothelial precursor cells (endothelial colony unit
forming cells) and have used these cells to show some efficacy in
treating an animal model of retinopathy of prematurity.”® Retinal
perfusion was partially restored, but it remains to be determined
whether endothelial colony unit forming cells differentiated from
pluripotent stem cells are better sources of cells for retinal
vascular regeneration than cells from adult sources or cord blood.
When vascular progenitor cells derived from pluripotent cells
derived from various sources were compared in a murine model of
ischemia-reperfusion injury, vascular progenitor cells derived from
embryonic cells and iPS cells from cord blood had engraftment,
homing, and repair capability while those derived from iPS cells
from fibroblasts did not.”® This observation suggests the iPS cells
derived from mature cells may not be as ideal.
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Similarly, researchers have successfully differentiated plu-
ripotent embryonic stem cells into MSCs. These MSCs from
pluripotent cells are similar to MSCs from adult sources, but it
remains to be determined whether these cells are more
pluripotent and therapeutic than MSCs from adult origin.®° In
addition, preclinical studies are still pending to determine the
long-term safety and efficacy of using these cells as therapy for
retinal vasculopathy.

FUTURE DIRECTIONS

Cell therapy may be a feasible treatment for retinal vascular
diseases, including diabetic retinopathy or retinal vein occlu-
sion.>®> However, there are very limited published data on clinical
applications of cell therapy for retinal vascular disease. Several
pilot phase 1 studies have been initiated and are ongoing; the
results are pending. Long-term preclinical studies will be
important safety and efficacy studies that need to be conducted
before initiating any clinical trial.>! Ultimately, clinical studies will
need to be conducted in order to determine the full therapeutic
potential and any associated limitations of any cell therapy for
retinal vascular disease. Because early phase clinical studies are
conducted typically in eyes with advanced disease, it is important
to remember that efficacy may not be observed if the condition is
beyond the therapeutic window. In addition, clinical trials should
be designed to detect and minimize potential adverse effects of
cell therapy, such as stimulation of ocular neovascularization or
cellular proliferations.

The key needs and opportunities for future research in this
area are as follows:

1. Cell therapy that can potentially regenerate both the
damaged retinal vasculature and retinal neurons is
desired. As such, adult stem cells with paracrine trophic
effects on multiple cell types in the retina show
promise. Whether endothelial precursor cells or MSCs
derived from cord blood or pluripotent sources are
more pluripotent and therapeutic than adult cells
remains to be determined but should be investigated;

2. Adult stem cell therapies are in early clinical trial but
efficacy and safety results are still pending. If these
studies move forward to larger clinical studies, a more
standardized approach to evaluating safety and efficacy
of cell therapy for treatment of retinal vascular disorders
will be developed;

3. Understanding the interplay between various precursor
cells is important to developing the ideal cell therapy for
vascular regeneration. The optimal cell therapy may
involve a combination of stem cells or precursor cells;

4. Host factors might affect the regenerative potential of
stem cells for autologous cell therapy. Pharmacologic
methods to overcome these potential host factors are
being developed and these methods may enhance the
regenerative potential of these stem cells®!; and

5. Understanding the molecular basis for the regenerative
effect of stem cells in retinal vascular conditions might
shed light on new pharmacologic or genetic approaches
to treating retinal vascular disorders and new approach-
es to enhancing the therapeutics effects of currently
available stem cell therapies.5?
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