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Hyperglycemia has toxic effects on almost all cells in the body. Ophthalmic complications of
hyperglycemia are most profound in cornea and retina. Seventy percent of diabetics suffer
from corneal complications, collectively called diabetic keratopathy, which includes include
recurrent erosions, delayed wound healing, ulcers, and edema. Confocal microscopy has
permitted in vivo imaging of corneal nerves, which are also affected in diabetic subjects. Gene
therapies upregulating MNNG HOS transforming gene (cMet) and/or downregulating MMP10
and cathepsin S are potential future therapies for diabetic keratopathy.

Diabetic retinopathy (DR) is the most common cause of blindness in people over the age of
50. There is accumulating evidence that DR is an inflammatory disease. The initial events in
animal models of DR are increased vascular permeability and leukostasis. This binding of
leukocytes to the endothelium results from an increase in intracellular adhesion molecule-1
(ICAM-1) on the retinal capillary endothelium (EC) and expression of CD11/CD18 on the
surface of the activated leukocyte. We have observed polymorphonuclear leukocytes (PMNs)
at sites of EC vascular dysfunction in diabetic retinas as well as choroid. Anti-inflammatory
drugs like etanercept, aspirin, or meloxicam reduce leukostasis and EC death. Future
therapies may include repopulation of the acellular capillaries after EC and pericyte death
with vascular progenitors made from the patient’s own blood cells.
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yperglycemia has toxic effects on almost all cells in the

body. Ophthalmic complications of hyperglycemia are
most profound in cornea and retina. The cornea experiences 4-
fold higher glucose in diabetic tear film than in control tears.
Seventy percent of diabetics suffer from corneal complications
collectively called diabetic keratopathy. Retina accounts for the
majority of visual loss in diabetics, and diabetic retinopathy is
the most common cause of blindness in people over the age of
50. In addition, the diabetic choroid has vascular-related
changes similar to those in the diabetic retina.

DIABETIC CORNEA

The diabetic cornea suffers from cellular dysfunction and
dysfunctional repair mechanisms, which include recurrent
erosions, delayed wound healing, ulcers, and edema. In
addition and undoubtedly related to epithelial dysfunction,
alterations in epithelial basement membrane occur. Also,
neuropathy occurs in diabetic cornea, resulting in loss of
corneal sensation and innervation,! which may be related to
corneal epithelial defects. There is a suggestion that neuropathy
is causing corneal epithelial defects.? The prominence and early
onset of neuropathy in diabetic cornea have recently been
documented and quantified in human subjects by Midena and
associates and in Adrey Zhivov’s lab using confocal imaging.'34
This offers the possibility of noninvasive detection of early
changes in the diabetic eye that may be predictive of diabetic

retinopathy.

Corneal nerve alterations also occur in the limbal area,
where there are corneal epithelial stem cells at the cornea-
scleral junction that are the source of new cells for the central
corneal epithelium. However, there is no definitive marker for

these progenitor cells, which delays our understanding of these
cells and the stimuli for their differentiation and migration.
Several techniques have been developed to study corneal
wound healing. All of the cells of cornea can be grown in
culture, and their ability to migrate and proliferate can then be
evaluated in vitro. However, these cells can be difficult to
propagate in large numbers as primary cultures, and a single
cell type does not represent the response of the whole diabetic
cornea. There are animal models that have many changes
similar to those in human diabetic corneas. For example, the
Goto-Kaizaki type 2 diabetic rat’s cornea has poor epithelial
wound healing,> and neuropathy occurs in the corneas of rats
with streptozocin (STZ)induced diabetes.® Another model is
rat or human corneas kept ex vivo; wound healing is studied in
these preparations. Central wounds are made in the corneas,
and the cornea is placed in serum-free medium at the air-liquid
interface.” Delayed wound healing and epithelial marker
abnormalities appear in human diabetic corneas in culture;
but they lack innervation, so an important participant in
corneal response is missing.® Using this wound healing assay ex
vivo, it was determined that cathepsin § and MMP10
overexpression inhibits wound healing and downregulates
phospho-protein kinase B (p-Akt, a serine threonine-specific
protein kinase important in glucose metabolism) in normal
corneas.” ¢-Met (MNNG HOS transforming gene), a proto-
oncogene encoding hepatocyte growth factor receptor, is a key
element in wound healing as demonstrated when cMet is
upregulated and the rate of corneal wound healing increases.!?
The effect is more significant with simultaneous inhibition of
MMP10 and cathepsin S by small hairpin RNA (shRNA). The
positive effect is due to restoration of hepatocyte growth factor
(HGF) signaling, marker patterns, and wound healing. This
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Adenosine diphosphatase (ADPase) activity and nonspecific esterase activity (red, indicating PMNSs) in a diabetic retina (left). Bright-field

(A) and dark-field illumination (B) and a section (C) after embedding in glycol methacrylate are shown for the same capillary segment (¢riple arrow).
ADPase activity, an indicator of endothelial cell function,?® is lost at the site of PMN binding. When PMNs in retina were counted (D), there were
significantly more PMNs in diabetic retina than in control subjects. Alkaline phosphatase activity (APase, blue) and nonspecific esterase (NSE)
activity (red) in a normal choroid (E) and in a diabetic choroid (F). PMNs in the diabetic choroid are present at sites of choriocapillaris dysfunction,
loss of APase activity (F).%*5> PMNs in diabetic and nondiabetic choroid were counted, and all areas of diabetic choroid had more PMNs than did

normal choroid (G).%3

same gene therapy at the limbus only normalizes wound
healing at the limbus.

EArRLY CHANGES IN DIABETIC RETINA

Diabetic retinopathy (DR) is a microvasculopathy in that the
microvasculature leaks serum, increased vascular permeability,
and capillaries are lost early in the disease. Hyperglycemia and
mitochondrial and extracellular reactive oxygen species (ROS)
are toxic to endothelial cells (ECs), pericytes, and neurons,
resulting in their death early in DR. There is accumulating
evidence that low-grade inflammation underlies the vascular
complications of DR.!!-13 Inflammation is a nonspecific
response of the body to tissue injury in which leukocytes are
recruited to the inflamed tissue. Diabetic retinopathy is
categorized best as a chronic low-level inflammation in which
there are elevated systemic cytokines like TNF-o and IL-1 and
elevated numbers of circulating activated leukocytes.!4-1¢

Il

Nishiwaki and associates observed “leukostasis,” sticking
and retention of leukocytes labeled with acridine orange, in
real time within the microvasculature of diabetic rats.!”
Leukostasis was observed as early as 2 weeks after induction
of diabetes by STZ. This is approximately the same time frame
as for leakage of the inner blood-retinal barrier (BRB) in rats,
which has been observed as early as 1 week after induction of
diabetes.'®1° These two events appear to be the earliest
changes that occur in the STZ diabetic rodent retina. The
extent of leukostasis was the same at 1 month as it was at 11
months in diabetic mice, suggesting that leukostasis is chronic,
like other diabetic pathologic processes.?”

There are three possible mechanisms for leukostasis.?! One
mechanism could be decreased retinal blood flow and
perfusion pressure. There is little agreement on blood flow
or perfusion pressure in diabetic retina, perhaps because
different instruments were used and patients of different
cohorts were at different stages of DR.?? The number of static
leukocytes increases in STZ-induced diabetic rats compared to
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Ficure 2. Alkaline phosphatase staining in a diabetic choroid. (A)
Some areas of the choroid look normal and have organized lobules.
However, on closer examination, the choriocapillaris (CC) has tortuous
areas and some attenuated and constricted capillaries. (B) This area has
a diffuse loss of CC, which was associated with deposits on Bruch’s
membrane.*? (C) An area of complete loss of CC, which was associated
with the thickest deposits on Bruch’s membrane in diabetic subjects.

nondiabetics, whereas the leukocyte velocity is not different
from that in controls,?3>2% so blood flow does not seem to
contribute to leukostasis.

A second mechanism could be the narrowing of capillary
lumens during diabetes. There is an increase in the potent
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vasoconstrictor endothelin in diabetic retina, and increased
expression of endothelin receptors (ET-R) has been reported
on diabetic retinal pericytes.?> ET-1 (endothelin-1) is also
elevated in the plasma of diabetic patients.?® Furthermore, ET-R
agonists reduced leukostasis in diabetic rat retina. The degree
of constriction in the human diabetic (nonspecific esterase)
retina and its role in leukostasis are still undetermined.

The final mechanism is increased leukocyte-endothelial
adhesion in retinal blood vessels. Leukocytes from diabetic
patients have increased levels of CD11a, CD11b, and CD18.1°
Increased numbers of activated polymorphonuclear leukocytes
(PMNs), which express CD11b and CD18 on their surface,
circulate in diabetics compared to controls.'® Diabetic PMNs
are larger and more rigid than normal PMNs and must be
compressed to fit through normal retinal capillaries.?”-?® We
have observed PMNs at sites of endothelial cell dysfunction
(loss of adenosine diphosphatase [ADPase] activity?®) in human
diabetic retina (Fukushima I and Lutty G, unpublished data,
1997) (Fig. 1) and in the retinas of spontaneously diabetic
monkeys.?° In diabetic monkeys, increased number of PMNs
was related to dyslipidemia and hypertension. Increased
leukostasis also occurs in the Tokushima Fatty rats (OLTEF),
which also has dyslipidemia as well.>! The oxidative burst of a
PMN can injure or kill ECs.?®

In addition to increased activated leukocytes circulating in
diabetics, the levels of leukocyte adhesion molecules are
elevated in diabetics. We observed elevated ICAM-1, which is
associated with firm adherence of activated leukocytes, in
human diabetic retina compared to controls.3?> A similar
elevation in ICAM-1 was observed in ECs of the diabetic rat
retina.>® Leukostasis in diabetic rats was inhibited by intrave-
nous administration of an antibody against ICAM-1.3% Leuko-
stasis can also be inhibited by blocking the counterreceptor for
ICAM-1 on the leukocytes, CD18.2%35 Increased leukostasis
does not occur in retina when diabetes is induced in ICAM-1-
or CD18-deficient mice.?°

DIABETIC RETINOPATHY

Endothelial cell death from hyperglycemia or leukocyte
oxidative burst and subsequent increased vascular permeabil-
ity appear to occur before pericyte dropout occurs. Once
pericyte death occurs, all that remains are acellular capillaries
that are basically collagenous tubes. There is no blood flow in
the collagenous tubes,?® so the sensory retina adjacent
becomes hypoxic. This hypoxic environment upregulates
VEGE which stimulates further elevated vascular permeabili-
ty,3738 increased expression of ICAM-1,° and EC prolifera-
tion.® Increased permeability of fluid and protein can result in
diabetic macular edema (DME). Diabetic macular edema is the
common cause of visual function loss in both nonproliferative
and proliferative DR. Increased proliferation of ECs initially
causes intraretinal microvascular abnormalities (IRMA), small
abnormal vascular formations in areas lacking viable capillar-
ies.#! Increased EC proliferation is probably also responsible
for formation of microaneurysms in which ECs proliferate in
the absence of pericytes, the cell type that normally keeps ECs
quiescent. Finally, EC proliferation and migration from veins
and venules can result in the formation of preretinal
neovascularization, the hallmark of proliferative retinopathy.

DIABETIC CHOROIDOPATHY

We have reported changes similar to DR in diabetic choroid.
We observed dropout of choriocapillaris in diabetic choroid
(Fig. 2), and there was a direct correlation between PMN
number and area of choriocapillaris (CC) dropout (Fig. 1).4243
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FIGURE 3.
CD31%/146" iPSCs made from cord blood CD34" cells. The ¢

There was a 4-fold greater area of acellular capillaries in
diabetic choroid compared with aged control subjects.
Although the CC constitutively expresses ICAM-1, the relative
level was increased in CC and was present in all choroidal
blood vessels of diabetics.3? We also observed upregulation of
P-selectin in diabetic choroidal blood vessels. The severity of
CC dropout was related to the thickness of Bruch’s membrane
deposits in diabetic choroid; the thickest deposits were
present over areas of complete CC loss (Fig. 2D), suggesting
that the deposits were related to loss of CC transport.*? Other
features of diabetic choroidopathy were intrachoroidal and
extrachoroidal neovascularization. The intrachoroidal neovas-
cularization consisted of capillary networks deep in choroid
near the lamina fusca, the border of choroid and sclera.*

IOVS | December 2013 | Vol. 54 | No. 14 | ORSF84

Engraftment of vascular progenitors (green) into capillaries of a NOD/Scid mouse retina that experienced I/R injury. The cells were
laries are stained with anti-collagen 4 (red).

Extrachoroidal neovascularization was observed within
Bruch’s membrane and between Bruch’s membrane and
RPE.*> Both forms of neovascularization were mostly at the
equator or more peripheral in choroid. The extrachoroidal
neovascularization was often autoinfarcted; that is, only
collagenous tubes remained.

Furure THERAPIES FOR DIABETIC RETINOPATHY AND
CHOROIDOPATHY
Experimental work by Antonia Joussen and Anthony Adamis

demonstrated that death of ECs related to leukostasis can be
prevented by blocking or genetically eliminating either ICAM-1
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VEGF/SDF-1

FIGURE 4.

Schematic representation of possible events in which leukostasis results in acellular capillaries. From left to right, there are high levels of

TNF-o and IL-1f circulating in diabetics, which are potent upregulators of ICAM-1 by endothelial cells. ICAM-1 firmly binds neutrophils (PMNs or
dark blue cell), which are activated and express CD11/CD18 on their surface. Once bound, these PMNs can create an oxidative burst, which injures
endothelial cells (ECs). From repeated occlusions, ECs are lost, a platelet/fibrin thrombus (pink dots in green fibers) forms on exposed basement
membrane, and eventually pericytes are lost, yielding an acellular capillary. A potential therapy might be repopulation of the acellular capillaries
with vascular progenitors (light blue cell), which home to the site because of SDF-1 and VEGF upregulated expression in adjacent hypoxic retina.

or CD18.11:2° Joussen has demonstrated that increased leuko-
stasis and subsequent EC death can be prevented with anti-
inflammatory agents. High-dose aspirin reduces expression of
CD11a, CD11b, and CD18.2° High-dose aspirin, etanercept
(soluble TNFR-Fc, tumor necrosis factor-1 linked to a human
FC region), and high-dose meloxicam (a cyclooxygenase 2
inhibitor) reduced leukostasis and suppressed BRB breakdown
in diabetic rats.2®

Another therapeutic approach would be to repopulate the
acellular capillaries with vascular progenitor cells. This
approach was pioneered by Maria Grant, who demonstrated
its feasibility.*>47 However, she and others found that diabetic
endothelial progenitor cells (EPCs) were deficient in homing
ability and, therefore, had limited engraftment capacity.*® The
homing efficiency of diabetic EPCs can be increased by
treatment of the cells with nitric oxide.*® We have generated
vascular progenitors from CD34" cord blood cells induced
nonvirally into pluripotent stem cells (iPSCs).5° iPSCs were
trained to be vascular progenitors on fibronectin substratum
with high levels of VEGE®! Of the four populations that
resulted, CD317/CD146" cells were selected and expanded.
When these cells are injected into vitreous of NOD/Scid mice
that had experienced ischemia/reperfusion injury to retina
resulting in acellular capillaries, the cells homed to the
abluminal surface of the acellular capillaries, taking a pericyte
position. When the cells were delivered intravenously, they
were engrafted in a lumenal position, suggesting that they
were assuming the role of endothelial cells (Fig. 3) (Park T,
Bhutto I, Zimmerlin L, et al., manuscript submitted, 2013). The
hypoxic adjacent retina makes both stromal-derived factor-1
(SDF-1) and VEGE which would provide the stimulus for
homing of vascular progenitors to the acellular capillaries. Our
future work will focus on repopulation of acellular capillaries
with our iPSC vascular progenitors in diabetic animals. The use
of iPSCs made from CD34" cells in blood brings us closer to
autologous regenerative medicine for acellular capillaries.

CONCLUSIONS

In conclusion, hyperglycemia has far-reaching effects on the
eye. In cornea, it causes diabetic keratopathy, and in retina and
choroid, directly or indirectly, it kills vascular and neuronal
cells. The obvious therapy is maintenance of normoglycemia or

compliance by the patient. Once the eye has been exposed to
hyperglycemia long-term, basement membranes have accumu-
lated toxic advanced glycosylation end products and cell death
has occurred. Future therapies for diabetic keratopathy could
involve gene therapy to upregulate c-Met and/or downregulate
cathepsin S and MMP10. The cornea is a desirable site for gene
therapy because it could be given topically and remain local in
its effects.

The retinal and choroidal damage from hyperglycemia
appears related to local inflammation. VEGE IL-1f, and TNF-o
are elevated in serum and in the local milieu (Fig. 4). TNF-o, can
activate nuclear factor-kf3 (NK-kf light-chain-enhancer of
activated B cells), which upregulates genes involved in
inflammation and ROS production. This causes upregulation
of ICAM-1, which binds activated leukocytes in diabetes (Fig.
4). Leukocyte oxidative burst injures ECs so that vascular
leakage occurs at these sites. The sites may be repaired by
adjacent cells but may also be the site of repeated occlusive
events. Since a PMN is so large and rigid in diabetics, it fills the
lumen when firmly adherent. A PMN’s life is short, so repeated
occlusion and then PMN death mean a local ischemia/
reperfusion (I/R) event each time a PMN binds to the site,
creating a continuum of small I/R events in the capillary
segment. If extracellular matrix is exposed, platelet fibrin
thrombi will form, which can signal the end of flow in that
vascular segment (Fig. 4). This also occurs in diabetic
choriocapillaris. The acellular capillaries are sites where
autologous vascular progenitors could be used to repopulate
the ECs as well as pericyte niches.
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