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Xialin Liu,* Yongjun Li,T Yizhi Liu,* Yan Luo,*
Dingding Wang,* Brian H. Annex,*
and Pascal J. Goldschmidt-Clermont®

From the Zhongshan Opbthalmic Center,* State Key Laboratory of
Ophthalmology, Sun Yat-Sen University, Guangzhou, China; the
Department of Vascular Surgery," Peking Union Medical College
Hospital, Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China; the Department of Medicine,
University of Virginia, Charlottesville, Virginia; and the University of
Miami Leonard M. Miller School of Medicine, Miami, Florida

Diabetic retinopathy is characterized by pathological
retinal neovascularization. Accumulating evidence has
indicated that high levels of circulating endothelial pro-
genitor cells (EPCs) are an important risk factor for
neovascularization. Paradoxically, the reduction and
dysfunction of circulating EPCs has been extensively
reported in diabetic patients. We hypothesized that
EPCs are differentially altered in the various vasculo-
pathic complications of diabetes mellitus, exhibiting
distinct behaviors in terms of angiogenic response to
ischemia and growth factors and potentially playing a
potent role in motivating vascular precursors to induce
pathological neovascularization. Circulating levels of
EPCs from diabetic retinopathy patients were analyzed
by flow cytometry and by counting EPC colony-forming
units, and serum levels of neurotrophic factors were
measured by enzyme-linked immunosorbent assay. We
found increased levels of nerve growth factor and brain-
derived neurotrophic factor in the blood of diabetic
retinopathy patients; this increase was correlated with
the levels of circulating EPCs. In addition, we demon-
strated that retinal cells released neurotrophic factors
under hypoxic conditions to enhance EPC activity in
vitro and to increase angiogenesis in a mouse ischemic
hindlimb model. These results suggest that neurotro-
phic factors may induce neoangiogenesis through EPC
activation, leading to the pathological retinal neovas-
cularization. Thus, we propose that neovasculariza-
tion in the ischemic retina might be regulated by
overexpression of neurotrophic factors. (Am J
Patbol 2010, 176:504-515; DOI: 10.2353/ajpath.2010.081152)
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Diabetic retinopathy (DR), the most frequent ocular vascular
complication of diabetes mellitus (DM), involves the
aberrant formation of blood vessels in response to
oxygen deprivation in the retina. The mechanisms gov-
erning this aberrant neovascularization during DR are
still being elucidated. Since Asahara et al first described the
presence of circulating endothelial progenitor cells (EPCs)
in 1997," accumulating evidence has indicated that bone
marrow-derived EPCs are involved in angiogenesis of isch-
emic tissues, including ischemic retina.?~ High levels of
circulating EPCs are considered to be an important risk
factor for pathological neovascularization.? Angiogenic fac-
tors, such as vascular endothelial growth factor (VEGF),
erythroprotein (EPQO), and stromal cell-derived factor-1
(SDF-1), fibroblast growth factor, and platelet-derived
growth factor, are potent stimuli for mobilization and homing
of stem cells or progenitors to ischemic tissues.>”°'4
The reduction and dysfunction of circulating EPCs has
been extensively reported in both type 1 and type 2 diabetic
patients.'>2° Such EPC deficiency is involved in several
clinical conditions characterized by high cardiovascular
risk, as well as in the peripheral vascular complications of
diabetes patients. The low number and dysfunctionality of
EPCs are believed to be indicators for the severity of dia-
betic vasculopathy,'® which is characterized by a poor
angiogenic response in ischemic myocardium and
limbs.""2122 Paradoxically, DR, which occurs in both types
1 and 2 DM, is characterized by enhanced angiogenesis
and significant retinal neovascularization in response to ret-
inal ischemia.?® Lee et al® demonstrated that high levels of
EPCs, as defined by CD34-positive mononuclear cells, may
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be involved in neovascularization in DR. Subsequently, Fa-
dini et al®® reported that patients with DR had enhanced
endothelial differentiation of circulating progenitors charac-
terized by a high CD34+KDR+ proportion, in contrast to
patients with DM with peripheral arterial disease (PAD), who
showed poor endothelial differentiation. These findings led
to the hypothesis that EPCs may be differentially altered in
the various vasculopathic complications of DM, exhibiting
distinct behaviors in terms of angiogenic response to isch-
emia. Furthermore, specific growth factors may play a po-
tent role in mobilizing and activating vascular precursors to
induce pathological neovascularization.?4-2°

The retina is a neuronal tissue comprised of neurons and
glia. Recent studies have shown that the neurons and glial
cells may interact with blood vessels to contribute to patho-
logical neovascularization by creating a particular cytokine
milieu.®”?® There is increasing interest in understanding the
process of neuronal driven angiogenesis.?® 2 |t has been
demonstrated that neurons secrete growth factors, such
as platelet-derived growth factor and VEGF, to guide
angiogenic sprouting, particularly in low oxygen condi-
tions.?®33737 The introduction of cytokines, including VEGF,
can enhance mobilization of endothelial progenitors, and/or
proangiogenic hematopoietic cells, to ischemic limbs to
promote the re-endothelialization process.®®® Increased
serum concentrations of VEGF, achieved by adenoviral
vector transfection or injection of naked DNA coding for
VEGF, significantly increase the number of circulating
EPCs, in both animal and human subjects.®®“° Moreover,
some neurotrophins known for their roles in mediating ax-
onal pathfinding also play critical roles in angiogenesis reg-
ulation.3%41=43 Neurotrophic factors (NTFs), such as nerve
growth factor (NGF) and brain-derived neurotrophic factors
(BDNF) have been found to exert proangiogenic effects, not
only by directly affecting endothelial cells, but also by re-
cruiting bone marrow-derived cell precursors. NGF and
BDNF, known neurotrophins, have recently been identified
as novel strong angiogenic molecules that target endothe-
lial cells and in the vascular system in general.*4~4°

The finding that neural guidance molecules influence
blood vessel growth has suggested that neurotrophic
molecules may regulate pathological angiogenesis. We
hypothesized that neuronal cells from the retina may re-
lease specific NTFs, such as NGF, BDNF, and dlial cell
line-derived neurotrophic factor (GDNF), in response to
hypoxia factors that may couple with other angiogenic fac-
tors like VEGF to enhance the recruitment of EPCs or en-
hance EPC activity, thus contributing to pathological alter-
ations in DM. In our study, we quantified circulating EPCs by
two methods: CD34+CD133+ double positive cells mea-
sured by flow cytometry and EPC-colony forming unit (CFU)
assay. We focused on CD34/CD133 double-positive cells,
rather than CD34-positive cells, as studies have sug-
gested that they provide for more specific selection of
progenitor cells.'®%%5" Furthermore, we investigated
whether retinal cells under hypoxia can influence the
migration and differentiation of EPCs by releasing cy-
tokines in vitro. We also studied angiogenesis in a
mouse ischemic hindlimb model after injection of reti-
nal cell-derived conditioned medium obtained under
hypoxic conditions. Our results showed that retinal
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neuronal tissue releases neurotrophic factors that may
play an important role in regulating new vessel growth.

Materials and Methods

Patients, Subjects, and Sample Collection

All studies were performed on patients with the approval
of the Hospital Ethics Committee of Zhongshan Ophthal-
mic Center. We enrolled 20 type 2 diabetic patients with
DR, 20 type 2 diabetic patients with PAD, and 20 age-
and sex-matched non-diabetic healthy controls (No-DM)
in the study. After overnight fasting of at least 12 hours, 3 ml
of venous blood was drawn from all patients and controls.
Samples were immediately centrifuged at 3000 X g for 10
minutes to obtain serum and stored at —80°C. Additionally,
12 ml of blood were drawn from DR patients and healthy
controls to obtain mononuclear cells for flow cytometry anal-
ysis and EPC colony culture within 6 hours. We did not
count EPCs for patients with PAD-DM, because such stud-
ies have been reported'” 8235253 Diapetic retinopathy
was defined by a dilated and comprehensive eye examina-
tion and high-quality stereoscopic photography by a certi-
fied ophthalmologist and was confirmed by fluoroangiogra-
phy. Participants met the following DR ocular entry criteria:
1) Early Treatment Diabetic Retinopathy Study (ETDRS)
retinopathy severity level from severe nonproliferative DR to
proliferative retinopathy (PDR), 2) no history of panretinal
photocoagulation associated with DR, and 3) no evidence
of glaucoma or other recorded eye disease. As the refer-
enced method by Lynons,®* the severe nonproliferative DR
and PDR was defined with unilateral “severe” nonprolifera-
tive diabetic retinopathy (severe hemorrhages in four quad-
rants, venous beading in at least two quadrants, moderately
severe IRMA in at least one quadrant) or worse. The EPC
level as well as the blood concentration of neurotrophins
was analyzed separately for the pre-proliferative retinopathy
patients and PDR patients in the primary study. Since there
was no significant difference in EPC, NGF, and BDNF
levels between the severe preproliferative group and
PDR group, we grouped the severe nonproliferative DR and
PDR together as diabetic retinopathy group in this study.
PAD was defined clinically by the symptoms of claudica-
tion, pain at rest, and, in some cases, need for lower limb
amputation. We confirmed the diagnosis of PAD with ankle
brachial index less than 0.9 plus ultrasound or CT angiog-
raphy. Ankle brachial index is the ratio between ankle arte-
rial pressure and humeral arterial pressure; ankle brachial
index <0.9 indicates arterial insufficiency in the lower limb.
Participants were excluded if they had: 1) a history of sig-
nificant heart disease (including unstable angina, acute
coronary syndrome, myocardial infarction, arrhythmia, or
history of a coronary revascularization procedure within the
last year); 2) uncontrollable hypertension >160/100mmHg,
stroke in the previous 2 years; 3) history of renal transplan-
tation involving immune suppressant therapy; 4) immuno-
deficiency; or 5) anemia with hemoglobin <10 g/dl. Further
exclusion criteria included the presence of active or chronic
infection, operations or trauma within the previous 6 months,
evidence for malignant disease, renal or hepatic insuffi-
ciency, and mental retardation.
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Flow Cytometry Analysis

We defined EPCs as CD133/CD34 double-positive cells.
The number of EPCs was assessed by flow cytometry anal-
ysis as previously reported.>*® Briefly, mononuclear cells
were isolated from 12 ml of peripheral venous blood by
density gradient centrifugation using Ficoll-Paque (Amer-
sham Biosciences, Piscataway NJ). One million cells per
sample were stained with PE-Cy7-conjugated mouse anti-
human CD34 (clone 8G12, BD Biosciences, Pharmingen,
San Jose, CA) antibody, and allophycocyanin-conjugated
mouse anti-human CD133 (AC133, Miltenyi Biotec, Ber-
gisch Gladbach, Germany) antibody for 30 minutes at 4°C.
A human Fc receptor blocker was added to each sample.
Samples were incubated for 15 minutes before addition of
each of the antibodies and then incubated for 20 minutes at
room temperature. Dead cells were identified by propidium
iodide staining and were excluded from analysis. The
stained cells were examined with a dual laser FACS Van-
tage (Becton Dickinson) flow cytometry. Flow cytometry
data were analyzed using the Macintosh CELL Quest
software program (Becton Dickinson).

EPC Culture and CFUs Counts

EPC culture-CFU counts were performed using previ-
ously reported methods. 92956758 |n prief, the isolated
mononuclear cells were washed twice with phosphate
buffered saline containing 2% fetal bovine serum (FBS)
and then resuspended in a growth medium comprised of
Medium 199 (Gibco) supplemented with 20% FBS, 100
U/ml penicillin, and 100 g/ml streptomycin (Gibco). A total
of 10 million cells, with 5 million cells per well, were plated
in six-well fibronectin-coated dishes (Biocoat, Becton
Dickinson Labware, Bedford, MA) and incubated at 37°C
in humidified 5% CO,. After being cultured for 48 hours,
the nonadherent cells were replated with 1 million cells
per well in 24-well fibronectin-coated dishes (Biocoat,
Becton Dickinson Labware, Bedford, MA) to avoid con-
tamination from mature endothelial cells. The cells were
supplemented with new growth media 4 days after re-
plating. Seven days after replating, the numbers of CFU-
EPCs were counted in a minimum of four wells by an
observer unaware of the patient’s clinical status. A colony
was defined as a central cluster of round cells with mul-
tiple spindle-shaped cells radiating from the periphery,
as previously reported.?° It has been reported that there
are two types of EPCs colonies (early EPCs and the late
EPCs colony) and the late EPCs colony represented the
true EPC colony,*”°® we further cultured cells for 4 to 6
weeks and performed the late EPC colony culture following
Hur's method. The late EPC colony had different morphol-
ogy and growth pattern. They appeared in 2 or 4 weeks
after plating, and showed cobblestone appearance.

Retinal Cells Isolated and Cultured under
Hypoxic Conditions

Postmortem eyes were obtained from the Zhongshan Eye
Bank (Guangzhou, China) 6 to 12 hours after death.

Primary cultures of human retinal glial cells were pre-
pared using standard methods.®°~¢2 Briefly, the neural
retina was separated from the pigment epithelium, diced
into pieces and dissociated by pipetting in 4 ml culture
medium. The resulting cell suspension was centrifuged at
800 X g, resuspended in culture medium, and seeded
into dishes coated with fibronectin-collagen (Biological
Research, ljamsville, MD) in Dulbecco’s modified Eagle’s
medium with 5.5 mmol/L glucose, 10% fetal bovine
serum, 1% penicillin-streptomycin, and 2 mmol/L L-glu-
tamine. After 2 to 3 days of culture, the medium was
replaced to remove floating debris and vascular frag-
ments. The cultures were fed with fresh medium every 3
days until confluence, usually 3 to 4 weeks. When con-
fluent, cells were passaged. When early-passaged (pas-
sages 1 to 3) retinal cells were cultured in 10% FBS-
Dulbecco’s Modified Eagle Media (DMEM) for 3 to 4 days
until 60% to 80% confluence, they were washed and fed
with fresh medium without FBS and placed in the incu-
bator either at normoxic (75% N2, 5% CO2, 20% 02)
conditions or hypoxic conditions (90% N2, 5% CO2, 5%
02) for 48 hours for further experiments.

Measurement of Neurotrophic Factors
Concentration in Serum and Culture
Supernatant

Serum levels of VEGF, NGF, BDNF, GDNF, EPO, and
SDF-1 were measured using commercially available hu-
man VEGF, b-NGF, BDNF, and GDNF sandwich enzyme-
linked immunosorbent assays kits (VEGF, EPO, and
SDF-1, from R&D Systems, Minneapolis, MN; b-NGF,
BDNF, and GDNF all from Promega, Madison, WI). All
procedures were performed according to the manufac-
turer’'s instructions. Similarly, the levels of NGF, BDNF,
and GDNF in the retinal cell culture medium supernatant
under hypoxic conditions were measured. Each sample
(100 wl) was run in duplicate and compared with a stan-
dard curve. All samples were assigned a random number
and run without knowledge of the donor’s health status.
After data were compiled, the sample classifications
were revealed. The sample concentrations in each plate
were calculated according to standard curves and dilu-
tion factors.

EPC Migration Assay in a Transwell Co-Culture
System

In vitro EPC migration was assayed in a modified Boyden
chamber (transwell) co-culture system, as previously de-
scribed.®®%* A Transwell chamber (Costar Co., Cam-
bridge, MA) having a polycarbonate filter with a 6.5 mm
diameter and 8 um pore-size was used for this assay.
The freshly collected 1 X 10* CD34+CD133+EPCs were
immediately placed in the upper chamber in each well.
These cells were co-incubated with feeding cells (either
confluent retinal cells or, human microvascular endothe-
lial cell for control) in the lower chamber under hypoxic
conditions in the transwell co-culture system; we then
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DR DM-PAD Normal control
n=20 n =20 n=20 P value

Age (yr) 69.5 75 658+ 6 67.7 + 45 NS
Sex M (n/%) 9(45%) 12/(60%) 10/(50%) NS
Duration of diabetes (yr) 11.3+50 14.50 = 6.0 /
BMI (kg/m?) 242 1.2 23.7 = 31 232+23 NS
Laboratory testing

Fasting glucose (mmol/L) 72*43 79+28 51*x1.2" <0.01

HbA1c (%) 85*+12 92 +17 /

Total cholesterol mg/dl 184.6 = 3.8. 187.2 5.2 180.0 = 10.5 NS

LDL-C, mg/dl 1142 52 116.2 = 3.4 110.3 = 4.8 NS

HDL-C, mg/dl 472 +16 456+ 1.8 512+ 13 NS

Triglycerides, mg/d| 133.8 = 11.2 1458 + 9.6 133.2 + 10,5 NS
Clinical history

Hypertension 13 15 13 NS

CAD 9 12 10 NS

Smoker 3 5 5 NS
Medications

Insulin 5 7 /

Oral Antidiabetics 20 20 /

TZDs 5 7 / NS

Statins 12 11 13 NS

ACE-inhibitors 3 4 4 NS

Other hypotensive drugs 11 13 10 NS

NS: not statistic significant; dashes denote not applicable.

observed the migration of the EPCs from the upper cham-
ber into the lower chamber through the 8 um pore-size
filter by counting the retained cells in the upper chamber
in five separate high-power fields.

Evaluation of EPC Differentiation with
Immunofluorescence Staining and Capillary-Like
Tube Formation Assay on Matrigel

We cultured EPCs in 24-well plate under normoxic con-
ditions in M199 medium (adding stem cell cytokine cock-
tails: 10 ng/ml IL-6, 1 ng/mIGM-CSF, 30 ng/mISF, 20
ng/ml FIt3L, 100 ng/ml Tpo). Samples were divided into
two groups, one with and one without retinal-cell condi-
tioned medium (obtained from the retinal cell culture
medium generated under hypoxic conditions) added ev-
ery 2 days for 2 weeks. Effects of conditioned media on
EPCs were evaluated by immunofluorescence staining
with antibodies to VEGFR2 and to VE-cadherin, which are
established mature endothelial cell surface markers to
identify EPC differentiation.® Briefly, cells were fixed in
4% paraformaldehyde in PBS and blocked for 30 minutes
with 2% bovine serum albumen in PBS, incubated se-
quentially for 1 hour with primary antibodies against
VEGFR2 (1:50) and VE-Cadherin (1:50) (R&D Systems).
Secondary antibodies (Alexa fluoro-conjugated) and
Ho3444 for DNA staining (Molecular Probes) were used
at 1:250 to 1:500, respectively and incubated for 30
minutes. Cells were then washed and analyzed by fluo-
rescence microscopy.

Tube formation assay was adapted from the conven-
tional method®”:¢%; 150 um Matrigel (BD Bioscience,
Bedford, MA) basement membrane matrix was added to
96-well culture plates and incubated at 37°C until gela-
tion occurred. Cultured EPCs (1 X 10 cells) were resus-

pended and added to each well in 100 ul EGM-2 media
containing 15% FBS, 1% Penicillin, Streptomycin Andam-
photericin (PSA). Twelve hours later, capillary tube for-
mation was assessed via phase contrast microscopy.

Evaluation of Angiogenesis in Ischemic Hindlimb
after Injection of Retinal Conditioned Medium

As previously reported,®® 20 high-fat-diet-fed DM C57B6
mice (obtained from Institute of laboratory animal sci-
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Figure 1. Increased circulating EPC levels in DR group versus controls
shown by flow cytometry analysis. Representative flow cytometry patterns
from (A) a normal control and (B) a DR patient. EPCs were defined with
positive expression for both CD133-allophycocyanin (forward scatter) and
CD34-Pe-cy7 (side scatter). P4 (window) represents CD34 AC133 double
positive populations. The graph below the photographs displays the
statistical analysis comparison, which indicates an increased percentage
of EPCs in DR group (DR: 0.093 * 0.052%, vs. control: 0.045 = 0.02%, n =
20, *P < 0.0D).
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ences, Chinese Academy of Medical Sciences & Peking
Union Medical College) underwent unilateral femoral ar-
tery ligation and excision to surgically induce hindlimb
ischemia. Ten days later, mice were randomly assigned
to receive retinal-cell-conditioned medium or vehicle con-
trol (DMEM) (n = 10/group) injection into the ischemic
gastrocnemius muscle (daily injection for 7 days). The
preparation for the retinal-cell-conditioned medium is de-
scribed in the section “Retinal Cells Isolated and Cultured
under Hypoxic Conditions.” Briefly, the early passaged
retinal cells were fed with fresh DMEM without FBS and
placed in the incubator at hypoxic conditions (90% N2,
5% C0O2,5% 0O2) for 48 hours. The supernatant medium
was collected after filtrating for injection. The levels of
NTFs in the retinal-cell-conditioned medium have been
tested.

Blood flow was examined before and at 20 days after
injection with Laser Doppler Perfusion Imaging system
(PERIMED, Stockholm, Sweden). The results were ex-
pressed as a ratio of perfusion in the ischemic versus
normal limb. Changes in perfusion were calculated as the
ratio at day 20 minus the baseline ratio (ten days post
surgery) Mice were sacrificed and gastrocnemius muscle
was harvested for pathological examination. Endothelial
cells were identified by immunohistochemical staining
using a rat anti-mouse CD31 antibody (1:200 dilution,
Serotec, Raleigh, NC). Capillary density was measured
by counting five random high-power (magnification
x200) fields, or a minimum of 200 fibers from each sam-
ple on an inverted light microscope, and expressed by
the number of CD31 positive cells per mm? or per fiber to

Table 2. The Serum Levels of Growth Factors and EPCs

Figure 2. Representative EPC-CFU. A: Phase
contrast microscopy showing the early EPC-CFU
in culture. The colony is seen as a central cluster
of round cells with multiple spindle-shaped cells
radiating from the periphery. B: VEGFR2-posi-
tive staining (red) seen by confocal microscopy.

exclude any potential differences induced by muscle
edema or atrophy. Area was measured with an NIH Im-
age analysis system (Image J).

Statistical Analysis

The data were summarized in the form of means + SEM.
We performed a statistical analysis by using SAS (SAS
Institute Inc., Cary, NC). Group heterogeneity was as-
sessed by running the Duncan’s multiple range test for
the levels of NTFs in three groups: DR, DM-PAD and
non-diabetic control. All reported P values are two-sided.
A level of P < 0.05 was accepted as statistically signifi-
cant. The Spearman’s rank correlation coefficients and
the corresponding P values of correlation tests were cal-
culated for the pairs of variables. Then we applied a
forward stepwise multiple linear regression model to se-
lect the factors correlated with the response EPC signif-
icantly. To demonstrate and quantify the associations of
EPC, NGF, or/and BDNF with DR, we performed logistic-
regression analyses with disease status (DR or non-dia-
betic controls) as the response variable and other factors
as dependent variables.

Results

Patient Demographic Data

The average ages of DR patients, PAD patients, and
No-DM healthy controls were, respectively, 69.5 = 7.5,

Control DR PAD
NGF 243.56 * 98.80 562.45 = 125.78* 248.47 = 102.32
Duncan’s multiple range test B A B
VEGF 365.61 = 87.96 602.29 + 138.01** 340.67 *= 142.82
Duncan’s multiple range test B A B
BDNF 16.76 = 5.36 30.59 + 9.93* 13.71 £ 4.19
Duncan’s multiple range test B A B
EPO 13.15 £3.20 11.89 £ 2.97 11.00 = 3.95
Duncan’s multiple range test A A A
SDF_1 1105.94 + 341.74 1305.14 + 455.97 1107.99 + 432.33
Duncan’s multiple range test A A A
EPC 0.05 = 0.02 0.09 *+ 0.05**
Duncan’s multiple range test B A

Values are mean =+ standard deviation. *P < 0.05, **P < 0.01.
Results with the same letters indicate no statistical difference.
GDNF was undetectable.
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The serum level of BDNF

Figure 3. NGF and BDNF serum levels. A: In-
creased NFG level in DR group as compared
with other groups: 562.45 * 125.78 (DR) versus

¥ 8 8 8

200

NGF concentration (pg/ml) )>
3

e

248.47 * 102.32 (PAD) versus 243.56 = 98.80
(control). B: Increased BDNF level in DR group
as compared with other groups: 30.59 % 9.93
(DR) versus 13.71 * 4.19 (PAD) versus 16.76 =
5.36 (control). *P < 0.05.

o

BDNF concentration (ng/ml) OO

mOR aPAD aControl DR

65.8 = 6, and 67.7 = 4.5. Female and male patients were
included in each group. There was no significant differ-
ence in age/sex ratio among the diabetic patients and the
control group. The mean diabetes duration was 11.3 =
5.0 years in DR group, and 14.50 = 6.0 years in PAD-DM
group. Patients characteristics are summarized in Table
1. The analysis indicated that there was no significant
difference in demographic characteristics in different
groups such as age, gender, the prevalence of hyper-
tension, cardiovascular disease, smoking, and use of
drugs such as statins and Thiazolidinediones (TZDs).

Increased CD34+CD133+EPC Cells and
Enhanced CFU-EPCs in DR Group

CD34+/CD133+ double-positive cells were identified
and analyzed by flow cytometry, as illustrated in Figure 1,
A-B. Statistical analysis showed increased levels of cir-
culating CD34+/CD133+ double-positive EPCs in the
DR group as compared with nondiabetic controls (DR:
0.0933 * 0.052%, vs control: 0.045 + 0.02%, P < 0.001).
Figure 2 shows the typical early EPC colonies in culture
(Figure 2A) and its VEGF receptor Il positive staining
(Figure 2B). DR patients also showed an increase in the
early EPC-CFU counts measured by phase contrast mi-
croscope (7 = 4/well versus 3 = 2/well). An image of the
late EPC colony is included in the supplemental data
section (see Supplemental Figure S1 at http://ajp.
amjpathol.org).

Serum Levels of Neurotrophic Factors in DR
Patients and Correlation Analysis

Table 2 showed the serum levels of growth factors and
EPCs in the three groups: (a) the serum concentrations of
NGF, BDNF, VEGF were significantly different between DR
and the nondiabetic control groups, but not significantly
different between the DM-PAD and control groups; (b) the
serum concentrations of SDF-1 and EPO were not different
among three groups; Figure 3 indicated that the serum

Table 3. Spearman Correlation Coefficients

arsD

concentration of NGF, BDNF increased in the DR groups as
compared with the DM-PAD and nondiabetic control
groups; Then, we calculated the Spearman’s rank correla-
tion coefficients and the corresponding P values for pairs for
variables NGF, BDNF, VEGF, EPO, SDF-1, and EPC, sum-
marized in Table 3. In the last row, the P values indicated
that only NGF and BDNF were correlated with EPC signifi-
cantly. In addition, the correlation between NGF and BDNF
was not very strong. Therefore, we could perform a bivariate
linear regression analysis with EPC as the dependant vari-
ables and NGF and BDNF as the predictors. We found that
both BDNF and NGF were still correlated with EPC signifi-
cantly. Moreover, the R-Squared 0.7404 indicated that the
model reasonably fits the data (Table 4). Finally, we used
logistic regression method to analyze the data with the
presence of DR as the end-point. Since the factors NGF and
BDNF are highly correlated with EPC, we did not put them
into the model to avoid multicollinearity. Two factors EPC
and VEGF were shown to be significantly associated with
DR. The results including the Wald statistics and the odd
ratios were summarized in supplemental tables S1 and
S2 (see Supplemental Tables S1 and S2 at http://ajp.
amjpathol.org).

Co-Culture with Retinal Cells under Hypoxic
Conditions Enhanced EPC Migration and
Conditioned Culture Medium Enhanced
EPC Cells Differentiation In Vitro

In an in vitro transwell co-culture system with confluent
retinal glial cells or control human microvascular endo-
thelial cells in the lower chamber under hypoxic condi-
tions for 24 hours, the freshly collected 1 x 10*
CD34+CD133+EPCs were immediately put in the upper
chamber in each well. After these cells were co-incu-
bated for 6 hours in the transwell with 8 um-hole-size filter
co-culture system, retinal cells in the lower chamber in-
duced a significantly increased migration of upper cham-
ber EPCs compared with control human microvascular
endothelial cells (Figure 4, A-D).

NGF VEGF BDNF

EPO SDF-1 EPC

NGF 1.00000

VEGF  —0.08235 (P = 0.7617)

BDNF  0.13824 (P = 0.6097)

EPO 0.35000 (P = 0.1839)
( )
( )

—0.08235 (P = 0.7617)
1.00000
—0.33235 (P = 0.2085 1.00000
SDF_1  0.43235 (P = 0.0944

(
—0.10882 (P = 0.6883
EPC 0.58468 (P = 0.0174 (

0.02798 (P = 0.9181

0.13824 (P = 0.6097)
—0.33235 (P = 0.2085)

0.13824 (P = 0.6097)

)
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)
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0.35000 (P = 0.1839)  0.43235 (P = 0.0944) 0.58468 (P = 0.0174)
0.02647 (P = 0.9225) —0.10882 (P = 0.6883) 0.02798 (P = 0.9181)
—0.17647 (P = 0.5133)  0.13824 (P = 0.6097) 0.50368 (P = 0.0467)
1.00000 0.33529 (P = 0.2043) 0.10162 (P = 0.7080)
0.33529 (P = 0.2043) 1.00000 0.43888 (P = 0.0890)
0.10162 (P = 0.7080)  0.43888 (P = 0.0890) 1.00000
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Table 4. Multivariate Regression with Dependent Variable:
EPC (R-square = 0.7404)

Parameter
Estimate P value
Intercept —0.13556 0.0041
BDNF 0.00292 0.0026
NGF 0.00024805 0.0015

Treatment of EPCs with conditioned media from retinal
cell cultures incubated under hypoxic conditions resulted
in a marked increase in EPC differentiation, as shown by
two representative endothelial cell antibody immuno-
staining (VEGFR2 and VE-cadherin) (Figure 5, A and B).
In addition, conditioned media enhanced the capability
of capillary-like tube formation on Matrigel culture, as
shown in Figure 5, C and D.

Significantly Increased Neurotrophic Factor
Expression in Retinal Cells Cultured under Low
Oxygen Conditions in Vitro

To characterize the content of the conditioned retinal cell
medium, which showed marked effect on EPCs, we col-
lected the retinal cell culture medium supernatant under
low oxygen conditions (24 hours) to measure the levels of
NTPs. As shown in Figure 6, incubation of human retinal
cells at low oxygen concentration led to a significant
increase in the content of the medium in NTPs, including
NGF, BDNF, and GNDF (NGF: 545.68 = 120.70 pg/ml vs.
712.90 = 116.78 pg/ml P < 0.01; BDNF: 292.00 *+ 92.08
pg/ml vs. 610.03 £ 148.42 pg/ml, P < 0.01; GNDF:
28.94 + 8.29 pg/ml vs. 71.07 £ 13.44 pg/ml, P < 0.01),
when compared with the control cultures incubated un-
der normoxic conditions.

Upper
chamber

hMVECs cells

Enhanced Angiogenesis in Ischemic Hindlimb
after Injection with Retinal-Cell- Conditioned
Medium

Laser Doppler perfusion imaging was performed before
(10 days after surgery) and at day-20 after injection.
Before medium injection, the perfusion ratio was similar
between the two groups (0.58 = 0.07 vs. 0.60 * 0.05). At
20 days after injection, there was a clear and statistically
significant change in perfusion ratio with retinal-cell-con-
ditioned medium (0.31 + 0.027 vs.0.09 = 0.024, P <
0.001, Figure 7A). Capillary density in the ischemic gas-
trocnemius muscle was also significantly higher in the
retinal medium versus control-treated mice (552 = 38 vs.
406 = 25, P < 0.01, Figure 7B). To exclude potential
differences induced by muscle edema or atrophy, the
capillary-to-muscle, fiber ratio in the ischemic muscle
was also measured. Like capillary density, the capillary/
muscle fiber ratio was significantly higher in the retinal
medium versus control-treated mice (1.44 *= 0.04 vs.
1.18 = 0.07, P < 0.01).

Discussion

We found that circulating CD34+/CD133+ double-posi-
tive EPCs were significantly increased in DR groups, as
compared with nondiabetic controls. In addition, we
found elevated EPC levels and a high concentration of
circulating neurotrophins in the DR patients, indicating
that EPC, as well as neurotrophin levels in peripheral
blood are impacted by the presence of DR. Different
methods have been used to determine EPC levels, in-
cluding labeling with various specific cell surface mark-
ers and by counting CFU-EPC in culture.>'%2% We de-
cided to use both approaches and counted the CFUs in
EPC culture following Hill's method.?° We found a signif-

Figure 4. Two-chamber co-culture with retinal
cells under hypoxic conditions enhances EPC
cell migration. In a transwell co-culture system
under hypoxic conditions with an 8 um hole-
size (purple) filter, many cells (yellow) stayed in
the upper chamber (A) and few cells passed
through the filter to the lower chamber (C) when
co-cultured for 6 hours with HMVECs. In con-
trast, after co-culture with retinal cells, many
more EPCs passed through the holes into the
lower chamber (D) and fewer cells stay in the
upper chamber (B).

Retinal Cells
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icantly increased number of CFU-EPCs in the DR patient
samples than in controls. Fadini et al®® postulated that
such propensity for colony formation might represent
heightened differentiation efficiency of EPCs in DR; they
further suggested that higher circulating EPC levels and
differentiation efficiency may be related to the neovascu-
larization in DR patients. This higher EPC level in DR
contrasts to the reduced levels and dysfunction of EPCs
found in systemic vasculopathies associated with types 1
and 2 DM, particularly macrovascular complications, in
which vessel growth is impaired.'® 92122 |n this studly,
we obtained EPC counts for only two groups: DR and
normal control. Ample other studies have provided infor-
mation about EPC counts in PAD-DM group. 18285253

Neurotrophic factors are reported to be potent stimuli
for new vessel growth, which may explain the unusual
neovascularization in retinal vasculopathic complications
of DM. We studied the systemic levels of neurotrophins

Hypoxia-induced expression of neurotrophic factors

1000
800 r *
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400
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*

—

GDNF

neurotrophic factors level (pg/ml)

NGF BDNF

O normoxia M hypoxia ‘

Figure 6. Increase in neurotrophin expression in retinal glia cell culture
medium induced by hypoxia. Increased neurotrophin expression under
hypoxic conditions included NGF, BDNF, GNDF (NGF: 545.68 * 120.70
pg/ml vs. 712.90 * 116.78; pg/ml; BDNF: 292.00 * 92.08 pg/ml vs. 610.03 =
148.42 pg/ml; GNDF: 28.94 * 8.29 pg/ml vs. 71.07 *£ 13.44 pg/ml; as
compared with the control cultures at normoxic conditions. *P < 0.01.
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Control culture

Figure 5. Retinal-cell-conditioned medium en-
hances EPC differentiation and tube formation in
culture. Enhanced EPC cell differentiation is
shown by representative immunostaining in the
groups supplemented with retinal-cell-condi-
tioned medium (A), as compared with controls
without added conditioned medium (B). Red:
] VEGFR2 staining; green: VE-cadherin staining;
r . blue: nuclear staining. Yellow staining denotes
; : overlap of green and red. Tube formation of EPCs
l V- stimulated by retinal-cell-conditioned culture me-
dium (C), as compared with controls (D).
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¥

NGF, BDNF, GDNF, and angiogenic factor VEGF, EPO,
SDF-1, and explored whether such factors are correlated
with EPC levels in DR patients. We found that, similar to
the classic angiogenic factor VEGF, both BDNF and NGF
serum concentrations were higher in DR groups than in
PAD groups and nondiabetic controls. (The basic level of
GDNF in serum was too low to detect.) The Spearman’s
rank correlation and the multiple linear regression analy-
sis indicated that only NGF and BDNF were correlated
with EPC significantly. Finally, we used logistic regression
method to analyze the data with the presence of DR as
the end point. Since the factors NGF and BDNF are highly
correlated with EPC, we did not include them in the model
to avoid multicollinearity. Two factors EPC and VEGF
were shown to be significantly associated with DR. There-
fore, it is tempting to speculate that signals generated by
the retina in response to ischemia may stimulate activa-
tion of bone marrow EPCs, using systemic NTFs as mes-
sengers released into the circulation. It cannot be ruled
out that there are other sources of NTFs.

NTFs such as NGF, BDNF, and GDNF, abundantly
produced by neurons and glial cells, are well known for
their role in regulating survival, growth, and functional
maintenance of neuronal cells. NTFs have been de-
scribed as “pleiotropic” molecules, involved in a variety
of peripheral actions.®”~7° NTFs alone or in combination
with other biologically active molecules can impact on
endothelial cells and on angiogenic activity.*** The ap-
plication of BDNF and NGF enhanced angiogenesis
markedly in vitro and in vivo.**=4648.71 BDNF has been
further shown to achieve proangiogenic effects by re-
cruiting bone marrow-derived cell precursors.*”*° Neu-
rotrophic factors play a functional role in reparative neo-
vascularization.*®*” VEGF, a known angiogenic factor,
also plays an important role in neuronal cell growth and
survival, inducing neuritic growth and neuroprotection,
particularly after ischemia.”?~"® It appears that there is a
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Figure 7. By 20 days after injection, retinal-cell-conditioned culture medium versus control treatment was associated with improved perfusion to the ischemic
limb and increase in capillary density in ischemic gastrocnemius muscle. A: Representative photograph of the laser scan perfusion image. Changes in the perfusion
ratio were calculated as the perfusion ratio at follow-up (20 days postinjection) minus the ratio preinjection (10 days post surgery, labeled day 0). Graphs to the
right of photographs represent the quantitative assessments with 7 = 10/group for comparison. There was a marked increase in limb perfusion ratios on day 20
after injection with retinal-cell-conditioned medium versus control treatment (7 = 10/group *P < 0.01.) B: Left, a representative CD31 immunohistochemistry
staining for capillary density; red dots indicate endothelial cells (CD31 positive cells marking capillaries) (magnification X200). Graphs to the right of photographs
represent the quantitative assessments with 7 = 10/group for all comparisons. Capillary density was increased with conditioned medium versus control treatment,

*P < 0.01.

dual role for these angiogenic and neural factors. There-
fore, the early release of growth factors in response to
ischemia in DR might be a protective reaction to maintain
neuron survival, but, at the same time, such a beneficial
response may, as a secondary effect, induce excessive
angiogenesis in the retina.

In this study, we examined the secondary effect of
NTFs as enhancers of angiogenesis and how retinal cells
influence EPC activity by releasing cytokines. In our in
vitro model, there was a significantly higher EPC migra-
tion rate after co-culture with retinal cells under low oxy-
gen conditions compared with co-culture with control
human microvascular endothelial cells under the same
conditions. There were also significantly higher levels
of differentiation of EPCs when treated with retinal-
cell—conditioned medium, as manifested by the expres-
sion of VEGFR2 and VE-cadherin and the observed in-
crease in capillary-like tube formation in Matrigel culture.
Our results further revealed that in hypoxic cultures, ret-
inal cells released not only higher levels of VEGF, but also
higher levels of neurotrophic factors NGF, BDNF, GDNF,
which could contribute to enhancing EPC activity. Thus,
we hypothesize that retinal cells enhance EPC migration
and differentiation by releasing cytokines under low oxy-
gen conditions.

We further verified the function of retinal-cell—
conditioned medium in promoting vessel growth in a

mouse hindlimb ischemic model. The findings from the
hindlimb injection experiments provide evidence that ret-
inal tissue can release NTFs and other growth factors,
and enhance angiogenesis, in this case in hindlimb mus-
cle, non-neuronal tissue under ischemic condition. The
results support the contribution of neuronal factors in
angiogenesis, and provide a potential explanation why
there is an enhanced angiogenesis reaction in retina in
response to ischemia in diabetes patients, but an insuf-
ficient angiogenic response in ischemic limbs in diabetic
milieu. Considering the multiple factors of the NTFs fam-
ily, including NGF, BDNF, GDNF, NT3, NT4, and others,
the precise identification of the specific factor(s) that
might contribute to pathological retinal neovasculariza-
tion, the assessment of the magnitude of each respective
contribution, and the mechanisms of action on EC pro-
genitors in vivo will require further substantial additional
experimental work.

In addition, ischemia triggers an influx of inflammatory
cells that release cytokines, proangiogenic factors, and
other molecules. Moreover, the EC precursors (such as
CD14+PBMCs) may contribute to angiogenesis by se-
creting paracrine factors.?*~2¢ As pointed out by Schat-
teman GC®®: “EC precursor function is governed by a
plethora of systemic and local factors, and understand-
ing molecular regulation of these cells, as always, may be
much more problematic.” A number of studies suggested



that EC progenitor regulation is complex and may be
mediated via direct cell—cell interactions, extracellular
matrix molecules, as well as by soluble factors, including
VEGF, Ang1, EPO, SDF-1, and TGF-1. The multilayered
control system makes it difficult to predict the effect that
any single factor will have on EC progenitors in vivo.?* On
the other hand, the ischemic tissue can trigger a big
influx of inflammatory cells, NTFs injection, may not sig-
nificantly alter the quantity of infiltrating monocytes/mac-
rophages and other inflammatory cells. It is also possible
that the measurements may not be sensitive enough to
pick up a EC precursors (such as CD14+ cell) enhance-
ment in ischemic hindlimb muscle if such increase was of
low amplitude.”®

An intriguing finding in this study was the presence of
higher levels of neurotrophins NGF and BDNF in periph-
eral blood in DR patients, but not in nondiabetic controls
or DM-PAD patients. The strong correlation between neu-
rotrophins and EPC levels in DR patients suggests that
retinal ischemia serves as a signal to stimulate bone
marrow EPCs through selected strong neurotrophic fac-
tors that are released into the systemic circulation. Feit-
Leichman et al”” postulated that diabetes-induced early
changes in neurons and Muller glia contribute critically to
the later development of vascular lesions in DR. Our
study provides further evidence that DR may be an ab-
errant neovasculazation process initially driven by neuro-
trophins released from neuronal tissue to activate EPCs.
Our data provide additional evidence that NTFs may
contribute to enhanced EPC migration and differentiation
in the neovasculazation that occurs in DR, representing a
further and previously unveiled effect of neurotrophins on
retinal neovascularization. The coordinated actions of
neurotrophins and VEGF have been demonstrated in dif-
ferent tissues under various physiological conditions,*>"8
and overexpression of NGF in brown adipose tissue of
NGF-transgenic mice has been shown to elevate both
mRNA and protein levels of VEGF and VEGF receptors,
thus enhancing angiogenesis.”® Similarly, we propose
that neovascularization in the ischemic retina might be
regulated by overexpression of neurotrophins.

This study aims to demonstrate that a particular cyto-
kine milieu is necessary for pathological retinal neovas-
cularization. In neuronal tissues such as the retina, this
particular cytokine milieu contained abundant neurotro-
phins, which contribute to pathological angiogenesis,
which may be mediated, at least in part, through activat-
ing EC precursors. Our findings with regard to the neu-
ronal control of angiogenesis suggest that inhibiting the
angiogenic function of neurotrophins may be a new ther-
apeutic strategy. The anti-VEGF drug bevacizumab has
been recently used to treat retinal neovasculazation in
clinics (in the context of macular degeneration); however,
the long-term effects are not yet known.®® Our study
provides new evidence that coupling anti-neurotrophic
drugs with anti-VEGF antibody might be an effective ap-
proach to prevent pathological neovascularization in the
retina of diabetic patients. This study provides a platform
for further studying the role of neurotrophins in ischemic
vasculopathies.
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In conclusion, we found increased NGF and BDNF
levels in the peripheral blood of DR patients, an increase
that was correlated with the levels of circulating EPCs.
We demonstrated that retinal cells released neurotrophic
factors under low oxygen conditions to enhance EPC
activity in vitro and to increase angiogenesis in a hindlimb
ischemic model. These results support the concept that
neurotrophic factors may induce neoangiogenesis, a pro-
cess that to a degree may be reparative, but when ex-
cessive leads to pathological retinopathy. Thus, neuro-
trophins are growth factors with potential angiogenic
actions.
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