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An angiotensin-converting enzyme inhibitor modulates stromal-
derived factor-1 through CD26/dipeptidyl peptidase IV to inhibit

laser-induced choroidal neovascularization
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Purpose: Stromal-derived factor (SDF)-1 is a chemokine that recruits bone marrow-derived endothelial precursor cells
(EPCs) for choroidal neovascularization (CNV) development. Angiotensin-converting enzyme (ACE) inhibitors mediate
the compensatory effects of ACE and CD26/dipeptidyl peptidase IV (DPP IV), which results in the degradation and
inactivation of SDF-1 in vivo. ACE inhibitors, such as imidapril, exhibit potential antiangiogenic effects on laser-induced
CNYV in mice. The role that this imidapril-mediated effect plays in modulating SDF-1 signals has not been defined. The
present study assessed the effect of the CD26/SDF-1 signaling pathway on the inhibitory effect of imidapril in CNV
development.

Methods: CNV was induced in C57BL/6J mice by focally rupturing Bruch’s membrane using a 532-nm diode laser. The
animals were pretreated with PBS, imidapril, diprotin-A (a DPP IV antagonist), or imidapril plus diprotin-A for 5 days
before photocoagulation. Treatments were continued daily for 14 days following the laser induction. The normal control
group did not undergo laser rupture or receive treatment. CD26 activity was measured using a substrate conversion
assay and flow cytometry. SDF-1 levels in both the blood and the bone marrow were measured using an enzyme-linked
immunosorbent assay, and the number of circulating endothelial progenitor cells (EPCs) and leukocytes was quantified.
Functional analyses of circulating SDF-1 were performed using actin polymerization blood biomarker assays, and the
CNV-related responses were evaluated using fluorescein angiography and isolectin-B4-labeled flatmounts.

Results: Imidapril directly amplified CD26 activity and had a minor effect on the number of CD26" cells in the bone mar-
row. However, decreased CD26 activity in the plasma was secondary to a decrease in the number of circulating CD26"
cells and blood leukocytes. Furthermore, imidapril increased SDF-1 concentrations in the peripheral circulation via
CD26-induced degradation of SDF-1 in the bone marrow, an effect that coincided with elevated numbers of circulating
EPCs. CD26-mediated SDF-1 inactivation was demonstrated by a decrease in SDF-1-induced actin polymerization in the
whole blood of imidapril-treated mice. Imidapril markedly decreased angiographic leakage and CN'V size. CD26 inhibi-
tion completely blocked the CD26/SDF-1 signaling pathway in vivo and reduced the antiangiogenic effect of imidapril.
Conclusions: These results strongly suggest that the antiangiogenic effects of imidapril on laser-induced CNV partially

involve the modulation of the CD26/SDF-1 signaling pathway.

Age-related macular degeneration (AMD) is a common
irreversible cause of severe vision loss, including legal
blindness, in the elderly population [1]. Choroidal neovas-
cularization (CNV) is the principal cause of severe vision
loss (i.e., neovascular AMD). The pathogenesis of CNV is
poorly understood, and the treatment options are limited.
CNYV was initially believed to arise from local angiogenic
events, but recent studies have suggested that bone marrow-
derived cells are recruited from the circulating population and
contribute to CN'V formation [2-9]. Circulating endothelial
precursor cells (EPCs) are derived from hematopoietic stem
cells (HSCs) [10] and provide approximately 40%—50% of the
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vascular cells for CNV [5,6,8]. Chemokines, such as stromal-
derived factor (SDF)-1, may modulate the trafficking of EPCs
via specific binding to G-protein-coupled CXC receptor 4
(CXCRA4) during new blood vessel formation [11].

The role of SDF-1 in CNV includes directing the EPCs
to injury sites as well as the development and progression
of CNV [12]. Therefore, strategies that inhibit SDF-1-driven
signals should have therapeutic implications. Local SDF-1
concentrations increase vasculogenesis by increasing EPC
recruitment to damaged tissues [13]. As part of the injury
response, SDF-1 is upregulated in damaged choroidal and
retinal tissues during ocular neovascularization, and SDF-1
may recruit stem/progenitor cells to neoangiogenic niches
[11,12,14-17]. Chemotaxis assays have demonstrated that
purified EPCs migrate along an SDF-1 concentration gradient
in vitro [18]. Increased numbers of circulating EPCs/HSCs
and lower plasma SDF-1 levels have been observed in patients
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with CNV [19-22]. A pathophysiological linkage between the
attraction of bone marrow-derived cells to the damaged retina
and low SDF-1 plasma levels may be present in the process
of AMD progression [22]. Moreover, the direct blockade
of SDF-1 activity in the eye reduces EPC recruitment to
the CNV lesion and the EPC contribution to blood vessel
formation [12]. The cleavage and inactivation of SDF-1 may
play important roles in stem cell trafficking by activating
molecular pathways, including protease activation, cytokine
release, and chemotaxis [23-25]. We therefore examined
whether the systemic modulation of SDF-1-driven signals
(via protease activation to alter the release and inactivation
of SDF-1) exerts a potent antiangiogenic effect in CN'V.

The ectopeptidase dipeptidyl peptidase IV (DPP IV)/
CD26 is a type II cell surface glycoprotein that may regulate
the biologic activity of SDF-1 [23] and play a critical role
in angiogenesis [26]. CD26 is a membrane-bound protease
that is expressed in a variety of cells, but it is also present
in a soluble form within the plasma and hematopoietic envi-
ronments [27-30]. The soluble form of CD26 exerts enzy-
matic activity by cleaving dipeptides from the N-termini
of polypeptides. CD26 activates, inactivates, or modulates
the activity of various bioactive peptides, including chemo-
kines [26,27,31]. The N-terminal region of SDF-1 is critical
for receptor activation and function [32], and the truncation
of this region by CD26 to form processed/truncated SDF-I
(i.e., SDF-I: 3-68) inhibits the chemotactic properties of the
cell and CXCR4 signaling properties [33]. The hydrolysis
of SDF-1 by CD26 is important for the regulation of bone
marrow-derived cell trafficking [29,34,35].

Using angiotensin-converting enzyme (ACE) inhibitors
to modify the CD26/SDF-1 mechanism of EPC mobilization
is a novel approach [36]. CD26 and ACE belong to the dipep-
tidyl peptidase family and exert their proteolytic activity in
a balanced fashion to regulate the metabolism and function
of peptide hormones [36]. CD26 complements or emulates
the function of ACE in regulating the activation of various
chemokines [37]. CD26 primarily degrades and inactivates
SDF-1 in vivo in the presence of ACE inhibition [38]. ACE
inhibitors may exert antiangiogenic effects in various rodent
models of ocular neovascularization, including the laser-
induced CNV mouse model [39-42]. Nevertheless, the role of
CD26/SDF-1 in mediating the antiangiogenic effect of ACE
inhibition during CN'V has not been examined.

The current study provided evidence that the ACE inhib-
itor imidapril activates the CD26 system. Furthermore, we
investigated the role of imidapril in modulating the systemic
SDF-1 signaling pathway via CD26 protease-mediated degra-
dation in a murine model of laser-induced CNV. The results
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demonstrated that imidapril blunts systemic SDF-1-driven
signals, reducing choroidal leakage and angiogenesis in an
experimental model of CNV.

METHODS

Animals: C57BL/6 male mice (6—8-weeks old) were purchased
from the Experimental Animal Center of the Fourth Military
Medical University (Xi’an, China). All procedures were
performed in compliance with committee-approved protocols
and the Association for Vision Research and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research. All of the experimental protocols used in the
present study were approved by the Ethics Committee for
Animal Experimentation and were carried out in accordance
with the Guideline for Animal Experimentation of the Fourth
Military Medical University.

Treatment protocol: The animals were pretreated with
PBS, imidapril (an ACE inhibitor; Tanabe, Tianjin, China),
diprotin-A (a DPP IV antagonist; GL Biochem, Shanghai,
China), or imidapril plus diprotin-A for 5 days before photo-
coagulation. The treatments were continued daily for 14 days
following laser induction. The normal control group did not
undergo laser rupture or receive treatment. The mice in the
drug-treatment groups received PBS (200 pl, intragastri-
cally), imidapril (1 mg/kg/day, intragastrically), diprotin A
(5 pmol twice/day, subcutaneously) or imidapril (1 mg/kg/
day) plus diprotin A (5 pmol twice/day). We used this treat-
ment protocol given that this dose of imidapril (I mg/kg/day)
by gavage was previously demonstrated to be effective for the
inhibition of laser-induced CNV [42] and did not affect the
blood pressure [43].

Laser photocoagulation: Laser photocoagulation-induced
rupture of Bruch’s membrane was used to induce CNV, as
previously described [44]. Briefly, the animals were anes-
thetized via intraperitoneal injections of pentobarbital, and
their pupils were dilated with topical 1% tropicamide (Santen,
Osaka, Japan). Laser photocoagulation using a 532-nm diode
(Viridis Twin, Quantel Medical SA, Clermont-Ferrand,
France) was performed on both eyes of each mouse on day 6
following the drug treatment. Each animal received five spots
per eye around the optic disc (75-um spot size, 0.1 s duration,
100 mW), and the development of a bubble under the laser
confirmed the rupture of Bruch’s membrane.

Fluorescence-activated cell sorting analysis: Blood and bone
marrow samples were freshly collected from the mice 12 days
following laser-induced CNV. Circulating or bone marrow
cells were identified using the nucleated cell fraction. To
quantify EPCs, the number of CD34*/ vascular endothelial
growth factor receptor 2 (VEGFR2)" cells was counted in the
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peripheral blood. EPCs were defined by positive staining for
an fluoroscein isothiocyanate (FITC)-conjugated anti-CD34
monoclonal antibody (BD PharMingen, San Diego, CA)
and a phycoerythrin (PE)-conjugated anti-Flk-1 antibody
(BD PharMingen), as previously described [45]. Briefly, the
samples were incubated at 4°C in the dark for 30 minutes
with FITC-conjugated anti-mouse CD34 and PE-conjugated
anti-mouse Flk-1. After incubation, the samples were
mixed with 1X lysing buffer (BD PharMingen) for 15 min
at room temperature. The samples were then washed twice
in phosphate buffer saline (PBS)/1% bovine serum albumin
(BSA) and fixed in 4% paraformaldehyde at 4°C in dark
until measured. Additionally, the number of CD26" cells in
the bone marrow and the peripheral blood was estimated
using an FITC-conjugated anti-mouse CD26 antibody (BD
PharMingen), as previously described [28]. The samples were
incubated at 4°C in the dark for 30 min with FITC-conjugated
anti-mouse CD26. After incubation, the samples were mixed
with 1X lysing buffer (BD PharMingen) for 15 min at room
temperature. The samples were then washed twice in PBS/1%
BSA and fixed in 4% paraformaldehyde at 4 °C in dark until
measured. Isotype-identical antibodies served as controls
(BD PharMingen). The sample was analyzed on a FACScan
Flow Cytometer (BD, San Jose, CA).

Measurement of CD26 activity: Murine plasma and bone
marrow extracellular fluids were collected from all groups
12 days following laser-induced CNV. CD26 activity was
determined in 10-pl samples (plasma or bone marrow extra-
cellular fluids), using the chromogenic substrate Gly-Pro-
p-nitroanilide (Gly-Pro-pNA; Sigma-Aldrich, Saint Louis,
MO) and according to the procedure described by Jost and
colleagues [46] with minor modifications. The samples were
immediately centrifuged (2000 x g; 10 min at room tempera-
ture) and each sample was pipetted in duplicates directly in a
96-well plate placed on ice. After all samples and standards
(0—-10 mU/ml purified DPP IV enzyme from the porcine
kidney; Sigma, Deisenhofen, Germany) were pipetted, the
plate was placed on a 37 °C heating block and 40-pl freshly
prepared substrate solution (5 mM Gly-Pro-pNA diluted
in 0.04 M HEPES buffer, pH 7.4) added in each well. The
96-well plate was now immediately placed in a microplate
reader (Bio-Rad, Hercules, CA) and measurements taken at
37 °C over a period of 1 hour with a wavelength of 405 nm.
Blanks (plasma+HEPES buffer) were subtracted from the
measured sample values, and the DPP IV activity (U/l) was
calculated using the standard calibration.

Assessment of white blood cells in the peripheral blood:
Whole blood samples were collected from the animals via
a tail vein 12 days following laser-induced CNV. The total
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number of white blood cells (WBCs) was assessed using a
Neubauer hemocytometer (Nanjing, China).

Cytokine measurements: Murine peripheral blood samples
and bone marrow were obtained from all groups following
laser-induced CNV on days 0, 3, 7, and 14. The blood was
centrifuged to collect the plasma, whereas the bone marrow
extracellular fluids were extracted from the femurs, as previ-
ously described [47]. Samples in bone marrow were prepared
for analysis by flushing the contents of 2 femurs directly
into 0.4 ml sample buffer (0.1% BSA, 0.05% Tween 20 in 20
mM Trizma base, 150 mM NaCl, pH 7.3) and centrifuged.
The plasma and bone marrow SDF-1 concentrations were
measured using a mouse CXC ligand 12/SDF-1la enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems,
Shanghai, China), according to the manufacturer’s instruc-
tions. Samples in blood was obtained by centrifugation of
blood at 4 °C and 2000 x g for 20 min and used for the deter-
mination of SDF-1 levels. 96-well plates were added with
50-ul of assay diluent RDI-55 (R&D systems), added with
50-ul of standard, control, or sample per well, and incubated
for 2 h at room temperature on a horizontal orbital microplate
shaker set at 500+50 rpm. The wells were washed three times
with 400-ul of wash buffer (R&D systems) and incubated for
2 h at room temperature with 100-pl of mouse SDF-1a conju-
gate (R&D systems). After three washes, 200-ul of substrate
solution (R&D systems) was added and incubated for 30 min
at room temperature. 50-ul of stop solution stopped the reac-
tion. A microplate reader set at 450 nm was used to determine
optical density with readings at 570 nm subtracted from the
results. Recombinant mouse SDF-1a sandard (R&D Systems)
was used to generate a linear standard curve.

Actin polymerization: The whole blood samples that were
collected from the animals 12 days following laser-induced
CNV were stimulated with 30 nM of SDF-1 (recombinant
mouse CXCR12/SDF-la; R&D Systems, Minneapolis, MN)
in whole blood assay buffer (RPMI 1640, 10 mM HEPES,
0.5% FBS). The reaction was stopped by adding 1.6% form-
aldehyde at room temperature. Flow cytometry lysis buffer
(BD PharMingen) and distilled water were added to lyse
the cells. The cells were washed, fixed with formaldehyde,
permeabilized with lysophosphatidylcholine (Sigma-Aldrich),
and stained with FITC-phalloidin (Sigma-Aldrich). Unstimu-
lated blood samples (blanks) were analyzed in parallel.
The lymphocyte population was gated, and the median
fluorescence was measured using a FACScan flow cytometer
(BD) [48,49].

Fluorescein angiography and leakage grading: Fluorescein
angiography (FA) was performed 13 days after laser photo-
coagulation. Following an intraperitoneal injection of 2.5%
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fluorescein sodium (Wuzhou Pharmaceutical, Guangxi,
China), leakage appeared in the retina within 5 to 10 s when
imaged using a modified confocal ¢cSLO (Heidelberg Retina
Angiograph; Heidelberg Engineering, Heidelberg, Germany).
The digital images were taken at 3min for comparison. For
the semiquantitative analyses of fluorescein leakage, the
largest leakage in each eye was determined as previously
described [50]. Briefly, leakage was defined as the presence
of a hyperfluorescent lesion that increased in size with time
during the late-phase angiogram. The leakage scores were
determined by a blinded grader. The angiograms were graded
as follows: grade-0 lesions, no leakage; grade-1 lesions, slight
leakage; grade-2 lesions, moderate leakage; grade-3 lesions,
prominent leakage.

Volume of the choroidal neovascularization: Fourteen
days following laser injury, the eyes were enucleated and
fixed with 4% paraformaldehyde. The cornea and lens were
removed, and the eyecups were dehydrated and rehydrated
through a methanol series. The eyecups were blocked with
PBS that contained 1% BSA and 0.5% Triton X-100 and were
stained overnight with 0.5% FITC-Griffonia simplicifolia
isolectin-B4 (1:100; Vector Laboratories, Burlingame, CA).
The retinas were removed from the eyecups, and the retinal
pigment epithelium (RPE)-choroid-sclera complex was
flatmounted in aqueous mounting media and coverslipped.
CNV was visualized with a blue argon laser (wavelength, 488
nm), using a scanning laser confocal microscope (Olympus
Corporation, Tokyo, Japan). Horizontal optical sections of the
CNYV were obtained at every 1-um step from the surface to
the deepest focal plane. The deepest focal plane in which the
surrounding choroidal vascular network connecting to the
lesion could be identified was judged to be the floor of the
lesion. The area of CNV-related fluorescence was measured
using ImageJ (National Institutes of Health, Bethesda, MD),
as described previously [51,52]. The summation of the whole
fluorescent area was used as the volume of CNV.

Statistical analysis: Statistical analyses were performed using
SPSS 16.0 for Windows (Chicago, IL). All values (except the
FA score) were expressed as the mean+standard deviation and
were analyzed using a one-way analysis of variance. Differ-
ences between the two groups were tested post hoc using
the Student—Newman—Keuls-¢ test. The FA scores were
expressed as the median (range) and were analyzed using a
nonparametric method (Kruskal-Wallis test) followed by the
Mann—Whitney U-test. Statistical significance was defined
as p<0.05.

© 2013 Molecular Vision
RESULTS

Imidapril activates the CD26 system, disrupting the steady-
state homeostasis between CD26 activity in the bone marrow
and the peripheral blood: CD26 activity levels in the bone
marrow supernatant and plasma, as well as the number of
CD26" cells in the bone marrow and circulating blood, were
measured 12 days following laser-induced CNV to investigate
imidapril-mediated activation of the CD26 system. Imidapril
directly increased CD26 activity but did not affect the number
of CD26" cells in the bone marrow (Figure 1A,B). Imidapril
significantly upregulated CD26 activity in the bone marrow
compared with the vehicle (12.84+1.895 versus 5.04+1.289
U/l, p<0.05, Figure 1A). However, the percentage of CD26"
cells in the bone marrow was not significantly different
between the imidapril-treated group and the other groups
(p>0.05, Figure 1B). Imidapril significantly decreased plasma
CD26 peptidase activity and the number of CD26" cells and
leukocytes in the peripheral blood (Figure 1C-E). CD26 enzy-
matic activity in the plasma of the imidapril-treated mice was
significantly lower compared with the vehicle-treated mice
(6.68+0.978 versus 19.02+3.111 U/1, p<0.05, Figure 1C). A
statistically significant decrease in the percentage of circu-
lating CD26" cells was observed in the imidapril-treated
group compared with the vehicle group (8.5£2.82% versus
35.0+5.18%, p<0.05, Figure 1D). CD26 activity in the plasma
was reflected in the WBC. The imidapril-treated mice exhib-
ited reduced circulating leukocyte counts compared with the
vehicle-treated mice (1.93+£0.485 versus 3.83+0.359x10%/1,
p<0.05, Figure 1E). Treatment with diprotin-A completely
blocked CD26 activity in the bone marrow and peripheral
blood in the imidapril-treated mice, but this effect was not
dependent on the altered number of CD26" cells and WBCs.
CD26 activity was significantly decreased by the imidapril
plus diprotin-A treatment compared with imidapril treatment
alone in both bone marrow (1.384+0.549 versus 12.84+1.895
U/l, p<0.05, Figure 1A) and plasma (2.70+0.905 versus
6.68+0.978 U/l, p<0.05, Figure 1C). No significant differ-
ences in the number of circulating CD26" cells or WBCs
were observed between the imidapril plus diprotin-A-treated
and imidapril groups (p>0.05, Figure 1D-E). However,
treatment with imidapril plus diprotin-A resulted in fewer
circulating CD26" cells (10.1£5.30% versus 33.1£8.34%,
p<0.05, Figure 1D) and a lower leukocyte count (1.60+0.273
versus 4.18+0.867x10%1; p<0.05, Figure 1E) compared with
treatment with diprotin-A alone. These results demonstrated
that imidapril effectively activated the CD26 system in a
laser-induced CN'V model.

Effect of imidapril on increased stromal-derived factor-1
levels in peripheral blood due to CD26-mediated degradation
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Figure 1. Imidapril activates the
&° Q{\\ & & CD26 system by elevating CD26
& \6;\80 < {g‘b activity in the bone marrow (BM)
.\&’Q but not in the peripheral blood
« 12 days following laser-induced
CNV choroidal neovascularization.

CD26 activity in the BM was
assessed (A), and the number of
CD26" cells in the BM was deter-
mined (B). The plasma CD26
activity was measured (C), and
the number of circulating CD26"
cells in the peripheral blood (PB)
was determined (D). The number
of white blood cells (WBCs) in the
PB was measured (E). The values
are expressed as the mean+standard
deviation (n=5). The asterisk (*)
indicates p<0.05. Dip-A repre-
sents diprotin-A. CNV represents
choroidal neovascularization.

of stromal-derived factor-1 in bone marrow: Imidapril
significantly activated the CD26 system in vivo. We there-
fore examined the effect of imidapril on the bone marrow
and plasma SDF-1 levels due to CD26 proteolytic activity on
days 0, 3, 7, and 14, using both ELISAs and EPC mobiliza-
tion analyses 12 days following laser-induced CNV. The data

(Figure 2A-D) revealed that imidapril reversed the SDF-1
gradient by altering the CD26 system, leading to EPC mobi-
lization. SDF-1 levels in the bone marrow gradually declined
in the imidapril-treated mice compared with the vehicle-
treated group following laser-induced CNV (864+162 versus
1,302+281 pg/ml on day 3, p<0.05; 368+127 versus 1,386+114
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pg/ml on day 7, p<0.05; and 666+207 versus 1,246+176 pg/ml
on day 14, p<0.05). No differences between the SDF-1 levels
were observed at day 0 (p>0.05, Figure 2A). Plasma SDF-1
levels gradually increased in the imidapril-treated mice
compared with the vehicle-treated group (1,102£257 versus
552+125 pg/ml on day 3, p<0.05; 1,532+172 versus 444+181
pg/ml on day 7, p<0.05; and 790+192 versus 502+88 pg/ml
on day 14, p<0.05). However, no differences between plasma
SDEF-1 levels were observed on day 0 (p>0.05, Figure 2B).
Photocoagulation alone did not disturb the SDF-1 gradient
between the bone marrow and the peripheral blood. Neither
plasma nor bone marrow SDF-1 levels differed between the
vehicle-treated and normal groups at any of the indicated
time points (p>0.05 Figure 2 A,B). Double-positive CD34"/
VEGFR2" cells were quantified using flow cytometry in
the peripheral blood to investigate whether the reversal in
the SDF-1 gradient was accompanied by an increase in EPC
mobilization to the peripheral blood in the imidapril-treated
mice. An approximately 4.2-fold increase in the number of
circulating EPCs was observed in the imidapril-treated group
compared with the vehicle-treated group (1.10+0.20% versus
0.26+0.15%, p<0.05, Figure 2D). The in vivo inhibition of
CD26 signaling using diprotin-A effectively corrected the
reversal in the SDF-1 gradient and inhibited EPC mobiliza-
tion into the peripheral blood (Figure 2A-D). The treatment
with imidapril plus diprotin-A significantly increased the
SDF-1 levels in the bone marrow compared with imidapril
alone (1,326+195 versus 864+162 pg/ml on day 3, p<0.05;
1,258+212 versus 386%127 pg/ml on day 7, p<0.05; and
1,268+297 versus 660+207 pg/ml on day 14, p<0.05, Figure
2A), decreased plasma SDF-1 (486+111 versusl,102+257 pg/
ml on day 3, p<0.05; 470173 versus 1,532+172 pg/ml on
day 7, p<0.05; and 480+29 versus 790+192 pg/ml on day
14, p<0.05; Figure 2B), and decreased the circulating EPC
numbers by about 2.7-fold on day 12 (0.40+0.10% versus
1.10+£0.20%, p<0.05, Figure 2D). These data demonstrated
that the imidapril-activated CD26 system effectively reversed
the SDF-1 gradient in laser-induced CN'V.

Imidapril negatively modulates the function of stromal-
derived factor-1 via CD26-mediated degradation: A large
quantity of SDF-1 was released into the peripheral blood via
CD26-mediated degradation in the imidapril-treated mice.
We therefore examined whether the modulation of SDF-1 had
antagonistic effects on exogenous SDF-1. The modulation of
SDF-1 was investigated using an in vitro actin polymerization
assay [48]. Briefly, blood from various animals was collected
12 days following laser-induced CNV. SDF-1-induced actin
polymerization was notably inhibited in the imidapril-
treated group (Figures 3A-B). Exogenous SDF-1-induced
lymphocytes from vehicle-treated mice increased actin
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polymerization levels about 2.8-fold compared with unstimu-
lated blood samples (Figure 3A). However, lymphocytes from
the imidapril-treated mice exhibited a blunted response in
SDF-1-induced actin polymerization compared to the unstim-
ulated blood samples (Figure 3A). The imidapril-treated mice
exhibited an approximate 2.1-fold reduction in SDF-1-induced
actin polymerization compared with the vehicle-treated
mice (p<0.05, Figure 3B). However, the observed decrease
in actin polymerization in lymphocytes from the imidapril-
treated mice was specifically inhibited by diprotin-A. The
lymphocytes from the imidapril plus diprotin-A-treated mice
exhibited an approximate 2.2-fold increase in SDF-1-induced
actin polymerization compared with the imidapril-treated
mice (p<0.05, Figure 3B). These data support the functional
modification of SDF-1 by imidapril administration, which
correlates with the specific cleavage of CD26 in vivo.

Antiangiogenic effects of imidapril on choroidal neovascu-
larization are partially dependent on CD26/stromal-derived
factor-1 signaling: Imidapril is involved in regulating the
CD26-truncated modulation of SDF-1 in vivo. Therefore,
the antiangiogenic effects of imidapril were analyzed using
FA (Figure 4) and choroidal flatmount analysis (Figure 5)
13 and 14 days, respectively, following laser-induced CN'V.
Imidapril suppressed both the angiogenic lesion size and
leakage in laser-induced CNV, and this effect was partially
blocked by diprotin-A (Figure 4 and Figure 5). The imidapril
treatment resulted in a significant inhibition of CNV leakage
compared with the vehicle-treated (p<0.05) and imidapril
plus diprotin-A (p<0.05) groups. However, no significant
suppression of CNV was observed in the mice that were
treated with diprotin-A alone (p>0.05) compared with the
vehicle-treated mice (Figure 4E). The average leakage in the
imidapril-treated animals was significantly less compared
with imidapril plus diprotin-A treatment (p<0.05, Figure
4E). Similarly, choroidal flatmount analysis was used to
quantify the CNV area. This analysis revealed a significant
decrease in the volume of CNV in the imidapril-treated group
(166,380+73,939 um?) compared to the vehicle-treated group
(392,550+26,439 um?, p<0.05, Figure 5E) and the imidapril
plus diprotin-A group (279,880+34,008 um?, p<0.05, Figure
SE). The CNV area was less in the mice that were treated with
imidapril alone compared with the imidapril plus diprotin-
A-treated mice (166,380+73,939 um? versus 279,880+34,008
um?, p<0.05, Figure 5E). These results and the data regarding
the modulation of SDF-1 by the activated CD26 system in
vivo strongly suggest that suppression of CNV leakage and
growth following imidapril treatment was dependent on the
CD26/SDF-1 signaling pathway.

1112


http://www.molvis.org/molvis/v19/1107

Molecular Vision 2013; 19:1107-1121 <http://www.molvis.org/molvis/v19/1107> © 2013 Molecular Vision

A
2000+
* * * * * % [ Normal
E A M M1 =3 venhicle
£ 15007 EE Imidapril
= C3 DipA
\g 1000+ W Imidapril+DipA
<
w500
o
7]
o-4
0 3 7
Time after Laser Injury (days)
B 3N |
2000- . x orma
ol E3 Vehicle
@ Bl Imidapril
15004 3 DipA
? HEl Imidapril+DipA
S 10004
.
)
(TR -
. 500
7]
0-
3 7 14
Time after Laser Injury (days)
Isotype control Normal Vehicle
D
H __ 15 * *
E 2 § | | — |
o 3
E *(‘.' 1.0:
2 i
g - o
Lmidapril Lmidapril+dipA ? 0.5
— 3
12% 8
0.0
> @ D >
H € & & fF
i ¢ & & .yé\\x
S
CNV

CD34 FITC

Figure 2. Imidapril elevates plasma stromal-derived factor-1 levels and the number of circulating endothelial precursor cells. Stromal-derived
factor (SDF)-1 protein expression in the bone marrow supernatant (A) and the plasma (B) was determined using ELISA 0, 3, 7, and 14 days
following laser-induced choroidal neovascularization (CNV). C: Representative fluorescence-activated cell sorting (FACS) data, based on
which the CD34'/ vascular endothelial growth factor receptor 2 (VEGFR2)" cells within the nucleated cell fraction of the peripheral blood
from the different treatment groups were determined to be endothelial precursor cells (EPCs), are shown. D: The number of EPCs in the
peripheral blood was determined using flow cytometry 12 days following laser-induced CNV. The values are expressed as the mean+standard
deviation (n=>5). The asterisk (*) indicates p<0.05. Dip-A represents diprotin-A.
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DISCUSSION

The ACE inhibitor imidapril exerts potentially antiangiogenic
effects on laser-induced CNV by regulating the rennin-
angiotensin system [42]. However, very little is known that
systemic SDF-1 signals are modulated by CD26 peptidase
activity following ACE inhibition [36]. SDF-1 overexpres-
sion in damaged tissues enhances EPC recruitment from
peripheral blood and induces neovascularization [11]. One
potential strategy for limiting the role of EPCs in pathological
neovascularization relies on the interference of SDF-1 signals
in mediating CNV [12]. Strong experimental evidence has
suggested that the N-terminal truncation of SDF-1 by CD26
proteases modulates SDF-1 action in vivo [53]. This trunca-
tion may have profound implications on this chemokine’s
regulation of biologic activities. We therefore investigated
whether the imidapril-mediated suppression of laser-induced
CNYV development involves the modulation of the SDF-1
signaling pathway via CD26 enzyme activity. The primary
results that were observed are as follows: (i) imidapril admin-
istration activated the CD26 system in a laser-induced CNV
model, disrupting the steady-state homeostasis between
CD26 activity in the bone marrow and the peripheral blood;
(ii) this disruption altered the gradient and function of SDF-1;
(iii) imidapril reduced choroidal leakage and angiogenesis via
a mechanism that was partially dependent upon the specific
cleavage of CD26, which blunted the systemic SDF-1-driven
signals during CNV development.

Imidapril-induced activation of the CD26 system in bone
marrow and peripheral blood during experimental CNV may
be part of a compensatory regulatory mechanism. ACE and
CD26 exert their proteolytic activity in a balanced fashion,
and ACE inhibition may exert a compensatory regulatory
effect on CD26 [37,54]. Imidapril specifically activates
CD26 inside of the bone marrow microenvironment to
amplify CD26 activity. Meanwhile, imidapril significantly
decreases CD26 activity in the plasma. ACE inhibitors
induce leukopenia in humans and mice [38,55-58], and the
leukocyte population is the most abundant source of CD26*
cells in peripheral blood [59,60]. Changes in plasma CD26
levels reflect changes in the levels of this enzyme that are
released by the leukocyte population [61], and the reduced
CD26 activity levels in the plasma may be secondary to the
diminished number of circulating CD26" cells [62]. Consis-
tent with our results, the ACE inhibitor enalapril was reported
to significantly disrupt the steady-state homeostasis of CD26
activity between the bone marrow and peripheral blood in a
rodent hind limb ischemic model [38]. Moreover, the effect
of imidapril on the CD26 system in vivo is significantly
blocked by diprotin-A, further supporting a regulatory role of
imidapril in the CD26 system. A disruption in the proteolytic
balance leads to the cleavage and inactivation of molecules
that are essential for the retention of hematopoietic stem and
progenitor cells (HSPCs) within their niche [63]. Therefore,
our study investigated whether the striking imidapril-induced
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Figure 4. The inhibition of CD26
activity partially attenuated the
imidapril-induced suppression of
choroidal leakage. Representative
late phase (3—4 min) fluorescein
angiograms (FA) from the different
treatment groups were taken 13
days following laser-induced
choroidal neovascularization
(CNV). A large and diffuse area of
leakage was observed in vehicle-
treated mice (A) and diprotin-A-
treated mice (C). CNV lesions
were less severe in imdapril-treated
mice (B). In imdapril plus diprotin-
A-treated mice (D) more moderate
leakage burns were observed. In
imdapril plus diprotin-A-treated
mice more moderate leakage burns
were observed. The results of the
quantitative analyses are presented
in (E). The values are expressed as
the mean+tstandard deviation (n=8).
The asterisk (*) indicates p<0.05.
Dip-A represents diprotin-A.
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Figure 5. The inhibition of CD26
activity partially attenuates the
imidapril-induced decrease in the
choroidal neovascularization lesion
volume. Isolectin B4-stained endo-
thelial cells in choroidal flatmounts
14 days following laser injury from
vehicle-treated (A), imidapril-
treated (B), diprotin-A-treated
(C), and imidapril plus diprotin-
A-treated (D) mice are presented.
The newly formed blood vessels
that make up the choroidal neovas-
cularization (CNV) were stained
by isolectin-B4 immunohisto-
chemistry and imaged by confocal
microscopy, to reveal the size of
the CNV lesion. The results of the
quantitative analysis are illustrated
in (E). The values are expressed as
the mean+tstandard deviation (n=8).
The asterisk (*) indicates p<0.05.
Dip-A represents diprotin-A. The
scale bar represents 50 pm.
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changes in the CD26 proteolytic balance could effectively
modulate the level and function of SDF-1 during the patho-
logical process of laser-induced CN'V.

Our study demonstrated that imidapril reversed the
SDF-1 gradient via CD26 degradation of SDF-1 in the bone
marrow, which may have altered the kinetics of SDF-1
during angiogenesis in the laser-induced CNV model. SDF-1
is anchored to the membrane of stromal cells, endothelial
cells, or the extracellular matrix by its specific binding to
HSPCs under steady-state conditions [24]. The degradation of
SDF-1 by CD26 proteolytic enzymes increases SDF-1 plasma
levels, and this increase promotes EPC mobilization from
the bone marrow to the peripheral blood [38,64]. Conversely,
increased SDF-1 concentrations in the bone marrow are
caused by decreased CD26 activity, which greatly increases
the transplantation efficiency of CD26" stem/progenitor
cells [65]. A rapid increase in SDF-1 was observed upon
laser lesioning in a rodent model of CNV [15,16]. SDF-1
acts as a signaling mediator that guides the migration of
bone marrow-derived cells along an SDF-1 gradient to the
sites of injury in CNV [16,66,67]. The accumulation of these
cells in the RPE/Bruch’s membrane/choriocapillaris complex
contributes to CNV formation [12,16]. If an SDF-1 gradient
is established, bone marrow-derived cell trafficking is more
efficient. Conversely, if this gradient is blocked, then the
homing efficiency of the cells is reduced to negligible levels.
A previous study by our group demonstrated that SDF-1
expression in the laser-induced lesion adjacent to the RPE
continuously increased and peaked in concert with increasing
numbers of bone marrow-derived cells infiltrating the CNV
[16]. A mobilizing effect that was initiated by reversing the
SDF-1 gradient was observed following the administration of
imidapril. This chemokine gradient may alter the kinetics of
SDF-1 during angiogenesis in the CNV model and attenuate
EPC homing to the sites of injury. The study by Lee E et al.
[49] also confirmed that inhibition of the SDF-1/CXCR4 axis
by systemic delivery of AMD3100 induces EPC mobilization,
disrupting homing of the cells along an SDF-1 gradient to the
vascular area of the lesion.

The specific cleavage of SDF-1 by the CD26 enzyme
in vivo alters the chemotactic behavior of SDF-1 [53]. In the
present study, a large quantity of SDF-1 was released into
the peripheral blood following imidapril administration, and
a blunted SDF-1-induced actin polymerization response was
observed. This phenomenon represents the in vivo and ex
vivo characterization of the modification of SDF-1 signaling
by CD26-mediated degradation [34,68]. The N-terminus of
SDF-1 is important for CXCR4 binding and activation. The
N-terminal domain of SDF-1 (full length: 1-68) is efficiently

© 2013 Molecular Vision

processed by CD26 proteases, yielding a truncated form
(3—68). This truncated form of SDF-1 exerts antagonistic
effects that are opposed to those of full-length SDF-1 both
in vivo and in vitro [53,69,70] and inhibits both CXCR4
signaling and lymphocyte chemotactic activity [33,71]. Our
data regarding the specific blockade effect of diprotin-A
supports the role of imidapril in modulating the CD26/SDF-1
signaling pathway. No intact SDF-1 was recovered following
CD26 treatment, and no SDF-1 truncation occurred in the
absence of CD26, suggesting the specificity of this cleavage
in vivo [33,69]. Indeed, previous studies have indicated that
SDF-1 signaling induces cytoskeletal reorganization, poten-
tially leading to a change in HSPC motility. The magnitude of
the SDF-1-induced actin polymerization response correlates
positively with the migratory capacity of primary human
HSCs [72]. These published studies and our data suggest
that modulating SDF-1 by CD26 degradation also alters the
migration of EPCs along the SDF-1 gradient to the vascular
angiogenic sites.

Evidence for the central role of SDF-1 in exerting a
more potent pro-angiogenic effect has prompted investiga-
tors to examine the effect of manipulating SDF-1 signaling
in a therapeutic setting. Indeed, favoring revascularization
by augmenting the effects of SDF-1 should be beneficial for
cardiovascular diseases [73], whereas ocular diseases, such
as CNYV, in which blood vessel formation is detrimental,
could benefit from an efficient SDF-1 blockade [12,14]. More
approaches that involve systemic SDF-1 interference are likely
to be developed, whether in the context of microvascular or
macrovascular diseases. Due to the short half-life of SDF-1
protein in the circulation, one research group has employed
genetic modification strategies by which to continuously
express SDF-1 in situ, leading to enhanced angiogenesis and
myocardial repair [74]. To circumvent rapid SDF-1 degrada-
tion by proteolytic enzymes in vivo, several research groups
have developed strategies by which to construct a protease-
resistant SDF-1 [75] or to inhibit CD26 [76]. As the stability
of SDF-1 is greatly enhanced in this model, greater numbers
of stem cells are recruited to the site of myocardial infarction,
improving heart function. These new findings encourage the
utilization of CD26/SDF-1 pathway modulations to reduce
the recruitment of EPCs to injury sites and to inhibit angio-
genesis in microvascular diseases. Nagai et al. demonstrated
that ACE inhibition using the systemic administration of
imidapril exerts antiangiogenic effects in a laser-induced
CNV model [42]. These authors suggested that the benefits
of imidapril in CNV treatment were primarily mediated
by regulating the rennin-angiotensin system; whether the
antiangiogenic effects of imidapril are involved in a CD26/
SDF-1 pathway has not been determined. Our study revealed
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that the process of SDF-1 cleavage by CD26 may be a novel
regulatory mechanism for the suppressive effect of imidapril
on CNV.

One limitation of the present study was that our animal
model of laser-induced CNV did not evaluate the reduction
in the number of EPCs within the lesion because we used
C57BL/6 wild-type rather than C57BL/6 green fluorescent
protein chimeric mice. However, the animal model that was
used in the present study effectively avoided the analysis of
SDF-1 and EPC dynamics in a physiologically abnormal state.
Chimeric mice must undergo irradiation to permit acceptance
of the transplanted bone marrow and to create chimera [77].
The transplantation approach enriches HSCs, which is not
reflective of normal bone marrow homeostasis [78], and
the process of creating chimerism may elevate circulating
SDF-1 levels and EPC mobilization [79]. Moreover, total body
irradiation at a level that kills all the hematopoietic cells has
deleterious effects on endothelial cells and triggers radiation
retinopathy [17,80].

In conclusion, our data provide evidence that the anti-
angiogenic effects of imidapril on laser-induced CNV are
partially dependent on its modulation of the CD26/SDF-1
signaling pathway. The mechanism of imidapril action may
include the control of the CD26 protease cleavage events that
directly affect the SDF-1 gradient and chemotactic function.
An improved understanding of the mechanism of action of
ACE inhibitors could lead to novel insights into therapeutic
treatments for AMD.

ACKNOWLEDGMENTS

The authors thank Dr. Yan Cai, Xia Li and Xiao-jie Qu for
technical assistance. This work was supported by grants
from the National Natural Science Foundation of China (No.
81070748) and National Basic Research Program of China
(973 Program/No. 2011CB510200). The project was sponsored
partly by the equipment donation from the Alexander Von
Humboldt Foundation in Germany (to Y.S.W, V8151/02085).

REFERENCES

1. Fine SL, Berger JW, Maguire MG, Ho AC. Age-related
macular degeneration. N Engl J Med 2000; 342:483-92.
[PMID: 10675430].

2. Takahashi H, Yanagi Y, Tamaki Y, Muranaka K, Usui T, Sata
M. Contribution of bone-marrow-derived cells to choroidal
neovascularization. Biochem Biophys Res Commun 2004;
320:372-5. [PMID: 15219837].

3. Sengupta N, Caballero S, Mames RN, Butler JM, Scott EW,
Grant MB. The role of adult bone marrow-derived stem cells

07>

12.

14.

1118

© 2013 Molecular Vision

in choroidal neovascularization. Invest Ophthalmol Vis Sci
2003; 44:4908-13. [PMID: 14578416].

Caballero S, Sengupta N, Crafoord S, Lund R, Kruse FE,
Young M, Grant MB. The many possible roles of stem cells
in age-related macular degeneration. Graefes Arch Clin Exp
Ophthalmol 2004; 242:85-90. [PMID: 14685872].

Csaky KG, BaffiJZ, Byrnes GA, Wolfe JD, Hilmer SC, Flippin
J, Cousins SW. Recruitment of marrow-derived endothelial
cells to experimental choroidal neovascularization by local
expression of vascular endothelial growth factor. Exp Eye
Res 2004; 78:1107-16. [PMID: 15109917].

Espinosa-Heidmann DG, Caicedo A, Hernandez EP, Csaky
KG, Cousins SW. Bone marrow-derived progenitor cells
contribute to experimental choroidal neovasculariza-
tion. Invest Ophthalmol Vis Sci 2003; 44:4914-9. [PMID:
14578417].

Shimada N, Ohno-Matsui K, Iseki S, Koike M, Uchiyama Y,
Wang J, Yoshida T, Sato T, Peters C, Mochizuki M, Morita
1. Cathepsin L in bone marrow-derived cells is required for
retinal and choroidal neovascularization. Am J Pathol 2010;
176:2571-80. [PMID: 20304958].

Espinosa-Heidmann DG, Reinoso MA, Pina Y, Csaky KG,
Caicedo A, Cousins SW. Quantitative enumeration of
vascular smooth muscle cells and endothelial cells derived
from bone marrow precursors in experimental choroidal
neovascularization. Exp Eye Res 2005; 80:369-78. [PMID:
15721619].

Lecomte J, Louis K, Detry B, Blacher S, Lambert V, Bekaert S,
Munaut C, Paupert J, Blaise P, Foidart JM, Rakic JM, Krane
SM, Noel A. Bone marrow-derived mesenchymal cells and
MMP13 contribute to experimental choroidal neovasculariza-
tion. Cell Mol Life Sci 2011; 68:677-86. [PMID: 20700625].

Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R,
Li T, Witzenbichler B, Schatteman G, Isner JM. Isolation
of putative progenitor endothelial cells for angiogenesis.
Science 1997; 275:964-7. [PMID: 9020076].

Petit I, Jin D, Rafii S. The SDF-1-CXCR4 signaling pathway:
a molecular hub modulating neo-angiogenesis. Trends
Immunol 2007; 28:299-307. [PMID: 17560169].

Sengupta N, Caballero S, Mames RN, Timmers AM, Saban D,
Grant MB. Preventing stem cell incorporation into choroidal
neovascularization by targeting homing and attachment
factors. Invest Ophthalmol Vis Sci 2005; 46:343-8. [PMID:
15623794].

Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M,
Murasawa S, Bosch-Marce M, Masuda H, Losordo DW, Isner
JM, Asahara T. Stromal cell-derived factor-1 effects on ex
vivo expanded endothelial progenitor cell recruitment for
ischemic neovascularization. Circulation 2003; 107:1322-8.
[PMID: 12628955].

Butler JM, Guthrie SM, Koc M, Afzal A, Caballero S, Brooks
HL, Mames RN, Segal MS, Grant MB, Scott EW. SDF-1 is
both necessary and sufficient to promote proliferative reti-
nopathy. J Clin Invest 2005; 115:86-93. [PMID: 15630447].


http://www.molvis.org/molvis/v19/1107
http://www.ncbi.nlm.nih.gov/pubmed/10675430
http://www.ncbi.nlm.nih.gov/pubmed/15219837
http://www.ncbi.nlm.nih.gov/pubmed/14578416
http://www.ncbi.nlm.nih.gov/pubmed/14685872
http://www.ncbi.nlm.nih.gov/pubmed/15109917
http://www.ncbi.nlm.nih.gov/pubmed/14578417
http://www.ncbi.nlm.nih.gov/pubmed/14578417
http://www.ncbi.nlm.nih.gov/pubmed/20304958
http://www.ncbi.nlm.nih.gov/pubmed/15721619
http://www.ncbi.nlm.nih.gov/pubmed/15721619
http://www.ncbi.nlm.nih.gov/pubmed/20700625
http://www.ncbi.nlm.nih.gov/pubmed/9020076
http://www.ncbi.nlm.nih.gov/pubmed/17560169
http://www.ncbi.nlm.nih.gov/pubmed/15623794
http://www.ncbi.nlm.nih.gov/pubmed/15623794
http://www.ncbi.nlm.nih.gov/pubmed/12628955
http://www.ncbi.nlm.nih.gov/pubmed/15630447

Molecular Vision 2013; 19:1107-1121 <http://www.molvis.org/molvis/v19/1107>

15.

16.

17.

19.

20.

21.

22.

23.

24.

Sengupta N, Afzal A, Caballero S, Chang KH, Shaw LC,
Pang JJ, Bond VC, Bhutto I, Baba T, Lutty GA, Grant MB.
Paracrine modulation of CXCR4 by IGF-1 and VEGF: impli-
cations for choroidal neovascularization. Invest Ophthalmol
Vis Sci 2010; 51:2697-704. [PMID: 20007826].

Zhang ZX, Wang YS, Shi YY, Hou HY, Zhang C, Cai Y, Dou
GR, Yao LB, Li FY. Hypoxia specific SDF-1 expression by
retinal pigment epithelium initiates bone marrow-derived
cells to participate in choroidal neovascularization in a
laser-induced mouse model. Curr Eye Res 2011; 36:838-49.
[PMID: 21851170].

Lima e Silva R, Shen J, Hackett SF, Kachi S, Akiyama H,
Kiuchi K, Yokoi K, Hatara MC, Lauer T, Aslam S, Gong Y'Y,
Xiao WH, Khu NH, Thut C, Campochiaro PA. The SDF-1/
CXCR4 ligand/receptor pair is an important contributor to
several types of ocular neovascularization. FASEB J 2007;
21:3219-30. [PMID: 17522382].

Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M,
Murasawa S, Bosch-Marce M, Masuda H, Losordo DW, Isner
JM, Asahara T. Stromal cell-derived factor-1 effects on ex
vivo expanded endothelial progenitor cell recruitment for
ischemic neovascularization. Circulation 2003; 107:1322-8.
[PMID: 12628955].

Thill M, Strunnikova NV, Berna MJ, Gordiyenko N, Schmid
K, Cousins SW, Thompson DJ, Csaky KG. Late outgrowth
endothelial progenitor cells in patients with age-related
macular degeneration. Invest Ophthalmol Vis Sci 2008;
49:2696-708. [PMID: 18515596].

Machalinska A, Safranow K, Dziedziejko V, Mozolewska-
Piotrowska K, Paczkowska E, Klos P, Pius E, Grymula K,
Wiszniewska B, Karczewicz D, Machalinski B. Different
populations of circulating endothelial cells in patients with
the exudative form of age-related macular degeneration: a
novel insight into pathogenesis. Invest Ophthalmol Vis Sci
2011; 52:93-100. [PMID: 20720219].

Yodoi Y, Sasahara M, Kameda T, Yoshimura N, Otani A.
Circulating Hematopoietic stem cells in patients with neovas-
cular age-related macular degeneration. Invest Ophthalmol
Vis Sci 2007; 48:5464-72. [PMID: 18055794].

Machalinska A, Ktos P, Safranow K, Dziedziejko V, Rudnicki
M, Paczkowska E, Karczewicz D, Machalinski B. Neural
stem/progenitor cells circulating in peripheral blood of
patients with neovascular form of AMD: a novel view on
pathophysiology. Graefes Arch Clin Exp Ophthalmol 2011;
249:1785-94. [PMID: 21847578].

Kucia M, Jankowski K, Reca R, Wysoczynski M, Bandura L,
Allendorf DJ, Zhang J, Ratajczak J, Ratajczak MZ. CXCR4-
SDF-1 signalling, locomotion, chemotaxis and adhesion. J
Mol Histol 2004; 35:233-45. [PMID: 15339043].

Dar A, Kollet O, Lapidot T. Mutual, reciprocal SDF-1/CXCR4
interactions between hematopoietic and bone marrow stromal
cells regulate human stem cell migration and development in
NOD/SCID chimeric mice. Exp Hematol 2006; 34:967-75.
[PMID: 16863903].

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

1119

© 2013 Molecular Vision

Lapidot T, Petit I. Current understanding of stem cell mobiliza-
tion: The roles of chemokines, proteolytic enzymes, adhesion
molecules, cytokines, and stromal cells. Exp Hematol 2002;
30:973-81. [PMID: 12225788].

Bauvois B. Transmembrane proteases in cell growth and inva-
sion: new contributors to angiogenesis? Oncogene 2004;
23:317-29. [PMID: 14724562].

Boonacker E, Van Noorden CJ. The multifunctional or moon-
lighting protein CD26/DPPIV. Eur J Cell Biol 2003; 82:53-
73. [PMID: 12647932].

Eri¢-Nikoli¢ A, Mati¢ 1Z, Dordevi¢ M, Milovanovi¢ Z,
Markovi¢ I, Dzodi¢ R, Ini¢ M, Srdi¢-Raji¢ T, Jevri¢ M,
Gavrilovi¢ D, Cordero OJ, Jurani¢ ZD. Serum DPPIV
activity and CD26 expression on lymphocytes in patients
with benign or malignant breast tumors. Immunobiology
2011; 216:942-6. [PMID: 21281985].

Gorrell MD. Dipeptidyl peptidase IV and related enzymes in
cell biology and liver disorders. Clin Sci 2005; 108:277-92.
[PMID: 15584901].

Pereira DA, Gomes L, El-Cheikh MC, Borojevic R. Dipep-
tidyl peptidase IV (CD26) activity in the hematopoietic
system: differences between the membrane-anchored and
the released enzyme activity. Braz J Med Biol Res 2003;
36:567-78. [PMID: 12715075].

De Meester [, Korom S, Van Damme J, Scharpé S. CD26, let it
cut or cut it down. Immunol Today 1999; 20:367-75. [PMID:
10431157].

Crump MP, Gong JH, Loetscher P, Rajarathnam K, Amara A,
Arenzana-Seisdedos F, Virelizier JL, Baggiolini M, Sykes
BD, Clark-Lewis I. Solution structure and basis for func-
tional activity of stromal cell-derived factor-1; dissociation
of CXCR4 activation from binding and inhibition of HIV-1.
EMBOJ 1997; 16:6996-7007. [PMID: 9384579].

Proost P, Struyf S, Schols D, Durinx C, Wuyts A, Lenaerts
JP, De Clercq E, De Meester I, Van Damme J. Processing by
CD26/dipeptidyl-peptidase IV reduces the chemotactic and
anti-HIV-1 activity of stromal-cell-derived factor-1 alpha.
FEBS Lett 1998; 432:73-6. [PMID: 9710254].

Christopherson KW 2nd, Cooper S, Broxmeyer HE. Cell
surface peptidase CD26/DPPIV mediates G-CSF mobiliza-
tion of mouse progenitor cells. Blood 2003; 101:4680-6.
[PMID: 12576320].

Christopherson KW, Cooper S, Hangoc G, Broxmeyer HE.
CD26 is essential for normal G-CSF-induced progenitor cell
mobilization as determined by CD26—/— mice. Exp Hematol
2003; 31:1126-34. [PMID: 14585379].

Asahara T. ACE inhibitor raps CD26/dipeptidylpeptidase IV
knuckles for cytokine EPC mobilization. J Mol Cell Cardiol
2006; 41:8-10. [PMID: 16790249].

Lefebvre J, Murphey LJ, Hartert TV, Jiao Shan R, Simmons
WH, Brown NJ. Dipeptidyl Peptidase I'V activity in patients
with ACE-Inhibitor-associated angioedema. Hypertension
2002; 39:460-4. [PMID: 11882590].


http://www.molvis.org/molvis/v19/1107
http://www.ncbi.nlm.nih.gov/pubmed/20007826
http://www.ncbi.nlm.nih.gov/pubmed/21851170
http://www.ncbi.nlm.nih.gov/pubmed/17522382
http://www.ncbi.nlm.nih.gov/pubmed/12628955
http://www.ncbi.nlm.nih.gov/pubmed/18515596
http://www.ncbi.nlm.nih.gov/pubmed/20720219
http://www.ncbi.nlm.nih.gov/pubmed/18055794
http://www.ncbi.nlm.nih.gov/pubmed/21847578
http://www.ncbi.nlm.nih.gov/pubmed/15339043
http://www.ncbi.nlm.nih.gov/pubmed/16863903
http://www.ncbi.nlm.nih.gov/pubmed/12225788
http://www.ncbi.nlm.nih.gov/pubmed/14724562
http://www.ncbi.nlm.nih.gov/pubmed/12647932
http://www.ncbi.nlm.nih.gov/pubmed/21281985
http://www.ncbi.nlm.nih.gov/pubmed/15584901
http://www.ncbi.nlm.nih.gov/pubmed/12715075
http://www.ncbi.nlm.nih.gov/pubmed/10431157
http://www.ncbi.nlm.nih.gov/pubmed/10431157
http://www.ncbi.nlm.nih.gov/pubmed/9384579
http://www.ncbi.nlm.nih.gov/pubmed/9710254
http://www.ncbi.nlm.nih.gov/pubmed/12576320
http://www.ncbi.nlm.nih.gov/pubmed/14585379
http://www.ncbi.nlm.nih.gov/pubmed/16790249
http://www.ncbi.nlm.nih.gov/pubmed/11882590

Molecular Vision 2013; 19:1107-1121 <http://www.molvis.org/molvis/v19/1107>

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wang CH, Verma S, Hsieh IC, Chen YJ, Kuo LT, Yang NI,
Wang SY, Wu MY, Hsu CM, Cheng CW, Cherng WJ. Enala-
pril increases ischemia-induced endothelial progenitor cell
mobilization through manipulation of the CD26 system. J
Mol Cell Cardiol 2006; 41:34-43. [PMID: 16678199].

Moravski CJ, Kelly DJ, Cooper ME, Gilbert RE, Bertram
JE, Shahinfar S, Skinner SL, Wilkinson-Berka JL. Retinal
neovascularization is prevented by blockade of the renin-
angiotensin system. Hypertension 2000; 36:1099-104.
[PMID: 11116132].

Moravski CJ, Skinner SL, Stubbs AJ, Sarlos S, Kelly DJ,
Cooper ME, Gilbert RE, Wilkinson-Berka JL. The renin-
angiotensin system influences ocular endothelial cell prolif-
eration in diabetes: transgenic and interventional studies.
Am J Pathol 2003; 162:151-60. [PMID: 12507898].

Ebrahimian TG, Tamarat R, Clergue M, Duriez M, Levy BI,
Silvestre JS. Dual effect of angiotensin-converting enzyme
inhibition on angiogenesis in type 1 diabetic mice. Arterio-
scler Thromb Vasc Biol 2005; 25:65-70. [PMID: 15528473].

Nagai N, Oike Y, Izumi-Nagai K, Koto T, Satofuka S,
Shinoda H, Noda K, Ozawa Y, Inoue M, Tsubota K, Ishida
S. Suppression of choroidal neovascularization by inhibiting
angiotensin-converting enzyme: minimal role of brady-
kinin. Invest Ophthalmol Vis Sci 2007; 48:2321-6. [PMID:
17460297].

Chen R, Iwai M, Wu L, Suzuki J, Min LJ, Shiuchi T, Sugaya T,
Liu HW, Cui TX, Horiuchi M. Important role of nitric oxide
in the effect of angiotensin-converting enzyme inhibitor
imidapril on vascular injury. Hypertension 2003; 42:542-7.
[PMID: 12963679].

Campa C, Kasman I, Ye W, Lee WP, Fuh G, Ferrara N. Effects
of an anti-VEGF-a monoclonal antibody on laser-induced
choroidal neovascularization in mice: optimizing methods to
quantify vascular changes. Invest Ophthalmol Vis Sci 2008;
49:1178-83. [PMID: 18326747].

Pitchford SC, Furze RC, Jones CP, Wengner AM, Rankin SM.
Differential mobilization of subsets of progenitor cells from
the bone marrow. Cell Stem Cell 2009; 4:62-72. [PMID:
19128793].

Jost MM, Lamerz J, Tammen H, Menzel C, De Meester I,
Lambeir AM, Augustyns K, Scharpé S, Zucht HD, Rose H,
Jirgens M, Schulz-Knappe P, Budde P. In vivo profiling of
DPP4 inhibitors reveals alterations in collagen metabolism
and accumulation of an amyloid peptide in rat plasma.
Biochem Pharmacol 2009; 77:228-37. [PMID: 18940185].

Sweeney EA, Lortat-Jacob H, Priestley GV, Nakamoto B,
Papayannopoulou T. Sulfated polysaccharides increase
plasma levels of SDF-1 in monkeys and mice: involvement in
mobilization of stem/progenitor cells. Blood 2002; 99:44-51.
[PMID: 11756151].

Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer
TA. A highly efficacious lymphocyte chemoattractant,
stromal cell-derived factor 1 (SDF-1). J Exp Med 1996;
184:1101-9. [PMID: 9064327].

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

1120

© 2013 Molecular Vision

Lee E, Rewolinski D. Evaluation of CXCR4 Inhibition in the
prevention and intervention model of laser-induced choroidal
neovascularization. Invest Ophthalmol Vis Sci 2010;
51:3666-72. [PMID: 20042641].

Sreekumar PG, Zhou J, Sohn J, Spee C, Ryan SJ, Maurer BJ,
Kannan R, Hinton DR. N-(4-hydroxyphenyl) retinamide
augments laser-induced choroidal neovascularization in
mice. Invest Ophthalmol Vis Sci 2008; 49:1210-20. [PMID:
18326751].

Koto T, Nagai N, Mochimaru H, Kurihara T, [zumi-Nagai
K, Satofuka S, Shinoda H, Noda K, Ozawa Y, Inoue M,
Tsubota K, Oike Y, Ishida S. Eicosapentaenoic acid is anti-
inflammatory in preventing choroidal neovascularization in
mice. Invest Ophthalmol Vis Sci 2007; 48:4328-34. [PMID:
17724224].

Yamada K, Sakurai E, Itaya M, Yamasaki S, Ogura Y. Inhibi-
tion of laser-induced choroidal neovascularization by atorv-
astatin by downregulation of monocyte chemotactic protein-1
synthesis in mice. Invest Ophthalmol Vis Sci 2007; 48:1839-
43. [PMID: 17389519].

Lambeir AM, Proost P, Durinx C, Bal G, Senten K, Augustyns
K, Scharpé S, Van Damme J, De Meester 1. Kinetic investiga-
tion of chemokine truncation by CD26/dipeptidyl peptidase
1V reveals a striking selectivity within the chemokine family.
J Biol Chem 2001; 276:29839-45. [PMID: 11390394].

Byrd JB, Shreevatsa A, Putlur P, Foretia D, McAlexander
L, Sinha T, Does MD, Brown NJ. Dipeptidyl peptidase IV
deficiency increases susceptibility to angiotensin-converting
enzyme inhibitor-induced peritracheal edema. J Allergy Clin
Immunol 2007; 120:403-8. [PMID: 17531305].

Park TS, Zambidis ET. A role for the renin-angiotensin system
in hematopoiesis. Haematologica 2009; 94:745-7. [PMID:
19483149].

Fukuda D, Sata M. Role of bone marrow renin-angiotensin
system in the pathogenesis of atherosclerosis. Pharmacol
Ther 2008; 118:268-76. [PMID: 18439685].

Rodgers KE, Xiong S, Steer R, diZerega GS. Effect of angio-
tensin II on hematopoietic progenitor cell proliferation. Stem
Cells 2000; 18:287-94. [PMID: 10924095].

Waltman TJ, Harris TJ, Cesario D, Ziegler M, Maisel AS.
Effects of enalapril on T and B cell function in rats after
myocardial infarction. J Card Fail 1995; 1:293-302. [PMID:
9420662].

Mentlein R. Dipeptidyl-peptidase IV (CD26)-role in the inac-
tivation of regulatory peptides. Regul Pept 1999; 85:9-24.
[PMID: 10588446].

Mattern T, Scholz W, Feller AC, Flad HD, Ulmer AJ. Expres-
sion of CD26 (dipeptidyl peptidase IV) on resting and
activated human T-lymphocytes. Scand J Immunol 1991;
33:737-48. [PMID: 1675482].

Gorrell MD, Gysbers V, McCaughan GW. CD26: A Multifunc-
tional integral membrane and secreted protein of activated
lymphocytes. Scand J Immunol 2001; 54:249-64. [PMID:
11555388].


http://www.molvis.org/molvis/v19/1107
http://www.ncbi.nlm.nih.gov/pubmed/16678199
http://www.ncbi.nlm.nih.gov/pubmed/11116132
http://www.ncbi.nlm.nih.gov/pubmed/12507898
http://www.ncbi.nlm.nih.gov/pubmed/15528473
http://www.ncbi.nlm.nih.gov/pubmed/17460297
http://www.ncbi.nlm.nih.gov/pubmed/17460297
http://www.ncbi.nlm.nih.gov/pubmed/12963679
http://www.ncbi.nlm.nih.gov/pubmed/18326747
http://www.ncbi.nlm.nih.gov/pubmed/19128793
http://www.ncbi.nlm.nih.gov/pubmed/19128793
http://www.ncbi.nlm.nih.gov/pubmed/18940185
http://www.ncbi.nlm.nih.gov/pubmed/11756151
http://www.ncbi.nlm.nih.gov/pubmed/9064327
http://www.ncbi.nlm.nih.gov/pubmed/20042641
http://www.ncbi.nlm.nih.gov/pubmed/18326751
http://www.ncbi.nlm.nih.gov/pubmed/18326751
http://www.ncbi.nlm.nih.gov/pubmed/17724224
http://www.ncbi.nlm.nih.gov/pubmed/17724224
http://www.ncbi.nlm.nih.gov/pubmed/17389519
http://www.ncbi.nlm.nih.gov/pubmed/11390394
http://www.ncbi.nlm.nih.gov/pubmed/17531305
http://www.ncbi.nlm.nih.gov/pubmed/19483149
http://www.ncbi.nlm.nih.gov/pubmed/19483149
http://www.ncbi.nlm.nih.gov/pubmed/18439685
http://www.ncbi.nlm.nih.gov/pubmed/10924095
http://www.ncbi.nlm.nih.gov/pubmed/9420662
http://www.ncbi.nlm.nih.gov/pubmed/9420662
http://www.ncbi.nlm.nih.gov/pubmed/10588446
http://www.ncbi.nlm.nih.gov/pubmed/1675482
http://www.ncbi.nlm.nih.gov/pubmed/11555388
http://www.ncbi.nlm.nih.gov/pubmed/11555388

Molecular Vision 2013; 19:1107-1121 <http://www.molvis.org/molvis/v19/1107>

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Narducci MG, Scala E, Bresin A, Caprini E, Picchio MC,
Remotti D, Ragone G, Nasorri F, Frontani M, Arcelli D,
Volinia S, Lombardo GA, Baliva G, Napolitano M, Russo
G. Skin homing of sezary cells involves SDF-1-CXCR4
signaling and down-regulation of CD26/dipeptidylpeptidase
IV. Blood 2006; 107:1108-15. [PMID: 16204308].

Winkler IG, Lévesque JP. Mechanisms of hematopoietic stem
cell mobilization: when innate immunity assails the cells
that make blood and bone. Exp Hematol 2006; 34:996-1009.
[PMID: 16863906].

Wang CH, Cherng WJ, Yang NI, Hsu CM, Yeh CH, Lan Y],
Wang JS, Verma S. Cyclosporine increases ischemia-induced
endothelial progenitor cell mobilization through manipula-
tion of the CD26 system. Am J Physiol Regul Integr Comp
Physiol 2008; 294:R811-8. [PMID: 18094068].

Christopherson KW 2nd, Hangoc G, Mantel CR, Broxmeyer
HE. Modulation of hematopoietic stem cell homing and
engraftment by CD26. Science 2004; 305:1000-3. [PMID:
15310902].

Li Y, Reca RG, Atmaca-Sonmez P, Ratajczak MZ, Ildstad ST,
Kaplan HJ, Enzmann V. Retinal pigment epithelium damage
enhances expression of chemoattractants and migration of
bone marrow-derived stem cells. Invest Ophthalmol Vis Sci
2006; 47:1646-52. [PMID: 16565405].

Harris JR, Brown GA, Jorgensen M, Kaushal S, Ellis EA,
Grant MB, Scott EW. Bone marrow-derived cells home to
and regenerate retinal pigment epithelium after Injury. Invest
Ophthalmol Vis Sci 2006; 47:2108-13. [PMID: 16639022].

Sadir R, Imberty A. Baleux Fo, Lortat-Jacob H. Heparan
sulfate/heparin oligosaccharides protect stromal cell-derived
Factor-1 (SDF-1)/CXCL12 against proteolysis induced
by CD26/Dipeptidyl Deptidase IV. J Biol Chem 2004;
279:43854-60. [PMID: 15292258].

Busso N, Wagtmann N, Herling C, Chobaz-Péclat V, Bischof-
Delaloye A, So A, Grouzmann E. Circulating CD26 is nega-
tively associated with inflammation in human and experi-
mental arthritis. Am J Pathol 2005; 166:433-42. [PMID:
15681827].

Campbell TB, Broxmeyer HE. CD26 inhibition and hemato-
poiesis: a novel approach to enhance transplantation. Front
Biosci 2008; 13:1795-805. [PMID: 17981668].

Herrera C, Morimoto C, Blanco J, Mallol J, Arenzana F, Lluis
C, Franco R. Comodulation of CXCR4 and CD26 in human
lymphocytes. J Biol Chem 2001; 276:19532-9. [PMID:
11278278].

72.

73.

74.

75.

76.

77.

78.

79.

80.

© 2013 Molecular Vision

Voermans C, Anthony EC, Mul E, van der Schoot E, Hordijk P.
SDF-1-induced actin polymerization and migration in human
hematopoietic progenitor cells. Exp Hematol 2001; 29:1456-
64. [PMID: 11750105].

Lau TT, Wang DA. Stromal cell-derived factor-1 (SDF-1):
homing factor for engineered regenerative medicine. Expert
Opin Biol Ther 2011; 11:189-97. [PMID: 21219236].

Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F,
Kiedrowski M, Rovner A, Ellis SG, Thomas JD, DiCorleto
PE, Topol EJ, Penn MS. Effect of stromal-cell-derived factor
1 on stem-cell homing and tissue regeneration in ischaemic
cardiomyopathy. Lancet 2003; 362:697-703. [PMID:
12957092].

Segers VF, Tokunou T, Higgins LJ, MacGillivray C, Gannon
J, Lee RT. Local delivery of protease-resistant stromal cell
derived factor-1 for stem cell recruitment after myocar-
dial infarction. Circulation 2007; 116:1683-92. [PMID:
17875967].

Zaruba MM, Theiss HD, Vallaster M, Mehl U, Brunner S,
David R, Fischer R, Krieg L, Hirsch E, Huber B, Nathan
P, Israel L, Imhof A, Herbach N, Assmann G, Wanke R,
Mueller-Hoecker J, Steinbeck G, Franz WM. Synergy
between CD26/DPP-1V inhibition and G-CSF improves
cardiac function after acute myocardial infarction. Cell Stem
Cell 2009; 4:313-23. [PMID: 19341621].

Li Y, Atmaca-Sonmez P, Schanie CL, Ildstad ST, Kaplan HJ,
Enzmann V. Endogenous bone marrow derived cells express
retinal pigment epithelium cell markers and migrate to focal
areas of RPE damage. Invest Ophthalmol Vis Sci 2007;
48:4321-7. [PMID: 17724223].

Chan-Ling T, Baxter L, Afzal A, Sengupta N, Caballero S,
Rosinova E, Grant MB. Hematopoietic stem cells provide
repair functions after laser-induced bruch’s membrane
rupture model of choroidal neovascularization. Am J Pathol
2006; 168:1031-44. [PMID: 16507916].

Tilling L, Chowienczyk P, Clapp B. Progenitors in motion:
mechanisms of mobilization of endothelial progenitor cells.
Br J Clin Pharmacol 2009; 68:484-92. [PMID: 19843051].

Miither PS, Semkova I, Schmidt K, Abari E, Kuebbeler M,
Beyer M, Abken H, Meyer KL, Kociok N, Joussen AM.
Conditions of retinal glial and inflammatory cell activation
after irradiation in a GFP-chimeric mouse model. Invest
Ophthalmol Vis Sci 2010; 51:4831-9. [PMID: 20435601].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 29 May 2013. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1121


http://www.molvis.org/molvis/v19/1107
http://www.ncbi.nlm.nih.gov/pubmed/16204308
http://www.ncbi.nlm.nih.gov/pubmed/16863906
http://www.ncbi.nlm.nih.gov/pubmed/18094068
http://www.ncbi.nlm.nih.gov/pubmed/15310902
http://www.ncbi.nlm.nih.gov/pubmed/15310902
http://www.ncbi.nlm.nih.gov/pubmed/16565405
http://www.ncbi.nlm.nih.gov/pubmed/16639022
http://www.ncbi.nlm.nih.gov/pubmed/15292258
http://www.ncbi.nlm.nih.gov/pubmed/15681827
http://www.ncbi.nlm.nih.gov/pubmed/15681827
http://www.ncbi.nlm.nih.gov/pubmed/17981668
http://www.ncbi.nlm.nih.gov/pubmed/11278278
http://www.ncbi.nlm.nih.gov/pubmed/11278278
http://www.ncbi.nlm.nih.gov/pubmed/11750105
http://www.ncbi.nlm.nih.gov/pubmed/21219236
http://www.ncbi.nlm.nih.gov/pubmed/12957092
http://www.ncbi.nlm.nih.gov/pubmed/12957092
http://www.ncbi.nlm.nih.gov/pubmed/17875967
http://www.ncbi.nlm.nih.gov/pubmed/17875967
http://www.ncbi.nlm.nih.gov/pubmed/19341621
http://www.ncbi.nlm.nih.gov/pubmed/17724223
http://www.ncbi.nlm.nih.gov/pubmed/16507916
http://www.ncbi.nlm.nih.gov/pubmed/19843051
http://www.ncbi.nlm.nih.gov/pubmed/20435601

	Reference r1
	Reference r2
	Reference r3
	Reference r4
	Reference r5
	Reference r6
	Reference r7
	Reference r8
	Reference r9
	Reference r10
	Reference r11
	Reference r12
	Reference r13
	Reference r14
	Reference r15
	Reference r16
	Reference r17
	Reference r18
	Reference r19
	Reference r20
	Reference r21
	Reference r22
	Reference r23
	Reference r24
	Reference r25
	Reference r26
	Reference r27
	Reference r28
	Reference r29
	Reference r30
	Reference r31
	Reference r32
	Reference r33
	Reference r34
	Reference r35
	Reference r36
	Reference r37
	Reference r38
	Reference r39
	Reference r40
	Reference r41
	Reference r42
	Reference r43
	Reference r44
	Reference r45
	Reference r46
	Reference r47
	Reference r48
	Reference r49
	Reference r50
	Reference r51
	Reference r52
	Reference r53
	Reference r54
	Reference r55
	Reference r56
	Reference r57
	Reference r58
	Reference r59
	Reference r60
	Reference r61
	Reference r62
	Reference r63
	Reference r64
	Reference r65
	Reference r66
	Reference r67
	Reference r68
	Reference r69
	Reference r70
	Reference r71
	Reference r72
	Reference r73
	Reference r74
	Reference r75
	Reference r76
	Reference r77
	Reference r78
	Reference r79
	Reference r80

