Ve

Journal of Translational Medicine Bi.,.v.if@mra'

Research

In vivo properties of the proangiogenic peptide QK

Gaetano Santullil2, Michele Ciccarelli!, Gianluigi Palumbo!,

Alfonso Campanile!, Gennaro Galasso?, Barbara Ziaco3,

Giovanna Giuseppina Altobelli4, Vincenzo Cimini4, Federico Piscione?,
Luca Domenico D'Andrea>, Carlo Pedone3, Bruno Trimarco! and
Guido Iaccarino*!

Address: 'Dipartimento di Medicina Clinica, Scienze Cardiovascolari ed Immunologiche, Cattedra di Medicina Interna, Universita degli Studi
"Federico II" di Napoli, Italy, 2Dipartimento di Medicina Clinica, Scienze Cardiovascolari ed Immunologiche, Cattedra di Cardiologia, Universita
degli Studi "Federico II" di Napoli, Italy, 3Dipartimento di Scienze Biologiche, Universita degli Studi "Federico II" di Napoli, Italy, 4Dipartimento
di Scienze Biomorfologiche e Funzionali, Universita degli Studi "Federico II" di Napolj, Italy and >Istituto di Biostrutture e Bioimmagini, Consiglio
Nazionale delle Ricerche, Napoli, Italy

Email: Gaetano Santulli - gaetanosantulli@libero.it; Michele Ciccarelli - michele.ciccarelli@jefferson.edu;

Gianluigi Palumbo - machefinehaifatto@libero.it; Alfonso Campanile - facampanile@libero.it; Gennaro Galasso - gengalas@unina.it;
Barbara Ziaco - barbara.ziaco@unina.it; Giovanna Giuseppina Altobelli - ggaltobe@unina.it; Vincenzo Cimini - cimini@unina.it;
Federico Piscione - piscione@unina.it; Luca Domenico D'Andrea - ldandrea@unina.it; Carlo Pedone - carlo.pedone@unina.it;

Bruno Trimarco - trimarco@unina.it; Guido laccarino* - guiaccar@unina.it

* Corresponding author

Published: 8 June 2009 Received: 19 March 2009
. - . Accepted: 8 June 2009

Journal of Translational Medicine 2009, 7:41  doi:10.1186/1479-5876-7-41

This article is available from: http://www:.translational-medicine.com/content/7/1/41

© 2009 Santulli et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

The main regulator of neovascularization is Vascular Endothelial Growth Factor (VEGF). We
recently demonstrated that QK, a de novo engineered VEGF mimicking peptide, shares in vitro the
same biological properties of VEGF, inducing capillary formation and organization. On these
grounds, the aim of this study is to evaluate in vivo the effects of this small peptide. Therefore, on
Wistar Kyoto rats, we evaluated vasomotor responses to VEGF and QK in common carotid rings.
Also, we assessed the effects of QK in three different models of angiogenesis: ischemic hindlimb,
wound healing and Matrigel plugs. QK and VEGF present similar endothelium-dependent
vasodilatation. Moreover, the ability of QK to induce neovascularization was confirmed us by digital
angiographies, dyed beads dilution and histological analysis in the ischemic hindlimb as well as by
histology in wounds and Matrigel plugs. Our findings show the proangiogenic properties of QK,
suggesting that also in vivo this peptide resembles the full VEGF protein. These data open to new
fields of investigation on the mechanisms of activation of VEGF receptors, offering clinical
implications for treatment of pathophysiological conditions such as chronic ischemia.

Introduction patients with severe atherosclerosis, have induced to study
Therapeutic vascular growth is a novel rising area for the =~ new therapeutic approaches based on the possibility to
treatment of ischemic vascular diseases. Limited options  increase the development of collateral circulation [1]. This
for treatment of chronic ischemic diseases, in particularin ~ complex process involves both angiogenesis (creation of
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new capillaries) and arteriogenesis (enlargement and
remodeling of pre-existing collaterals) [2]. In detail, the
term angiogenesis refers to the sprouting, enlargement, or
intussusceptions of new endothelialized channels and is
tightly associated to endothelial cells proliferation and
migration in response to angiogenic stimuli, in particular
hypoxia. Arteriogenesis is, instead, a result of growth and
positive remodeling of pre-existing vessels, forming larger
conduits and collateral bridges between arterial networks
via recruitment of smooth muscle cells. Unlike angiogen-
esis, this process is linked to shear stress and local activa-
tion of endothelium rather than hypoxia [3].
Nevertheless, these two mechanisms interplay during
conditions of chronic ischemia and can be modulated by
several growth factors, transcription factors and cytokines
[3.4].

In particular, the main regulator of neovascularization in
adult life is the system of vascular endothelial growth fac-
tor (VEGF), that is expressed as several spliced variants.
Among its several isoforms, VEGF,; is the one that until
now has shown the ability to regulate mechanisms of neo-
vascularization both in vitro and in vive. The two main
VEGEF receptors are VEGFR-1 or fms-like tyrosine kinase 1
(F1t-1) and VEGFR-2 or fetal liver kinase 1 (Flk-1) also
known as kinase-insert domain-containing receptor
(KDR) [2].

In animal models of chronic ischemia, manoeuvres that
increase VEGF levels by intramuscular injection or vascu-
lar infusion of adenoviral vectors encoding for VEGF
[5,6], or indirectly, for example by physical training or f,
adrenergic receptor overexpression in ischemic hindlimb
(HL), have shown to improve collateral flow [3,5-7]. In
spite of all, clinical trials using gene or protein therapy
with VEGF isoforms for treatment of myocardial or
peripheral ischemia have been somewhat disappointing
indicating the needs to develop new approaches in this
field [1,8].

We recently demonstrated that a de novo synthesized VEGF
mimetic, named QK, shares the same biological proper-
ties of VEGF and shows the ability to induce capillary for-
mation and organization in vitro [9], and showed to be
active in gastric ulcer healing in rodents when adminis-
tered either orally or systemically [10]. This mimetic is a
15 amino acid peptide which adopts a very stable helical
conformation in aqueous solution [11] that resembles the
17-25 a-helical region of VEGF, s, and binds both
VEGFR-1 and 2.

The main purpose of this study is to evaluate in vivo the
effects of this de novo engineered VEGF mimicking peptide
on neovascularization, in normotensive Wistar Kyoto
(WKY) rats. Therefore, we first assessed the properties of
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QK performing ex vivo experiments of vascular reactivity
in WKY common carotid rings [12], and then we evalu-
ated in vivo the role of this small peptide studying the ang-
iogenic models of ischemic HL, wound healing and
Matrigel plugs.

Methods

Peptides

The VEGF mimetic, referred to as QK, is a pentadecapep-
tide (KLTWQELYQLKYKGI) previously described [9]. We
also assessed the effects of a peptide without biological
activity and so used as control, VEGF,; (KVKEMD-
VYQRSYCHP) [11], corresponding to the unmodified 14~
28 region of VEGF, 45, that remains unstructured and does
not bind to VEGFRs, indicating that the helical structure is
necessary for the biological activity. The N-terminus of
these peptides is capped with an acetyl group, while the C-
terminus ends in an amide group. Both peptides were syn-
thesized as previously described [9].

Animal studies

All animal procedures were performed on 12-week-old
(weight 280 + 19 g) normotensive WKY male rats (Charles
River Laboratories, Milan, Italy; n = 66). The animals were
coded so that analysis was performed without any knowl-
edge of which treatment each animal had received. Rats
were cared for in accordance with the Guide for the Care
and Use of Laboratory Animals published by the National
Institutes of Health in the United States (NIH Publication
No. 85-23, revised 1996) and approved by the Ethics
Committee for the Use of Animals in Research of "Feder-
ico II" University.

Vascular Reactivity Determined on Common Carotid Rings
After isolation from WKY rats (n = 12), common carotids
were suspended in isolated tissue baths filled with 25 mL
Krebs-Henseleit solution (in mMol/L: NaCl 118.3, KCl
4.7, CaCl, 2.5, MgSO, 1.2, KH,PO, 1.2, NaHCO; 25, and
glucose 5.6) continuously bubbled with a mixture of 5%
CO, and 95% O, (pH 7.38 to 7.42) at 37°C as previously
described [13,14]. Endothelium-dependent vasorelaxa-
tion was assessed in vessels preconstricted with phenyle-
phrine (10 Mol/L) in response to VEGF,5, VEGF, s, or
QK (108 to 10-° Mol/L), prepared daily. The concentra-
tion is reported as the final molar concentration in the
organ bath. Endothelium-independent vasorelaxation
was tested after mechanical endothelium removal of the
endothelial layer.

Surgical Induction of Hindlimb Ischemia

Animals (n = 21) were anesthetized with tiletamine (50
mg/kg) and zolazepam (50 mg/kg); the right common
femoral artery was isolated [3,15] and permanently closed
with a non re-absorbable suture while the femoral vein
was clamped; through an incision on the artery made dis-
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tal to the suture, with a plastic cannula connected to an
osmotic pump (Alzet 2002, Alza Corporation, Palo Alto,
California, USA) placed in peritoneum, we performed a
chronic (14 days) intrafemoral artery infusion (10-7 Mol/
L) of VEGF,; (n = 6), VEGF,45 (n = 7), or QK (n = 8).

Digital Angiographies and Collateral Blood Flow
Determination

Rats were anaesthetized as described above and the left
common carotid exposed as previously described [3]. A
flame stretched PE50 catheter was advanced into the
abdominal aorta right before the iliac bifurcation, under
fluoroscopic visualization (Advantix LCX, General
Electrics, Milwaukee, Wisconsin, USA). An electronic reg-
ulated injector (ACIST Medical Systems Eden Prairie, Min-
nesota, USA) was used to deliver with constant pressure
(900 psi) 0.2 ml of contrast medium (lomeron 400,
Bracco Diagnostics, Milan, Italy). The cineframe number
for TIMI frame count (TFC) assessment was measured
with a digital frame counter on the suitable cine-viewer
monitor as previously described [15-17]. After angiogra-
phy, we injected into descending aorta 105 orange dyed
microbeads (15 pm diameter, Triton Technologies, San
Diego, California, USA) diluted in 1 ml NaCl 0.9% and
then animals were euthanized [16]. Tibialis anterior mus-
cles of ischemic HL were collected, fixed by immersion in
phosphate buffered saline (PBS, 0.01 M, pH 7.2-7.4)/for-
malin and then embedded in paraffin to be processed for
immunohistology. Gastrocnemious samples of the
ischemic and non-ischemic HL were collected and frozen
with liquid nitrogen and then were homogenized and
digested; the microspheres were collected and suspended
in N,N-dimethylthioformamide. The release of dye was
assessed by light absorption at 450 nm [7,16]. Data are
expressed as ischemic to non-ischemic muscle ratio.

Animal Wound Healing

The animals (n = 22) were anesthetized as above and the
dorsum was shaved by applying a depilatory creme (Veet,
Reckitt-Benckiser, Milano, Italy) and disinfected with pov-
idone iodine scrub. A 20 mm diameter open wound was
excised through the entire thickness of the skin, including
the panniculus carnosus layer [15]. Pluronic gel (30%) con-
taining (10-° M) VEGF,5 (n = 6), VEGF, 45 (n = 8), or QK (n
= 8) was placed directly onto open wounds, then covered
with a sterile dressing. An operator blinded to the identity
of the sample measured wound areas every day, for 8 days.
Direct measurements of wound region were determined
by digital planimetry (pixel area), and subsequent analy-
sis was performed using a computer-assisted image ana-
lyzer (Image]J software, version 1.41, National Institutes of
Health, Bethesda, MD, USA). Wound healing was quanti-
fied as a percentage of the original injury size.
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Matrigel Plugs

Rats (n = 11), anesthetized as described above, were
injected subcutaneously midway on the right and left dor-
sal sides, using sterile conditions, with 0.8 ml of Matrigel®
(BD Biosciences, Bedford, MA, USA), mixed with 16 U
heparin and either 10-°M VEGF,; (n = 3), VEGF, (5 (n = 4),
or QK (n = 4). After seven days, the animals were eutha-
nized and the implants were isolated along with adjacent
skin to be fixed in 10% neutral-buffered formalin solution
and then embedded in paraffin. All tissues were cut in 5
pum sections and slides were counterstained with a stand-
ard mixture of hematoxylin and eosin [4]. Quantitative
analysis was done by counting the total number of
endothelial cells, identified by lectin staining (see immu-
nohistology), in the Matrigel plug in each of 20 randomly
chosen cross-sections per each group, at x40 magnifica-
tion, using digitized representative high resolution photo-
graphic images, with a dedicated software (Image Pro
Plus; Media Cybernetics, Bethesda, Maryland, USA).

Immunohistology

After re-hydration, sections were incubated with Griffonia
(Bandeiraea) simplicifolia I (GBS-I) biotinylated lectin
(Sigma, St. Louis, Missouri, USA) overnight (1:50). GBS-I
specific adhesion to capillary endothelium was revealed
by a secondary incubation for 1 hour at room temperature
with (1:400) horseradish peroxidase conjugated streptavi-
din (Dako, Glostrup, Denmark), which in presence of
hydrogen peroxide and diaminobenzidine gives a brown
reaction product. Five tissue sections of each animal from
each experimental group were examined. The number of
capillaries per 20 fields was measured on each section by
two independent operators, blind to treatment [3,15,16].
The differences between groups were evaluated by analy-
sis of variance (ANOVA).

Statistical Analysis

All data are presented as the mean value + SEM. Statistical
differences were determined by one-way or two-way
ANOVA and Bonferroni post hoc testing was performed
where applicable. A p value less than 0.05 was considered
to be significant. All the statistical analysis and the evalu-
ation of data were performed using GraphPad Prism ver-
sion 5.01 (GraphPad Software, San Diego, California,
USA).

Results

Properties of QK were first assessed in ex vivo experiments
of vascular reactivity (Figure 1), and then in three different
in vivo regenerative models (Figures 2, 3 and 4), so to
show the ability of QK to induce neovascularization.

Vascular reactivity
Vasomotor responses showed a similar relaxation induced
by 10 M VEGF, ;s and QK while, as expected, substan-
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Effects of VEGF,;, VEGF ;; and QK on the vasomotor responses of 12 common carotid arteries from normo-
tensive rats (A). Both VEGF,¢;and QK induced a comparable vasorelaxation, while VEGF 5, has no evident effect. After
removal of the endothelial layer there is no appreciable vasorelaxation (B). * = p < 0.05 vs VEGF. Error bars show SEM.

Page 4 of 10

(page number not for citation purposes)



Journal of Translational Medicine 2009, 7:41

>

50+
- ] VEGFq5
==

a04  ——
E Bl VEGF5
g o 304 ] QK

L * *

® = 204
LL T
= 104
-

0

http://www.translational-medicine.com/content/7/1/41

0.9+

hindlimb

o
e
'l

o
o

Ischemic to nondschemic

o

F 0s- N
I:\x\l\_: é 0.6+

B e 1

‘“\\_‘\‘ 8 04

5

o 0.2

N S

- 0.0
VEGF 5 VEGF 55 QK

Figure 2

In the model of ischemic hindlimb, VEGF,; as well QK enhanced and ameliorated regenerative responses, as
assessed by TIMI Frame Count (TFC, Panel A), dyed beads dilution from gastrocnemious muscles (B) and of

histological analysis, with representative images (C) of lectin GBS-I staining of capillaries in the tibialis anterior
muscle. (Magnification x40; bar = 10 um) and the evaluation as number of capillaries per number of fibers (D) * = p < 0.05 vs

VEGF,;. Error bars show SEM.

tially no action was detected after VEGF, 5 administration.
(Figure 1A). The endothelium was mechanically removed
from the aortic rings to assess endothelium-independent
vasomotor responses. Gentle endothelium denudation
prevented QK and VEGF, 45 vasorelaxation, indicating that
these responses are endothelium dependent (Figure 1B).

Ischemic hindlimb

Ischemic HL perfusion was assessed by TFC score of dig-
ital microangiographies. Both VEGF,,; and QK amelio-
rated the TFC score (VEGF;4:17 + 2; QK16 + 2)
compared to the scramble peptide-infused HL (VEGF,5:38
+ 3; p < 0.05, ANOVA) as depicted in Figure 2A.

Regional gastrocnemius blood flow was also measured by
dyed microspheres entrapment after intra-aortic infusion.
After muscle digestion, dye elution is properly related to

HL perfusion (ischemic/not-ischemic) [3]. Once again
(Figure 2B), VEGF, 45 and QK treatment achieved a better
ischemic HL perfusion than VEGF;; treatment
(VEGF,5:0.92 + 0.1; QK:0.95 + 0.1; VEGF,5:0.59 + 0.2; p
< 0.05, ANOVA).

Capillary density was assessed on the tibialis anterior mus-
cle of the ischemic HL by means of lectin istochemistry.
VEGF, ;s and QK increased capillaries to muscle fibers
ratio in comparison with VEGF,; (VEGF,5:0.5 + 0.04;
VEGF,45:0.7 £ 0.06; QK:0.72 + 0.07; p < 0.05, ANOVA), as
shown in Figure 2C, D.

Wound healing
The examination of full-thickness wounds in the back
skin shows that both QK and VEGF, 5 accelerate healing
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Figure 3

Diagram of the kinetics of wound closure (A). VEGF, ;s and QK accelerate the closure of full thickness punch biopsy
wounds. Three to five rats were analyzed at each time point. Gross appearance after 5 days of the wound treated with VEGF 5,
VEGF, s, QK (10-6M); * = p < 0.05 vs VEGF, ;. Representative digital photographs (B) 5 days after wound. Error bars show
SEM.
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Representative images of Matrigel plugs subcutaneously injected at a magnification of X60; bar = 40 um.
Endothelial cells are identified by lectin staining, that gives a brown reaction product. Different background is due to counter-
staining, performed with a standard mixture of hematoxylin and eosin, as described in Methods (A). Quantification of micro-
vessels infiltrating Matrigel plugs (B). * = p < 0.05 vs VEGF,;. Error bars show SEM.
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by enhancing angiogenesis in the granulation tissue (Fig-
ure 3).

Matrigel plugs

After injection, Matrigel containing the angiogenic stimuli
forms a plug into which blood vessels can migrate.
Matrigel pellets evidenced a significant greater peripheral
capillaries infiltration in VEGF, 45 (86 + 3.0) and QK (91 +
4.5) treated rats than in VEGF,; ones (26 + 2.0; p < 0.05 vs
VEGF, s and QK, ANOVA), as shown in Figure 4.

Discussion

In the present study, we examinated the in vivo effects of a
VEGF, ;s mimetic, named QK, modeled on the region of
the VEGF protein responsible for binding to and activat-
ing the VEGFRs that are known to trigger angiogenesis. We
previously showed that QK can bind to the VEGFRSs, initi-
ate VEGF-induced signaling cascades and stimulate angio-
genesis in vitro [9]. This is the first report to show that this
peptide is able to recapitulate the in vivo responses of
VEGF.

Angiogenesis is known to be a process of new blood vessel
formation from a pre-existing endothelial structure. It is
tuned by proangiogenic and antiangiogenic factors, and
the shift from this equilibrium may lead to pathological
angiogenesis [18,19]. Indeed, deregulation of angiogen-
esis is involved in several conditions including cancer,
ischemic, and inflammatory diseases (atherosclerosis,
rheumatoid arthritis, or age-related macular degenera-
tion). Therefore, the research for drugs able to regulate
angiogenesis constitutes a pivotal research field. In partic-
ular, occlusive vascular disease remains an important
cause for death and morbidity in industrialized society
[1,20], despite efforts to design new and efficient treat-
ment strategies [19,21].

Unfortunately, numerous reports indicate that in labora-
tory animals over-expression of VEGF may lead to meta-
bolic dysfunction, formation of leaky vessels and transient
edema [1,22]. Indeed, VEGF actions include the induction
of endothelial cells proliferation and migration; it is also
known as a vascular permeability factor, based on its abil-
ity to induce vascular leakage and vasodilatation in a dose
dependent fashion as a result of endothelial cell-derived
nitric oxide [12,23].

In humans, various clinical trials were designed to verify
new vessel growth by exogenous administration of proan-
giogenic factors in patients with refractory ischemic symp-
toms. Albeit initial small open-labeled trials yielded
promising results, subsequent larger double-blind rand-
omized placebo-controlled clinical trials have failed to
show much clinical benefit [19,24,25]. These largely dis-
appointing results may in part be explained by subopti-
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mal delivery of genetic material to target cells or tissue.
Moreover, although adenoviral vectors provide high levels
of gene transfer and expression, there are well known
virus-related adverse effects, such as the induction of
immune and inflammatory response [6,21,26]. Recently,
several side effects have been reported for VEGF adminis-
tration in human subjects [1,8,25] such as increase in
atherosclerotic plaques, lymphatic edema or uncontrolled
neoangiogenesis leading to the development of function-
ally abnormal blood vessels, so to preclude its use in a
large share of ischemic population [21,27].

A hopeful alternative could be to use angiogenic stimula-
tors of smaller size, such as peptides, with a well-charac-
terized biologic mechanism of action. Indeed, recent
reports revealed a specific antagonistic relationship
between VEGF and other vascular growth factors, such as
the placental growth factor (PIGF), the basic fibroblast
growth factor (bFGF) and the platelet-derived growth fac-
tor (PDGF), with a dichotomous role for VEGF and VEG-
FRs [28-30]. So, the function of VEGF is far more intricate:
it can also negatively regulate angiogenesis and tumori-
genesis, by impeding the function of the PDGF receptor
on pericytes, leading to a loss of pericyte coverage of
blood vessels [31]. Moreover, several studies demon-
strated a more efficacious action obtained with a specific
stimulation of VEGFRs [32,33] if compared to VEGF over-
expression [22,34]. These findings suggest that the multi-
faceted array of the biological responses linked to VEGF
may be ascribable to its proneness to dimerize or interact
with other molecules [29]. Thus, because of lower molec-
ular and biological complexity, peptides that ensure only
the needed interaction with specific receptors could be
candidate lead compounds for a safer proangiogenic drug,
also to avoid adverse effects.

Perspectives

We show that the VEGF mimetic QK is able to increase
neoangiogenesis and collateral flow in WKY rats. Our
findings evidence the proangiogenic properties of this
small peptide, suggesting that also in vivo QK resembles
the full VEGF protein. Thus, a single peptide, that would
not be expected to dimerize, is still able to induce VEGF
specific angiogenic responses. Clearly, further studies are
needed to fully understand this mechanism, that appears
of intriguing interest. Anyway, these data open to new
fields of investigation on the mechanisms of activation of
VEGFRs, also to clarify complex angiogenesis pathways,
with strong clinical implications for treatment of patho-
physiological conditions such as chronic ischemia.
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