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Abstract

Background: Peripheral arterial disease (PAD) can severely compromise limb vitality and function. Angiogenesis plays an important
role in healing of ischemic lesions. Radiolabeled RGD (Arg-Gly-Asp) peptides specifically targeting cv, B3 integrin are promising tracers
for imaging angiogenesis. In this study, we investigated the application of a one-step labeled RGD in evaluation of angiogenesis and
therapy response in a mouse model of hindlimb ischemia (HI) by positron emission tomography (PET). Methods: HI was induced by
ablation of the femoral artery in mice. PET imaging using ‘*F-AIF-NOTA-PRGD2 (*®F-PRGD2) tracer was performed at day 0 (pre-
surgery) and days 3, 7, 14, and 21 after surgery to evaluate hindlimb angiogenesis longitudinally and noninvasively. The control peptide
RAD (Arg-Ala-Asp) labeled with a similar procedure and a block agent were used to confirm the specific binding of **F-PRGD2 to o, 83
integrin. Ex vivo CD31 staining was performed to detect angiogenesis. In addition, the angiogenic therapy response was monitored with
I8F_PRGD2 tracer and immunofluorescence staining to confirm the imaging data. Results: The successful establishment of HI model
was confirmed by ultrasound imaging and laser doppler perfusion imaging (LDPI). Specific binding of **F-PRGD2 to c, 33 integrin
was validated by minimal tracer uptake of the control peptide RAD and significant decrease of tracer accumulation when a block agent
was added. Local accumulation of **F-RRGD?2 in ischemic hindlimb was detected as early as 3 days and reached a peak at 7 days after
surgery. The temporal change of focal tracer uptake was positively correlated with the pattern of vascular density. Moreover, vascular
endothelial growth factor (VEGF) treatment increased the tracer uptake and enhanced angiogenesis, which is consistent with integrin /33
expression. Conclusions: PET imaging of a one-step labeled tracer *®F-PRGD2 targeted to a, Bzintegrin allows longitudinal monitoring
of ischemia-induced angiogenesis and noninvasive assessment of VEGF treatment response in a mouse model of hindlimb ischemia. The
simple synthesis procedure and in vivo performance of this PET tracer enables the feasibility of future clinical translation in ischemic
cardiovascular diseases.
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1. Introduction promote the restoration of post-ischemic blood perfusion to
skeletal muscle [6]. Therapeutic angiogenesis with the goal
of stimulating new blood vessel formation within ischemic

tissues, has received extensive attention for PAD treatment

As a leading cause of impaired limb viability, pe-
ripheral arterial disease (PAD) is a progressive atheroscle-

rotic process by which blood vessel narrowing or occlusion
occurs in the extremities [1]. Owing to poor blood per-
fusion, local ischemia can induce serial pathophysiologi-
cal responses in skeletal muscle tissue [2], including tissue
necrosis, inflammation, angiogenesis, and tissue regenera-
tion [3,4].

Angiogenesis, defined as new capillaries formation
from preexisting vasculature, is mainly triggered by tissue
ischemia or hypoxia [5]. Generation of new microvascula-
ture is critical in the condition of PAD, as angiogenesis can

[7]. Therefore, the development of molecular imaging ap-
proaches to noninvasively monitor the recovery process of
peripheral ischemic lesions would have significant clinical
benefits.

Numerous factors have been involved in the angio-
genic process in the setting of PAD [8]. Vascular endothe-
lial growth factor (VEGF) has been recognized as one of
the most effective stimuli to the development of vascular
network [9]. Apart from VEGF, integrins also play a cru-
cial role in the regulation of angiogenesis [10]. These trans-
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membrane receptors are able to modulate cell adhesion, mi-
gration, and proliferation. Particularly «, 33 integrin has
aroused great interest among researchers owing to its signif-
icant role in the regulation of endothelial cell migration and
interplay with the extracellular matrix (ECM) during angio-
genesis [11]. The «,, 33 integrin has great abundance on the
surface of the endothelium with high angiogenic activity.
Thus, «, 83 integrin has become the primary target of many
specific probes for noninvasive evaluation of angiogenesis,
including arginine-glycine-aspartic acid (RGD)-containing
peptides.

Radiolabeled RGD peptides, targeted at «,, 33 inte-
grin, have been widely utilized for angiogenesis imaging
in tumor. However, angiogenesis not only occurs in can-
cer development but also is a critical contributor to the im-
provement and recovery of ischemic lesions. After my-
ocardial ischemia/reperfusion (MI/R) injury, «, S3integrin
expression in cardiac tissue has been noninvasively mon-
itored by numerous isotopes including **mTc [12], '''In
[13], 1251 [14,15] by single photon emission computed to-
mography (SPECT), and *®F [16] and °®Ga[17] by positron
emission tomography (PET). In addition, previous studies
also have used iodine-125 (*2°1)- and ??mTc-labeled [16]
RGD peptides to visualize and quantify the activated angio-
genesis post limb ischemia by targeting «,, S3integrin. Due
to better imaging quality, higher diagnostic accuracy and
lower injection doses, PET imaging has been more widely
used for clinical imaging than SPECT imaging. Among
multiple positron-emitting radioisotopes for PET imaging,
I8F is ideal for the development of RGD peptide-based
angiogenesis-targeted PET radiotracers as a result of its fa-
vorable physical properties [18].

Most approaches labeling RGD peptides with '8F in-
volve multiple-step synthetic procedure [19], which is time-
consuming and may hamper the widespread use of these
18F_labeled RGD tracers. With the development of molec-
ular imaging, the labeling procedure can be simplified by
linking RGD peptides with a pre-attached functional group,
which contains an active component available for fluoride
displacement [18,20]. In our previous studies [21], we have
applied a one-step labeled tracer '8F-AIF-NOTA-PRGD2
(18F-PRGD?2) of integrin-targeted in a rat model of exper-
imental MI/R. Owing to easy synthesis and high imaging
quality, PET imaging using '8F- PRGD2 tracer achieved
successful evaluation of angiogenesis in infarcted cardiac
tissue after MI/R [21].

In this study, we established a mouse hindlimb is-
chemia (HI) model and microPET was performed with the
I8F_PRGD2 tracer to assess v, 3zintegrin expression level
during angiogenesis progression in ischemic hindlimb. In
addition, the angiogenic response to VEGF treatment was
also monitored with this ®F-PRGD2 tracer.

2. Materials and Methods
2.1 Animals

To eliminate the potential impact of gender bias, ex-
clusively male mice were used in the present study. FVB
male mice were acquired from the Experimental Animal
Center of Zhongshan Medical University, weighing 25-30
g and aged 8-9 weeks. All processes involving surgical op-
eration and imaging scans were performed under anesthesia
with isoflurane in oxygen (1.0-2.0%) with a delivery flow
rate of 1.0 L/min. After surgery, meloxicam (10 mg/kg SC)
was injected near the wound before mice completely awoke
from anesthesia. Mice were sacrificed by cervical disloca-
tion. All animal procedures were performed in accordance
with the Guidelines for the Care and Use of Laboratory An-
imals and were approved by the Animal Ethics Committee
of Guangdong Academy of Medical Sciences [22].

2.2 Hindlimb Ischemic Murine Model

After hair removal on both hindlimbs by depilatory
cream, an incision was made through the skin of the thigh
to expose the superficial arteries, veins, and nerves. Af-
ter careful separation of the arteries, veins, and nerves, the
main femoral artery and all branches in the right hindlimb
were ligated and excised with femoral nerves carefully pre-
served. The similar procedure was performed in the left
hindlimb except for the ligation and excision of the femoral
artery, which was a sham operation and served as a control.

2.3 Laser Doppler Perfusion Imaging (LDPI) of Hindlimbs

Laser Doppler perfusion imaging (LDPI) was used to
evaluate blood perfusion in preoperative and postoperative
hindlimbs, respectively. After being anesthetized, mice
were placed on a heating pad to maintain a stable body
temperature, and were imaged using an analyzer (PeriScan-
PIM3 Perimed AB, Jakobsberg, Sweden).

2.4 Power Doppler Imaging (PDI) and Color Doppler
Imaging (CDI) of Hindlimbs

To detect the blood flow in hindlimbs, power Doppler
and color Doppler scans were performed with a Vevo 2100
imaging system (VisualSonics, Inc., Toronto, ON, Canada)
before surgery and one day after surgery. After the induc-
tion of anesthesia, the vessel velocity and spatial distribu-
tion within the right hindlimb were monitored using a lin-
ear transducer in three-dimensional mode in power Doppler
scans. Color Doppler mode in three-dimension was also ap-
plied to achieve an overview of blood flow as well as the
flow direction by red and blue color spectrums in the right
hindlimbs of pre-surgery and post-surgery, respectively.

2.5 Small Animal PET Imaging

As previously described [23], an Inveon small-animal
microPET scanner (Siemens Preclinical Solutions) was
used to perform PET imaging. After the induction of anes-
thesia, a single dose of 100 uL phosphate buffered saline
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(PBS) containing approximately 3.75 MBq (100 pCi) of
I8F_AIF-NOTA-PRGD2 (*®F-PRGD2) was injected via the
tail vein. One hour after the tracer injection, static PET
imaging scans were performed for 10 minutes. The ac-
quired images were reconstructed with an algorithm, known
as three-dimensional ordered subsets expectation maxi-
mization (3D-OSEM). ASI Pro VMTM software (Siemens
Medical Solutions, Germany) was also used for image anal-
ysis. The ¥F-PRGD2 accumulation within the ischemic
hindlimb tissue was quantified by drawing regions of inter-
est (ROIs) surrounding an entire limb on the coronal im-
ages in a three-dimensional manner. The mean radioactiv-
ity contained in the ROI divided by the dose administered to
the animal gave the %ID per g (%ID/g). Then the tracer up-
take of the ischemic right hindlimb divided by the tracer up-
take of the contralateral left hindlimb gave the *F-PRGD2
uptake ratio (ischemic/control).

2.6 Immunohistochemistry (IHC) Assay

Mice from various groups or at different time points
after surgery were sacrificed and the skeletomuscular tis-
sues of right hindlimbs were collected, underwent fixa-
tion in 4% paraformaldehyde solution, dehydration through
graded solutions of ethanol, and paraffin embedding. Serial
sections (5 pm thick) were cut and mounted on glass slides
(p-45118, Fisher, Pittsburgh, PA, USA). The slides were
then dewaxed, processed by microwave antigen retrieval,
and subsequently incubated with 10% normal goat serum
for 1 h and then overnight at 4 °C with CD31 antibody
(mouse monoclonal, 1:100; #131M-9, Sigma, Burlington,
MA, USA). The secondary antibody was anti-mouse IgG
(#21538-M, Sigma, Burlington, MA, USA), which was de-
tected with streptavidin—peroxidase complex and 0.1% of
3,3’-diaminobenzidine (#D8001, Sigma, Burlington, MA,
USA) in PBS with 0.05% H2O5 for 5 min at room temper-
ature. In addition, hematoxylin and eosin (H&E) staining
was also performed for tissue morphology analysis.

For quantification, skeletal muscle tissue of each
mouse was divided into several parts, and about 10-20
slides were made from each sample. These slides were di-
vided into two parts, one part for CD31 staining and the
other part for integrin 33 staining. Capillaries (CD31 posi-
tive) density was determined by the average counts of 10
random microscopic fields, which was expressed as the

number of capillaries per mm?.

2.7 Immunofluorescence Assay

To achieve double antibody staining, slides were con-
currently incubated with both rabbit anti-integrin 53 (di-
luted 1:200; #ab179473, Abcam, Cambridge, MA, USA)
and mouse anti-a-actin (skeletal) primary antibodies solu-
tion (diluted 1:250; #ab28052, Abcam, Cambridge, MA,
USA). The combinations were visualized using a mixture
of Cy3-conjugated anti-rabbit (#AP182C, Sigma, Burling-
ton, MA, USA) and fluorescein isothiocyanate (FITC)-
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conjugated anti-mouse (#AP124F, Sigma, Burlington, MA,
USA) secondary antibodies.

2.8 Experimental Protocols

In order to validate the success of HI model, PDI and
CDI of the right hindlimb were performed before surgery
and after surgery (n = 3), respectively.

To assess the binding specificity of *F-PRGD2 to in-
tegrin receptor in ischemic tissue, twenty mice were ran-
domly divided into four groups, including sham, HI, block
and RAD. Each group contained 5 mice. In the sham group,
both hindlimbs of mice were subjected to sham operation.
Apart from the sham group, mice underwent HI surgery
in the right hindlimb as well as sham operation in the left
hindlimb in the other three groups. In both sham (sham,
n = 5) and HI group (HI, n = 5), approximately 100 pCi
I8F_.PRGD2 was injected one hour before PET imaging
scans on day 7 after surgery. Cyclic RGD peptide dimer
E[c(RGDyK)]; served as a blocking agent (18 mg/kg) and
was injected 10 min before '8F-PRGD2 administration on
day 7 after HI (block, n =5). The control peptide RAD was
synthesized by a similar procedure as RGD producing '8F-
AlF-NOTA-RAD, which was injected via tail vein one hour
before the PET scan on day 7 after HI (RAD, n = 5).

For in vivo imaging of angiogenesis induced by HI,
PET scan was performed in a range of time points including
day O (pre-surgery) and days 3, 7, 14, and 21 post surgery
(n=6).

For the treatment study, after the surgery of HI, a sin-
gle dose of 100 uL PBS containing 0.5 g VEGF was in-
jected into ischemic gastrocnemius muscles below the site
of occlusion at three different sites at 3 days and daily there-
after for three consecutive days (HI + VEGF, n = 5). The
same amount of PBS without VEGF was administered in
the same way at the same time points post ischemia (HI, n
=5). In addition, a sham group was also included on day 7
after sham operation (sham, n = 5).

Eight mice were sacrificed for histological staining.
Thus, a total of 52 mice were used in the present study.

2.9 Statistical Analysis

Results are presented as the mean + standard devia-
tion (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by the Bonferroni
multiple comparison test. The correlation of tracer uptake
ratio and angiogenic activity was examined by the Pearson
correlation test. p < 0.05 was considered as statistically
significant.

3. Results

3.1 Establishment of the Murine Model of Hindlimb
Ischemia (HI)

Firstly, we established a murine HI model to mimic
PAD. Unilateral HI was induced by ligation and excision
of the right femoral artery as well as excision of its side
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Fig. 1. Characterization of a murine hindlimb ischemia (HI) model. Before surgery and one day post-surgery, blood flow in right

hindlimb was detected by Power Doppler (PDI), Color Doppler (CDI) and Laser Doppler imaging (LDI), respectively. Red and blue

colors acquired by CDI represents blood flow with different directions, which flows toward and away from the transducer.

branches. Subsequently, blood perfusion in the hindlimb
was detected by multiple imaging modalities, including
Laser Doppler perfusion imaging (LDPI), Power Doppler
imaging (PDI), and Color Doppler imaging (CDI), all of
which showed the blood flow within the right hindlimb was
precipitously reduced post surgery, as compared to blood
flow before surgery (Fig. 1). Additionally, both PDI and
CDI revealed the lack of side branches originating from the
stem femoral artery after surgery which were intact before
surgery (Fig. 1). These results confirmed the successful es-
tablishment of the murine HI model.

3.2 Binding Specificity of '"® F-PRGD2 to Integrin Receptor

The chemical structure of '8F-AIF-NOTA-PRGD2
(8F-PRGD?2) is shown in Supplementary Fig. 1. When
the reaction volume was maintained between 50 and 100
uL, the labeling yield was about 20-25%. Without HPLC
purification, the total synthesis time was reduced to 25 min-
utes. The radiochemical purity was over 97%. Fig. 2
showed significant increase of focal tracer retention at 7
days after onset of ischemia (10.33 £ 3.567) compared
to sham (1.227 4+ 0.368). In order to further confirm
the binding specificity of 'F-PRGD2 to integrin recep-
tor, we utilized non-radiolabeled integrin-specific ligand,
E[c(RGDyK)]2, as a blocking agent. In vivo PET imag-
ing demonstrated that the '8F-PRGD2 uptake ratio in the
blocked group (3.45 £ 2.186) was markedly lower than that
in the unblocked group one week post HI, indicating the
tracer accumulation in the ischemic skeletal muscle could
be prevented by excess amount of unlabeled RGD peptide.
A similar procedure was also performed to label a RAD
peptide. After using this labeled RAD peptide, we found
that the tracer uptake (3.308 £ 1.431) was significantly
lower than that of *®F-PRGD2 at 7 days after HI (Fig. 2B).
The low uptake of the control peptide supports specific
binding of "¥*F-PRGD2 to the ischemic area rather than non-

specific leakage through injured vasculature. These results
prove the specificity of integrin-targeted imaging.

3.3 In Vivo PET Imaging of Angiogenesis Induced by HI

To monitor angiogenesis after HI, longitudinal PET
imaging using '®F-PRGD2 probe was performed at serial
time points including day O (pre-surgery) and at days 3,
7, 14, and 21 post surgery. Fig. 3A shows representative
transaxial PET images with 'F-PRGD2. Compared with
day 0, an increase of '8F-PRGD?2 tracer uptake could be
quickly detected as early as day 3 after HI and reached a
maximum at day 7, which was consistent with most previ-
ous studies [17,24]. The signal then gradually reduced in
the following days. The quantitative results based on PET
imaging are presented in Fig. 3C. The hindlimb uptake ra-
tio of '8F-PRGD?2 in the pre-surgery group was minimal
(1.249 £ 0.296). HI injury led to a significant increase in
uptake ratio of ®F-PRGD2 in the ischemic hindlimb at 3
days (5.483 £ 1.354) post surgery. Radiotracer localiza-
tion after onset of ischemia was maximal at 7 days (13.34
+ 5.169). Although decreased by 3 weeks, the uptake of
the radiotracer was still greater than that in the pre-surgery
group.

Skeletal muscle tissues were also harvested at various
time points before and after surgery for histological anal-
ysis. IHC staining was performed using CD31, a maker
for endothelial cells. As shown in Fig. 3B, numerous neu-
trophils (nuclei in blue or purple) were infiltrated from the
damaged lumen, evidenced by discontinuous endothelial
layer (highlighted by brown color). These signs indicated
intense inflammation in this period. Thereafter, angiogen-
esis was robustly activated and reached a peak at day 7
(184.5 £20.21), as quantified by CD31 staining (Fig. 3D).
In the following two weeks, angiogenesis continued within
ischemic muscle, yet with gradually reduced activity.
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Fig. 2. Specificity of integrin-targeted PET imaging. (A) Representative transaxial PET images using ‘*F-AIF-NOTA-PRGD2 (**F-
PRGD?2) (HI: 10.33 & 3.707, n = 5), or with a block reagent (block: 3.45 & 2.168, n = 5), or *®F-AIF-NOTA-RAD (RAD: 3.308 +
1.431, n=5) at 7 days after HI surgery. *®*F-PRGD2 was also used in mice which underwent a sham operation (sham: 1.227 & 0.368, n
=5). (B) Quantification of '*F-PRGD2 uptake ratio (ischemic/control hindlimb) by PET at different groups. **p < 0.01; ***p < 0.001.
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Fig. 3. Close correlation between angiogenesis and '*F-PRGD2 uptake. (A) Representative transaxial PET images using (*°F-
PRGD?2) at day 0 (pre-surgery) and days 3, 7, 14, and 21 post surgery, respectively. (B) CD31 positive vessels were immunohistochem-
ically detected on day 0 and days 3, 7, 14 and 21 post-surgery, respectively. (C) Analysis of *®F-PRGD2 uptake ratio (ischemic/control
hindlimb) by PET at a serial of time points (day 0: 1.249 4+ 0.296, n = 6; day 3: 5.483 4+ 1.354, n = 6; day 7: 13.34 4+ 5.169, n = 6; day
14: 7.397 + 3.434, n = 6; day 21: 3.2 4+ 0.804, n = 6). (D) Quantitative analysis of CD31 capillary density at a series of time points
post-surgery (day 0: 30.83 + 8.159, n=6; day 3: 71.33 + 12.01, n=6; day 7: 184.5 + 20.21, n = 6; day 14: 143.2 + 20.11, n = 6; day
21: 90.5 & 15.1, n = 6). (E) Correlation analysis between ‘®F-PRGD2 uptake ratio (ischemic/control) and angiogenic activity, which is
represented by capillary numbers (R? = 0.8691, p = 0.0209). *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar: 100 pm.
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Fig. 4. Evaluation of VEGF treatment on angiogenic activity. (A) Ex vivo immunohistochemical (IHC) staining of CD31 to examine
angiogenesis in the ischemic hindlimb tissue sections 7 days post surgery in the sham-operated groups (sham), no-treatment (HI) and
VEGF-treated group (HI + VEGF), respectively. (B) In vivo noninvasive PET imaging of angiogenesis at 7 days after surgery in different
groups. (C) Quantitative analysis of CD31 capillary density (sham: 44.33 4 13.29, n = 6; HI: 167 & 19.24, n = 6; HI + VEGF: 208.7
+ 26.28, n = 6). (D) Quantification of *®*F-PRGD2 uptake ratio (ischemic/control hindlimb) from in vivo PET imaging (sham: 1.269 +
0.325,n=5; HI: 12.67 4+ 3.438, n=5; HI + VEGF: 17.25 4+ 2.441, n=5). *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar: 100 pum.

Additionally, correlation analysis was also performed
between '8 F-PRGD2 uptake ratio (ischemic/control) and
angiogenesis, which is indicated by capillary numbers. As
demonstrated in Fig. 3E, there was a strong correlation be-
tween these two variables (p = 0.0209). On the basis of the
similar temporal changes and positive correlation between
angiogenic activity and '8F-PRGD2 uptake ratio, we be-
lieve that the fluctuation of '®F-PRGD2 uptake was able to
reflect the variation of angiogenesis in ischemic tissue.

3.4 In Vivo Assessment of Angiogenic Response to Therapy

As one of the most established angiogenesis stimuli,
VEGF was chosen in the present study for HI treatment.
Compared with the non-treated HI group at 7 days post-
surgery (167 + 19.24), newly formed capillaries stained

with CD31 were found to be elevated after treated with
VEGF (208.7 £ 26.28) (Fig. 4A,C). Given the fact that
the alteration of '®F-PRGD2 uptake ratio is positively cor-
related with angiogenic activity during HI, we then deter-
mined whether PET imaging with '8F-PRGD?2 probe could
be applied to evaluate the angiogenic response to therapy.
As Fig. 4B showed, the signal intensity in the region of is-
chemic hindlimbs in the VEGF-treated group was signifi-
cantly stronger than in the non-treated group. Based on the
quantification of PET imaging, the **F-PRGD2 uptake ra-
tio of ischemic region in the VEGF-treated group (17.25 +
2.441) was nearly fifteen times higher than that in the sham
group (1.269 + 0.325), while the uptake ratio of ischemic
region in the non-treated group (12.67 + 3.438) was only
about ten times higher than that in the sham group (Fig. 4D).

&% IMR Press


https://www.imrpress.com

Sham

Integrin B3

HI

HI+VEGF

Fig. 5. Immunofluorescence staining of integrin 33 in the VEGF-treated (HI + VEGF), no-treatment (HI) and sham-operated

groups (sham). Scale bar: 200 pm.

According to the immunofluorescence staining, the in-
tegrin B3 level in the VEGF-treated group (HI + VEGF)
was higher than in both saline-treated group (HI) and sham
group (sham) (Fig. 5), which was consistent with the pattern
of radioactive signal as demonstrated by in vivo PET imag-
ing. These results suggested that the '8F-PRGD2 uptake
ratio was positively correlated with integrin 33 level within
ischemic area and it could serve as a tool for noninvasive
evaluation of the HI treatment response.

4. Discussion

In the present study, we reported for first time the ap-
plication of a one-step labeled PET tracer 8F-AIF-NOTA-
PRGD2 (*®¥F-PRGD2), for the noninvasive monitoring of
temporal changes of o, 53 integrin level during ischemia-
induced angiogenesis in a mouse HI model. In addition,
we used this tracer to evaluate the angiogenic response to
VEGF treatment.

Although molecular imaging techniques have not yet
reached the standard for clinical application for imaging
peripheral angiogenesis, extensive preclinical work has
demonstrated that noninvasive serial analysis of angiogene-
sis is achievable and holds great promise for clinical transla-
tion with primary targets including «,, 33 integrin [25]. Lee
et al. [26] used iodine-125 (12°T)-labeled RGD peptides for
o, 3 integrin targeting in mouse HI model with SPECT
imaging and observed that radiotracer uptake reached a
peak on day 3 and was maintained at a relatively lower level
at 8 and 14 days of ischemia, but still higher than at the onset
of ischemia. Furthermore, serial changes of «,, 33 integrin
expression were also noninvasively assessed with *mTec-
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NC100692 probe during the angiogenic process in the is-
chemic hindlimb. Imaging results demonstrated a signifi-
cantly enhanced radiotracer uptake at 3 days and a peak at 7
days [24]. In addition, Jeong et al. [17] used 8 Ga-NOTA-
RGD as the PET imaging tracer and investigated its biodis-
tribution at 7 days after femoral artery ablation in mice and
demonstrated its high affinity for the o, 3 integrin and
specific uptake by angiogenic hindlimb tissue. In the cur-
rent study, for the first time, we applied a one-step labeled
PET tracer ®F-PRGD2 to evaluate the temporal changes
of a,, [Bsintegrin expression in mouse hindlimb tissue ex-
posed to ischemia. Our imaging results with '8F-PRGD2
displayed a similar pattern of tracer uptake in the ischemic
region as in earlier work. The significant increase of focal
tracer retention could be quickly observed at 3 days post
ischemia. Apart from the formation of newly regenerated
capillaries at this time, shown by CD31 staining, intensive
inflammation occurred after HI which also accounted for
the high uptake of '8F-PRGD2 since v, 33 integrin is highly
expressed on infiltrating macrophages [27]. Indeed, IHC
staining (Fig. 3B) revealed that a large number of inflam-
matory cells had infiltrated among affected skeletal muscle
on day 3 after surgery. The tracer accumulation reached a
maximum on day 7. Thereafter, *8F-PRGD2 uptake within
the ischemic hindlimb decreased from the peak level but
was still higher than that in the sham-operated hindlimb,
suggesting local continuous angiogenesis.

When VEGF treatment was applied, the 18F-PRGD2
uptake in the ischemic area was elevated and associated
with increase of a,, (3 integrin expression, which showed
a similar tendency with angiogenesis development after HI.
Our data indicated that '®F-PRGD2 uptake is positively cor-


https://www.imrpress.com

related with angiogenic activity during HI and is able to in-
crease in response to VEGF treatment. It could serve as a
prospective probe used to monitor the angiogenic response
post HI, which might help evaluate therapeutic effect of
pro-angiogenesis medications treating ischemic diseases in
clinical practice.

Compared to other radiolabeled tracers in previous
studies, the PET tracer ®F-PRGD?2 used here has several
noticeable advantages. Firstly, when compared to tradi-
tional SPECT imaging, continued growth in the use of PET
imaging in both pre-clinical and clinical work can be as-
cribed to increased availability of hybrid with computed
tomography (CT) or magnetic resonance imaging (MRI),
providing high sensitivity as well as good spatial resolu-
tion. Thus, PET radiotracers targeting angiogenesis have
been investigated more extensively than SPECT radiotrac-
ers. In addition, '®F has been considered as an ideal ra-
dioisotope for PET imaging due to its physical properties,
including short physical half-life, high positron efficiency
and low 5+ energy. Secondly, as a dimeric RGD peptide
tracer, '8F-PRGD2 has better binding affinity to integrin
a3 than RGD monomers, such as Galacto-RGD, result-
ing in higher integrin targeted accumulation and more fa-
vorable in vivo kinetics. Thirdly, compared with another
previously used dimeric RGD peptide tracer '*F-FPPRGD2
[19], synthesis of 18F-PRGD2 is efficient and consequently
results in relatively high labeling yield. This convenient one
step route for labeling can be achieved by the displacement
of the '®F with a leaving group in a pre-attached chelator
on RGD peptides without the need of HPLC purification
[18,20]. Hence, it is reasonable to surmise that the ideal
physical properties and good binding affinity as well as the
simple labeling procedure would make '®F-PRGD2 a very
promising radiotracer for clinical translation in cardiovas-
cular diseases.

5. Conclusions

PET imaging of a one-step labeled integrin-targeted
probe, 18F-AIF-NOTA-PRGD2 (*®F-PRGD?2), enables lon-
gitudinal monitoring of angiogenesis development and non-
invasive assessment of VEGF treatment response in mouse
model of hindlimb ischemia. The simple synthesis proce-
dure, specific binding affinity and favorable in vivo per-
formance of this PET tracer may assist in screening pro-
angiogenic drugs in the preclinical setting and future clini-
cal evaluation of ischemic lesion and therapy responses in
patients with ischemic cardiovascular diseases, especially
peripheral arterial disease.

Author Contributions

ZS,NT and PH conceived and designed the study; ZS,
WH, SX, LX and JY performed major experiments; GT,
LZ and JY established the animal model; WH, SX and GT
collected and analyzed the data; ZS, WH and SX wrote the
manuscript; NT and PH reviewed the manuscript; NT and

PH supervised the study. All authors contributed to editorial
changes in the manuscript. All authors read and approved
the final manuscript.

Ethics Approval and Consent to Participate

The animal study was reviewed and approved by the
Animal Ethics Committee of Guangdong Academy of Med-
ical Sciences (KY-D-2021-425-01).

Acknowledgment

We would like to express our gratitude to all the peer
reviewers for their opinions and suggestions.

Funding

This research was funded by the Guangdong Provin-
cial People’s Hospital Cardiovascular Research Fund, grant
number 2020XXG004; National Natural Science Foun-
dation of China, grant number 82170461; Natural Sci-
ence Foundation of Guangdong Province, grant number
2021A1515011121; Science and Technology Program of
Guangzhou 202102080033; and National Natural Science
Foundation of Guangdong Provincial People’s Hospital,
grant number 8207020425, 8217020758. None of these
funding sources had any role in writing the manuscript or
the decision to submit for publication.

Conflict of Interest

The authors declare no conflict of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/.rem2312408.

References

[1] Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bit-
tencourt MS, et al. Heart Disease and Stroke Statistics-2022 Up-
date: A Report From the American Heart Association. Circula-
tion. 2022; 145: e153-e639.

[2] Golledge J. Update on the pathophysiology and medical treat-
ment of peripheral artery disease. Nature Reviews Cardiology.
2022; 19: 456-474.

[3] Krishna SM, Moxon JV, Golledge J. A review of the pathophys-
iology and potential biomarkers for peripheral artery disease.
International Journal of Molecular Sciences. 2015; 16: 11294~
11322.

[4] Morley RL, Sharma A, Horsch AD, Hinchliffe RJ. Peripheral
artery disease. British Medical Journal. 2018; 360: j5842.

[5] Dobrucki LW, de Muinck ED, Lindner JR, Sinusas AJ. Ap-
proaches to Multimodality Imaging of Angiogenesis. Journal of
Nuclear Medicine. 2010; 51: 66S-79S.

[6] Hutchings G, Kruszyna L, Nawrocki MJ, Strauss E, Bryl R,
Spaczynska J, et al. Molecular Mechanisms Associated with
ROS-Dependent Angiogenesis in Lower Extremity Artery Dis-
ease. Antioxidants. 2021; 10: 735.

[7] Annex BH, Cooke JP. New Directions in Therapeutic Angio-
genesis and Arteriogenesis in Peripheral Arterial Disease. Cir-
culation Research. 2021; 128: 1944—-1957.

&% IMR Press


https://doi.org/10.31083/j.rcm2312408
https://doi.org/10.31083/j.rcm2312408
https://www.imrpress.com

(8]

(9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

Ganta VC, Choi M, Kutateladze A, Annex BH. VEGF165b
Modulates Endothelial VEGFR1-STAT3 Signaling Pathway and
Angiogenesis in Human and Experimental Peripheral Arterial
Disease. Circulation Research. 2017; 120: 282-295.

Sun Z, Ma N, Fan W, Guo L, Chen J, Zhu L, et al. Nonin-
vasive monitoring of the development and treatment response
of ischemic hindlimb by targeting matrix metalloproteinase-2
(MMP-2). Biomaterials Science. 2019; 7: 4036—4045.

Niu G, Chen X. Why Integrin as a Primary Target for Imaging
and Therapy. Theranostics. 2011; 1: 30-47.

Brooks PC, Montgomery AM, Rosenfeld M, Reisfeld RA, Hu T,
Klier G, et al. Integrin alpha v beta 3 antagonists promote tumor
regression by inducing apoptosis of angiogenic blood vessels.
Cell. 1994; 79: 1157-1164.

Dimastromatteo J, Riou LM, Ahmadi M, Pons G, Pellegrini E,
Broisat A, et al. In vivo molecular imaging of myocardial angio-
genesis using the alpha(v)beta3 integrin-targeted tracer 99mTc-
RAFT-RGD. Journal of Nuclear Cardiology. 2010; 17: 435—
443.

Meoli DF, Sadeghi MM, Krassilnikova S, Bourke BN, Giordano
FJ, Dione DP, et al. Noninvasive imaging of myocardial angio-
genesis following experimental myocardial infarction. Journal
of Clinical Investigation. 2004; 113: 1684—1691.

Yamase T, Taki J, Wakabayashi H, Inaki A, Hiromasa T, Mori H,
et al. Feasibility of (125)I-RGD uptake as a marker of angiogen-
esis after myocardial infarction. Annals of Nuclear Medicine.
2022; 36: 235-243.

Johnson LL, Schofield L, Donahay T, Bouchard M, Poppas A,
Haubner R. Radiolabeled Arginine-Glycine-Aspartic Acid Pep-
tides to Image Angiogenesis in Swine Model of Hibernating My-
ocardium. JACC: Cardiovascular Imaging. 2008; 1: 500-510.
Makowski MR, Rischpler C, Ebersberger U, Keithahn A, Kasel
M, Hoffmann E, et al. Multiparametric PET and MRI of myocar-
dial damage after myocardial infarction: correlation of integrin
alphavbeta3 expression and myocardial blood flow. European
Journal of Nuclear Medicine and Molecular Imaging. 2021; 48:
1070-1080.

Jeong JM, Hong MK, Chang YS, Lee YS, Kim YJ, Cheon GJ,
et al. Preparation of a promising angiogenesis PET imaging
agent: 68Ga-labeled c¢(RGDyK)-isothiocyanatobenzyl-1,4,7-
triazacyclononane-1,4,7-triacetic acid and feasibility studies in

&% IMR Press

[18]

[19]

[20]

(21]

[22]

(23]

[25]

[26]

[27]

mice. Journal of Nuclear Medicine. 2008; 49: 830-836.

Zhang X, Xiong Z, Wu Y, Cai W, Tseng JR, Gambhir SS, et al.
Quantitative PET imaging of tumor integrin alphavbeta3 expres-
sion with 18F-FRGD2. Journal of Nuclear Medicine. 2006; 47:
113-121.

Sun X, Yan Y, Liu S, Cao Q, Yang M, Neamati N, et al. 18F-
FPPRGD?2 and 18F-FDG PET of response to Abraxane therapy.
Journal of Nuclear Medicine. 2011; 52: 140-146.

McBride WJ, D’Souza CA, Sharkey RM, Karacay H, Rossi
EA, Chang CH, ef al. Improved 18F labeling of peptides with
a fluoride-aluminum-chelate complex. Bioconjugate Chemistry.
2010; 21: 1331-1340.

Gao H, Lang L, Guo N, Cao F, Quan Q, Hu S, ef a/. PET imag-
ing of angiogenesis after myocardial infarction/reperfusion us-
ing a one-step labeled integrin-targeted tracer 18F-AIF-NOTA-
PRGD?2. European Journal of Nuclear Medicine and Molecular
Imaging. 2012; 39: 683-692.

Guide for the care and use of laboratory animals. 8th edn. Na-
tional Academies Press: Washington (DC), USA. 2011.

Sun Z, Tong G, Liu Y, Fan H, He W, Wang B, ef al. Dual Func-
tion of a in vivo Albumin-Labeling Tracer for Assessment of
Blood Perfusion and Vascular Permeability in Peripheral Ar-
terial Disease by PET. Frontiers in Cardiovascular Medicine.
2022; 9: 738076.

Hua J, Dobrucki LW, Sadeghi MM, Zhang J, Bourke BN, Cav-
aliere P, et al. Noninvasive imaging of angiogenesis with a

99mTc-labeled peptide targeted at alphavbeta3 integrin after
murine hindlimb ischemia. Circulation. 2005; 111: 3255-3260.
Hendrikx G, V&6 S, Bauwens M, Post MJ, Mottaghy FM.
SPECT and PET imaging of angiogenesis and arteriogenesis in
pre-clinical models of myocardial ischemia and peripheral vas-
cular disease. European Journal of Nuclear Medicine and Molec-
ular Imaging. 2016; 43: 2433-2447.

Lee KH, Jung KH, Song SH, Kim DH, Lee BC, Sung HJ, et
al. Radiolabeled RGD uptake and alphav integrin expression
is enhanced in ischemic murine hindlimbs. Journal of Nuclear
Medicine. 2005; 46: 472-478.

Razavian M, Marfatia R, Mongue-Din H, Tavakoli S, Sinusas
AlJ, Zhang J, et al. Integrin-Targeted Imaging of Inflammation
in Vascular Remodeling. Arteriosclerosis, Thrombosis, and Vas-
cular Biology. 2011; 31: 2820-2826.


https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Animals
	2.2 Hindlimb Ischemic Murine Model
	2.3 Laser Doppler Perfusion Imaging (LDPI) of Hindlimbs
	2.4 Power Doppler Imaging (PDI) and Color Doppler Imaging (CDI) of Hindlimbs
	2.5 Small Animal PET Imaging
	2.6 Immunohistochemistry (IHC) Assay
	2.7 Immunofluorescence Assay
	2.8 Experimental Protocols
	2.9 Statistical Analysis

	3. Results
	3.1 Establishment of the Murine Model of Hindlimb Ischemia (HI) 
	3.2 Binding Specificity of 18F-PRGD2 to Integrin Receptor
	3.3 In Vivo PET Imaging of Angiogenesis Induced by HI
	3.4 In Vivo Assessment of Angiogenic Response to Therapy

	4. Discussion
	5. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

