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INTRODUCTION

Lung cancer is the most common malignancy with the highest
mortality rate worldwide." Metastasis is the major reason for
the poor prognosis of lung cancer patients. Tumor vasculature
promotes tumor growth and regulates the development of
tumor metastasis. Meanwhile, tumor angiogenesis is mediated
by the tumor microenvironment (TME). The TME is complex
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Abstract

Background: The main purpose of the study was to evaluate the activity and selectiv-
ity of > Tc-3PRGD, SPECT/CT and '*F-FDG PET-CT in order to detect the neovas-
cularization of A549 cell subcutaneously transplanted tumors, and clarify the
relationship among tumor vasculature, hypoxia and cell proliferation in the tumor
microenvironment.

Methods: We established a subcutaneous tumor model, and used **™Tc-3PRGD,
SPECT/CT and '*F-FDG PET-CT when the average tumor size reached 0.3-0.5 cm’.
The mice were anesthetized and sacrificed and the tumors were completely removed
for frozen section analysis. We subsequently evaluated the status of neovasculariza-
tion, hypoxia, as well as cell proliferation via immunofluorescence staining (IF) by
detecting CD31, pimonidazole and EdU, respectively.

Results: There was a significant positive correlation (r = 0.88, p < 0.05) between the
microvascular density (41.20 &= 18.60) and tumor to nontumor ratio (T/M), which
was based on the value of *™Tc-3PRGD, (4.20 + 1.33); meanwhile, no significance
(r = —0.16, p > 0.05) was found between the T/M and hypoxic area (116.71 =+ 9.36).
Neovascular proliferation was particularly vigorous in the parenchymal region of the
tumor, while the cells around the cavity were generally hypoxic. **"TC-3PRGD,
SPECT/CT was more specific than '*F-FDG PET-CT in detecting malignant tumors.
Conclusion: Both *™TC-3PRGD, and '*F-FDG PET-CT can be used for the detec-
tion of malignant tumors, but the specificity and accuracy of ™ TC-3PRGD; are bet-
ter. The subcutaneous tumors showed a heterogeneous microenvironment as a result
of neovascularization, a high proliferation rate of cancer cells as well as subsequent
hypoxia, while most of the hypoxic areas appeared around the cavities of the vessels.
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and dynamic, and consists of tumor cells, stromal cells includ-
ing fibroblasts, endothelial and immune cells as well as extra-
cellular components.>® The TME frequently appears to be
highly hypoxic when the tumor diameter is around 2 mm or
less with tumors of relatively small volume with a low prolifer-
ation rate.*> Once the blood vessels develop, tumor cells
receive essential oxygen and nutrients, resulting in rapid cell
proliferation. However rapid cell proliferation leads to hypoxia
within tumor tissue, which subsequently promotes tumor
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angiogenesis.® Since neovascularization, cell proliferation and
hypoxia show close crosstalk in the tumor microenvironment,
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exploring the detailed mechanism may provide strong evi-
dence for early diagnosis and a potential strategy for treatment
of malignant tumors.

Nuclear medicine techniques have unique advantages
in malignancy imaging providing valuable evidence for
the diagnosis of malignant tumors. At present, '*F-FDG
positron emission tomography-computed tomography
(*®*F-FDG PET-CT) is the most commonly used method for
the detection of malignant tumors in clinical studies,
although it is less satisfying due to poor specificity, especially
when detecting brain and intestinal tumors. Currently,
99mTc.3PRGD, single photon emission computed tomogra-
phy has been clinically applied to diagnose tumors and other
diseases.”®”'" RGD is a peptide sequence consisting of argi-
nine (R)-glycine (G)-aspartate (D), which targets the avf3
on neovascular endothelial cells surface. Thus tissues with
vigorous neovascularization show a high uptake of RGD.
Therefore, radionuclide-labeled RGD can be used to specifi-
cally detect tumors with active neovascularization.''*

Pathological tests provide a good assessment of the rela-
tionship among vascularization and cellular proliferation as
well as hypoxia. Pimonidazole is a nitroimidazole compound
which can be taken up by cells. Pimonidazole is excreted via
the redox reaction under normal oxygen levels. However,
pimonidazole accumulates inside hypoxic cells and may
therefore provide a good view to detect tumor hypoxia.
Platelet-endothelial cell adhesion molecule (PECAM-1/
CD31) is a glycoprotein expressed in vascular endothelial
cells, and CD31 is the commonly used marker clarifying the
vasculature of the tumor. EdU (5-ethynyl-2-deoxyuridine) as
a nucleotide analogue, which is taken up and incorporated
into DNA via de novo synthesis in dividing cells, is frequently
used to detect highly proliferative cells. Immunofluorescence
staining has previously been used'*'® on solid malignant
specimen frozen sections to further elucidate the relationship
between tumor vasculature, hypoxia, and cell proliferation.

METHODS
Cell culture

A human lung adenocarcinoma cell line A549 was purchased
from Beijing Beina Chuanglian Institute of Biotechnology.
A549 cells were maintained in RPMI-1640 supplemented
with 10% fetal bovine serum, 1% glutamine, and 1% antibiotic
mixture. Cells were cultured under 37°C, 5% CO, in a ther-
mostatic cell incubator and passaged every 3 days at the ratio
according to the manufacturer’s recommendations by treat-
ment with 0.25% trypsin for cell detachment.

Mouse model
BALB/c-nu nude mice (4-6-week-old, female, athymic)

were purchased from SPF (Beijing) Biotechnology Co. All
mouse experiments and procedures were approved by the

Administration of Laboratory Animals. The nude mice
were housed under specific pathogen-free conditions in
Inner Mongolia Medical University, at a constant tempera-
ture and humidity. Sterile bedding was changed regularly.
Food pellets and water were available ad libitum. Cell sus-
pensions containing 3 X 10° cells (0.2 ml) in PBS were
injected using a 1 ml syringe at the top of the upper limb,
as shown in Figure 1.

2mr . 3PRGD, SPECT/CT and'®F-FDG PET-CT

When the average volume of subcutaneous tumors
reached 0.3-0.5 cm®, '*F-FDG PET-CT and **"Tc-3PRGD,
SPECT/CT imaging was performed. The planar image and
tomography were acquired using MG dual probe SPECT/CT
and micro-PET-CT in the Affiliated Hospital of Inner
Mongolia Medical University. The data were acquired under
the guidance of two nuclear medicine physicians, and the
region of interest (ROI) was drawn after reconstruction of
SPECT and PET-CT data. The ratio Tumor/Muscle of
99mTc_.3PRGD,: The SUM of tumors and muscles was mea-
sured (at four random sites) and averaged, separately. Ratio
T/M = SUM tumor/SUM muscle. The average uptake value
of "®F-FDG (% ID/g) in ROIs were calculated.

Immunohistochemistry

Pimonidazole was administered via tail vein injection 1 h
before animal sacrifice (120 pl, 60 mg/kg, diluted in saline).
Intact tumors were exfoliated, embedded in OCT, stored at
—80°C, and sectioned at a thickness of 3-4 um. Frozen sec-
tions were stored at —20°C and immunofluorescence stain-
ing was performed on adjacent sections.

Vasculature and hypoxia

Sections were dehydrated at room temperature for
15 min, then fixed with 4% paraformaldehyde for 10 min and
incubated with 0.3% Triton X-100 in PBS for permeabiliza-
tion for 10 min. After washing three times (0.025% triton X-
100 in PBS), the tissue section was blocked with 5% BSA in
PBS in room temperature for 1 h. The primary antibody was
then applied and incubated overnight at 4°C (CD31 rabbit
polyclonal antibody, 1:200). The secondary antibody selected
was applied on day 2 after washing three times (R-PE-goat
anti-rabbit IgG H + L, red,1:100). Sections were then incu-
bated with FITC-conjugated anti-pimonidazole monoclonal
antibody (1:50, green), for 2 h at 37°C and the slides were
mounted after 10 min incubation with 50 pl of DAPI solution
(blue). Images were acquired with fluorescence microscope.

Proliferation and hypoxia

EdU staining was applied to the sections previously
described, which were then incubated with Click-it reaction
mixture (1:500, 100 pl) labeled with YF594 azide dye (red)
for 30 min followed by 10 min of DAPI incubation and slide
mounting. Images were acquired with a fluorescence
microscope.
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FIGURE 1

Procedure for establishing subcutaneous tumor

Image analysis

Microvascular density

Microvascular density was detected and calculated based
on the method previously developed by Weidner in 1991.
Briefly, we employed immunofluorescence staining to
detect the vascular endothelial cell within the tumor tissue.
Microvascular density was then determined by counted
vascular endothelial cells by MVD = number of vessels
(n)/area (cm?).

Proliferation

The non-necrotic tumor tissue area was selected and
imaged under fluorescence microscope after EAU labeling.
The number of cells was counted using the trainable Weka
segmentation plugin in Fiji software (Image J), by which the
EdU positive cells and the total number of cells in the image
was acquired. The proliferation rate of the tumor was calcu-
lated based on the ratio of EAU positive cell number to the
total cell number.

Hypoxia

Pimonidazole accumulates in the cytoplasm of cells, and
pimonidazole labeled hypoxic cells are regionally distrib-
uted. The mean fluorescence intensity of the hypoxia was
calculated according to the formula: fluorescence intensity

P

TABLE 1 Correlation analysis between **™Tc-3PRGD, and vascularity
Variable /M p-value
CD31 0.883* <0.05
Pimonidazole —0.159* >0.05

*p < 0.05.

(mean) = fluorescence intensity of the hypoxia / area of the
hypoxia region.'®"®

Statistical analysis

All data are expressed as mean £ SEM. Pearson’s correla-

tion analysis was performed using SPSS 26.0 statistical soft-
ware, and p < 0.05 was considered statistically significant.

RESULTS
Imaging results of *>™Tc-3PRGD, and '*F-FDG

The tumor-bearing mice underwent SPECT imaging 2 h
after RGD administration, which made it possible to clearly
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FIGURE 2

(a) #™Tc-3PRGD, SPECT/CT image of mouse, radioactive RGD mainly accumulates in the tumor and bladder. (b) 8E_FDG PET-CT image

of mouse, lack of specificity with nonuniform distribution of FDG in tumor, which is not distinguishable from other organs

visualize the tumor and bladder. The tumor/muscle (T/ M)
ratio was 4.20 = 1.33. A strong radioactive signal was
detected inside the tumor, proving that RGD was prone to
accumulate in tumor tissue. There was almost no uptake in
other sites such as brain and bone. Highly radioactive sig-
nals were also detected in the bladder of mice, which sug-
gested that the °*™Tc-3PRGD, is mainly metabolized
through the urinary system. In Table 1 the T/M value of
9mTc_3PRGD, (4.20 + 1.33) showed a significant positive
correlation (r = 0.88, p < 0.05) with microvascular density
(41.20 + 18.60), which indicated that RGD mainly detecting
neovascularization in tumors, can be used to assess the
amount of neovascularization and also the efficacy of anti-
vascular therapy. There was no significant correlation
(r = —0.16, p > 0.05) between the T/M (4.20 £ 1.33) and

the fluorescence intensity of pimonidazole (116.71 £ 9.36).
The tumor-bearing mice underwent PET-CT imaging 1 h
after administration of '®F-FDG (working concentration
2.1% ID/g, in tumor). The nonuniform distribution of 18p.
FDG in tumors may be related to tumor necrosis. Moreover,
other tissue also showed nonspecific signal of '*F-FDG,
especially in muscle, brain and the gastrointestinal tract.

The relationship between vasculature,
proliferation and hypoxia

The tumor growth extended in all directions. The neovascu-
larization and cell proliferation at the edge of the tumor
were relatively vigorous. However, this may lead to the
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FIGURE 3

FIGURE 4 (a) Hematoxylin & eosin
(H&E) staining of the tumor. The black
arrow marks the necrotic area, and the red is
the normal tumor nodule part.

(b) Immunofluorescence image of tumor
tissue labeled by EdU and

pimonidazole. (x20)

FIGURE 5 (a) The relationship between
blood vessels and hypoxia inside tumor
nodules under normoxia. CD31(red), hypoxic
(green), nucleus (blue). (b) The relationship
between proliferation and hypoxia, EDU
(red), hypoxic (green), nucleus (blue) (x20).

formation of cavities due to rapid growth. As shown in
Figure 3, during the growth process, there appeared to be
more blood vessels and cavities at the tumor edge area; the
cells around those cavities are usually hypoxic. With the
tumor growing, the number of cavities will gradually
increase, which in turn destroy the blood vessels and lead
to hemorrhagic necrosis of the tumor. According to our
current results, compared with smaller tumors, when the
tumor diameter reached 1 cm, more necrotic areas were
visible. As shown by the black arrows in Figure 4a, the
tumor cells within these areas were sparse and scattered,
without the presence of proliferating cells and lack of blood
vessels. Meanwhile the hypoxic cells were also scattered.
The cellular structure within these necrotic areas was
incomplete because of poor blood supply, and sequentially
low proliferative cells contribute to cavities. As shown in
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(a) Immunofluorescence staining image of CD31 and pimonidazole, CD31(red), pimonidazole (green), nucleus(blue).
(b) Immunofluorescence image of EAU and pimonidazole, EdU(red), pimonidazole(green), nucleus(blue). (c) Representative image of H&E staining (x20)

Figure 4b, the cavities were surrounded by necrotic and
low-proliferative-rate tumor tissue along with lack of obvi-
ous blood vessels.

In the normal tumor nodule, the cells are proliferating
vigorously with abundant blood vessel formation. As shown
in Figure 2a with red arrows, tumor cells are structurally
intact and densely organized without obvious cavities or
necrosis. In Figure 5, the relationship between neovasculari-
zation, proliferation and hypoxia in normal tumor nodules
is shown. Neovascularization is relatively vigorous in the
marginal parts of the tumor, and hypoxia is mainly in the
periphery of the cavities and of the blood vessels. The tumor
growth is extended in all directions. The internal structure
of the tumor is constantly changing. Proliferation with
insufficient blood supply due to excessive growth contrib-
utes to necrotic cavities.
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DISCUSSION

Various types of RGD peptides have been developed, includ-
ing some linear and cyclic RGD. Depending on the labeled
radionuclide, they may have different methods of detection,
in vivo metabolism and other aspects. Cyclic RGD are usu-
ally more specific than the linear ones. RGD show high
uptake rate in tissues with active neovascularization. In this
study, we evaluated the activity and selectivity of **™Tc-
3PRGD, to detect A549 tumors. The relationships among
vascularity, proliferation and tumor hypoxia were also
explored.

"E-FDG PET/CT is commonly used to determine the
benignity or malignancy of lung masses, utilizing the feature
that tumor tissue has active glucose metabolism. However,
false positive tests may occur since some benign lesions
also exhibit increased glucose metabolism.'*** In our study,
"E.-FDG showed nonuniform distributions, meanwhile
other tissues were also detected with nonspecific uptake of
"F-FDG, especially in muscle. Ever since the advent of
RGD, it has been more and more widely used because of its
ability to specifically visualize malignant tumors.”' > We
chose **™T¢c-3PRGD,, a novel RGD dimer, which showed
prolonged residence time in the target tissue due to its
higher affinity to ligands. In this study, 2 h after injection,
the tumor was well defined. Moreover, accumulation of the
radiopeptide at the bladder site was also seen, which is con-
sistent with the results of other studies.**** It indicated that
RGD can be good image acquisition, and the tumor site
shows high uptake of RGD, meanwhile the background of
nontarget tissues is low except for the metabolic associated
distribution in the bladder. The T/M of this model was
4.20 + 1.33, which is relatively high compared to previous
publications (2.73 + 0.26).8 1t may be related to the different
tumor cell types, since different tumor types have different
vascular expression. *™Tc-3PRGD, is a reliable radiotracer
to identify benign and malignant tumors with good vascular
targeting activity. We also found a positive correlation
(r = 0.88, p<0.05) between the T/M (4.20 £ 1.33) and
microvessel density (41.20 = 18.60) in our experimental
model. Therefore, molecular imaging can be a better method
to assess the neovascularization of tumors, as a noninvasive
technique, showing obvious advantages in the diagnosis,
treatment and evaluation of the efficacy of treatment on
malignant tumors.

In this experiment, we observed that neovascularization,
cell proliferation and hypoxia were widely presented features
in the tumor. Proliferation was generally more pronounced
in the areas where the neovascularization was vigorous. In
contrast, the cells around the cavities were generally hypoxic
and had relatively fewer blood vessels. It is therefore
assumed that lack of blood supply may lead to cellular hyp-
oxia and necrosis, which in turn promotes the formation of
cavities. In advanced solid tumors, necrosis occurs fre-
quently, and along with more hypoxic and relatively fewer
viable populations, the cells in necrotic areas presented
incomplete cellular structure.

In conclusion, both **™TC-3PRGD, and "®F-FDG PET-
CT can be used for the detection of malignant tumors, but
the specificity and accuracy of *™TC-3PRGD, are better.
Neovascularization, proliferation and hypoxia were widely
present in the subcutaneous tumors, and the areas of hyp-
oxia were more frequent around the vessels and cavities.
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