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Anterior gradient 2 as a supervisory marker for tumor vessel
normalization induced by anti-angiogenic treatment
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Abstract. Anti-angiogenic therapy provides transient tumor
vascular normalization, which results in a window of opportu-
nity for improvement of radio- or chemotherapy. Biomarkers
indicating this window are required for rationalizing
anti-angiogenesis. Anterior gradient 2 (AGR?2), the majority of
which is secreted from tumor cells, is an easily detected plasma
protein. In the present study, it was demonstrated that AGR2
could be applied as a biomarker for the supervision of vascular
normalization during anti-angiogenic treatment with gold
nanoparticles (AuNPs). Nude mice inoculated with SW620
human colorectal cancer cells were treated with AuNPs.
Vessel density, pericyte coverage, vessel permeability, tumor
hypoxia, tumor growth and AGR2 secretion were detected
following treatment with AuNPs at days 0, 4, 6, 9 and 14.
Tumor volume and vessel density were reduced, whereas
pericyte coverage was increased, and hypoxia and vessel
permeability were improved between days 6-9; however, these
improvements decreased by day 14, revealing a time frame for
tumor vascular normalization, namely days 4-9, during treat-
ment with AuNPs in mice. AGR2 levels in tumor tissues and
plasma were significantly low at day 9, along with vascular
normalization; therefore, AGR?2 can be used as a potential
marker for monitoring tumor vascular normalization during
anti-angiogenic treatment.
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Introduction

Anti-angiogenic therapy, initially proposed in Folkman's
hypothesis, is applied with the aim of reducing tumor angio-
genesis and growth (1). However, excessive anti-angiogenic
treatment can increase areas of hypoxia and decrease blood
perfusion in tumors, processes partly accountable for the devel-
opment of radio- or chemotherapy resistance (2). Thus, although
the concept of anti-angiogenesis appears to have conflicting
results, a new hypothesis proposed that there is a window of
opportunity for the transient normalization of abnormal struc-
tures and functions of tumor vessels during anti-angiogenic
treatment (3,4). These ‘re-normalized’ vessels improved
hypoxic conditions within the tumor by increasing blood
perfusion and decreasing vascular leakage, rendering chemo-
and radiotherapy more effective (5-7). Monitoring of vessel
normalization is required for the development of improved
combination therapies and for strengthening the antitumor
effect of anti-angiogenic therapies. So far, data have proposed
that by tracking improvements to intratumoral areas of hypoxia
during anti-angiogenic therapy, "*F-fluoromisonidazole-PET
could identify vascular normalization (8,9). However, high
costs and technical requirements continue to limit the wide
clinical application of '®F-fluoromisonidazole-PET. Therefore,
the aim was to discover reliable and easily detected biomarkers
for monitoring the window of tumor vascular normalization
during anti-angiogenic therapy in clinical practice.

Anterior gradient 2 (AGR?2) is a human ortholog of the
Xenopus laevis cement gland protein and a member of the
protein disulfide isomerase (PDI) family (10). AGR2 is highly
expressed and secreted in malignant cancer types, including
breast carcinomas, pancreatic cancer, glioblastoma, prostate
cancer and metastatic colorectal cancer (11-18). Additionally,
high levels of plasma AGR?2 are associated with a poor prog-
nosis in numerous cancer types (19-22). It has been reported
that a hypoxic microenvironment induces AGR2 expression
in tumor cells, hypoxia inducible factor-1a. (HIF-1a) regulated
intracellular expression and extracellular secretion of AGR2.
Furthermore, overexpressed AGR2 stabilizes HIF-1a in tumor
cells (18,23).

Gold nanoparticles (AuNPs) are a promising anti-angio-
genic agent with activity against VEGF and VEGF receptor 2
(VEGFR2). Our previous study showed that, in vitro, AuNPs
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could inhibit VEGF-induced activation of phosphorylated AKT
in endothelial cells and disrupt the proliferation or migration
of endothelial cells in tumor cell-conditioned medium, which
further indicated that AuNPs could lessen the angiogenic
tendency of endothelial cells in the tumor microenvironment.
Furthermore, it was confirmed that AuNPs are biocompat-
ible and stable, with low cytotoxicity (24-26). Further studies
showed that AuNPs would muster in solid tumors, and
could penetrate directly into tumor vessels (27-29). Further
research ascertained that AuNPs, as a nanoparticle-based
drug-delivery system, could deliver other anti-angiogenic
agents and reengineer abnormal vessels, resulting in improve-
ments to areas of hypoxia in the tumor and more effective
chemotherapy (30).

Because abnormal vasculature cannot supply sufficient
oxygen to the tumor, the interstitial tissue remains under
hypoxic conditions (5-7). Anti-angiogenic agents reduce
hypoxia during the window of tumor vascular normalization;
however, extended anti-angiogenic therapy causes excess
tumor vessel reduction, which eventually creates more hypoxic
areas within the tumor (31). It is hypothesized that AGR2 could
detect internal tumor hypoxia, which offered an opportunity
to track vascular abnormality and vascular ‘re-normalization’
during anti-angiogenic treatment. In the present study, to eluci-
date the role of AGR2 as a potential biomarker of vascular
normalization during anti-angiogenic treatment, it was
analyzed whether AuNPs could normalize tumor vasculature
in nude mice that were ectopically transplanted with human
metastatic colorectal cancer (SW620) cells, and how AGR2
secretion and expression profiles changed in plasma and tumor
microenvironments during treatment.

Materials and methods

Cell line, mouse xenografts and treatment design. SW620
metastatic colorectal cancer cells were purchased from
Shanghai Zzbio Co., Ltd. (Shanghai, China). Cells were main-
tained at 37°C with 5% CO, and 95% humidity, and cultured
with Dulbecco's modified Eagle's medium (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) containing 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin (HyClone; GE Healthcare Life
Sciences, Logan, UT, USA). AuNPs were purchased from
Shanghai Jie Ning Biotechnology Co., Ltd. (Shanghai, China),
stored in light-resistant containers at 4°C, and the hydrody-
namic size distribution of AuNPs was 58.2+7.1 nm. Female
BALB/c nude mice (n=57, 18-22 g weight, 6-8 weeks old)
were purchased from the Guangdong Medical Laboratory
Animal Center (Guangdong, China) and maintained under
pathogen-free conditions (temperature, 23+2°C; light/dark
cycle, 12/12 h; and relative humidity, 50+10%. Food and water
were provided ad libitum. All animal study protocols were
approved and conducted in accordance with the guidelines of
the Laboratory Animal Ethics Committee of Jinan University
(Guangzhou, Guangdong, China). Mouse xenografts were
constructed by suspending SW620 metastatic colorectal
cancer cells (4x10%/100 ul/mouse) in saline and subcutane-
ously injecting the solution into the flank. The day when the
volume of xenografts reached 175-200 mm?® was designated as
day 0. In the group receiving treatment with AuNPs, the mice
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were subcutaneously given an injection of 1.3 mg/kg and the
treatment was repeated daily from day 1-6, and then repeated
every other day from day 8-14. Mice were weighed and the
tumor volume was measured daily. The tumor volumes were
measured in two dimensions with calipers and calculated
with the formula (L x W?) x 0.5 (L is the length and W is
the width of tumor). Mice were anesthetized with lidocaine
(intraperitoneal injection, 10 mg/kg). Tumors were harvested
and examined on day 0, 4, 6, 9 and 14 (n=3/time point).
Blood samples were collected from the retro-orbital plexus at
day 0,2,4,6,9, 12 and 14 (n=6/time point). Control mice were
injected with saline.

Plasma AGR2 ELISA. Blood samples were collected in test
tubes and immediately centrifuged at 2,000 x g for 15 min
at 4°C to obtain plasma samples, following which they were
stored at -40°C. An ELISA kit for AGR2 (MEXN-H0280;
Meixuan Biological Technology Co., Ltd.; Shanghai, China)
(URL: http://www.mexnbio.com/mxbio-Products-19629906/)
was used to measure the level of serum AGR2, according to
the manufacturer's instructions.

Immunofluorescence. The mice were sacrificed and tumors
were harvested. The tumor tissues (10-20 gm thick) were fixed
in 4% paraformaldehyde for 24 h at 4°C, paraffin-embedded
and sectioned. Following on, the tissues were dewaxed in
Xylene and rehydrated with graded alcohol. Antigen retrieval
was conducted in citric acid buffer (PH 6.0) for 10 min at 98°C.
Tumor sections were blocked in 2% normal goat serum (1:200;
ProteinTech Group, Inc., Chicago, IL, USA) for 1 h at room
temperature. Then, the sections were incubated overnight at
4°C with an anti-cluster of differentiation (CD)-31 antibody
(1:500; ab28364; Abcam, Cambridge, UK), an a-smooth
muscle actin (SMA) antibody (1:100; 14395-1-AP; ProteinTech
Group, Inc.), an anti-VEGFR2 antibody (1:100; ab2349;
Abcam) and an anti-AGR?2 antibody (1:500; EPR20164-278;
Abcam). Then those sections were washed and incubated
with rhodamine-conjugated goat anti-rabbit IgG-FITC
(1:200; sc-2359; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) for 40 min at room temperature. The nuclei were
counterstained using DAPI for 15 min at room temperature
(00-4959-52; Invitrogen; Thermo Fisher Scientific, Inc.), and
the tissues were visualized using a fluorescent microscope
(x20 to x1,000; Leica DM6000B; Leica Microsystems GmbH,
Wetzlar, Germany) at magnification x20. For each section, a
total of 8 images were taken of randomly selected fields of
view.

Histology and immunohistochemistry. Tamors were dissected
and fixed in 10% formalin solution, embedded in paraffin
and sectioned into 3-mm-thick sections. The remaining
tissue sections were cryopreserved in isopentane at -70°C.
Hematoxylin and eosin (H&E) staining was performed on
3-mm paraffin-embedded sections by staining nuclei with
alum hematoxylin (2 min), washing in running tap water for
5 min, differentiating with 0.3% acid alcohol for 1 min, rinsing
with tap water for min, staining with eosin for 2 min, dehy-
drating through 95% alcohol for 10 min and then 2 incubations
with absolute alcohol for 5 min each. All H&E procedures
were performed at room temperature. A Hypoxyprobe™ -1
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Plus kit (Hypoxyprobe Inc., Burlington, MA) was used for
pimonidazole staining. Mice were intraperitoneally injected
with pimonidazole at a dose of 60 mg/kg, and sacrificed after
1 h to obtain tumor samples. Hypoxyprobe™-1 adducts were
examined with an affinity-purified rabbit IgG polyclonal anti-
body (1:100; ab208280; Abcam) conjugated with horseradish
peroxidase according to the manufacturer's instructions. The
images were obtained using a Leica DM6000 B fluorescent
microscope (Leica DM6000B) at magnification x20. For each
section, a total of 8 images were taken of randomly selected
fields of view.

Image analysis. To evaluate vessel density, vessel matu-
rity, vessel integrity, hypoxic areas, necrotic areas and
AGR?2 expression in tumor tissues, images were obtained
of 8 random fields per tumor section at x20 magnification
and analyzed with ImageJ software (version 1.48; National
Institutes of Health, Bethesda, MD, USA). Vessel density
was measured by counting CD31-positive areas per field. The
pericyte coverage, one of the most important indicators of
vessel maturity was quantified as a-SMA staining area/CD31
positive area. The vessel integrity was quantified as the
radio of the vessels surrounded by VEGFR2-positive area
per field and presented as the VEGFR?2 staining area/CD31
positive area. Hypoxic areas were measured by pimonidazole
staining areas per field. Necrotic areas were characterized by
unclear cell structure and nuclear pyknosis, and calculated
as the percentage of necrotic regions compared to the total
tumor areas per field by H&E staining. The necrotic and total
areas were quantified by CellProfiler software (version 3.0.0;
http://cellprofiler.org/).

Protein extraction and western-blotting assay. RIPA lysis
buffer (Beyotime Institute of Biotechnology, Haimen, China)
was used to lyse the tumor tissues. BCA protein Assay kits
(Takara Biotechnology Co., Ltd., Dalian, China) were used
to detect protein concentrations. Proteins (40 pg/lane) were
separated via 12% SDS-PAGE and transferred onto poly-
vinylidene difluoride membranes. A western-blot assay was
conducted for the detection of HIF-lo. and AGR2, using a
HIF-1a antibody (1:100; 20960-1-AP; ProteinTech Group,
Inc.) and an anti-AGR2 antibody (1:500; EPR20164-278;
Abcam) as the primary antibody overnight at 4°C. The internal
control protein was used to detect the protein concentrations,
along with a pro-f-actin antibody (1:1,000; ab8226; Abcam).
Detection was performed using an enhanced chemilumines-
cent kit (20148; GE Healthcare Life Sciences). An enhanced
chemiluminescence detection system (ChemiDoc XRS;
Bio-Rad Laboratories, Inc., Hercules, CA, USA) and Quantity
One software (version 4.62; Bio-Rad Laboratories, Inc.) were
used to visualize and quantify the resultant bands.

Statistical analysis. All of the data were displayed as the
mean + standard error. A Student's t-test was the principal
statistical test for two-group comparisons; one-way analysis of
variance with a Bonferroni test for pairwise comparison was
used for multiple group comparisons. All statistical analyses
were performed using GraphPad Prism 5.0 (GraphPad
Software, Inc., La Jolla, CA, USA). A value of P<0.05 was
considered to indicate a statistically significant difference.
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Results

AuNPs delays tumor growth. To examine whether treatment
with AuNPs could result in vessel normalization in a SW620
xenograft tumor model, mice were inoculated with cancer
cells and injected subcutaneously with 1.3 mg/kg AuNPs
when the tumor volume reached 175-200 mm?®. The treatments
were repeated daily from day 1 to day 6, and then repeated
every other day from days 8-14. Plasma collection was
conducted at days 0, 2,4, 6,9, 12 and 14, and tumor harvest
was conducted at days 0, 4, 6, 9 and 14 (Fig. 1A). There was
no significant different in the body weights of mice treated
with AuNPs, compared with those of mice treated with
saline (Fig. 1B); whereas, tumors in AuNPs-treated mice
exhibited a considerably slower growth pattern as compared
with those in saline-treated mice, indicating that AuNPs
have an antitumor effect on the SW620 xenograft tumor
models (P=0.02; Fig. 1B).

AuNPs decreases vessel density and reconstructs vessel
morphology. To demonstrate the tumor vessel density after
treatment with AuNPs, tumor tissues were stained with the
endothelial cell marker CD31. A significant decrease was
exhibited in AuNPs-treated tumor vessel density at day 6
(P=0.031) and 9 (P=0.042) (Fig. 2A). It was revealed that vessel
density decreased with AuNP treatment by day 9 (P=0.019;
Fig. 2B); however, AuNPs-treated tumor vessels reversely
increased at day 14 and had no statistic significant difference
with day O (Fig. 2B). Furthermore, CD31 staining also revealed
that vessel in saline-treated tumor was collapsed on the
peripheral region, but dilated and discontinued in the central
region, compared with vessel in AuNPs-treated tumor at
day 9, which was well-organized and -structured (Fig. 2C). On
day 9 after AuNPs treatment, vessel density in AuNPs-treated
tumor was less abundant than that in saline-treated
tumor (P=0.042; Fig. 2C). These results suggested that AuNPs
normalized vascular growth, as demonstrated by a reduction
in the number of abnormal tumor vessels and vessel density.

AuNPs increases pericyte adhesion and maintains vessel
maturity. To evaluate whether AuNPs could normalize tumor
vessel morphology, vessel maturity in AuNPs-treated tumors
was studied. Tumor tissues were double-stained with CD31
and the pericyte marker a-SMA. There were a-SMA-positive
cells observed at the CD31-positive area in SW620 xeno-
graft tumors prior to the AuNPs treatment (day 0). After
treatment with AuNPs, the a-SMA-positive cells appeared
to be constantly distributed and had closer contact with
CD31-positive areas in the tumor at days 6 and 9; however,
at day 14, as the CD31-positive area decreased, the number of
a-SMA-positive cells also decreased (Fig. 3A). Mature vessels
were defined as those with a-SMA-positive cell adhesion, and
the vessel maturity ratio was calculated as the a-SMA-positive
area to the CD3l1-positive area, at the same scale (32). The
quantity of a-SMA-positive cells increased at days 6 (P=0.39)
and 9 (P=0.027), but decreased again at day 14 (P=0.037)
during the treatment with AuNPs. Furthermore, the vessel
maturity ratio was significantly increased, due to the
decrease of CD31 staining and increase of a-SMA staining
at day 9 (P=0.019), although it was not statistically significant
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Figure 1. AuNPs delayed tumor growth. (A) Schematic of the study design. SW620-bearing mice were treated daily from day 1-6, and then every other day
from day 8-14, with AuNPs (1.3 mg/kg) when the tumor size reached 175-200 mm? (designated as day 0 and control mice). Control mice were injected with
saline. Tumors were harvested and examined at days 0,4, 6,9 and 14 (n=3 per time point). Blood samples were collected from the retro-orbital plexus at days 0,
2,4,6,9,12 and 14 (n=6 per time point). (B) Quantitative evaluation of body weight and tumor growth after treatment with AuNPs and saline. AuNPs treatment
allowed retention of comparable body weights (P>0.05) but delayed tumor growth ("P<0.05). AuNPs, gold nanoparticles.

at day 14 (Fig. 3B and C). These results indicated that AuNPs
stimulated the expression of a-SMA-positive cells that
accumulated near endothelial cells and resulted in the maturity
of tumor vessels.

AuNPs reduces VEGFR2 expression and alleviates vessel
hyperpermeability. To further explore the morphological
changes of tumor blood vessels during AuNP treatment, vessel
hyperpermeability was also studied. It has been reported that
VEGFR?2 expression levels in endothelial cells are associ-
ated with vessel hyperpermeability, and that high expression
of VEGFR?2 is responsible for tumor vessel leakage (33). It
is considered that vessel hyperpermeability is represented by
the ratio of VEGFR2-positive areas to CD31-positive areas,
at the same scale. The expression level of VEGFR2 was
diminished after treatment with AuNPs at day 9 (P=0.042),
but increased again at day 14 (P=0.026), remaining at a
high level. Additionally, the ratio of the VEGFR2-positive
area to the CD31-positive area was lower at day 9 (P=0.046)
and became significantly higher again at day 14 (P=0.019;
Fig. 4A and B). These results indicated that AuNPs inhibit
VEGFR?2 expression in tumor endothelial cells and alleviate
vessel hyperpermeability.

AuNPs improves areas of tumor hypoxia and preserves
tissue viability. To verify functional changes to tumor vessels

that followed morphological changes induced by AuNP
treatment, tumor oxygenation as an assessment for vessel
function was utilized. Pimonidazole staining was conducted
to evaluate tumor hypoxia, which demonstrated that AuNPs
reduced tumor hypoxia by days 4 and 9, particularly by day 9;
however, the tumor hypoxia increased again after treatment for
14 days (P=0.31). Furthermore, H&E staining demonstrated
that, at days 0, 4, 6 and 9, there was no significant difference
in viability among the AuNP-treated tumor tissues; however,
compared with day 0, there was an increase in the size of
necrotic areas by day 14 (P=0.028; Figs. 5A and B). Hypoxia
is mediated by HIF-1a (34); thus to further identify improve-
ments to hypoxia, expression of HIF-in AuNP-treated tumor
tissue was assessed. The data demonstrated that expression of
HIF-la decreased by days 6 and 9, but increased by day 14
following AuNPs treatment (P=0.043; Fig. 5C). Reduced
tumor hypoxia indicated that AuNPs can normalize tumor
vessels and improve vessel function.

AuNPs abates AGR2 expression during the window of vessel
normalization. AGR2 was reported to increase in tumor
cells under hypoxia, and be regulated by HIF-1a (18,23). In
the present study, tumor hypoxia observably improved. To
investigate whether AGR2 could be used as biomarker to
detect AuNP-treated tumor hypoxia improvement during
vessel normalization, the AGR?2 expression changes in tumor
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Figure 2. Gold nanoparticles (AuNPs) decreased vessel density and reconstructed vessel morphology. (A) CD31 staining of SW620 tumor from control (day 0)
and AuNP-treated mice (days 4, 6, 9 and 14). Tumor tissues were stained with an anti-CD31 antibody (red). Scale bars: 50 ym. (B) Quantification of vessel
density. Eight random fields were analyzed. Vessel density were measured and presented as CD31-positive areas per field. Relative CD31 levels in tumor
at days 6 and 9 vs. controls ('P<0.05). (C) Representative images of SW620 tumor vessels (days 0 and 9). Tumor vessel in saline-treated tumor (day 0) was
collapsed (arrows) on the peripheral region but dilated and discontinued (triangles) in the central region. Vessels in AuNPs-treated tumors (day 9) were well
organized and structured. Scale bars, 200 ym. AuNPs, gold nanoparticles; CD, cluster of differentiation.
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Figure 3. AuNPs increased pericyte adhesion and maintained vessel maturity. (A) Tumor tissues from control mice (day 0) and AuNPs-treated mice (days 4,
6, 9 and 14) were stained with an anti-cluster of differentiation (CD) 31 antibody (red) and an anti-a-smooth muscle actin (SMA) antibody (green). Scale
bars: 50 ym. (B) Upper panel, representative images of a-SMA (green) in tumors from control mice and AuNPs-treated mice. Lower panel, merge images of
a-SMA (green), CD31 (red) and DAPI (blue). Scale bars, 100 gm. (C) The a-SMA positive area was measured and presented as the relative value. The relative
a-SMA levels in tumor with AuNPs treatment (day 9) vs. controls ('P<0.05). The relative o-SMA levels at day 9 vs. those at day 14 ('P<0.05). Vessel maturity
ratio is presented as the ratio of the a-SMA positive area to the vessel density. The relative vessel maturity ratio in day 9 vs. controls ("P<0.05). AuNPs, gold
nanoparticles; SMA, smooth muscle actin; CD, cluster of differentiation.
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Figure 4. AuNPs reduced VEGFR2 expression and alleviated vessel hyperpermeability. Tumor tissues from control mice (day 0) and AuNPs-treated mice
(days 4, 6,9 and 14) were stained with anti-cluster of differentiation (CD) 31 antibody (red) and anti-VEGFR2 antibody (green). (A) Upper panel, representative
images of VEGFR2 (green) in tumors from control mice and AuNPs-treated mice. Lower panel, merge images of VEGFR2 (green), CD31 (red) and DAPI
(blue). Scale bars, 100 ym. (B) VEGFR2 positive area was measured and presented as the relative value. Relative VEGFR2 levels in AuNP-treated tumors
(day 9) vs. controls (‘P<0.05). Vessel hyperpermeability is presented as the ratio of the VEGFR?2 positive area to vessel density. Vessel hyperpermeability at
day 9 vs. controls ("P<0.05). AuNPs, gold nanoparticles; CD, cluster of differentiation; VEGFR2, vascular endothelial growth factor receptor 2.
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Figure 5. AuNPs improved tumor hypoxia and preserved tissue viability. (A) Upper panel, pimonidazole staining of tumor tissues from control mice (day 0)
and AuNPs-treated mice (days 4, 6, 9 and 14). The arrow highlights part of the pimonidazole staining positive area. Lower panel, H&E staining of tumor
tissues. Scale bars, 200 pm. (B) Hypoxic areas were measured and presented as the relative values. Hypoxic areas at different time points during the treatment
(AuNPs-treated tumors vs. controls; “P<0.05). The necrotic areas in AuNPs-treated tumors vs. controls ('P<0.05). (C) Western blot analysis for HIF-1o expres-
sion in saline- and AuNPs-treated tumor tissues. $-actin was used as the internal control. HIF-1a expression of tumor tissues from AuNPs-treated mice vs.
control mice ("P<0.05). H&E, hematoxylin and eosin; AuNPs, gold nanoparticles; HIF-1a., hypoxia-inducible factor-1a..
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Figure 6. AuNPs abated AGR2 expression during the window of vessel normalization. Tumor tissues from control mice (day 0) and AuNPs-treated mice
(days 9 and 14) were stained with an anti-AGR2 antibody (green). (A) Merge images of AGR2 (green) and DAPI (blue). AGR2 expression in tumor from
AuNPs-treated mice vs. control mice ("P<0.05). (B) Western blot analyses for HIF-1a. and AGR?2 expression in saline- and AuNPs-treated tumor tissues.
B-actin was used as the internal control. HIF-1o. and AGR?2 expression in tumor tissues from AuNPs-treated mice (days 9 and 14) vs. control mice (day 0)
("P<0.05). (C) Plasma AGR?2 in AuNPs-treated mice (day 9) vs. control mice ('P<0.05). AuNPs, gold nanoparticles; HIF-1a, hypoxia-inducible factor-1a;

AGR?2, anterior gradient 2.

tissue and plasma following AuNP-treatment was assessed.
AGR?2 protein expression in tumor tissue decreased by day 9,
but increased again by day 14 (P=0.027; Fig. 6A). There was
significant decrease in AGR2 protein expression by day 9,
similar to changes in HIF-1a protein levels in tumor tissues.
AGR?2 protein expression increased again by day 14, after
AuNP-treatment (P=0.046; Fig. 6B). Furthermore, plasma
AGR?2 levels were significantly decreased by day 9, though
increased again by day 14 (P=0.044; Fig. 6C). These data
demonstrate that AGR2, regulated by HIF-1a, could be a
supervisory biomarker to detect vessel normalization induced
by AuNPs.

Discussion

Anti-angiogenic agents induce a transient window of
vascular normalization where both chemotherapy and
radiotherapy achieve a better curative effect (3,4). Direct
morphological changes were observed using histological
methods, vessel function detection by PET-CT and dynamic
MRI, particularly applied to the monitoring of tumor vessel
normalization (6,8); however, these methods were neither
invasive or expensive, which restricted the combination
of anti-angiogenic therapy and chemotherapy in clinic. A
reliable and easily detected biomarker was required during
anti-angiogenic therapy to identify a suitable time for anti-
tumor treatment.

In the present study, the practicability of AGR2 as a
marker to detect tumor vascular normalization after treat-
ment with AuNPs was analyzed. Previous studies indicated
that AuNPs interrupted angiogenesis via various pathways,
including VEGF and VEGFR?2 in vitro (3,4). AuNPs were
also reported to be biocompatible and stable, with low
cytotoxicity (24-26). In the present study, mice were treated
with 1.3 mg/kg AuNPs daily from day 0-6, which was then
repeated every other day from day 8-14. It was revealed that an
SW620-inoculated xenograft model was adequate for moni-
toring the vascular normalization induced by AuNPs. It was
demonstrated that AGR2 could be used as a potential marker
for observing vessel normalization during AuNP-mediated
anti-angiogenesis.

To investigate whether AuNPs have the ability to modify
vessel structure, the vessel density, pericyte coverage and
vessel hyperpermeability after AuNPs treatment were
studied. The results demonstrated that tumor vessel density
was significantly reduced at day 6 and 9 after AuNPs treat-
ment. Pericyte coverage increased by day 9 in AuNPs-treated
tumors. The vessel maturity ratio significantly increased by
day 9, probably due to reduction of abnormal tumor vessels
and increases in pericyte coverage after AuNPs treatment.
It was also demonstrated that AuNPs significantly inhibited
VEGFR2 expression at day 9, resulting in lower vessel hyper-
permeability in the tumor tissue. To investigate the functional
improvement that followed structure changes in the tumor
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vessels after AuNPs treatment, tumor hypoxia changes were
analyzed. Tumor hypoxia was reduced at days 4, 6 and 9 after
AuNPs treatment, with improvement was observed at day 9.
In addition, there was no significant difference in the necrosis
rate of the tumor tissue at days 0, 4, 6 and 9, but there was a
slight increase observed at day 14. The data corroborated that
tumor vessel normalization could be induced by anti-angio-
genic treatment (3,4).

Using histology and functional methodology, it was
demonstrated that anti-angiogenic treatment with AuNPs
provided vascular normalization in the tumor at day 9. Based
on these results, the expression levels of AGR2 in tumor
tissue were investigated. It appeared that AGR2 had lower
expression, along with a decreased hypoxic area in the tumor
tissue after treatment with AuNPs for 9 days, and, at day 14,
an increase in AGR2 expression and hypoxia was observed
in the tumor tissue. These results are concordant with those
of previous studies, which identified that AGR2 was overex-
pressed in hypoxic areas and was regulated by HIF-1a (3.4).
Furthermore, plasma AGR?2 levels in mice treated with AuNPs
were monitored. AGR2 levels decreased following treatment
with AuNPs and reached the lowest point at day 9; however,
plasma AGR?2 levels increased again by day 14, parallel
to the development of tumor hypoxia. The data illustrate
that AuNPs-mediated AGR2 expression could monitor the
improvement of hypoxia in anti-angiogenic therapy and plasma
AGR?2 levels could be a supervisory marker for the window of
vascular normalization.

Overall, the data illustrate that treatment with AuNPs
provides a transient time window of vascular normalization,
which improved pericyte coverage, vessel hyperpermeability
and tumor hypoxia. Furthermore, AuNPs may suppress
AGR?2 expression in the window of vascular normaliza-
tion via improving the hypoxic tumor microenvironment.
Excessive treatment with AuNPs indirectly, through hypoxia
regulation, stimulated AGR2 to be expressed once again in
the tumor; therefore, AGR2 may be a potential monitor of
vascular normalization during AuNPs treatment. A study
could be conducted to develop a more practical and rational
application for AuNPs treatment combined with chemo-
therapeutic agents; however, whether AuNPs are directly
involved in regulating AGR2 expression remains unknown,
so further study is required to analyze the reliability of
AGR?2 expression levels in monitoring vessel normaliza-
tion induced by other anti-angiogenic agents, including
bevacizumab, dovitinib and endostatin. Furthermore, plasma
AGR?2 levels are known to be a blood-based biomarker for
metastasis and recurrence in numerous malignant tumors,
including ovarian and pancreatic cancer, and lung adeno-
carcinoma (35,36). Peripheral blood AGR2 levels in patients
with breast cancer, papillary thyroid carcinoma or metastatic
colorectal cancer are associated with tumor progression and
prognosis (12,37-40). Therefore, the clinical applications of
AGR?2 expression for identifying vessel normalization in
tumors during anti-angiogenic treatment are viable for future
work.
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