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In this study, GFP-tagged TNBC 4T1 cells with down-regulated TLR5 expression (TLR5−

4T1) and normal TLR5 expression (TLR5+ 4T1) were constructed, respectively. RT-PCR
and Western blot studies showed that down-regulation of TLR5 obviously increased the
expression of VEGFR in 4T1 cells. Highly stable radio-probes 125I-anti-TLR5 mAb/125I-
VEGF/125I-IgG were obtained with labeling rates over 85% and radiochemical purities
above 90%. Among these three probes, 125I−anti−TLR5 mAb and 125I-VEGF were used
for specifically imaging TNBC, while 125I-IgG was used for comparison. Whole-body
phosphorus autoradiography showed clear imaging at 48 h after injection of 125I-anti-
TLR5 mAb and 125I-VEGF also provided clear imaging at 24 h. Biodistribution study
demonstrated a higher tumor uptake of 125I-anti-TLR5 mAb in TLR5+ group compared
with that in TLR5− group (P < 0.05), whereas tumor uptake of 125I-VEGF in TLR5+ group
was lower than that in the TLR5− group (P < 0.05). Immunohistochemical staining
suggested that the expression of TLR5 was lower, whereas the expression of VEGFR,
CD31, and MVD (microvessel density) was higher in TLR5− tumor-bearing mice. In
summary, the down-regulation of TLR5 in TNBC promoted the VEGFR expression and
angiogenesis, resulting in the proliferation of TNBC cells. TLR5/VEGF might be a better
indicator for monitoring the development of TNBC.

Keywords: toll-like receptor 5, vascular endothelial growth factor receptor, triple negative breast cancer,
radioiodine 125, autoradiography
INTRODUCTION

Breast cancer is the most common malignant tumor in women, and TNBC accounts for about 15%
of breast cancer (1). Compared with non-TNBC, TNBC is reported with high metastasis and
recurrence rates, as well as poor prognosis, and there is no effective targeted treatment for TNBC (2).
Until now, chemotherapy is still the only systemic therapy in clinics (3, 4), and the treatment effect is
not ideal when it is in the advanced stage. Therefore, it is of great significance and importance to
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search for novel targets for early diagnosis of TNBC with high
selectivity and to clarify the underlying mechanism.

Angiogenesis is a promising target for TNBC, and vascular
endothelial growth factor (VEGF) has been considered as an
important angiogenic factor at present (5). VEGFR is the main
receptor of VEGF, and its expression in TNBC is found higher
than that in non-TNBC (6–8). With the increase of tumor
volume, the expression of VEGFR is also significantly
increased, so VEGFR could be taken as a specific marker of
TNBC. There is a unique autocrine signal loop in the surface of
the tumor cells, which makes breast cancer cells promote
angiogenesis by the activation of VEGFR, providing further
nutrition for tumor growth (9, 10). More importantly,
angiogenesis inhibitors, such as bevacizumab and sorafenib,
showed relative therapeutic effects for TNBC in clinics (11).

Molecular imaging, which combines advanced imaging
technology with molecular biology, can be defined as an
imaging mean to detect physiological or pathological processes
non-invasively at the cellular and molecular levels (12).
Compared with traditional imaging, molecular imaging can
qualitatively or quantitatively provide molecular information
about diseases before anatomical changes, which not only
improves the specificity, sensitivity, and accuracy of diagnosis
but also effectively improves the rate of early diagnosis so as to
achieve “early detection, early diagnosis, and early treatment.”
The biomarkers used for molecular imaging include peptides,
antibody, and antibody fragments (13), which allow to
qualitatively and quantitatively trace biological behaviors.
Compared with other imaging methods, nuclear molecular
imaging can obtain more sensitive in vivo images using
radiolabeled probes, which plays an important role in basic
research and clinical diagnosis (14). Nuclear molecular
imaging is the most advance technique used in clinics with a
higher sensitivity for diagnosis of some diseases, such as
inflammation, tumor, cardiovascular, and so on. In
inflammation, such as traumatic osteomyelitis, nuclear imaging
can diagnose traumatic osteomyelitis timely and accurately,
whereas X-ray and CT cannot distinguish infection from
inflammation (15). In tumors, especially in malignant tumors,
molecular changes lead to up-regulation or down-regulation of
molecular targets (16). These targets can be used for imaging and
treatment. For example, in the diagnosis of paraganglioma, 68Ga-
labeled somatostatin analogs simplified the imaging method of
paraganglioma and described the characteristics of the tumor at
the cellular and molecular level (17). 18F-FDG, the most
commonly used radiotracer in clinical tumor diagnosis, plays
an important role in tumor diagnosis, staging, curative effect
evaluation, prognosis prediction, and so on (18). However, 18F-
FDG uptake is related to cellular glucose metabolism, and high
18F-FDG uptake is consistent with cellular high metabolism, so
high 18F-FDG uptake not only exists in tumors but also happens
in infectious and non-infectious inflammation (19, 20). 18F-FDG
is lack of specificity in tumor diagnosis, making false-positive or
false-negative misdiagnosis sometimes. Hence, it is urgent to find
more specific molecular targets for precise diagnosis of tumor by
nuclear molecular imaging.
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It has been reported that TLR5 was closely related to the
proliferation, invasion, and metastasis of TNBC. Down-
regulation of TLR5 enhanced proliferation, invasion, and
metastasis of TNBC (19, 21). The TNBC-bearing mice model
showed similar biological behavior to human diseases (22). In
our previous study, we found that TLR5-targeted radio-probe
could not image TNBC clearly when TLR5 was down-regulated
in TNBC (23), so it is necessary to find a novel target to monitor
the development of TNBC. More importantly, whether the
down-regulation of TLR5 in TNBC could affect the expression
of VEGFR and angiogenesis is still unclear. In this study, the
radio-probes targeting TLR5/VEGF were prepared to investigate
the influence of down-regulation of TLR5 on VEGFR expression
and angiogenesis, and TLR5/VEGF might be a potential novel
indicator of TNBC.
MATERIALS AND METHODS

Cell Culture
TNBC cell line 4T1 was purchased from the American Type
Culture Collection (ATCC) and preserved by Center for
Experimental Nuclear Medicine of Shandong University. The
cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS; Sigma) and 1% penicillin/
streptomycin (Hyclone) at 37°C in an incubator with 5% CO2

and saturated humidity.

Lentivirus Transfection and Screening
4T1 cells were plated in 96-well plate overnight. Lentivirus-
shRNA-TLR5 together with negative Lentivirus (GenePharma)
was added to the culture medium with a MOI value of 10. After
incubation for 48 h, 20 mg/ml puromycin (Selleck) was added
and the cells were screened continuously for 7 days. Finally,
bright field and the corresponding fluorescence field were
captured with microscope, and the transfection efficiency
was calculated.

Expression of TLR5 and VEGFR mRNA
The expression of TLR5/VEGFR mRNA was detected by semi-
quantitative reverse transcription (RT)-PCR. Total RNA from
4T1 cells was extracted using TRIzol ®reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). The first strand cDNA was
synthesized using TransScrip® First-Strand cDNA Synthesis
SuperMix Kit (Beijing full Gold Biology Co., Ltd.). According
to the instructions of EasyTaq PCR kit (Beijing full Golden
Biology Co., Ltd.), the PCR amplification was performed with the
procedure as follows: pre-denaturation at 94°C for 5 min,
followed by 33 cycles of denaturation at 94°C for 30 s,
annealing at 58°C for 30 s, extension at 72°C for 30 s, and a
final extension at 72°C for 10 min. The PCR primers used as
follows: TLR5 forward, 5′-GCAGGATCATGGCATGTCAAC-3′
and reverse, 5′-ATCTGGGTGAGGTTACAGCCT-3′; VEGFR
forward, 5′-TTTGGCAAATACAACCCTTCAGA-3′ and
reverse, 5′-GCTCCAGTATCATTTCCAACCA-3′; GAPDH
forward, 5′-GGAGCGAGATCCCTCCAAAAT-3′ and reverse,
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5′-GGCTGTTGTCATACTTCTCTCATGG-3′. The PCR
products were electrophoresis in agarose gels and then scanned
on UV analyzer.

Expression of TLR5 and VEGFR Protein
Total protein was extracted from 4T1 cells using RIPA lysis
buffer (Servicebio) supplemented with phenylmethysulfonyl
fluoride (PMSF, 1:100), protease inhibitor cocktail (1:100), and
phosphatase inhibitor cocktail (1:50) for 30 min on ice.
According to the instructions of PAEG gel rapid preparation
kit (Epizyme), 10% mini glue was prepared. Then, 20 µg of total
protein was loaded onto the corresponding PAEG gel well along
with Chameleon Duo ladder protein marker (Epizyme). The
electrophoresis conditions were as follows: the constant voltage
of concentrated gel and separation gel was 80 and 120 mV,
respectively. Then the 0.45mm PVDF membrane (Merck) was
activated by methanol, and the protein was transferred to PVDF
membrane with 200 mA for 90 min. The membrane was blocked
in 5% (w/v) skimmed milk blocking buffer for 2 h at room
temperature and washed with TBS containing Tween-20 (TBST)
for 30 min, and then incubated with the primary antibody
overnight at 4°C. The primary antibody used was as follows:
TLR5 Rabbit mAb (1:500) (Abways); VEGFR Rabbit mAb
(1:1000) (CST); GAPDH Rabbit pAb (1:1000) (Abcam). The
membranes were washed with TBST for 30 min and incubated
with secondary antibody (Abways) for 2 h at room temperature.
Finally, the membranes were scanned and quantitatively
analyzed by TANON 4200 imaging system and Image J software.

Animal Model
Female BABL/c mice, aged 6 to 8 weeks and weighted 18 to 21 g,
were provided by Beijing Vital River Laboratory Animal
Technology Co., Ltd. TLR5+ and TLR5− 4T1 cells were
digested by 0.25% trypsin and suspended in phosphate-
buffered saline (PBS). Each mouse was subcutaneously injected
with 0.2 ml cells (1 × 107/ml) on the right shoulder. Mice were
fed routinely, and the tumor size and growth status of mice were
monitored every day. When the diameter of the tumor reached
5 to 10 mm, the experiment could be carried out.

Preparation of the 125I-anti-TLR5 mAb/125I-
VEGF/125I-IgG
Iodogen method was used for labeling anti-TLR5 mAb
(Abways), VEGF (PeproTech), and IgG (Solarbio) with 125I
according to the reference (24). Labeling yield was obtained by
dividing the activity of the protein sample to that of the free 125I
sample. Radiochemical purity and stability in normal saline (NS)
and fetal bovine serum (FBS) were confirmed with
paper chromatography.

Dynamic Whole-Body Phosphor-
Autoradiography With 125I-anti-TLR5
mAb and 125I-IgG
One day before injection of radiotracers, mice were fed with 3.5%
sodium iodide solution to block the thyroid gland uptake of
iodine. The tumor-bearing mice were intraperitoneally injected
Frontiers in Oncology | www.frontiersin.org 3
with 125I-anti-TLR5 mAb or 125I-IgG (125I-IgG used as a non-
specific control). The whole-body dynamic phosphor-
autoradiography was performed at 24, 48, and 72 h after
injection. Mice were anesthetized by injecting intraperitoneally
with 0.6% pentobarbital sodium (0.1 ml/10 g). The anesthetized
mice were facing up, and the back was close to the phosphor
screen plate for 20 min. Later, the plate was quickly put into the
Cyclone Plus scanner (PerkinElmer Life Sciences) for image
acquisition. Semi-quantitative analysis was performed by
manually drawing rectangular regions of interest within the
target area. Digital light units per square millimeter (DLU/
mm2) measurements were obtained using OptiQuant™ Image
Analysis Software (PerkinElmer Life Sciences). After whole-body
phosphor-autoradiography, the tumor was removed out and ex
vivo imaging of the tumor was also performed.

Dynamic Whole-Body Phosphor
Autoradiography With 125I-VEGF
and Blocking Study
The procedure about blocking the uptake of iodine in thyroid gland
was the same as above. The tumor-bearing mice were divided into
two groups (blocking group and non-blocking group). For
blocking group, unlabeled anti-VEGFR pAb (100 mg) (Bioss) was
injected 1 h before 125I-VEGF injection. The dynamic whole
whole-body phosphor-autoradiography was performed at 6, 12,
24, and 48 h after injection of 125I-VEGF. The image acquisition
method and analysis methods were the same as described above.
Tumor was also isolated after whole-body phosphor-
autoradiography to perform ex vivo tumor imaging.

Ex Vivo Biodistribution Studies
125I-anti-TLR5 mAb, 125I-VEGF, and 125I-IgG were injected into
model mice, respectively. For those mice injected with 125I-anti-
TLR5 mAb/125I-IgG, biodistribution study was performed at
48 h post-injection, whereas for mice injected with 125I-VEGF,
biodistribution study was performed at 24 h post-injection. The
mice were executed, and tumors, blood as well as major tissues/
organs of interest (bone, muscle, thyroid, liver, spleen, kidney,
small intestine, lung, and heart) were isolated, weighed, and
measured with Gamma counter. Tissue radioactivity was
expressed as the percent injected dose per gram tissue (%ID/g).
The T/NT ratio (target to non-target) was defined as the ratio of
radioactivity in the tumor to that in the opposite muscle tissue.

Fluorescence Imaging
Both 4T1 TLR5+/− cells transfected with lentivirus expressed
Green Fluorescent Protein (GFP). To avoid fluorescence
quenching, the mouse tumor was placed on the imaging plate
of the IVIS® Spectrum in vivo imaging system (PerkinElmer) for
fluorescence imaging immediately it was removed out.

H&E and Immunohistochemical Staining
Tumors were isolated from both 4T1 TLR5+ and TLR5− tumor
bearing mice at day 10, fixed and preserved with
paraformaldehyde, and then embedded in paraffin to make
sections. Immunohistochemical staining with anti-TLR5 pAb
July 2021 | Volume 11 | Article 708047
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(Bioss), anti-VEGFR mAb, and anti-CD31 mAb were performed
according to the kit instruction. The slides were observed at a
magnification of 100× and 400×. The IOD and corresponding
area counting were analyzed(five fields per slides) by the Image-
Pro Plus software. In addition, the number of blood vessels
marked by CD31 positive staining was also counted.

Statistical Analysis
All experiments were repeated three times at least, and the data
were expressed as mean ± standard deviation. Student’s t-test
was used by GraphPad Prism software (version 5.01, GraphPad
Software, Inc). P < 0.05 was considered a statistically
significant difference.
RESULTS

Lentivirus Transfection Efficiency and
Expression of TLR5 and VEGFR in 4T1 Cells
As shown in Figure 1A, the lentivirus transfection efficiency for
4T1 cells was almost 100%. Compared with the 4T1 TLR5+ cells,
the expression of TLR5 mRNA and protein was obviously
decreased (P < 0.05), whereas the expression of VEGFR mRNA
and protein was apparently increased in 4T1 TLR5− cells (P < 0.05,
Figure 1), which indicated that TLR5 down-regulation apparently
increased the expression of VEGFR in 4T1 cells.

Preparation of 125I-anti-TLR5 mAb/125I-
VEGF/125I-IgG
The labeling rate of 125I-anti-TLR5 mAb/125I-VEGF/125I-IgG
was 92.5%, 94.3%, and 89%, respectively (Figures 2A–C). The
radiochemical purity of 125I-anti-TLR5 mAb/125I-VEGF/125I-
IgG was 97.5%, 94.2%, and 97.1%, respectively. These three
Frontiers in Oncology | www.frontiersin.org 4
probes were relatively stable in both saline and serum even for
72 h (Figures 2D–F).

Dynamic Whole-Body Phosphor-
Autoradiography With 125I-anti-TLR5
mAb/125I-IgG and Fluorescence Imaging
Whole-body phosphor-autoradiography was performed at 24, 48,
and 72 h after injection of the 125I-anti-TLR5 mAb or 125I-IgG.
The results were shown in Figure 3. The radioactivity uptake of
125I-anti-TLR5 mAb in the tumor was much higher at 48 h than
that at 24 h in both 4T1 TLR5+ and TLR5− tumors. Compared
with 4T1 TLR5− tumors, higher radioactivity uptake was detected
in 4T1 TLR5+ tumor at all checked time points (Figure 3A). Semi-
quantitative analysis of DLU/mm2 about the tumor radioactivity
showed 23982.9 for 4T1 TLR5+ tumor, whereas only 14482.9 for
TLR5− tumor (P < 0.01, Figure 3B). The T/NT ratio (tumor/
opposite muscle) was 1.4681 and 1.11254 for TLR5+ and TLR5−

tumor, respectively (P < 0.01, Figure 3C). There was no obvious
radioactivity accumulation in the tumor in 125I-IgG group at all
checked time points, suggesting that there was a specific
accumulation of 125I-anti-TLR5 mAb in the 4T1 tumor (P <
0.01, Figures 3Ac,D). For ex vivo imaging of isolated tumors, 4T1
TLR5+ tumors (Figure 3E) showed much higher radioactivity
accumulation than 4T1 TLR5− tumors (Figure 3F). Moreover,
both 4T1 TLR5+ and 4T1 TLR5− tumors displayed obvious
fluorescence signals (Figures 3E, F), which indicated that
fluorescence tag could be used for co-location of 4T1 tumor.

Dynamic Whole-Body Phosphor-
Autoradiography With 125I-VEGF and
Fluorescence Imaging
Whole-body phosphor-autoradiography was performed at 6, 12,
24, and 48 h after injection of the 125I-VEGF (Figure 4). The
A B

D E

C

FIGURE 1 | Lentivirus-shRNA-TLR5 and negative lentivirus transfection efficiency in 4T1 cells (A). The TLR5 and VEGFR mRNA expression in TLR5+ and TLR5‐4T1
cells (n = 3, *P < 0.05) (B, D). The TLR5 and VEGFR protein expression in TLR5+ and TLR5− 4T1 cells (n = 3, *P < 0.05, **P < 0.01) (C, E).
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uptake of 125I-VEGF in tumor increased from 6 h and obviously
declined at 48 h. The tumor was clearly visualized at 24 h. Higher
radioactivity uptake was detected in 4T1 TLR5− tumor compared
with that in 4T1 TLR5+ tumors at all checked time points
Frontiers in Oncology | www.frontiersin.org 5
(Figure 4A). The semi-quantity of tumor radioactivity in 4T1
TLR5+ and 4T1 TLR5− groups was 69329.4 and 99086.8 DLU/
mm2, respectively (P < 0.05, Figure 4B), and T/NT ratio was
1.048 and 1.42586 in 4T1 TLR5+ and 4T1 TLR5− groups,
A B

D E F

C

FIGURE 2 | Radiochemical purity and stability of radio-probes. Radiochemical purity of 125I-anti-TLR5 mAb/125I-VEGF/125I-IgG (A–C). Stability of 125I-anti-TLR5
mAb/125I-VEGF/125I-IgG in saline and serum at different time points (D–F).
A B

D

E

F

C

FIGURE 3 | Whole-body phosphor-autoradiography and fluorescence imaging. Whole body phosphor-autoradiography of 125I-anti-TLR5 mAb in TLR5+ 4T1 tumor
bearing mice (Aa) and TLR5− 4T1 tumor bearing mice (Ab) at 24, 48, and 72 h post-injection, and whole-body phosphor-autoradiography images of 125I-IgG (Ac) in
TLR5+ 4T1 tumor bearing mice at 24, 48, and 7 2h post-injection. DLU/mm2 of TLR5+ and TLR5‐4T1 tumors (B). Comparison of in vivo radioactivity ratio (the ratio
of DLU/mm2 from tumor and opposite muscle) of TLR5+/− 4T1 tumors in phosphor-autoradiography at 48 h (C). Comparison of in vivo radioactivity ratio of TLR5+

4T1 tumors between 125I-anti-TLR5 mAb and 125I-IgG (D). Phosphor-autoradiography and fluorescence imaging of isolated TLR5+ 4T1 tumors in 125I-anti-TLR5 mAb
group (Ea–c), and 125I-IgG group (Ed). Phosphor-autoradiography and fluorescence imaging of isolated TLR5− 4T1 tumor in 125I-anti-TLR5 mAb group (F). The data
were presented from three independent experiments and analyzed by Student’s t test. **P < 0.01.
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respectively (P < 0.05, Figure 4C). However, no obvious
radioactivity accumulation was found in anti-VEGF mAb
blocking group at any checked time point, suggesting that
there was a specific accumulation of 125I-VEGF in tumor. For
ex vivo imaging of isolated tumors, TLR5− 4T1 tumors
(Figure 4E) showed much higher radioactivity accumulation
than TLR5+ 4T1 tumors (Figure 4D), and the fluorescence
imaging obviously showed tumor in both groups.

Biodistribution of 125I-anti-TLR5 mAb/
125I-IgG
The biodistribution of 125I-anti-TLR5 mAb/125I-IgG was shown
in Figure 5A. Radioactivity of 125I-anti-TLR5 mAb/125I-IgG in
liver, spleen, and kidney was detected, which suggested that these
two radio-probes were mainly metabolized through liver and
kidney. The uptake of 125I-anti-TLR5 mAb in TLR5+ 4T1 tumors
was 0.52% ID/g, with T/NT ratio of 6.61 at 48 h post-injection,
while in TLR5− 4T1 tumors only 0.19%ID/g, with T/NT ratio of
2.30 at the same time point (P < 0.05, Figures 5C, D). However,
T/NT ratio of 125I-IgG was only 2.14 at 48 h in TLR5+ tumors
(P < 0.01, Figure 5E). These results were consistent with the
phosphor-autoradiography imaging data.

Biodistribution of 125I-VEGF
The biodistribution of 125I-VEGF was shown in Figure 5B. The
radioactivity in liver, spleen, and kidney was also detected,
indicating that the metabolism pathway of 125I-VEGF was
Frontiers in Oncology | www.frontiersin.org 6
mainly through the liver and kidney. The %ID/g in TLR5+ 4T1
and TLR5− 4T1 tumor was 2.32 and 5.50, respectively (P < 0.05,
Figure 5F), and T/NT ratio was 2.85 and 4.18, respectively(P <
0.05, Figure 5G). The results showed that the uptake of 125I-
VEGF in TLR5+ 4T1 tumor was significantly lower than that in
TLR5− 4T1 tumor, which was also consistent with the
imaging results.

H&E and Immunohistochemistry Staining
H&E and immunohistochemistry staining results were shown in
Figures 6A, B. The expression of TLR5 expression was
decreased, whereas VEGFR expression increased in TLR5−

tumor compared with those in TLR5+ tumor. MVD
(microvessel density) count in the same slide indicated that
there were much more blood vessels in 4T1 TLR5− tumor than
that in TLR5+ tumor (12.8 vs 7.4; P < 0.0001). There was a
negative correlation between TLR5 and VEGFR expression in
4T1 tumors (r2 = 0.7972; P < 0.01, Figure 6C). These results
revealed that down-regulation of TLR5 in TNBC promoted
VEGFR expression and angiogenesis, which may have
participated in the tumor invasion and metastasis.
DISCUSSION

TNBC is the most malignant subtype of breast cancer nowadays.
Due to the lack of expression of estrogen receptor (ER),
A

B

D

E

C

FIGURE 4 | Whole-body phosphor-autoradiography and fluorescence imaging. Whole body phosphor-autoradiography of 125I-VEGF in TLR5+ 4T1 tumor bearing
mice (Aa) and TLR5− 4T1 tumor bearing mice (Ab) at 6, 12, 24, and 48 h post-injection, and whole-body phosphor-autoradiography images of 125I-VEGF in TLR5-

4T1 tumor bearing mice with inhibitor blocked group (Ac) at 6, 12, 24, and 48 h post-injection. DLU/mm2 measurements in TLR5+ and TLR5‐4T1 tumors (B).
Comparison of in vivo radioactivity ratio (the ratio of DLU/mm2 from tumor and opposite muscle of TLR5+/− 4T1 tumors in whole-body phosphor-autoradiography at
24 h (C). Phosphor-autoradiography and fluorescence of isolated tumors from TLR5+ 4T1 tumor bearing mice (D). Phosphor-autoradiography and fluorescence of
isolated tumors from TLR5− 4T1 tumor mice injected with 125I-VEGF (Ea–c) and with inhibitor blocked (Ed). The data were presented from three independent
experiments and analyzed by Student’s t test. *P < 0.05.
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progesterone receptor (PR), and epidermal growth factor
receptor-2 (EGFR2) (25), there is no effective treatment for
TNBC. Chemotherapy is the only systematic treatment for
TNBC until now (26), and the treatment effect is not ideal
when it is in the advanced stage. Therefore, it is urgent to
search for new novel targets for effective diagnosis and therapy
of TNBC (4, 26, 27). Angiogenesis, the neovascularization
developing from existing blood vessels, is usually in a static
state, but it could be promoted in the process of tumor
occurrence and development by the increase of angiogenesis
factors, such as VEGF and TNF-a, providing a favorable
microenvironment for tumor growth, invasion, and metastasis.
The tumor cell group and capillary endothelial cell group in the
tumor may form a highly integrated ecosystem. Angiogenic
factor VEGF, especially VEGF-A, is the most important and
key angiogenic factor. VEGF and its receptor are overexpressed
in a variety of tumors. It is found that TNBC is potentially
sensitive to anti-angiogenic drugs, and its invasiveness is
obviously dependent on its angiogenesis (28, 29). The
overexpression of VEGFR2 or VEGF-A has been considered as
an indicator of poor prognosis in many clinical studies, so
intervention toward VEGF and its receptor is an effective
measure to prevent tumor growth and development (30, 31).
For example, the recent study showed that the highest objective
remission rate of PD-L1 antibody combined with VEGF
Frontiers in Oncology | www.frontiersin.org 7
inhibitor in the treatment of TNBC was higher than that of
PD-L1 antibody alone (32). VEGF and its receptor VEGFR
played an important role in the development of TNBC, and
VEGFR was mainly taken as the target and VEGF121, which had
a high affinity with VEGFR, seemed to be an ideal tracer (33). It
was reported that down-regulation of TLR5 expression could
promote proliferation, invasion, and metastasis of TNBC, and
TNBC overexpressed VEGF and VEGFR (34). In this study, we
confirmed that the expression of VEGFR in 4T1 cells was
increased when the expression of TLR5 was down-regulated,
suggesting that the down-regulation of TLR5 had an influence on
the increase of angiogenesis.

The diagnosis methods of breast cancer include
mammography, ultrasound, MRI, and nuclear medicine.
However, most of these traditional diagnosis methods have
some limitations. For example, mammography cannot
distinguish well breast density (4). In dense breast and
isodensity masses, the sensitivity and detection rate are low,
and it is difficult to distinguish some invasive lobular carcinoma
from inflammatory cancer. Ultrasound cannot clearly show
small calcification, and it is difficult to diagnose small masses
(35). The specificity of MRI is a bit low, and the false-positive rate
is high. Nuclear medicine imaging has high sensitivity and can
detect small primary lesions and systemic metastases,
but the limitation of application lies in the lack of specific
A B

D E F GC D E F GC D E F GC

FIGURE 5 | Ex vivo biodistribution studies of 125I-anti-TLR5 mAb and 125I-VEGF. Biodistribution of 125I-anti-TLR5 mAb at 48 h post-injection in different organ or
tissues (A). Biodistribution of 125I-VEGF at 24 h post-injection in different organs or tissues (B). Comparison about the tumor uptake of 125I-anti-TLR5 mAb in 4T1
TLR5+ and 4T1 TLR5− tumor bearing mice (C). Comparison about T/NT in TLR5+/− 4T1 bearing mice injected with 125I-anti-TLR5 mAb at 48 h (D). Comparison of
tumor uptake in TLR5+ 4T1 bearing mice injected with 125I-anti-TLR5 mAb and 125I-IgG at 48 h (E). Comparison about the tumor uptake of 125I-VEGF in 4T1 TLR5+

and 4T1 TLR5− tumor bearing mice (F). Comparison about T/NT in TLR5+/− 4T1 bearing mice injected with 125I-VEGF at 24h (G). The data were presented from
three independent experiments and analyzed by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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imaging agents. Molecular nuclear medicine, which plays an
important role in diseases diagnosis, can qualitatively and
quantitatively detect physiological and biochemical processes
in living tissues, carry out functional metabolism and receptor
phenomena dynamically and accurately, and have the
advantages of high sensitivity and high detection depth (36).
18F-FDG, the most commonly used tracer in clinics,
demonstrates certain application value in the early staging of
breast cancer. However, 18F-FDG is a non-specific imaging
agent, and it could result in false positive or false negative
misdiagnosis. Inflammation, infection, tuberculosis, and other
high metabolic diseases, as well as therapeutic incisions, display
high physiological glucose uptake and appear as false-positive
diagnosis, whereas some low-grade malignant tumors without
high uptake of glucose appear as false-negative misdiagnosis.
Therefore, it is necessary to develop molecular probes with high
specificity for molecular nuclear imaging. In this study, two
radio-probes, 125I-anti-TLR5 mAb and 125I-VEGF, were
prepared to specifically target TLR5 and VEGFR for TNBC
imaging. Phosphor-autoradiography and biodistribution study
showed that the uptake of 125I-anti-TLR5 mAb in TLR5+ 4T1
tumor was higher than that in TLR5− 4T1 tumor. However, 125I-
Frontiers in Oncology | www.frontiersin.org 8
VEGF uptake in TLR5+ 4T1 tumors was much lower than that in
TLR5−4T1 tumors.

It is undeniable that 18F-FDG plays an important role in the
staging of TNBC and efficacy evaluation of chemotherapy, but
the specificity of 18F-FDG is not high (37). In this study,
comparative experiment of 125I-IgG and 125I-anti-TLR5 mAb
imaging, as well as 125I-VEGF and 125I-VEGF blocking
imaging, revealed the specificity of 125I-anti-TLR5 mAb and
125I-VEGF, and both of 125I-anti-TLR5 mAb and 125I-VEGF
were much more specific than 18F-FDG. Moreover, the
accumulation of 125I-anti-TLR5 mAb and 125I-VEGF in lung
and heart was quite low, reducing the background interference.
These two radio-probes were much more conducive for
targeted imaging of tumors, which made it possible to verify
the effect of down-regulation of TLR5 in TNBC on VEGFR by
in vivo autoradiography and non-invasive visualization.
However, there are some shortcomings in this study, such as
the lack of in vitro experiments to verify the effect of down-
regulation of TLR5 on angiogenesis. Therefore, whether the
effect of down-regulation of TLR5 on the biological behavior of
TNBC is through affecting VEGFR and angiogenesis still needs
further investigation.
A

B

C

FIGURE 6 | H&E staining and immunohistochemistry staining of ex vivo tumor tissue. TLR5+ 4T1 tumors, representative H&E staining, and TLR5/VEGFR/CD31
immunohistochemistry staining at 200× and 400× magnification (A). TLR5− tumors, representative H&E staining, and TLR5/VEGFR/CD31 immunohistochemistry
staining at 200× and 400× magnification (B). Statistical analysis of TLR5 detected by IOD/area ratio (Ca); VEGFR detected by IOD/area ratio (Cb); MVD count in
CD31 labeled tumor (Cc); and correlation analysis of TLR5 and VEGFR (Cd). **P < 0.01, ***P < 0.001.
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CONCLUSIONS

In conclusion, we found that the expression of TLR5 was in
negative correlation with the expression of VEGFR in TNBC. The
down-regulation of TLR5 in TNBC may promote the VEGFR
expression and angiogenesis, resulting in the proliferation of
TNBC cells. The effect of TLR5 on the biological behavior of
TNBC may be through the regulation of VEGFR expression and
angiogenesis, and TLR5/VEGF might be a better indicator for
monitoring the development of TNBC.
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