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1  |  INTRODUC TION

Tumor resistance to irradiation (IR) is still a major challenge that limits 
the efficacy of radiotherapy. Some drugs and strategies have been 
designed to enhance the radiosensitivity of solid tumors, however, 
limited numbers of radiosensitizers are clinically effective against a 
subset of tumors. One of the major factors limiting the implemen-
tation of radiosensitizers in clinical care is poor tumor-specificity.1 
Therefore, the development of novel tumor-specific radiosensitizers 
remains crucial to enhance radiotherapy efficacy.2

Hypoxia is one of the important mechanisms of radiotherapy re-
sistance.3,4 The response of tumor cells to IR is closely related to 
the availability of oxygen, and strategies to relieve tumor hypoxia 
can enhance the efficiency of radiotherapy.5 Numerous drugs and 
strategies modifying hypoxia, such as breathing oxygen under nor-
mobaric and hyperbaric pressure, blood transfusions, nimorazole 
administration, and the use of erythropoietin, have been developed 
and clinically tested1,6-14; however, few positive results have shown 
in the clinical trials.5,15 Developing novel strategies to reduce hy-
poxia within tumors is still a great challenge in radiation therapy.
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Abstract
Resistance to irradiation (IR) remains a major therapeutic challenge in tumor radiother-
apy. The development of novel tumor-specific radiosensitizers is crucial for effective 
radiotherapy against solid tumors. Here, we revealed that remodeling tumor tissue 
penetration via tumor-penetrating peptide internalizing arginine–glycine–aspartic 
acid RGD (iRGD) enhanced irradiation efficacy. The growth of 4T1 and CT26 multicel-
lular tumor spheroids (MCTS) and tumors was delayed significantly by the treatment 
with IR and iRGD. Mechanistically, iRGD reduced hypoxia in MCTS and tumors, re-
sulting in enhanced apoptosis after MCTS and tumors were treated with IR and iRGD. 
This is the first report that shows enhanced radiation efficacy by remodeling tumor-
specific tissue penetration with iRGD, implying the potential clinical application of 
peptides in future tumor therapy.
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TPPs are short cyclic peptides that specifically improve the 
tumor tissue penetration of various drugs, such as chemothera-
peutics, contrast agents for MRI, peptides, antibodies, viruses, and 
nanoparticles.16-22 They exhibit minimal effects on normal tissues as 
no significant increase in drug level was observed in other organs or 
tissues, such as hearts, livers, and lungs.23,24 After systemic adminis-
tration, TPPs are initially recruited to tumor blood vessels and tumor 
tissues by binding to the primary endothelial receptors, then pro-
teolytic cleaved to the C-end rule (CendR) motifs (R/KXXR/K). The 
CendR motifs bind to NRP-1 and activate the penetration pathway 
through tumor tissues.25

In this study, we revealed that internalizing RGD (iRGD), a tumor-
penetrating peptide, enhances the radiosensitivity of 4T1 and CT26 
multicellular tumor spheroids and tumors by reducing hypoxia. Our 
work provides a novel and effective tumor-specific strategy to en-
hance the therapeutic efficacy of IR, implying the potential clinical 
application of TPPs in future IR-based tumor therapy.

2  |  MATERIAL S AND METHODS

2.1  |  Peptides

Peptides iRGD (cyclic CRGDKGPDC), RGD (cyclic CRGDDGPKC) and 
RGE (cyclic CRGEKGPDC) were synthesized using ChinaPeptides 
Co., Ltd. The purity of all peptides was ~98%.

2.2  |  Animals and cell lines

Mouse breast cancer cell line 4T1 was obtained from the American 
Type Culture Collection (ATCC). Mouse colon cancer cell line 
CT26 was obtained from the Cell Bank of the Chinese Academy of 
Sciences. Cell lines 4T1 and CT26 are often used in studies on TPPs, 
hypoxia, and radiation.26-29 Cells were cultured in RPMI 1640 me-
dium supplemented with 10% FBS and antibiotics (100  U/mL 
penicillin and 100 μg/mL streptomycin). Six- to 8-week-old female 
BALB/c mice were obtained from the Animal Core Facility of Nanjing 
Medical University, Nanjing, China for use in these experiments. 
Mouse studies were approved by the Laboratory Animal Care and 
Use Committee of the Affiliated Nanjing Drum Tower Hospital of 
Nanjing University Medical School.

2.3  |  Cell proliferation

For cell proliferation assay, 4T1 cells were seeded into 96-well plates 
(103 cells/well) and incubated overnight at 37°C and 5% CO2. Peptide 
iRGD was added into the medium at 95 μg/mL (100 μM), according to 
the published procedures.30,31 After 4 h, cells were irradiated to 5, 
10, or 20 Gy. Cell proliferation was measured using the Cell Counting 
Kit-8 (CCK-8, KeyGen BioTECH) every other day according to the 
manufacturer's instructions. Cells were incubated with CCK-8 for 

4 h, and then the optical density at 450 nm (OD450) was measured 
using a microplate reader Infinite F Plex (TECAN).

2.4  |  Multicellular tumor spheroid (MCTS) 
growth curves

Multicellular tumor spheroids were initiated by inoculating 2000 
cells in 100 μl growth medium per well into 96-well round-bottomed 
ultra-low attachment microplates (Corning). At 48 h later, iRGD 
were added into wells and radiation with the indicated dose was 
performed after MCTS were cultured with peptides for 4 h. The final 
concentration of iRGD is 25 μg/mL, except for other concentrations 
described in some assays. Diameters of the MCTS were measured 
using ImageJ software every other day. The volume of a spheroid 
was calculated in accordance with the formula V = (1/6)πd3, where 
d = diameter.

2.5  |  Clonogenic survival assay

Clonogenic survival assay was performed as previously described.30 
Briefly, MCTS were treated with peptides and radiation. Spheroids 
were dissociated into single cells by trypsinization. Cells from sphe-
roids were plated into 6-well plates at 2000 cells per well and incu-
bated at 37°C in an humidified incubator. At 7 days later, colonies 
were fixed in 4% paraformaldehyde and stained with 1% crystal vio-
let. Colonies containing more than 50 cells were scored. For dose–
cell survival assay, curves were fitted with a single-hit multitarget 
model using GraphPad Prism 8 software. For the clonogenic survival 
assay on high-density cultured cells, 5  ×  104 cells per well were 
seeded into the 24-well plates. At 24 h later, the cells were radiated 
with the indicated doses. After another 24 h, cells were trypsinized 
and seeded into 6-well plates. At 10 days later, the cells were stained 
with crystal violet and counted.

2.6  |  Cell migration assay

Multicellular tumor spheroids were cultured for 2 days and treated 
with peptides and radiation. Spheroids were dissociated into single 
cells by trypsinization. Cells from spheroids were plated in Millicell 
Cell Culture Inserts at 500 cells per well and incubated at 37°C in 
a humidified incubator. At 24 h later, inner cells were removed and 
migrated cells were fixed in 4% paraformaldehyde and stained with 
1% crystal violet.

2.7  |  Quantitative polymerase chain reaction 
(Q-PCR)

Multicellular tumor spheroids were treated with peptides for 6  h 
and harvested to tubes. RNA was extracted with TRIzol reagent 
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(Thermo Fisher Scientific, 15596018). Reverse transcription were 
performed using the Transcriptor First Strand cDNA Synthesis Kit 
(Roche, 04897030001). Q-PCR was performed with the kit and ana-
lyzed using SYBR® Select Master Mix (Thermo Fisher Scientific Inc., 
4472908). Primers are listed in Table S1.

2.8  |  In vivo anti-tumor effect and side 
effects study

The 4T1 tumor cells (5 × 104) were injected into the mammary gland 
of female BALB/c mice. The CT26 tumor cells (2 × 105) were injected 
subcutaneously into the right flank of male BALB/c mice. At 11 days 
later after tumor cell injection, peptide (iRGD, RGD or RGE) was ad-
ministered into mice via intravenous (iv) or intraperitoneal (ip) injec-
tion. At 4 h later, the mice were anesthetized and tumors were locally 
irradiated with 5 Gy using the electron linear accelerator. All of the 
mice were observed daily and the body weight and tumor volume (by 
a digital Vernier caliper) were measured every other day. Mice were 
sacrificed at the end of the experiment. Both tumor tissues and main 
organs (heart, liver, spleen, lung and kidney) were dissected for histol-
ogy observation. Tumor volume was calculated using the formula for 
approximating the volume of a spheroid (width × width ×  length/2). 
H&E staining of paraffin-embedded lung tissue was performed for 
histological examination of metastases. Sections were examined on 
a Primovert microscope (Carl Zeiss AG). The surface area of meta-
static lesions was analyzed using ImageJ software (National Institutes 
of Health). Metastatic tumor area was calculated as a percentage of 
metastatic area as a whole by dividing by the entire area of lung tissue.

2.9  |  Immunofluorescence

Peptides were injected iv into 4T1 tumor-bearing mice and pimoni-
dazole hydrochloride (60 mg/kg; Hypoxyprobe Inc., HP1-100Kit) was 
administered into mice via iv injection. Pimonidazole is a non-toxic 
2-nitroimidazole compound that binds thiol groups to proteins, pep-
tides, and amino acids in hypoxic regions, and could be used as an ef-
fective exogenous hypoxia probe.31 Tumors were surgically excised 
at 1 h after pimonidazole hydrochloride injection. Tumor tissues were 
paraffin embedded, sectioned, and stained with FITC-conjugated 
mouse anti-pimonidazole protein adducts antibody (Hypoxyprobe Inc., 
HP1-100 Kit; 1:100) and goat anti-mouse CD31 antibody (Servicebio, 
GB13063; 1:100). Cy3-conjugated donkey anti-goat IgG (Servicebio, 
GB21404; 1:100) was used as a secondary antibody to stain CD31. The 
tissue samples on slides were mounted with ProLong™ Gold Antifade 
Mountant with DAPI (Thermo Fisher Scientific, P36935).

2.9.1  |  Apoptosis analysis

For detecting apoptosis in MCTS, spheroids were treated with pep-
tides and radiation. MCTS were harvested after treatment for 48 h. 

Single cells were prepared by trypsinization and stained with fluo-
rescein isothiocyanate (FITC)-conjugated anti-annexin V antibody 
and PI (MultiSciences, 70-AP101-100). Early apoptotic cells are an-
nexin V-positive and PI-negative (FITC+/PI−), whereas late apoptotic 
and dead cells are annexin V-positive and PI-positive (FITC+/PI+). 
For detecting apoptosis in tumor tissues, tumor-bearing mice were 
treated with peptides for 4 h and then received radiation. At 24 h 
later, tumors were surgically excised. Tumor tissues were paraffin 
embedded, sectioned, and stained using the TACS® 2 TdT-Fluor In 
Situ Apoptosis Detection Kit (Trevigen Inc., 4812-30-K), which was 
based on the TUNEL assay.

2.9.2  |  Flow cytometry

Hypoxia of MCTS was evaluated using the Hypoxyprobe™-1  Kit. 
Spheroids were treated with peptides and cultured for 0, 2, 4, 6, and 
9  h, separately. Pimonidazole hydrochloride was added into wells 
containing MCTS and incubated for 40 min. Single cells were pre-
pared by trypsinization and washed with PBS containing 1% FBS. 
Cells were stained with FITC-conjugated mouse monoclonal anti-
body directed against pimonidazole protein adducts (Hypoxyprobe 
Inc., HP1-100Kit) and analyzed using a BD Accuri C6 flow cytom-
eter (Becton, Dickinson and Company). Samples were collected on a 
BD Accuri C6 flow cytometer, and data were analyzed using FlowJo 
software (Tree Star Inc.).

2.9.3  |  Statistical analysis

All values were presented as mean  ±  SD. Two-tailed unpaired 
Student t-tests were used for comparisons between two groups. 
Two-way ANOVA was used for the growth curve comparison. A p-
value of <0.05 was considered statistically significant. For all tests, 
symbols represent the following: *p < 0.05; **p < 0.01; ***p < 0.001. 
ns means not significant.

3  |  RESULTS

3.1  |  Tumor-penetrating peptide iRGD improved 
the efficacy of IR on multicellular tumor spheroids

We aimed to look for new radiosensitizers with a higher tumor-
specificity and found occasionally that iRGD could enhance the 
efficacy of IR on MCTS after the technique of iRGD-modified T-
cell immunotherapy was established by our group.32 Mouse breast 
cancer 4T1 cells cultured as MCTS were treated with 95  μg/mL 
iRGD, followed by 2 or 5 Gy IR (Figure 1A). Two 9-amino acid cy-
clic peptides, RGD and RGE, were used as the control peptides in 
this study. The RGD peptide contains an arginine–glycine–aspartic 
acid (RGD) motif, but lacks a cryptic CendR motif, resulting in a 
tumor-targeting property without tissue penetration. The RGE 



1420  |    MENG et al.

peptide contains a mutant amino acid in the RGD motif, result-
ing in a loss of the tumor-targeting property. We found that the 
growth of MCTS was greatly hindered by IR with iRGD compared 
with the growth of MCTS that received IR alone. Without IR, cell 
growth did not change significantly when MCTS were treated with 
iRGD. In contrast with iRGD, treatment with the two control pep-
tides RGD and RGE did not significantly affect the growth of irra-
diated MCTS (Figures 1B and S1). When the concentration of iRGD 
was increased from 0.2 to 12.5 μg/mL, the growth rate of MCTS 
decreased gradually (Figure 1C). The effects of iRGD on IR were 
also confirmed by clonogenic survival assays. The colony area and 
numbers were noticeably reduced when MCTS were treated with 

2 Gy radiation and iRGD (Figures 1D,E and S2). The migration abil-
ity of 4T1 cells in MCTS was also repressed after treatment with 
IR and iRGD. The numbers of migrated tumor cells in the group 
treated with radiation and iRGD decreased to 42% compared with 
the group treated with radiation alone. Treatment with peptides 
RGD and RGE did not have significant effects on radiated cells in 
the migration assay (Figure  1F), suggesting that both the tumor 
targeting and the CendR motifs are important for iRGD-enhanced 
IR efficacy. Another cell line, mouse colon carcinoma CT26, was 
also tested. The growth of MCTS of CT26 was greatly hindered by 
IR with iRGD compared with the growth of MCTS that received IR 
alone (Figure 1G).

F I G U R E  1  Tumor-penetrating peptide iRGD enhanced the efficacy of radiation therapy in vitro. (A) Model of the treatment with iRGD and 
IR. (B) Growth curves of MCTS treated with 2 Gy radiation and peptides. (C) Growth of MCTS treated with various concentrations of iRGD 
peptide. (D) Relative area of colonies formed under different treatments. (E) Representative pictures of colonies. (F) Migrated cells under 
different treatments. (G) Growth curves of CT26 MCTS treated with iRGD and control peptides with or without 1.5 Gy IR
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3.2  |  iRGD-enhanced anti-tumor efficacy of 
irradiation in vivo

To evaluate the effect of iRGD on the efficacy of IR for inhibiting 
tumor growth, 4T1 cells were injected into the mammary glands 
of female BALB/C mice. At 11 days after the injection of tumor 
cells, iRGD was administered to the mice via intravenous injection. 
Tumors were locally irradiated with a dose of 5  Gy after peptide 
injection (Figure  2A). The 4T1 tumor-bearing mice treated with 
combined IR and iRGD showed significantly inhibited tumor growth 
compared with the control group that was treated with PBS. In con-
trast, single treatment with iRGD or 5 Gy IR had no significant ef-
fect on the growth of 4T1 tumors (Figure 2B). Consistent with the 
results of tumor growth, the tumor burden of the group treated with 
the combined IR and iRGD decreased significantly compared with 
the control group and the groups that received a single treatment 
of IR or iRGD. In fact, the average tumor weight of the combined 
treatment group decreased to 40% of the controls (Figure 2C). We 
also tested the effect of iRGD via ip injection. Tumor growth in 
the group treated with the combination of IR and iRGD was also 
significantly suppressed compared with that of the control group 
(Figure S3). Furthermore, we estimated the effect of iRGD and IR 

treatment on tumor distal metastasis. Metastatic lesions in the lung 
in the combined treatment group decreased significantly compared 
with those of the control group and with the groups that received 
single treatment of IR or iRGD. The average tumor metastasis of 
the combined treatment group was reduced by 50% compared with 
that of the control group (Figures 2D and S4). The tumor growth 
and tumor weight of groups treated with the combined treatment 
of IR and RGD or RGE showed no significant changes compared 
with the control group (Figure S5).

CT26 tumor models were also evaluated with the same proce-
dures as 4T1. We observed that the CT26 tumor growth and tumor 
weight in the group treated with the combination of IR and iRGD 
was also significantly suppressed compared with that of the control 
group (Figure 2E–G).

None of the mice treated with IR and iRGD showed any body 
weight loss compared with the control group (Figure  3). To as-
sess the potential toxicity of single and combination treatment 
in mice, H&E-stained heart, liver, and kidney sections were ex-
amined. There were no obvious additional pathologic changes in 
these organs in the group treated with IR and iRGD, compared 
with that in groups given single treatments of IR, iRGD or PBS 
controls (Figure S6).

F I G U R E  2  Tumor-penetrating peptide iRGD enhanced the efficacy of radiation therapy in vivo. (A, E) Schematic description of tumor-
penetrating peptide iRGD combined with radiation treatment. (B) Combination therapy with IR and iRGD greatly delayed 4T1 tumor 
growth compared with single treatments. (C) Combination therapy greatly inhibited 4T1 tumor weight compared with single treatments. 
(D) Combination therapy dramatically reduced lung metastasis compared with single treatments. Metastatic tumor area was quantified by 
the percentage of metastatic area relative to total lung area. (F) Combination therapy greatly delayed CT26 tumor growth compared with IR 
treatment alone. (G) Combination therapy greatly reduced CT26 tumor weight compared with IR treatment alone
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IR at 5 Gy combined with iRGD treatment significantly inhibited 
tumor growth and metastasis in vivo, and exhibited the approximate 
therapeutic efficiency at high dose of IR of 15  Gy (Figure  S7A,B). 
However, treatment with IR at 15 Gy resulted in the marked reduc-
tion in mouse body weight (Figure S7C). In contrast, the body weight 
of mice in the group treated with IR at 5 Gy and iRGD did not change 
significantly compared with the control group, suggesting that treat-
ment with IR and iRGD produced good safety.

3.3  |  IRGD increased the apoptosis in MCTS and 
tumor tissues induced by IR

Next, we investigated whether IR combined with iRGD promoted 
apoptosis at the cellular level. (Figure 4A). The percentages of early 
apoptosis, late apoptosis, and dead cells, along with total apoptosis, 
increased significantly in groups treated with IR with iRGD, com-
pared with the IR alone group or in the IR with control peptide group 
(Figure  4B–E). No significant difference was observed among the 
groups treated with peptides alone (Figure S8).

Consistent with the aforementioned results on MCTS, the apop-
tosis index of tumor tissues after IR treatment in the iRGD groups 
were also increased significantly (Figure 5A,B).

3.4  |  IRGD reduced hypoxia of MCTS

We next determined the mechanisms involved in enhancement of 
radiotherapy efficacy by iRGD. We first tested the effects of IR and 
iRGD on low-density monolayer cells. As shown in Figure S9, iRGD 
did not impact the growth of 4T1 cells cultured in two-dimensional 
(2D) monolayer cell culture upon radiation (2 or 5  Gy), suggesting 
that iRGD did not affect tumor cell radiosensitivity directly. Then 

F I G U R E  3  Body weight change of 4T1 tumor-bearing mice that 
received the iRGD and IR treatment

F I G U R E  4  Tumor-penetrating peptide iRGD promoted IR-induced apoptosis in vitro. (A) Model for treatments of MCTS. (B–D) 
Percentages of early apoptosis (B), late apoptosis and dead (C) and total apoptosis (D) cells in MCTS treated with IR and peptides. (E) 
Representative scatterplots of annexin V/PI staining
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we tested the effects of IR and iRGD on high-density monolayer 
cells with a radioresistant cell-contact effect, which may be in-
volved in MCTS radioresistance.33 However, iRGD did not influ-
ence the growth of 4T1 cells cultured in high-density monolayer 
cell culture upon radiation (Figure S10). Consistent with the above 
results, no difference in apoptosis was observed among the IR and 
peptide-treated groups when 4T1 tumor cells were cultured in a 2D 

monolayer system without hypoxia at the low (Figure S11) and high 
(Figure S12) cell densities.

At MCTS have three-dimensional structures with hypoxic areas 
inside, we wanted to find out whether iRGD increased cell radio-
therapy sensitivity by affecting hypoxia. IRGD can promote small 
molecules to penetrate deeply into tumor tissues.34 Oxygen mole-
cules and doxorubicin have similar properties in the way they enter 

F I G U R E  5  Tumor-penetrating peptide iRGD promoted IR-induced apoptosis in vivo. (A) Percentages of apoptotic cells in tumor tissues 
treated with IR and peptides. (B) Representative TUNEL immunofluorescence of the tumor tissues

F I G U R E  6  Tumor-penetrating 
peptide iRGD reduced hypoxia in MCTS. 
(A) Schematic description of three-
dimensional (3D) MCTS culture. (B) 
Representative immunofluorescence of 
MCTS stained with anti-pimo (green) 
antibody and DAPI (blue). (C) Relative 
hypoxic cells (pimo+) in MCTS after 
administration of iRGD for the indicated 
times. (D) Relative hypoxic cells (pimo+) 
in MCTS after administration of peptides 
for 4 h. (E) Percentages of hypoxic 
cells (pimo+) in MCTS under different 
treatments. (F) Relative mRNA expression 
of four hypoxia-related genes in MCTS 
under different treatments
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the cell or tissue through passive diffusion. So, we wanted to verify 
if iRGD could promote oxygen molecules to penetrate into MCTS 
and tumor tissues and alleviate hypoxia. MCTS of 4T1 were treated 
with iRGD for various durations. Hypoxia of MCTS were detected 
with the Hypoxyprob-1  kit based on pimonidazole (Figure  6A). 
Tumor spheroids contained a normoxic outer shell and a hypoxic 
core (Figure 6B), as reported elsewhere.35 The relative percentages 
of pimonidazole adducts (pimo) positive cells in the MCTS group 
with iRGD treatment declined to ~50% after treatment for 4 and 
6 h, and recovered to the baseline after 9  h (Figure  6C). The per-
centages in groups treated with RGD or RGE for 4 h did not change 
significantly, although the relative percentages of pimo positive 
cells in the iRGD-treated MCTS group declined at this time point 
(Figure 6D,E). Hypoxia was also evaluated by measuring the mRNA 
levels of hypoxia-related genes, with Actb as a reference gene. The 
mRNA expression of four hypoxia-related genes Hif-1a, Angptl-4, 
Mmp-9, and Gapdh in groups treated with iRGD declined compared 
with that in the PBS control group (Figure 6F). Two frequently used 
housekeeping genes B2m and Ubc showed relatively stable expres-
sion patterns in all the groups.

Single-hit multitarget mathematical models are widely used to 
explain the radiation killing of cells.36 Dose–cell survival curves fit-
ted with a single-hit multitarget model demonstrated the consistent 
results with hypoxia reduction (Figure S13). Cells in MCTS treated 
with iRGD showed the lower values of mean lethal dose D0 (10.85 
vs. 14.07), the quasithreshold dose Dq (1.73 vs. 7.69), and the ex-
trapolation number N (1.17 vs. 1.73) in contrast with that of the con-
trol group treated with PBS, suggesting that hypoxia reduction did 
contribute to cell sensitivity to IR.

3.5  |  IRGD reduced tumor tissue hypoxia

Hypoxia is a common characteristic of solid tumors, even at an 
early stage of tumor development (in <5 mm3 tumors).37 Hypoxia in 
tumor tissues treated with different peptides was evaluated by pi-
monidazole adduct staining (Figure 7A). The percentages of hypoxic 
area in iRGD-treated groups reduced significantly, compared with 

that of the control group. In contrast, the percentages of hypoxic 
area in RGD- or RGE-treated groups did not change significantly 
(Figure 7B,C).

3.6  |  Neuropilin-1 (NRP-1) is the critical molecules 
for iRGD to reduce hypoxia and to enhance the 
efficacy of IR

Finally, we sought to reveal whether iRGD reduced hypoxia and en-
hanced the efficacy of IR through NRP-1. Cyclic peptide iRGD can 
bind to αVβ3/β5 integrins and NRP-1.38 Truncated iRGD (t-iRGD, 
CRGDK) loses much of its affinity for integrin, but possesses the 
affinity for NRP-1.39 The percentage of hypoxic cells in MCTS de-
creased greatly when MCTS were treated with t-iRGD, suggesting 
that NRP-1 may mediate hypoxia reduction (Figure 8A). Hypoxia re-
duction of iRGD vanished when NRP-1 was blocked with anti-NRP-1 
blocking antibody (Figure 8B). At the same time, MCTS growth in-
hibition of IR combined with iRGD also disappeared after NRP-1 
blocking (Figure 8C). The above results demonstrated that NRP-1 is 
the critical molecule for iRGD to reduce hypoxia and to enhance the 
efficacy of IR.

4  |  DISCUSSION

Peptide iRGD can increase tumor tissue penetration and enhance 
the accumulation in tumors of various drugs such as chemothera-
peutics, contrast agents for MRI, peptides and recombinant pro-
teins, antibodies, viruses, and nanoparticles. In this study, we 
demonstrated that iRGD also enhanced the efficacy of radiation 
therapy. IR at 5  Gy combined with iRGD treatment significantly 
suppressed 4T1 tumor growth and metastasis in vivo, with the same 
therapeutic efficiency at a high dose of IR of 15 Gy alone. The body 
weight of mice in the group treated with IR at 5 Gy and iRGD did 
not change significantly compared with the control group. There 
were no obvious additional pathologic changes in these organs 
in the group treated with IR and iRGD, suggesting that treatment 

F I G U R E  7  Tumor-penetrating peptide 
iRGD reduced tumor hypoxia in vivo. (A) 
Model for tumor hypoxia detection. (B) 
Representative immunofluorescence of 
the tumor tissues stained with anti-pimo 
(green), anti-mouse CD31 (red) and DAPI 
(blue) (C) Percentages of hypoxic area 
(pimo+) in tumors treated with iRGD and 
control peptides
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with IR and iRGD produced good safety. However, more toxicolog-
ical studies should be performed before clinical trials are initiated. 
Peptide iRGD can reverse tumor hypoxia, but there may be a risk of 
the overgrowth of re-oxygenated tumor cells. Timely and effective 
radiotherapy must be applied to reduce the risk of re-oxygenated 
tumor cell growth.

Tumor growth did not change significantly when iRGD alone 
was administrated to mice via iv or ip injection in our study, which is 
consistent with other reports.16,23 One study reported that tumor-
penetrating peptide iRGD inhibited metastasis when iRGD was iv 
injected every other day into nude mice with orthotopic human 
prostate and pancreatic tumors.40 There were no significant differ-
ences in lung metastasis among groups treated with or without iRGD 
in the absence of IR in our study. In fact, another report showed 
that tumor metastasis in mice injected with a single intravenous dose 
of iRGD was not statistically different from that in the vehicle con-
trol.41 Results from these studies indicated that the effects of iRGD 
on tumor metastasis are multiple and may vary depending on tumor 
types, mouse models, and the administrated strategies of peptides 
adopted in the studies.

Peptide iRGD reduced hypoxia and enhanced the efficacy of 
IR through NRP-1. Peptide iRGD binds to αvβ3/αvβ5 integrins 
and is cleaved by proteases to generate a CendR–containing frag-
ment. Then CendR sequence binds to NRP-1 and activates the bulk 

transport endocytosis pathway, which is different from known en-
docytic processes and partially characterized now.42 It was demon-
strated that NRP1-GAIP interacting protein C terminus, member 1 
(GIPC1)/synectin interaction plays an important role in the initial 
internalization, and the penetration pathway is regulated by mTOR 
signaling. Oxygen molecules and some small molecule drugs, such as 
doxorubicin and paclitaxel, share similar properties in the way they 
enter cells or tissues through passive diffusion. Based on the existing 
knowledge, we speculated that oxygen molecules pass deeply into 
tumor tissues through the NRP1-mediated endocytosis pathway. 
Further studies should be performed to verify the detailed mecha-
nisms involved in oxygen transport into tumor tissue in the context 
of iRGD administration in the future.

Collectively, these data supported the hypothesis that improving 
tumor-specific tissue penetration using iRGD-enhanced efficacy of 
IR by reducing tumor hypoxia (Figure 8D). One of the strengths of 
iRGD is to enhance tissue penetration, which is highly tumor spe-
cific. IRGD contains three independent modules: a vascular homing 
motif, a CendR tissue penetration motif, and a protease recognition 
site. These modules cooperate to ensure a high specificity of tumor 
targeting and penetration.25 In contrast, other strategies to over-
come hypoxia, such as hyperbaric oxygen inhalation, red blood cell 
transfusion, erythropoietin injection, oxygen mimics and hypoxic 
cytotoxins, are not tumor specific and result in confused clinical 

F I G U R E  8  NRP-1 is the critical 
molecules for iRGD to reduce hypoxia and 
to enhance the efficacy of IR. (A) Hypoxic 
cell percentages of MCTS treated with 
t-iRGD or PBS. (B) Relative hypoxic cells 
in MCTS treated with iRGD after NRP-1 
blocking. (C) Growth of MCTS treated 
with iRGD after NRP-1 blocking. (D) 
Mechanistic model of the enhancement 
of IR efficacy by iRGD. Tumor-penetrating 
peptide iRGD increases the penetration 
of molecular oxygen and reduce hypoxia 
in MCTS and tumors through NRP-1 
pathway, leading to increased sensitivity 
of tumor cells to IR. As a result, the 
apoptosis of tumor cells increased and 
tumor burden and metastasis decreased
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outcomes.1,43 Moreover, iRGD showed a versatile ability to facilitate 
the penetration of therapeutic drugs into tumors, enhancing the ef-
ficacy of IR. Thereby, iRGD appeared to exhibit great potential in the 
combination of radiotherapy with chemotherapy or immunotherapy. 
Last, considering that receptors of iRGD are universally expressed in 
various tumors, this novel and effective strategy of IR-based therapy 
has great potential for clinic use in the future after rigorous and de-
tailed clinical studies.
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