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The effect of tumor vascular remodeling and immune 
microenvironment activation induced by radiotherapy: quantitative 
evaluation with magnetic resonance/photoacoustic dual-modality 
imaging
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Background: Tumor radiotherapy combined with immunotherapy for solid tumors has been proposed, but 
tumor vascular structure abnormalities and immune microenvironment often affect the therapeutic effect of 
tumor, and multimodal imaging technology can provide more accurate and comprehensive information in 
tumor research. The purpose of this study was to evaluate the dynamic monitoring of tumor blood vessels 
and microenvironment induced by radiotherapy by magnetic resonance/photoacoustic (MR/PA) imaging, 
and to explore its application value in radiotherapy combined with immunotherapy.
Methods: The tumor-bearing mice were randomly allocated into six groups, which received different 
doses of radiation therapy (2 Gy ×14 or 8 Gy ×3) and anti-programmed death ligand-1 (PD-L1) antibody 
for two consecutive weeks. MR/PA imaging was used to noninvasively evaluate the response of tumor to 
different doses of radiotherapy, combined with histopathological techniques to observe the tumor vessels and 
microenvironment.
Results: The inhibitory effect of high-dose radiotherapy on tumors was significantly greater than that 
of low-dose radiotherapy, with the MR images revealing that the signal intensity decreased significantly 
(P<0.05). Compared with those in the other groups, the tumor vascular density decreased significantly 
(P<0.01), and the vascular maturity index increased significantly in the low-dose group (P<0.05). The PA 
images showed that the deoxyhemoglobin and total hemoglobin levels decreased and the SO2 level increased 
after radiation treatment (P<0.05). In addition, the high-dose group had an increased number of tumor-
infiltrating lymphocytes (CD4+ T and CD8+ T cells) (P<0.01, P<0.05) and natural killer cells (P<0.001) and 
increased PD-L1 expression in the tumors (P<0.05). The combination of radiotherapy and immunotherapy 
increased the survival rate of the mice (P<0.05), and a regimen of an 8 Gy dose of radiation combined with 
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Introduction

Breast cancer has become one of the most common cancers 
in the world (1). It is highly heterogeneous and can be 
divided into different subtypes according to the status of 
the estrogen receptor (ER), progesterone receptor (PR) 
and human epidermal growth factor receptor 2 (HER2) (2).  
The successful application of immunotherapy strategies 
for treating some solid tumors provides new potential 
options for treating breast cancer. However, many clinical 
studies have found that low immune response rate and drug 
resistance are still problems with immunotherapy in the 
treatment of breast cancer (3-6). During tumor progression, 
the interactions between the tumor microenvironment and 
tumor cells mediate tumor immune tolerance, which affects 
the clinical effect of immunotherapy. The state of the tumor 
vasculature plays an important role in immunotherapy. 
For effective immunotherapy, sufficient T cells must 
sufficiently infiltrate tumor tissue; however, abnormal 
tumor vessels reduce immune cell infiltration through a 
variety of mechanisms, thereby limiting immunotherapy 
effectiveness. Moderate antitumor angiogenic therapy 
can correct the immature and chaotic blood vessels in the 
tumor, rendering tumor angiogenesis more dynamically 
balanced, and this improvement in vascular structure 
combined with immunotherapy drugs can lead to obvious 
therapeutic effects (7,8). However, the administration of 
antiangiogenic drugs can lead to many complications in the 
treatment of breast cancer and cannot effectively stimulate 
tumor immunogenicity, which limits their application in the 
comprehensive treatment of breast cancer (7).

Radiotherapy has been demonstrated to be effective 
for breast cancer (9). It can not only kill tumor cells but 
also directly promote immune-mediated tumor rejection 

by enhancing the total effect of tumor antigen processing 
and cross presentation, making tumor cells sensitive 
to immune recognition and attack, and increasing the 
immunosuppressive state of the tumor microenvironment, 
which promotes the recruitment, activation and action of 
T cells (10,11). In addition, angiogenesis is an important 
phenomenon in the progression of breast cancer and is 
mainly dominated by a variety of inflammatory factors. The 
level of angiogenic factors and subsequent angiogenesis may 
play a role in breast cancer metastasis and no recurrence 
or overall survival (12). Radiotherapy can prune but not 
completely destroy the vascular structure of the tumor (13),  
so that the distribution of blood vessels is more uniform, 
the interstitial pressure in the tumor tissue is reduced, 
and the oxygen content in the tumor tissue and the 
distribution of combined therapy drugs are maximized (14). 
Therefore, accurate evaluation of tumor vascular repair and 
microenvironmental changes is the key to the success of 
comprehensive treatment of breast cancer (15).

To date, imaging techniques such as dynamic contrast-
enhanced magnetic resonance imaging (MRI), computed 
tomography (CT) perfusion imaging, sonography and 
nuclear medicine are often used to evaluate tumor vessels 
(16-18). Adequate detection of complex vascular changes 
is difficult with a single imaging method, although MRI 
and ultrasound are the measurements most reported in 
the clinical literature, and their reliability and stability are 
worthy of further observation. Photoacoustic imaging (PAI) 
is an emerging imaging technique that combines optics with 
ultrasound and can provide tissue structure and functional 
information. PAI has higher resolution than traditional 
ultrasonic imaging, namely, to the order of microns, which 
represents high-resolution tissue imaging (19). Second, 
PAI uses different tissues and components in the body to 

immunotherapy inhibited tumor growth and increased the survival rate of the mice to a greater degree than 
the 2 Gy radiation dose with immunotherapy combination (P=0.002).
Conclusions: Differential fractionation radiotherapy doses exert biological effects on tumor vascular 
and the immune microenvironment, and MR/PA can be used to evaluate tumor vascular remodeling 
after radiotherapy, which has certain value for the clinical applications of radiotherapy combined with 
immunotherapy.
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reflect tissue structure and functional information by light 
absorption of different wavelengths (20). In addition, PAI 
can achieve noninvasive physiological and pathological 
imaging at the molecular level by combining molecular 
imaging probe technology and contrast-enhanced imaging 
technology (21). Compared with other functional imaging 
modes and techniques (positron emission tomography, 
scintimammography, color and power Doppler), PAI shows 
higher specific potential in the evaluation of benign and 
malignant breast masses, especially photoacoustic (PA) 
elastography, which can improve lesion detection. This 
may reduce the number of unnecessary biopsies for false-
positive tests and benign masses, thereby reducing the 
burden on patients and the risk of radiological examination, 
and improving the cost-effectiveness of the test (22-24).  
Finally,  through MRI to provide tumor structure 
information and PAI to provide perfusion information 
and tumor vascular information, hypoxia status and other 
functional information, we can accurately identify the 
changes in tumor blood vessels and the corresponding 
microenvironment (25,26). Hence, we conducted this study 
to evaluate whether magnetic resonance (MR)/PA can 
potentially be used to assess tumor vascular remodeling after 
radiotherapy and to observe changes in the immune-related 
tumor microenvironment at the molecular biological level 
with the aim of optimizing combination immunotherapy.

Methods

Cell line and animals

Mouse 4T1 breast cancer cells were provided by the 
Chinese Academy of Sciences Stem Cell Bank and cultured 
in RPMI-1640 (Gibco, Shanghai, China) containing 10% 
fetal bovine serum and penicillin–streptomycin. Female 
BALB/c mice (5–6 weeks old, weighing approximately  
18–20 g) were purchased from the Department of 
Experimental Animals, Kunming Medical University. This 
study was approved by the Experimental Animal Ethics 
Committee of Kunming Medical University, in compliance 
with Yunnan Cancer Hospital Ethics Committee guidelines 
for the care and use of animals. Approximately 1×106 cells in  
200 μL of phosphate-buffered saline (PBS) were inoculated 
subcutaneously in the right lower limb of the mice. 
Twelve days after implantation, these 4T1 mouse breast 
cancer models (Vtumor ≥200 mm3) were used for treatment 
experiments. The tumor volume calculation formula was 
V=0.5×a×b2, where a is the vertical long diameter measured 

by calipers and b is the vertical short diameter. 

Tumor treatment

The tumor-bearing mice (TBM) were randomly allocated to 
six groups: the low-dose group, high-dose group, low-dose 
+ anti-programmed death ligand-1 (PD-L1) group, high-
dose + anti-PD-L1 group, anti-PD-L1 group and control 
group. Animals received 2 Gy ×14 (low-dose group) or 8 Gy 
×3 (high-dose group) radiation for 2 consecutive weeks. The 
combination treatment groups were administered an anti-
PD-L1 antibody [clone 10F.9G2, isotype rat IgG2b, Bio-
Xcell (New Hampshire, USA)] by intraperitoneal injection 
(200 μg ×3, on days 12, 18, and 25), and the control group 
was injected with the same amount of normal saline and 
evaluated in a survival analysis. The TBM were exposed to 
X-ray radiation from an RS2000 Biological X-ray Biological 
Irradiator (Georgia, USA) with an accelerating voltage of 
225 kV and a dose rate of 1.8 Gy/min. To prevent radiation 
exposure of normal tissue, the mice were immobilized in 
the irradiator, the area away from the tumor was covered by 
a lead screen, and the other parts of the body were covered 
with lead screens to minimize the radiation to normal 
tissues. Tumor volume and body weight were measured 
every 2 days.

MR/PA bimodal imaging and analysis

The mice from the radiotherapy group and the control 
group were scanned on days 12 and 26 with a 3.0 T MRI 
scanner (Ingenia, Philips Medical Systems, Amsterdam, The 
Netherlands). The mice were injected intraperitoneally with 
200 μL of Mn-Au contrast agent (APN-AU-40, 50 mmol/L 
MnCI2, and 7×1010 N/mL) 24 hours before imaging. During 
imaging, the mice in the prone position were anesthetized 
with 10% chloral hydrate administered intraperitoneally, 
and eight-channel phased array coils were used for scanning 
the animals. The tumor was placed in the center of the coil, 
and the Mn-Au contrast agent was placed in the opposite 
lower limb of the tumor for image signal intensity (SI) 
comparison. TSE-T1WI was performed with the following 
parameters: a repetition time (TR)/echo time (TE) of  
510 ms/27 ms, an average signal number of 8, a slice 
thickness/slice spacing of 1.5 mm/0.15 mm, a slice number 
equal to 14, a flip angle of 90°, a scanning field of view 
(FOV) equal to 5 cm × 5 cm, a matrix of 200×198, and a 
total imaging time of 588 s. The image data were analyzed 
using software on multifunction workstations (Syngo.via, 
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version VB10B, Siemens, Erlangen, Germany). The regions 
of interest (ROIs) were drawn manually on the tumor 
(including the periphery and center of the tumor) and the 
contrast agent on the image of one slice, and each ROI 
was approximately the same size (approximately 0.5 mm2)  
and shape. The SI produced by the Mn-Au contrast 
medium was obtained. The mean signal of the contrast 
agent was standardized in each slice. The enhanced Mn2+ 
intensity in the peripheral and central tumor ROIs was 
calculated by the following formula: SI = SMn (Con) − 
SMn [IP(per/c)]/SMn (air), in which SMn (IPper), SMn (IPc) 
and SMn (air) represented the SI of the peripheral and 
central Mn2+ of the tumor and the SI of the peripheral 
air, respectively. The resulting images were processed by 
background elimination and normalization. In the method 
of background elimination, MRI signals below the baseline 
were partly removed, and only the remaining signals were 
retained (incomplete background elimination). This method 
can improve the signal-to-noise ratio.

The raw PAI data in this study were obtained with 
an in vivo laboratory-built PAI image acquisition system  
(Figure 1). A laser (Surelite OPO, Continuum, USA) 
emitted pulses with a width of 6–7 ns and a wavelength 
of 690–960 nm at a repetition rate of 20 Hz to excite the 
target and thus produce PA signals. The energy of the 
pulsed light was controlled to extend 10 mJ/cm2 below 

the surface of the animal’s skin, which was well beneath 
the safety standard (20 mJ/cm2). A 128 element half-ring 
ultrasonic array probe (with a center frequency of 5 MHz 
and a bandwidth of 75%, Japan Probe Co., Ltd., Japan) was 
used to receive the PA signal. The received PA signal was 
amplified with a preamplifier (gain of 54 dB and frequency 
range from 460 kHz to 9 MHz) made in house, and the 
signal was collected through data acquisition cards (NI 
5105). Ten-time averaging of the signal minimized the laser 
energy instability, and thus, the image quality was improved, 
making the calculation of the tumor area more accurate. 
During the acquisition process, real-time imaging was 
realized with a LabVIEW panel. The PAI tumor images 
were reconstructed from the PA signals using a delay and 
sum reconstruction algorithm.

The PAI tumor images were reconstructed from PA 
signals using a delay and sum reconstruction algorithm. 
According to the algorithm, we identified changes in the 
cerebral deoxyhemoglobin (HbR), oxyhemoglobin (HbO2) 
and oxygen saturation (SO2), levels in tumor regions at two 
different wavelengths (760 and 840 nm). The absorption 
coefficient of HbR is higher than that of HbO2 at 760 nm, 
while the absorption coefficient of HbO2 is higher than 
that of HbR at 840 nm. The HbO2, HbR and SO2 changes 
were calculated pixel by pixel via Eq. [1] and Eq. [2], and 
the pixels were chosen according to the calculated total 

Ti: Sapphire laser

Pre-amplifier

Trigger

Mouse

Holder

Transducer 
array
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Figure 1 Schematic of our PAI system for in vivo imaging of TBM. PC, personal computer; PAI, photoacoustic imaging; TBM, tumor-
bearing mice.
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hemoglobin (HbT) concentration: 2HbT HbO HbRC C C= + , which 
was greater than 0. 
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Where  C HbO2 and  C HbR a re  the  HbO 2 and  HbR 
concentrations; εHbO2 and εHbR are the molar extinction 
coefficients (cm−1/M); φ760 and φ840 are the PA signal 
amplitudes acquired at wavelengths of 760 and 840 nm; and 
κ is the proportionality coefficient, which is determined 
on the basis of the acoustic parameters and wavelength-
dependent local light fluence. Notably, because of the 
unknown coefficient κ, the calculated CHbO2 and CHbR values 
are relative, however, the SO2 calculated from Eq. [1] is 
absolute. In each PAI parameter image, areas consisting of 
20×20 pixels of the normal tissue surrounding the tumor, 
boundary of the tumor and internal tumor were selected 
as the three ROIs (ROI I, ROI II and ROI III). The mean 
pixel value of the ROIs was calculated. ROI I was used as 
the baseline for calculating the relative changes in ROI 
II and ROI III. In addition, to conveniently calculate the 
pixel value within the ROIs, regions outside the ROIs were 
assigned a pixel value of zero.

Tumor immunofluorescence

All mice were sacrificed by spinal dislocation. Tumor tissues 
were fixed with 4% paraformaldehyde and cut into 4-μm-
thick sections after dehydration and embedment. In brief, 
specimens were incubated with anti-CD31 [1:500, Abcam 
(Shanghai, China), ab182981], anti-α-SMA [1:200, Servicebio 
(Wuhan, China), GB13044], anti-Ki-67 (1:200, Servicebio, 
GB111141), anti-HIF-1α [1:200, Cell Signaling Technology 
(Boston, USA), 36169T], and anti-PD-L1 (1:200, Servicebio, 
GB11339A) antibodies for staining. The slices were imaged 
with a Nikon Eclipse C1 fluorescence microscope and 
scanned and analyzed with a PANNORAMIC panoramic slice 
scanner (Shanghai, China) and Image-Pro Plus 6.0 analysis 
software (Version X; Media Cybernetics, Silver Springs, MD, 
USA). Tumor slices were divided into three equal areas, and 
the microvessel density (MVD) of each area was detected by 
CD31 staining of perivascular cells. The area was quantified 
on the basis of the total number of microvessels per unit area; 
similarly, the coverage of the perivascular cells stained for 

α-SMA in each area was calculated. The vascular maturity 
index (VMI) refers to the percentage of blood vessels stained 
with the anti-α-SMA antibody compared to the total number 
of blood vessels stained with CD31 (27-29). An apoptosis kit 
(Servicebio, G1501) was used to perform TUNEL assays and 
thus evaluate the number of apoptotic tumor cells. Tumor 
cell proliferation was quantitatively analyzed based on the 
percentage of the number of positive cells stained for Ki-67 
in each tumor area compared to the total number of cells. 
The ratio of HIF-1α-positive cells to total cells per unit area 
was calculated to analyze tumor hypoxia, and the proportion 
of PD-L1-positive cells to total cells was analyzed.

Flow cytometry

To obtain a single-cell suspension, the tumor tissue was 
mechanically cut into small pieces and subjected to cell 
filtration. The number of single cells in suspension was 
counted, and the cells were stained with specific antibodies 
against CD4 [BioLegend (California, USA), clone GK1.5, 
100408], CD8a (BioLegend, clone 53-6.7, 100707), CD16 
(BioLegend, clone S17014E, 158007), CD3 (BioLegend, 
clone 17A2, 100273), CD163 (BioLegend, clone S15049I, 
155308), FOXP3 (BioLegend, clone 150D, 320011), CD25 
(BioLegend, clone PC61, 102015), CD68 [eBioscience 
(California, USA), clone FA-11, 25-0681-80], CD80 
(eBioscience, clone 16-10A1, 11-0801-81), and CD56 [Santa 
Cruz (Texas, USA), clone 123C3, SC-7326]. The expression 
levels of CD4, CD8, tumor-associated macrophages 
(TAMs), regulatory T (Treg) cells, and natural killer (NK) 
cells were detected with an acoustic focus flow cytometer 
(Invitrogen Attune NxT, AFC2), and the data were analyzed 
using FlowJo software (Tree Star Inc., California, USA).

Western blot analysis

T h e  a p o p t o s i s  o f  t u m o r  c e l l s  i n  t h e  t u m o r 
microenvironment was detected by Western blotting. 
As previously described (30), the tumor tissue was 
mechanically lysed with RIPA cleavage buffer (Solarbio, 
Beijing, China). After 30 min of incubation on ice, the 
total protein was extracted from the cells, centrifuged 
for 15 min at 4 ℃ and 12,000 rpm, and quantified with a 
BCA protein assay kit (Biosharp, Hefei, Anhui, China). 
The protein in the supernatant was dissolved in 5× 
electrophoresis sample buffer at a ratio of 1:4, heated to 
a high temperature and stored at −20 ℃ until use. The 
isolated proteins were separated by polyacrylamide gel 
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electrophoresis (Biosharp, Hefei, China), transferred 
to a polyvinylidene fluoride membrane (0.22 μm, 
Merck KGaA, Darmstadt, Germany), soaked in TBST 
(Solarbio) blocking solution containing 5% w/v skim 
milk (Biofroxx, Germany) for 2 hours, and then incubated 
for 0.5 hours with a primary antibody; horseradish 
peroxidase-bound secondary antibodies (1:10,000, 
Cell Signaling Technology, #7074) were added to the 
membrane and incubated for 1 hour at room temperature. 
Cleaved caspase-3 was visualized with an enhanced 
chemiluminescence enhancement kit (Biosharp), and 
the protein expression level was detected with ImageJ 
software (GE Healthcare Bio-Sciences, Uppsala, Sweden). 
The image was decolorized into an 8-bit black-and-
white image, and its gray value represented the grayscale 
state of the image. The depth and area of the bands in 
the image comprehensively represented the amount of 
protein. Rabbit anti-cleaved caspase-3 antibody (1:1,000, 
Cell Signaling Technology, 9664) was used.

Statistical analysis

All data are expressed as the means±standard deviations 
(SD). Independent-samples t-tests, one-way ANOVA 
or nonparametric tests were performed to assess the 
differences between different groups. The correlation 
between MR/PA parameters and histological results was 
analyzed on the basis of Pearson correlation coefficients. 
SPSS 25.0 software (SPSS Company, Chicago, IL, USA) 
was used for the statistical analysis, and the survival data 
were analyzed with the Kaplan-Meier method; P<0.05 was 
considered statistically significant.

Results

Tumor volume

The changes in tumor volume were continuously observed 
after implantation of the breast cancer cells (Figure 2A). No 
significant difference in tumor volume was observed among 
the three groups before radiotherapy. On the 10th day, the 
tumor volume was 205.42±2.69 mm3 in the control group, 
199.08±2.18 mm3 in the low-dose group and 203.33±1.79 mm3  
in the high-dose group. After fractionation radiotherapy, 
the percentage of tumor volume increased on the 26th day: 
it increased by 83.60% in the control group, by 77.59% in 
the low-dose group, and by 71.21% in the high-dose group. 
Compared with tumor progression in the control group, 
radiotherapy significantly inhibited tumor progression 
(P<0.001). The tumor growth in the high-dose group was 
lower than that in the low-dose group (P<0.001) (Figure 2B).

MR/PA imaging

MR images were obtained from each group of mice 
before and after radiotherapy. The images taken before 
radiotherapy showed no significant difference in signal 
intensity among the control group, low-dose group, 
and high-dose group (P>0.05). The radiotherapy group 
image showed a low enhancement area (Figure 3A), which 
significantly differed from that taken before radiotherapy. 
This finding suggested local necrosis inside the tumor. 
Although the images of the control group showed 
localized hypointense areas inside the tumor compared 
with those taken before radiotherapy, the difference in 
tumor signal change was not significant. Further analysis 

Figure 2 Tumor response to different doses of radiation therapy. (A) On the 12th day after tumor transplantation, TBM received different 
doses of radiotherapy (fractionated radiotherapy). (B) Tumor volume growth curve. ***, compared with the control group, P<0.001. TBM, 
tumor-bearing mice. 
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showed that compared with that in the control group, the 
signal enhancement of the tumor center was decreased 
in the radiotherapy groups, and the SI decreased more 
significantly in the high-dose group (P<0.05) (Figure 3B). 
The SI in the peripheral region of the tumor was also 
decreased after radiotherapy (P<0.01) (Figure 3B).

In the PAI experiments, 5 representative images were 
continuously obtained for quantitative analysis, as shown 
in Figure 4A. The levels of HbT and HbR in the high-dose 
group and low-dose group were significantly lower than 
those in the control group (P<0.05) (Figure 4B). There was 
a significant difference in SO2 between the high dose group 
and the control group (P<0.05). Further analysis showed 
that the levels of HbT (Figure 4C) and HbR (Figure 4D)  
in different regions of the tumor in the radiotherapy groups 
were different from those in the control group, but the 
levels of HbO2 (Figure 4E) and SO2 (Figure 4F) were not 
significantly different in different regions. In the high-
dose and low-dose groups, the HbT levels in the central 
area of the tumor were lower than those in the peripheral 
region in the high-dose group (P<0.05), and the HbR levels 
in the central area of the tumor were lower than those in 
the peripheral region (P<0.05). There was no regional 
difference in HbT and HbR levels in the control group 
(P<0.05).

Immunofluorescence assay of the tumors

Compared with that in the control group, the number of 

Ki-67-positive proliferative cells decreased (P<0.01), and 
the number of TUNEL-positive apoptotic cells increased 
in both the low-dose and high-dose groups (Figure 5). 
Furthermore, in the high-dose group, the number of Ki-
67-positive cells decreased most significantly (P<0.01), 
and the number of TUNEL-positive cells increased most 
significantly (P<0.05). In the high-dose group, Ki-67 was 
positively correlated with SIper (r=0.879, P=0.021) and SIc 
(r=0.938, P=0.006), but TUNEL staining was negatively 
correlated with SIc (r=−0.867, P=0.025). In the low-dose 
group, Ki-67 was positively correlated with SIper (r=0.826, 
P=0.043) and SIc (r=0.907, P=0.012).

Tumor sections were stained with anti-CD31 and anti-
α-SMA antibodies to detect tumor vessels (Figure 5). 
Compared with that in the control group, the number of 
blood vessels decreased; in the low-dose group to 48.93% 
(P<0.05), and in the high-dose group to 14.67%. In 
addition, compared with the control group, radiotherapy 
increased the VMI; in the low-dose group to 55.13% 
(P<0.05), and in the high-dose group to 29.60% (P>0.05).

Tumors were stained with anti-PD-L1 and anti-HIF-1α 
antibodies (Figure 5), and the effects of radiation on tumor 
immunity and hypoxia were evaluated. Compared with that 
in the control group, radiotherapy increased the expression 
of PD-L1 in the tumor by 25.69% in the low-dose group 
and 30.8% in the high-dose group, and the expression of 
PD-L1 in the high-dose group was significantly higher 
than that in the control group (P<0.05). Compared with the 
control group, radiotherapy slightly reduced the content of 

Figure 3 MR images before and after radiation in the therapy groups. (A) MR images of the control group, low-dose group, and high-dose 
groups before and after radiotherapy. The contralateral side of the tumor shows the Mn-Au contrast agent. The arrow indicates the necrotic 
area of the tumor. (B) Changes in signal intensity in the central and peripheral areas of the tumor after radiotherapy. The red arrow means 
the tumor area. *, compared with the control group, P<0.05; **, compared with the control group, P<0.01. MR, magnetic resonance.
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Figure 4 PA parameter image. (A) PA images of the control group, low-dose group, and high-dose group. (B) Signal intensity change 
of HbT, HbO2, HbR, and SO2 after radiotherapy, and (C-F) were the signal differences between the peripheral and central regions of 
the tumor. *, compared with the control group, P<0.05; **, compared with the control group, P<0.01. C, control; L, low; H, high; PA, 
photoacoustic; HbT, total hemoglobin; HbO2, oxyhemoglobin; HbR, cerebral deoxyhemoglobin; SO2, oxygen saturation.

HIF-1α in the tumor tissue (P>0.05).

Expression of cleaved caspase-3 in tumor tissue

Compared with the control group, the expression of cleaved 
caspase-3 in the high-dose group and low-dose group was 
significantly increased (P<0.01) (Figure 6).

Effect of radiotherapy on immune cells in tumors

To determine the changes in the number of tumor immune 
cells after radiotherapy, tumor-associated immune cells 
were analyzed by flow cytometry (Figure 7). Compared with 
the control group, the high-dose group showed an increase 
in CD4+ cells of 73.96% (P=0.006), an increase in CD8+ 
cells of 74.91% (P=0.015), and an increase in NK cells of 
29.25% (P<0.001); the low-dose group showed an increase 
in CD4+ cells of 67.46%, an increase in CD8+ cells of 3.89%, 
and an increase in NK cells of 15.98% (Figure 7A,7B,7E). 
However, there was no significant difference in the levels 
of CD4+, CD8+, and NK cells between the low-dose group 
and the control group. In addition, no significant changes 

in TAMs (P=0.643) or Treg cells (P=0.932) were observed 
in the radiotherapy groups compared to the control group 
(Figure 7C,7D).

Therapeutic effects of the combination therapy on the 
tumors

To evaluate the efficacy of combination therapy, the mice 
were treated with anti-PD-L1 group (200 μg ×3 on days 
12, 18, and 25), and high-dose + anti-PD-L1 group (8 Gy 
×3, 200 μg ×3 on days 12, 18, and 25), and low-dose + anti-
PD-L1 group (2 Gy ×14, 200 μg ×3 on days 12, 18, and 25) 
(Figure 8A). During treatment, the tumor growth in the 
three treatment groups was significantly lower than that 
in the control group (P<0.01). Compared with the anti-
PD-L1 group, the low-dose + anti-PD-L1 group and 
high-dose + anti-PD-L1 group had significantly slower 
tumor progression (P<0.01) (Figure 8B). Compared with 
the control group regimen, the dose regimen of combined 
therapy showed a more significant inhibitory effect on 
tumor growth (P<0.01) and a tendency to increase the 
survival rate (P<0.01) (Figure 8C). Furthermore, compared 
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with the anti-PD-L1 group, the survival of the low-dose + 
anti-PD-L1 group was significantly increased (P=0.035), 
and this increase in the survival rate was the most obvious in 
the high-dose + anti-PD-L1 group (P=0.002).

Discussion

In this study, radiotherapy-induced tumor vascular 
remodeling by changing the vascular density and 

oxygenation level and increased the infiltration of immune 
cells and the expression level of PD-L1 in tumors, thus 
promoting the inhibition of tumor immune environment 
activation. Compared with histopathological biopsy, 
noninvasive quantitative imaging provides anatomical and 
vascular information on the tumor response to radiotherapy. 
To our knowledge, this is the first study to use MR/PA 
bimodal imaging to observe the response of tumor vessels 
and the microenvironment to different radiotherapy 
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regimens in TBM.
Tumor growth is affected in many ways during 

radiotherapy, and the differences in the radiotherapy 
fractionation scheme are important factors in controlling 
tumor progression and metastasis. In this study, we 
found that tumor growth was continuously inhibited by 
radiotherapy, and the effect of high-dose fractionated 
radiotherapy was more obvious than that of low-dose 
fractionated radiotherapy. Of course, this effect may have 
been related to our radiotherapy program. The inhibitory 
effect of low-dose fractionated radiotherapy on tumor cell 
growth was short-lived and weak, while interval high-dose 
fractionated radiotherapy can cause a wide range of DNA 
double-strand breaks, destroy the ability of cellular self-
repair, and thus accelerate tumor cell apoptosis. Therefore, 
we should not only ensure the inhibitory effect of high-dose 
radiotherapy on tumor growth but also consider the interval 
of treatment. Ki-67 expression, the best marker of cell 
proliferation, and apoptosis marker expression were assessed 
to compare the effects of dose differences on tumor growth. 
The apoptosis index significantly increased, indicating that 
high-dose irradiation caused tumor cell death and effectively 
prevented tumor cell proliferation. In addition to analyzing 
the growth status of tumors, we also used manganese-

enhanced MRI to monitor the changes in apoptosis of 
tumor cells after radiotherapy. Manganese ions are actively 
transported to biologically active cells through calcium 
channels, so T1-weighted positive signals of MRI were used 
to reflect the survival status of cells, especially to observe the 
response of tumor cells to different doses of radiotherapy 
(31,32). Compared with that of low-dose radiotherapy, the 
killing effect of high-dose fractionated radiotherapy on 
tumor cells was more direct and persistent. After high-dose 
radiotherapy, the degree of signal enhancement in the tumor 
center was decreased significantly, and the peripheral area of 
the tumor was more sensitive to high-dose radiotherapy and 
showed little enhancement, suggesting that the tumor cells 
in the peripheral region underwent apoptosis at a significant 
rate. More importantly, through MRI, we found that the 
radiosensitivity in different regions of the tumor differed. 
This finding may have been a result of phenotypically 
and genetically diverse tumor cell populations, and the 
proliferation rate and therapeutic sensitivity of these cells may 
differ (33). In addition, when tumor cells recruit stromal cell 
groups, such as immune cells and endothelial cells, the tumor 
microenvironment is remodeled, resulting in spatial variation 
within the tumor (34). The resulting spatial distribution of 
tumor and stromal cells leads to the progression of different 
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physiological subregions in tumors and differences in the 
resistance of tumor areas to treatment. The SI in the MRI 
of the tumors was positively correlated with Ki-67 staining 
and negatively correlated with TUNEL staining, which 
indicated that MRI can potentially be used to monitor 
tumor growth inhibition induced by radiotherapy and to 
help evaluate the sensitivity of tumor cells to the radiation 
dose.

Many aspects of vascular biology are affected by radiation 
and vary according to the dose/grade, time, and model 
studied (35). Radiotherapy may preferentially prune poorly 
covered/functional vessels to redistribute blood vessels, but 
this vascular change may not systematically translate into 
long-term effects on the tumor (36,37). Compared with a 
single dose of high-intensity irradiation, our 2 Gy ×14 and 
8 Gy ×3 doses did not cause severe irreversible damage 
to tumor vessels. After 2 Gy ×14 treatment, the VMI 
was increased because of the effective stimulation, which 
may have been related to the retention and improvement 
of vascular system formation on the first few days after 
radiotherapy (38). After 8 Gy ×3 exposure, the MVD did 
not decrease significantly, possibly because of the death of 
vascular endothelial cells to varying degrees, which would 
have been quickly attenuated by the formation of new blood 
vessels, emphasizing the contribution of the fractionated 
radiotherapy scheme to tumor vessel remodeling.

The multiple effects of radiation on the tumor 
microenvironment include the regulation of the hypoxic 
state (39). HIF-1α is the main regulator of hypoxic 
transcription, which can be stably expressed in the hypoxic 
tumor state and promote the continuous differentiation of 
tumor cells and angiogenesis (40). The expression level of 
HIF-1α can indirectly reflect changes in tumor hypoxia (41).  
There was no significant change in the expression of HIF-
1α after 2 and 8 Gy exposure. This outcome may have been 
due to the reoxygenation of tumor parenchyma cells that 
survived radiotherapy, an outcome that largely depends 
on the radiation scheme (42). A complex dose–response 
relationship between radiation-injured tumor vessels, tumor 
cell reoxygenation and reaggregation is suggested. During 
PAI monitoring of tumors after radiotherapy, we found that 
the contents of HbT and HbR in tumor vessels decreased 
and SO2 increased in the high-dose group, suggesting that 
the morphology and oxygenation level of tumor vessels 
was affected to varying degrees, which may depend on the 
size of tumor vessels (43). The difference in the response 
of tumor vessels to different doses of radiation reflects the 
spatial heterogeneity of the tumor, especially the changes 

in blood vessel density and oxygenation level and the 
redistribution of blood flow. Syed and others called the 
physiological tumor habitat, and differences in imaging 
and histological findings are evident among different 
vascular and cellular tumor habitats (44). In general, the 
PAI parameters confirmed vascular degenerative changes 
after radiotherapy and were able to detect subtle changes in 
tumor oxygenation levels with high sensitivity, suggesting 
that the degree of vascular degeneration is related to 
radiotherapy dose, radiation-dose fractionation, regional 
tumor heterogeneity and other factors.

As an immunomodulator, radiation can directly stimulate 
immune cells to produce cytokines and chemokines that 
affect the local immune response, and this immune response 
varies on the basis of the radiotherapy program and tumor 
model (45-47). The activation status of T and NK cells is 
suggestive of antitumor immunity; immune cells can kill 
target cells via various mechanisms following activation. 
Radiation can enhance the cytokine secretion and cytotoxic 
activity of NK cells (48). Compared with the 2 Gy ×14 
treatment, the 8 Gy ×3 treatment better promoted NK-
cell recruitment to the tumor microenvironment, which 
may have been due to an increase in the radiation dose 
that was conducive to the release of tumor exosomes, 
promoting NK-cell polarization (49,50). According to 
our results, compared to the low dose, 8 Gy ×3 can better 
promote the aggregation of CD4+ T cells and CD8+ T 
cells in the tumor. The CD4+ T-cell population contains 
effector T cells and Treg cells, which play roles in immune 
stimulation and immunosuppression, respectively (51), and 
the Treg cell subpopulation was not significantly changed 
after irradiation, but overall, high-dose radiotherapy seemed 
to disrupt the balance of the CD4+ T-cell populations. In 
addition, the mechanism by which high-dose radiation 
affects CD8+ T cells involves the promoted infiltration of 
immune cells into tumors through vascular endothelial cells 
or through the local production of chemical inducers (52).  
TAMs undergo two types of polarization, and TAMs 
undergoing M2-like polarization show inhibited production 
of immune cytokines (53). However, different doses of 
radiotherapy can lead to conflicting effects on TAM 
polarization; no significant change in TAMs was observed in 
this study, and therefore, further study and evaluation of the 
relative contribution of radiotherapy to TAM polarization 
types are needed.

PD-L1 has been proven to be a key immune checkpoint 
molecule expressed on the surface of immune cells and 
highly expressed on the surface of cancer cells. PD-L1 
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enables tumor cells to escape the host immune response 
by inducing T-cell depletion and inhibiting effector 
T-cell function (54). We found that 8 Gy ×3 radiotherapy 
triggered more PD-L1 expression than 2 Gy ×14, which 
suggested that high-dose fraction radiotherapy may induce 
a greater local inflammatory response in tumor tissue and 
enhance tumor-specific T-cell infiltration in the tumor 
microenvironment (55). Notably, the negative regulation 
of immune cells by PD-L1/programmed death 1 (PD-1) 
may be an important host-mediated mechanism of tumor-
acquired radiation resistance, and the expression of PD-
L1 induced by radiotherapy indicates an opportunity for 
the subsequent application of PD-L1/PD-1 axis inhibitors. 
However, due to the suppressed state of the tumor immune 
microenvironment, PD-L1 antibody drugs alone cannot 
exert the best effect in tumors, and immunotherapy 
alone is rarely used in clinical tumor treatment strategies. 
Combination therapy enhances the antitumor immunity 
of the host and improves the curative effect of the 
respective treatments (55,56). In our study, radiotherapy 
combined with an anti-PD-L1 antibody regimen effectively 
controlled tumor progression. In terms of survival rate, the 
radiotherapy dose regimen of 8 Gy ×3 was slightly better 
than that of 2 Gy ×14 for immunoregulation. Some studies 
have suggested that the dose-grading regimen of immune 
checkpoint drugs with 8 Gy ×3 radiation exposure should 
be the standard grading scheme for an immunotherapy 
combination (57-59). However, a consensus on the best 
radiation doses and fractionation plan has not been reached. 
Our study only compared immunotherapy alone with 
combination therapy, and preliminarily explored the effects 
of differences in radiation doses and fractionation plans in 
a combination treatment of breast cancer. The best plan 
for combined radiotherapy and immunotherapy needs to 
be assessed considering many variables, such as the effect 
of tumor subtype, immune response of the tumor and 
immunotherapy type, and the specific mechanism of action 
of radiotherapy in combination therapy. This will be the 
focus of future research.

Conclusions

In short, differential fractionated radiotherapy doses exert 
biological effects on tumor vascular remodeling and the 
immune microenvironment. MR/PA bimodal imaging 
can be used as an imaging marker to evaluate tumor 
vessels after radiotherapy and better guide the combined 
immunotherapy strategy of tumors.
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