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Purpose: To evaluate the effect and immune response of transcatheter arterial embolization 
(TAE) combined with donafenib in rabbit VX2 liver tumor model.
Materials and Methods: Thirty-six New Zealand white rabbits with VX2 liver tumor were 
randomly divided into three groups. The LD group was treated with the emulsion of 0.5 mL 
lipiodol and 4 mg donafenib via hepatic arterial administration. The LE group was treated 
with the emulsion of 0.5 mL lipiodol and 4 mg epirubicin. The control group was treated 
with the equal volume of saline. Four rabbits were euthanized in each group on day 1, 3 and 
7 after treatment. The tumor growth, histological markers associated with angiogenesis and 
immune response were assessed by imaging and histopathology. In addition, immune 
modulatory cytokines included interleukin (IL)-6, tumor necrosis factor (TNF)-α, interferon 
(IFN)-γ, and biochemical hepatorenal function were measured.
Results: Compared to other groups, LD group achieved lower tumor growth rate, fewer 
metastatic lesions, and higher tumor necrosis rate on day 7 after treatment. The percentage of 
CD31-positive area in the LD group was significantly lower than that in the LE group on day 
3 and 7 after treatment. In addition, CD8+ lymphocytes infiltration was more pronounced in 
LD group than in LE group on day 7 after treatment, regardless of in the tumor or adjacent 
liver tissue. Serum cytokines including IL-6, TNF-α and IFN-γ were strongly upregulated in 
the LD group on day 1 after treatment. And there was no significant difference in the 
hepatorenal function between LD group and LE group after treatment.
Conclusion: The combination of TAE and angiogenesis inhibitor donafenib resulted in 
a potentiated tumoricidal effect, anti-angiogenesis and antitumour T cell response in rabbit 
VX2 liver tumor model. This may provide a potential basis for exploring the immune-related 
mechanisms of embolization in liver cancer.
Keywords: liver cancer, transcatheter arterial embolization, donafenib, tumor angiogenesis, 
immune response

Introduction
Transcatheter arterial embolization (TAE) or transcatheter arterial chemoemboliza-
tion (TACE) is one of the most common treatments for unresectable hepatocellular 
carcinoma (HCC).1,2 The rationale is that the intra-arterial infusion of embolic 
agents combined with or without chemotherapy drugs will result in a strong 
ischaemic necrosis and cytotoxic effect targeted to the tumor.3 TACE, indeed, as 
a safe and effective local treatment method, has been quite a success in the past 
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decades. However, increasing evidences found that tumor 
ischemia and hypoxia after embolization can enhance the 
expression of angiogenesis related factors and chemoresis-
tance of HCC.4–6 And some studies have shown that the 
combination of TAE and chemotherapy drugs seems to be 
unsatisfactory.7,8 Hence, inhibition of angiogenesis as an 
optional treatment is critical to combining with TAE 
for HCC.

Sorafenib, a first oral multiple-receptor tyrosine kinase 
inhibitor, is recommended as the first-line systemic ther-
apy for advanced HCC.9 It can interrupt signaling path-
ways involved in angiogenesis and tumor cell 
proliferation. Although sorafenib has been used in clinical 
practice for more than a decade, the cost has still limited 
its accessibility in developing countries.10,11 Donafenib, 
developed by Zelgen Biopharmaceuticals, is a novel 
small molecular targeted drug by substituting 
a trideuteriomethyl group for a methyl on the sorafenib 
molecule.12 The deuteration can improve the stability of 
drug, resulting in lengthened half-life or reduced clear-
ance. Some clinical trials have demonstrated its safety, 
pharmacokinetics and efficacy in treating advanced solid 
tumors.13,14 It has also been confirmed that donafenib is 
superior to sorafenib in improving survival and favorable 
safety in first-line treatment of unresectable or metastatic 
HCC.15 Similar to sorafenib, donafenib has strong antipro-
liferative potency and antiangiogenic activity in multiple 
cancer cell lines. Though the both drugs achieve a survival 
benefit, they are prone to systemic adverse events after 
oral administration (e.g., hypertension, hand-foot skin 
reaction and diarrhea). Some patients are unable to tolerate 
treatment and even suspend.

Previous reports have indicated that the combination of 
embolic agents and angiogenesis inhibitors (e.g., sorafenib, 
apatinib and sunitinib) via arterial administration to the liver 
is effective.16–18 It can increase intratumoral drug concen-
tration and reduce systemic toxicity. The aim of present 
study was to investigate the feasibility, safety and effects 
on angiogenesis and immune response after TAE combined 
with donafenib in rabbit VX2 liver tumor model.

Materials and Methods
Animal Model
Ethical approval for the study was obtained from the 
Animal Experiment Committee of the Institute for 
Huazhong University of Science and Technology. New 
Zealand white rabbits (male; weight, 2.0–2.5 kg) were 

purchased from the Experimental Animal Center, and 
could free access to enough food and water. The VX2 
carcinoma strain was bred in a hind limb of carrier rabbit. 
Under aseptic condition, a longitudinal incision was made 
in rabbit’s abdominal white line to reveal the hepatic lobe. 
A single 1 mm3 VX2 tumor chip was implanted into the 
left lateral lobe and followed with gelatin sponge to pre-
vent tumor from falling out or liver bleeding. And each 
recipient rabbit was given intramuscular injection of peni-
cillin for three days. Two weeks after implantation, the 
tumor suitable for interventional therapy was measured by 
CT scan.

Interventional Therapy Procedure
Hepatic arteriography was performed in all groups of 
tumor-bearing rabbits under fluoroscopy guidance. Thirty- 
six tumor-bearing rabbits were randomly divided into three 
groups. The LD group received the emulsion of 0.5 mL 
lipiodol and 4 mg donafenib. The LE group received the 
emulsion of 0.5 mL lipiodol and 4 mg epirubicin. The 
control group received the equal volume of saline. The 
rabbit’s femoral artery was dissected and catheterized after 
anesthesia. A 4-F Cobra catheter (Cook, Inc., 
Bloomington, Indiana) was inserted into the celiac artery, 
and a 2.7-F coaxial microcatheter (Terumo, Tokyo, Japan) 
was further used to select the hepatic artery for angiogra-
phy to identify the tumor-feeding artery. According to the 
predetermined groups, the various treatment was adminis-
tered slowly to avoid the occlusion of non-target vessels. 
We then used gelatin sponge particles for supplement till 
the complete embolization of tumor vessels. Finally, all 
catheters were removed, and all rabbits were intramuscu-
larly injected with penicillin daily for three days.

CT Imaging Evaluation
A 320-slice spiral enhanced CT triple-phase scan (Aquilion 
One, Toshiba Co., Tokyo, Japan) was performed to measure 
the tumor size before and 7 days after treatment. The scan-
ning parameters were set as follow: 80-kV tube voltage; 60- 
mA tube current; 2-mm slice thickness. The dynamic 
abdominal CT was initiated after a delay time of 10 sec, 
and the injection volume of contrast agent was 3 mL (rate at 
1mL/sec). The obtained imaging data were processed by the 
Syngo Fastview image processing system. Tumor size, loca-
tion and intrahepatic metastasis were recorded and analyzed 
by two senior radiologists. The tumor volume was calculated 
by formula: V = a * b2/2 (a, long diameter; b, short dia-
meter). And the tumor growth rate was calculated by 
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formula: V7/V0 * 100%. Tumor response was characterized 
using modified Response Evaluation Criteria in Solid 
Tumors (mRECIST) criteria.19

Hematoxylin and Eosin Staining of Tissue 
Samples
According to a predetermined scheme, four rabbits were 
euthanized in each group on day 1, 3 and 7 after treatment. 
The VX2 tumor and adjacent liver tissue were harvested. 
The specimens were then fixed for more than 24 hours in 
10% formalin solution. After dehydration with ethanol, the 
samples were embedded in paraffin, sectioned. One slide 
(4 μm) from paraffin section was stained with hematoxy-
lin-eosin (H&E) for histopathologic analysis. The feature 
of each tissue slide was recorded and tumor necrosis rate 
was calculated using an established method.20

Immunofluorescence of CD31
The prepared paraffin sections were first to deparaffinize 
and rehydrate. They were then immersed in EDTA anti-
gen retrieval buffer (pH 8.0) and maintained at a sub- 
boiling temperature for several minutes. After incubation 
with primary antibody, the slides were incubated with 
anti-rabbit CD31 secondary antibody diluted 1:100 
(DAKO, USA) and maintained at room temperature for 
50 min in dark condition. Subsequently, the slides were 
incubated with DAPI solution for 10 min and spontaneous 
fluorescence quenching for 5 min at room temperature. 
DAPI glows blue by UV excitation wavelength 330–380 
nm and emission wavelength 420 nm, and CY3 glows red 
by excitation wavelength 510–560 nm and emission 
wavelength 590 nm. The representative fluorescent 
images were collected under microscopy. Fluorescent 
quantitative analysis was performed by two observers 
using ImageJ software 1.8.0 (National Institutes of 
Health, USA). The percentage of CD31-positive area per 
20 high power field was recorded and analyzed in each 
group.

Immunohistochemical Staining of CD8+ 

T Lymphocytes
The pretreatment steps of samples were mostly as above. 
Briefly, the slides were incubated with mouse anti-rabbit 
CD8+ T cells (1:100 dilution, NOVUS, USA). After DAB 
chromogenic reaction, nucleus counterstaining with hematox-
ylin stain solution and dehydration, the CD8 cells staining of 
tissue was visualized under a microscope. The nucleus of 

hematoxylin stained is blue, and positive expression of DAB 
is brownish yellow. The images were taken from the VX2 
tumor and adjacent liver tissue in each group. The number of 
CD8+ T cells was also counted at high magnifications (200×) 
using ImageJ software. To ensure the representativeness and 
reliability of data, more than five independent fields in each 
section were selected to observe the infiltration of 
lymphocytes.

Cytokine ELISA
Serum of rabbits collected on day 1, 3 and 7 after treat-
ment (e.g., LD, LE and control), was used for cytokine 
analysis. Immune modulatory cytokines included interleu-
kin (IL)-6, tumor necrosis factor (TNF)-α and interferon 
(IFN)-γ were measured using ELISA KITs (CUSABIO, 
Wuhan, China), according to the manufacturer’s protocol. 
The ultimate samples were assessed at 450 nm in an Epoch 
plate reader (BioTek, USA).

Biochemical Hepatorenal Function 
Assessment
Blood samples for assessment of hepatorenal function 
were collected though marginal ear vessels of rabbits at 
1 day, 3 days and 7 days after treatment. The biochemical 
tests included alanine transaminase (ALT), aspartate trans-
aminase (AST), total bilirubin (TBIL) and creatinine (Cr).

Statistical Analysis
Statistical analysis was done with SPSS Statistics V.25.0 
(SPSS Inc., Chicago, USA) and GraphPad Prism V.8.0 
(GraphPad Software, La Jolla, USA) software packages. 
The data were described as mean value ± standard devia-
tion or absolute numbers (percentages). Independent t test 
or one-way ANOVA was used to analyze the variables 
between the groups. A P value < 0.05 was considered 
significant.

Results
Establishment of Rabbit VX2 Liver Tumor 
Model and Imaging Analysis
The operation, including the implantation of VX2 tumor 
and interventional therapy procedure, were performed 
successfully in all rabbits by the skillful interventional 
radiologists. Before operation, dynamic CT scanning 
showed that a spherical tumor with markedly marginal 
enhancement was embedded in the left lateral lobe of 
liver. The average tumor size was 1284.20 ± 
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218.02 mm3. Seven days after the operation, we found 
a well lipiodol deposition in the tumor both LD and LE 
group (Figure 1A). Even so, the result of tumor growth 
rate indicated the LD group was lower than LE group 
(P < 0.05) (Figure 1B). And further comparison of the 
number of intrahepatic metastases revealed that LD group 
was the lowest compared to other groups (P < 0.05) 
(Figure 1C).

Evaluation of Tumor Necrosis and 
Angiogenesis
Various degrees of tumor necrosis occurred in three groups 
on day 1, 3 and 7 after treatment (Figure 2). Tumor necrosis 
rate increased over time. One day after treatment, the tumor 
necrosis rate of LD group was similar to that of LE group 
(61.68% vs. 60.43%, P = 0.707). Similarly, there was no 
significant difference between LD and LE group 3 days after 

Figure 1 (A) Abdominal dynamic CT scan were performed on the three groups before and 7 days after operation (n = 4). (B) Tumor growth rate of each group (n = 4). (C) 
The number of intrahepatic metastases 7 days after operation (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001.
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treatment (84.98% vs. 82.98%, P = 0.420). 95.75% of tumor 
necrosis rate for LD group was higher than 89.35% of that 
for LE group 7 days after treatment (P < 0.05).

The results of CD31 expression at different time points 
are presented in Figure 3. The percentages of CD31- 
positive area were not significant difference between LD 
and LE group 1 day after treatment (1.45% vs. 2.11%, P = 
0.101). However, the CD31 expression of LD group was 
obviously lower than that of LE group 3 and 7 days after 
treatment (P < 0.001). Under fluorescence microscopy, the 
new blood vessels were greatly increased over time after 
treatment in LE group, while slowly in LD group.

Tumor Immune Response
The infiltration of CD8-positive T-lymphocytes in VX2 
tumor and adjacent liver tissue were compared in the three 
groups on day 1, 3 and 7 after treatment (Figure 4). In the 
control group, faint infiltrate of CD8+ lymphocytes in the 
VX2 tumor and adjacent liver tissue on three occasions. 
There were relatively dense infiltrates of CD8+ lymphocytes 

in the tumor tissue between LD and LE group. On day 1 and 
3, the number of infiltrating CD8+ lymphocytes in the tumor 
tissue for LD group was higher than that for LE group (P < 
0.01), while no significant difference in the adjacent liver 
tissue between the two groups. On day 7, CD8+ lymphocytes 
infiltration reached a peak in the two group. And it was more 
pronounced in the LD group than in the LE group, regardless 
of in the tumor (52.40 ± 3.97 vs. 31.80 ± 1.92, P < 0.001) or 
adjacent liver tissue (27.20 ± 1.64 vs. 20.60 ± 2.88, 
P < 0.05).

Cytokine Assay
Serum cytokines were measured as indicated (Figure 5). 
The pro-inflammatory Th1 related IL-6, TNF-α and IFN-γ 
were strongly upregulated in tumor-bearing rabbits receiv-
ing TAE with donafenib or epirubicin. These cytokines 
both LD and LE group had a peak level on day 1 after 
treatment. The IL-6 level in the LD group was 1589.24 ± 
126.06 pg/mL and in the LE group was 1322.93 ± 50.06 

Figure 2 (A) Representative hematoxylin-eosin staining. Scale bar = 100 μm. (B) 
Tumor necrosis rate of each group. *P < 0.05.

Figure 3 (A) Immunofluorescence of CD31. Nucleus (blue area) and positive 
expression of CD31 (red area). Scale bar = 50 μm. (B) The percentages of CD31- 
positive area in VX2 tumor tissue. ***P < 0.001.
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pg/mL (P < 0.05). Similarly, the levels of TNF-α and IFN- 
γ were higher for LD group than that for LE group (P < 
0.05). Then, serum IL-6, TNF-α and IFN-γ in the LD and 
LE group showed an obvious decrease over time, and they 
were the same level as the control group until the day 7.

Hepatorenal Function Changes
The changes of ALT, AST, TBIL and Cr after treatment 
were shown in Figure 6. The LD and LE group had 
a similar increase in serum levels of ALT, AST and 
TBIL 1 day after treatment. Subsequently, these 

Figure 4 (A) Immunohistochemical staining for CD8 in the VX2 tumor and adjacent liver tissue 1 day, 3 days and 7 days after treatment. (B) Quantification of CD8-positive 
T-lymphocytes per high magnification (200×). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 5 Levels of IL-6 (A), TNF-α (B) and IFN-γ (C) in serum.
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biochemical tests decreased to a low level in the two 
groups. Compared to the control group, the Cr level after 
treatment had no obvious change in the LD group and LE 
group. There was no significant difference in the hepator-
enal function between LD group and LE group after 
treatment.

Discussion
The treatment of middle-advanced HCC is varied and 
controversial, according to the latest guidelines.21,22 It is 
widely recognized that TACE and targeted therapy are 
relatively advocated for those patients. Studies have 
reported that TACE or TAE has a bidirectional regulation 
on the tumor microenvironment. On the one hand, tumor 
necrosis caused by blocking up the tumor’s blood supply 
can activate the response of systemic immune system, 
further to induce local infiltration of immunoregulatory 
lymphocytes and expression of corresponding 
cytokine.23,24 On the other hand, tumor hypoxia caused 
by incomplete embolization contributes to the high 

expression of vascular endothelial growth factor (VEGF) 
and programmed death-ligand 1 (PD-L1), which leads to 
tumor angiogenesis and immunosuppression.25,26 The clin-
ical application of angiogenesis inhibitors has greatly 
improved tumor response rate and survival.27 It has 
strongly inhibition effects of angiogenesis by blocking 
the activation of relevant targets. Angiogenesis inhibitors, 
meanwhile, can induce the activation of immune system 
and promote the local infiltration of immunoregulatory 
lymphocytes.28 However, systemic adverse events are 
noticeable and intolerable for some patients. In the present 
study, we confirmed for the first time that the combination 
of TAE and donafenib is effective in the hepatic arterial 
treatment of rabbit VX2 liver cancer.

Donafenib is a multi-targeted and multikinase inhibitors 
developed in China. An open-label, randomized, multicentre 
phase II/III trial showed that donafenib can achieve improved 
overall survival, better safety and tolerability compared to 
sorafenib.29 This may be the preferred drug for the first-line 
treatment of advanced HCC in China. In the present study, 

Figure 6 Levels of ALT (A), AST (B), TBIL (C) and Cr (D) in each group.
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local application of donafenib can achieve lower tumor growth 
rate, fewer metastatic lesions and greater degree of tumor 
necrosis compared to epirubicin. This indicated the combina-
tion of TAE and donafenib can indeed reinforce the anti-tumor 
effect. Previous data had reported the local use of sorafenib and 
apatinib, the results of tumor response were like ours.30,31 The 
tumor necrosis rate increased after combined treatment over 
time. This may be because tumor necrosis is a continuous 
rather than immediate pathological process, and donafenib 
plays an important role in the late stage of necrosis.

For targeted drugs, the inhibition of angiogenesis is critical. 
Sorafenib has been used in preclinical and clinical studies in 
the past decade. It has been confirmed that sorafenib can reduce 
the tumor angiogenesis by inhibiting the VEGF and Raf kinase 
signaling pathways, regardless of the systemic or local 
administration.30,32 Similarly, our study showed that the LD 
group had a lower CD31 expression compared to LE group 
on day 3 and 7 after treatment. In the LE group, the CD31 
expression gradually increased after treatment and peaked 
on day 7, while it has a negligible growth in the LD group. 
This suggested that embolization resulted in the increase of 
new tumor blood vessels and donafenib had a strong anti- 
angiogenesis effect in tumor tissue.

In some clinical studies, TACE appeared a markedly 
improved immune function in patients with HCC.33–35 It can 
reduce the percentage of CD4+CD25+Treg cells in the periph-
eral blood of HCC patients. However, it is unclear that the 
effect of local administration of angiogenesis inhibitors on the 
tumor immune response. In the present study, compared to 
control group, the combination of TAE with donafenib or 
epirubicin can achieve more dense infiltration of CD8- 
positive T-lymphocytes. On day 7, the number of infiltrating 
CD8+ lymphocytes in the LD group were significantly higher 
than that in the LE group, which implied that local administra-
tion of donafenib achieved efficiently tumoricidal immune 
response under the hypoxic environment after embolization. 
Chuang et al36 found the systemic administration of sorafenib 
can augment the function of CD8+T cells and reverse the tumor 
immunosuppressive microenvironment. These findings further 
explained angiogenesis inhibitors can strongly enhance the 
infiltration of T lymphocytes in the tumor tissue, regardless 
of local or systemic administration. In addition, the results of 
cytokines in peripheral blood supported this. The levels of IL- 
6, TNF-α and IFN-γ correlated closely with the infiltration of 
antitumour T cells. The increase of these cytokines can induce 
the activation of antitumour T cells. As for the hepatorenal 
function, donafenib and epirubicin had a similar toxic reaction, 

which was different with the results in regard to the local 
administration of sorafenib.37

The study had several limitations. Firstly, the evaluation of 
immune response was limited due to the lack of antibody 
reagents for rabbits, which is the most suitable model for 
TAE treatment. Theoretically, the number of NK, Treg cells 
and other immunoregulatory T cells in the tumor tissue should 
be used to comprehensively evaluate the tumor immune 
response. Secondly, the physical properties of lipiodol were 
so limited that the assessment of pharmacokinetic features has 
not been performed. More embolic agents with slow-release 
effect will be further studied in the future.

Conclusions
The study preliminarily confirmed that the combination of 
TAE and angiogenesis inhibitor donafenib can result in 
a strong tumoricidal effect, inhibition of angiogenesis and 
antitumour immune response in rabbit VX2 liver tumor 
model. This may provide a potential basis for exploring the 
immune-related mechanisms of embolization in liver cancer.
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