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Purpose: The current study aimed to evaluate the synergistic efficacy of lenvatinib and FOLFOX (infusional fluorouracil (FU), folinic 
acid, and oxaliplatin) in hepatocellular carcinoma (HCC) using patient-derived xenograft (PDX) and PDX-derived organotypic 
spheroid (XDOTS) models in vivo and in vitro.
Methods: PDX and matched XDOTS models originating from three patients with HCC were established. All models were divided 
into four groups and treated with drugs alone or in combination. Tumor growth in the PDX models was measured and recorded, and 
angiogenesis and phosphorylation of the vascular endothelial growth factor receptor (VEGFR2), rearranged during transfection (RET), 
and extracellular signal-regulated kinase (ERK) were detected using immunohistochemistry and Western blot assays. The proliferative 
ability of XDOTS was evaluated through active staining and immunofluorescence staining, and the effect of the combined medication 
was evaluated using the Celltiter-Glo luminescent cell viability assay.
Results: Three PDX models with genetic characteristics similar to those of the original tumors were successfully established. 
Combining lenvatinib with FOLFOX led to a higher tumor growth inhibition rate than individual therapies (P < 0.01). 
Immunohistochemical analysis demonstrated that the combined treatment significantly inhibited the proliferation and angiogenesis 
of PDX tissues (P < 0.05), and Western blot analysis showed that the combined treatment significantly inhibited the phosphorylation of 
VEGFR2, RET, and ERK compared with single-agent treatment. Additionally, all three matched XDOTS models were successfully 
cultured with satisfactory activity and proliferation, and the combined therapies led to better suppression of XDOTS growth compared 
with individual therapy (P < 0.05).
Conclusion: Lenvatinib combined with FOLFOX had a synergistic antitumor effect in HCC PDX and XDOTS models by inhibiting 
the phosphorylation of VEGFR, RET, and ERK.
Keywords: hepatocellular carcinoma, lenvatinib, chemotherapy, patient-derived xenografts, angiogenesis

Introduction
Hepatocellular carcinoma (HCC) is a common cancer type worldwide and is prevalent in China owing to viral infections. 
Although diagnostic technology and therapeutic options have greatly improved, the incidence and mortality of HCC have 
increased rapidly in recent years.1 Only one-third of the patients with HCC can benefit from surgical intervention, while 
others are at a late stage without effective treatment when diagnosed.2 Currently, molecular targeted therapy and 
immunotherapy play a crucial role in medical oncology.3 In recent years, clinical trials assessing immune checkpoint 
inhibitors (ICIs) in unresectable hepatocellular carcinoma have emerged.4,5 New molecular targeted drugs, such as 
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lenvatinib6 in the frontline and regorafenib7 in the second line, have attracted increasing attention in precision treatment 
due to their unique antitumor effects in many types of malignant tumors. However, the efficacy of molecular targeted 
therapy in HCC is not very satisfactory, and the improvement of overall survival by targeted drugs is very limited.8,9 

Lenvatinib is an oral multi-tyrosine kinase inhibitor of vascular endothelial growth factor receptors (VEGFR) 1–3, 
fibroblast growth factor receptors (FGFR) 1–3, RET, mast/stem cell growth factor receptor kit (SCFR), and oncogenic 
pathway-related receptor tyrosine kinases (RTKs).10,11 Combining lenvatinib with other drugs has shown promising 
efficacy against different cancers.12–14 Nevertheless, using lenvatinib in combination with other drugs is not satisfactory 
for patients with unresectable HCC. The FOLFOX regimen (infusional fluorouracil (FU), folinic acid, and oxaliplatin) is 
the chemotherapy based on the results of an international Phase III clinical study.15 FOLFOX can serve as a first-line 
(category 2B) option as recommended by the 2021 National Comprehensive Cancer Network (NCCN) guidelines.16,17 

Both 5-FU and oxaliplatin treatments disrupt DNA replication. However, clinical trials and preclinical studies on 
lenvatinib combined with the FOLFOX regimen have rarely been reported.

In the past few years, preclinical research has gradually shifted from studying cancer cells to more suitable preclinical 
models, such as the patient-derived xenograft (PDX) model and three-dimensional (3D) cultured PDX-derived organo-
typic spheroid (XDOTS) models, especially in the field of oncology.18–20 A previous study also indicated the possibility 
of using patient-derived primary cancer cells for drug screening and genomic landscape dissecting.21 The PDX model, 
a crucial preclinical model, accurately retains the histopathological and genomic characteristics of the original tumor 
tissues and provides an ideal model for investigating new therapies and associated mechanisms. However, the low take 
rate and lengthy implementation time limit the clinical application of PDX. Another limitation of PDX models is that it is 
challenging to investigate immunotherapeutics in immunodeficient PDX models,22,23 whereas immunotherapy is 
a crucial therapy for HCC.24,25

This study established PDX and XDOTS models from tumor samples. These two preclinical models, were used to 
conduct a trial evaluating the efficacy of lenvatinib combined with the FOLFOX regimen in HCC. Furthermore, the 
current study investigated the associated mechanisms to provide new insights for improving clinical effects in patients 
with advanced HCC.

Materials and Methods
Establishment of PDX Models
This study was approved by the Ethics Committee of Wenzhou Medical University (ID: WYDW2020-0125) and adhered 
to the Declaration of Helsinki. All animal experiments complied with the guidelines of the Animal Research Advisory 
Committee Guidelines. Tumor samples were collected from patients with HCC and informed consent was obtained 
before surgery. Within 3 h after resection, the samples were aseptically cut into pieces (20–30 mm3 in size) and then 
subcutaneously transferred to the front or back of male mice with severe combined immunodeficiency (SCID) for 6–8 
weeks (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China). The mice were housed in an 
individually ventilated cage system under optimal sanitary conditions, with an average cage temperature of 23°C and 
relative humidity of 65%. They were fed an autoclaved commercial diet and provided with clean drinking water. Animal 
husbandry adhered to the triple ethical principles of working with animals, which include reduction, refinement, and 
replacement. Following the establishment of the first generation of xenografts (F0), serial implant processes were 
performed in BALB/c nude mice to enlarge the xenograft tumor system (ie, F1, F2, and F3, among others; Figure 1). 
The tumor volume was calculated as 0.5 × length × width2 using a caliper.

Reagents
Lenvatinib (S1164), oxaliplatin (S1224), 5-FU (S1209), and folinic acid (S1236) were purchased from Selleck 
Chemicals. 5-FU and oxaliplatin were diluted in 5% dextrose aqueous solution to the final concentrations of 10 mg/ 
mL and 1.2 mg/mL, respectively, and folinic acid was dissolved in a saline solution at a concentration of 3 mg/mL. The 
study protocols were designed to reflect clinical regimens, and drug doses for mice were calculated using the following 
formula: mouse dose (mg/kg) = human dose (mg/kg) 37 (hKm) / 3 (mKm), where Km indicates human (h) or mouse (m) 
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body surface coefficient.26 The order of drug administration was as follows: oxaliplatin (12 mg/kg) was injected 
intraperitoneally, followed by an intraperitoneal injection of folinic acid (30 mg/kg) 20 min later, and after 40 
min, 5-FU (55 mg/kg) was administered. All drugs were administered once a week for six weeks. Moreover, lenvatinib 
was dissolved in 3 mmol/L diluted hydrochloric acid and administered intragastrically (10 mg/kg) once daily.27,28

Short Tandem Repeat (STR) Analysis
To verify that each PDX and XDOTS was derived from the corresponding patient tumor, STR analyses were performed 
on different chromosomes at 20 loci. Ten nanograms of target DNA were amplified by multiplex polymerase chain 
reaction (PCR) using fluorescent dye-linked primers for 20 loci:19 autosomal STR loci (D3S1358, D13S317, D7S820, 
D16S539, Penta E, TPOX, TH01, D2S1338, CSF1PO, Penta D, D19S433, vWA, D21S11, D18S51, D6S1043, D8S1179, 
D5S818, D12S391, and FGA) and the amelogenin locus on the X chromosome. Amplification was performed using 
a commercially available EX20 kit from AGCU. The PCR products were processed using an ABI Prism 3130 XL 
Genetic Analyzer and analyzed using GeneMapper ID v3.2 software (Applied Biosystems).

Effect of Lenvatinib Plus FOLFOX Regimen in PDX Models
When the tumor volume reached approximately 100–200 mm3, nude mice selected from the F2 generation were 
randomly divided into four treatment groups (comprising six mice in each group) as follows: (1) vehicle group, (2) 
lenvatinib group, (3) FOLFOX group, and (4) lenvatinib plus FOLFOX (L+F) group. Additionally, tumor volumes and 
body weights were monitored three times per week, and the mice were euthanized for further analysis six weeks later.

Establishment of XDOTS Models
XDOTS were cultured as previously described, with slight modifications.29,30 Briefly, fresh PDX tissues were stored in 
Roswell Park Memorial Institute medium supplemented with 10% fetal bovine serum (Gemini Bio-Products) and 1% 
penicillin-streptomycin (Fisher Scientific). PDX tissues were minced into pieces using a sterile scalpel and placed in 
complete medium containing type IV collagenase (100 U/mL, Life Technologies) and DNase I (50 μg/mL, Roche) for 
approximately 20 min in a water bath at 37°C. Subsequently, the cell suspension was filtered through a cell strainer (BD 
Falcon, New Jersey, USA) and centrifuged at 1000 rpm for 5 min. The supernatant was removed, and the pellet was 
washed with phosphate-buffered saline (PBS) and centrifuged as described above. After mechanical separation by 
pipetting, the cell pellet was resuspended in an ice-cold 1:1 mixture of the growth medium and Matrigel. Matrigel 
was polymerized at 37°C for 10 min, and then the growth medium was added to a 24-well plate (500 μL/well).

Cell Viability and Proliferation Assay of XDOTS
The XDOTS models were grown for four days after adding the growth medium to 24-well plates to form compact 
spheroids. XDOTS models were dissociated by enzymatic dissociation before resuspension in 50 µL of complete 

Figure 1 Flowchart of the study program.
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medium (14,000 organotypic spheroids) and plated into 96-well cell-culture plates after coating each well with Matrigel. 
After 24 h, the supernatant medium was removed, and each well was coated with Matrigel. Subsequently, drugs (5-FU, 
10 µg/mL; oxaliplatin, 1 µg/mL; and/or lenvatinib, 10 µM) were administered on day 1, and cultures were maintained up 
to day 7. Cell proliferation was assessed by CellTiter-Glo (CTG) analysis (Promega, Madison, WI, USA). Additionally, 
morphological images of the XDOTS models cultured in Matrigel were captured using a phase-contrast confocal 
microscope (Nikon, Tokyo, Japan). The activity was evaluated using calcein AM (2 µm) and propidium iodide (25 
µg/mL) staining. Subsequently, an Olympus Fluoview FV1000 or Zeiss LSM 710 confocal microscope was used for the 
imaging.

Protein Extraction and Western Blotting
The PDX tissue was transferred to radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, P0013B) containing 
a complete protease inhibitor (Roche, 04693132001), phosSTOP (Roche, 4906837001), and phenylmethylsulfonyl 
fluoride (PMSF) (Beyotime, ST506). The tissue was minced and homogenized on ice using a polytron homogenizer, 
and the extracted proteins were analyzed using bicinchoninic acid (BCA) protein assay (Beyotime, P0010). Moreover, 
proteins were resolved using 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Merck 
&Millipore, ISEQ00010). After incubation with primary and secondary antibodies, the protein bands were blotted 
using enhanced chemiluminescence. The antibodies used were as follows: anti-Erk1/2 (1:1000, CST, 4695S), anti- 
p-ERK1/2(1:1000, AF,1015S), anti-RET (1:1000, CST, 14556S), anti-p-RET (1:1000, CST, 3221S), anti-p-VEGFR2 
(1:1000, CST, 3770S), anti-VERGFR2 (1:1000, CST, 2479S), and anti-GAPDH (1:5000, Sigma, G9545).

Histological and Immunohistochemical Analysis
The tissue and XDOTS were fixed in 10% neutral buffered formalin (Sigma) for 24 and 0.5 h, respectively, and then 
embedded in paraffin. The tissue was cut into 5 μm-thick sections for hematoxylin and eosin (H&E) staining, and the tissue 
sections were rehydrated with PBS after formalin fixation for immunohistochemical examination. Paraffin slides were 
deparaffinized, and sodium citrate solution (pH 6.0) was used for antigen retrieval. The slides were incubated in a Tris- 
Buffered Saline (TBS) solution containing 3% bovine serum albumin (BSA) and 0.5% Triton for 1 h to reduce non-specific 
background staining and permeabilize the samples. Slides were incubated with the appropriate dilution of the primary 
antibody at 4°C overnight, and the primary antibodies used were CD31 (1:50; Abcam; ab28364) and Ki-67 (1:200; Abcam; 
ab16667). Endogenous peroxidase activity was blocked using a 3% hydrogen peroxide/methanol buffer for 15 min. Bound 
antibodies were detected using the BrightVision Ultimate Kit (Immunology). The slides were washed in TBS and incubated 
with the secondary antibody-HRP conjugate for 1 h at room temperature, followed by 3,3’-diaminobenzidine (DAB) for 5 
min. Finally, the slides were counterstained with hematoxylin and fixed with DPX Mountant for histology (Sigma-Aldrich). 
Slides were also stained to assess non-specific secondary antibody responses in the absence of the primary antibody. 
Photographs were taken using a Leica DM 4000 microscope and DFC 450 camera (Leica).

Immunofluorescence Staining of XDOTS
XDOTS samples were rinsed with PBS and fixed in 4% paraformaldehyde for 0.5 h. After fixation, the samples were 
washed thrice with PBS for 5 min per wash. Subsequently, the samples were permeabilized with 0.3% Triton X-100 for 
0.5 h and blocked with 2% BSA in 0.1% Triton X-100 for 30 min. After removing the permeabilization solution, samples 
were washed again with PBS. Additionally, the samples were treated with the primary antibody— rabbit Anti-Ki67 
antibody (1:200; Abcam; ab16667), in 2% BSA overnight at 4°C. The samples were then washed three times with 0.1% 
Triton X-100 to remove excess antibodies and incubated with goat anti-rabbit secondary antibody (1:200; Abcam; 
ab150081), phalloidin, and DAPI in 2% BSA for 2 h. Subsequently, the samples were mechanically crushed and released 
for imaging, and images were captured using a confocal laser-scanning microscope (Nikon A1R).

Statistical Analysis
All experiments were repeated at least three times. The present study used GraphPad Prism Software (version 6.0; San 
Diego, CA, USA) to perform statistical analyses. All results are presented as mean ± standard deviation (SD). The 
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differences between groups were analyzed using Student’s t-test and one-way analysis of variance (ANOVA). Statistical 
significance was established at a p-value <0.05 (*P < 0.05; **P < 0.01).

Results
Concordance Between Xenografts and Original Tumors
Figure 1 shows that HCC tumor tissues obtained from patients after surgical resection were inoculated into SCID mice for 
subsequent studies. In a previous study, nine HCC PDX models were successfully established, from which three matched 
XDOTS models were successfully cultured (Cases 246, 408, and 504). Additionally, STR analysis of DNA isolated from the 
native tumors and PDX and XDOTS models showed that the native HCC tumors in cases 246, 408, and 504 were compatible 
with the PDX and XDOTS models, proving that the PDX and XDOTS models could represent the genomic characteristics of the 
original tumor tissues (Figures 2A and S1). Notably, histological analysis showed that the PDX models retained the differentiated 
histological features of primary tumor tissues (Figure 2B).

Inhibition Efficacy of Lenvatinib and FOLFOX on PDX Models
The inhibitory effects of lenvatinib combined with FOLFOX therapy in the three HCC PDX models were different. The 
tumor volumes after different treatments (Figures 3A–C) showed that combining lenvatinib with FOLFOX significantly 
inhibited tumor growth. Tumor images (Figures 3D–F) and tumor weights (Figures 3G–I) also demonstrated the 
synergistic inhibitory effect of combination therapy. Interestingly, the present study observed apparent antitumor effects 
for the three PDX models through combination therapy, which was significant compared to single-agent treatment for the 
246 PDX model alone or 246 combined with the 408 PDX model (Figures 3G–J).

Antitumor Effect Associated with Inhibition of Angiogenesis
Immunohistochemical staining demonstrated that the combination therapy of lenvatinib and FOLFOX led to a significant 
reduction in the expression of Ki-67 and CD31, which are vital signs of angiogenesis and proliferation, indicating that the 
antitumor activity might be related to the inhibition of tumor angiogenesis and cell proliferation (Figures 4A–C).

Inhibition of Angiogenesis via VEGF/VEGFR/RET/ERK Pathway
The phosphorylation of VEGFR2 and its downstream signaling pathways were examined to clarify the mechanism of the 
antitumor efficacy of the combination therapy. Western blot analysis showed that VEGFR2, RET, and ERK phosphor-
ylation was significantly inhibited in both the lenvatinib and combination therapy groups (Figures 4D and E). In addition, 
combining FOLFOX with Lenvatinib demonstrated enhanced effectiveness compared to lenvatinib alone, suggesting that 
FOLFOX and lenvatinib achieved a synergistic effect.

Spheroid Formation of XDOTS Models
The formation and growth of the 3D XDOTS models were observed, and Figure 5A shows morphological images on 
days 5, 10, 15, 20, and 25. After seeding on the plate, the cells progressively formed a dense 3D structure, and the size of 
the structure gradually increased (Figure 5B). Homogeneity between the XDOTS models and native tumors was 
demonstrated by H&E staining (Figure 5C).

Cell Activity and Proliferation Ability of XDOTS Models
By detecting the expression of Ki-67, it was found that all XDOTS models displayed different proportions of Ki-67+ 
cells, indicating the proliferative potential of the XDOTS models in vitro (Figures 6A–C). Moreover, calcein AM and 
propidium iodide staining methods demonstrated the viability of the XDOTS models after the formation of 3D XDOTS 
models (Figure 6D).
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Figure 2 Authentication of PDX models with primary tumors by short tandem repeat analysis. (A) STR profiles of primary tumor (Case 246, Case 408 and Case 504) and 
PDX models (Case 246, Case 408 and Case 504) are shown. (B) Representative photomicrographs of H&E staining in case 246. The photomicrographs were captured using 
the Leica DM 4000 microscope (Leica). Scale bar is 200 μm.
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Inhibition Efficacy of Lenvatinib and FOLFOX on XDOTS Models
The CTG method was used to evaluate the pharmacological effects of lenvatinib and FOLFOX in the XDOTS models. 
The results suggested that lenvatinib combined with FOLFOX significantly inhibited the activity of the 246 and 504 
XDOTS models compared with individual therapies. Additionally, combination therapy significantly inhibited the 
activity of 408 XDOTS models compared with lenvatinib (Figures 6E–G).

Discussion
Evidently, HCC is a common malignancy and the third leading cause of tumor-related deaths,31,32 and it is an extremely 
heterogeneous disease characterized by complex genetic and epigenetic aberrations.33,34 The present understanding of the 
HCC heterogeneity and its associated mechanisms is limited, which is a critical obstacle in exploring new treatments for 
HCC.35 In this study, the heterogeneity of HCC could be explained by the different findings of the combination therapy 
observed in the three PDX models, and there was a noticeable synergistic antitumor effect in the three PDX models.

Precision medicine in cancer has recently attracted significant attention, especially in areas of molecularly targeted 
drugs and ICIs. However, there are still many challenges to be solved in the study of immunotherapy in the immuno-
deficiency PDX model. Presently, preclinical research is mainly focused on targeted drugs. However, targeted therapy for 
HCC has not been very successful, and its efficacy remains unsatisfactory. A new targeted drug called lenvatinib has been 
approved by the American Food and Drug Administration (FDA) for treating HCC.6 However, the survival benefits 
remain unsatisfactory in clinical trials. The FOLFOX regimen is another approved first-line treatment option for 

Figure 3 Effect of different drug therapies on PDX models. (A–C) Growth curves of tumor volumes were recorded for 42 days. The data are expressed as the mean ± SD 
(n=6 in each group, **P < 0.01). (D–F) Representative images of tumors obtained on day 42 (n=6 in each group). (G–J) Histogram of tumor weights on day 42. The data are 
expressed as the mean ± SD (n=6 in each group; *P < 0.05, **P < 0.01, compared with the control group; #P < 0.05, compared with monotherapy). 
Abbreviations: L, lenvatinib; F, FOLFOX.
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advanced HCC.16,17 In Phase II clinical trial, FOLFOX combined with sorafenib showed promising results in HCC 
treatment.36 Few studies have investigated the use of lenvatinib combined with the FOLFOX regimen for HCC. Based on 
the different antitumor mechanisms, the present study designed a trial combining lenvatinib and FOLFOX in two 
preclinical animal models of HCC to assess the efficacy of combination therapy. Ultimately, the present study found 
that combining lenvatinib with FOLFOX had a more significant inhibitory effect on HCC in vivo and in vitro than 
monotherapy.

The controversial outcomes between preclinical research and clinical practice are primarily due to a lack of 
appropriate preclinical tumor models, and the results obtained from preclinical studies cannot accurately represent 
clinical responses.37 Traditional preclinical models mainly comprise immortalized cancer cell lines and transgenic 
mouse models, whose gene expression changes irreversibly.38 Accumulating phenotypic changes and clonal selection 
lead to the production of a highly uniform cell population, which cannot perfectly represent the heterogeneity of native 
tumors.8 Contrarily, the heterogeneity of native tumors is closely related to tumor development and drug response.39,40 

Therefore, there is an urgent need to establish a reliable preclinical model to examine new drug therapies for HCC.
PDX models have become promising preclinical tools for assessing tumor heterogeneity and drug responses in 

various malignancies, particularly HCC. It can recapitulate the clinical and biological features of native tumors more 
accurately than traditional cell line-derived xenografts, and the clinical application of PDX models in drug sensitivity 
prediction has attracted increasing attention. The current study successfully established several HCC PDX models with 

Figure 4 Effect of lenvatinib (10 mg/kg) and FOLFOX (oxaliplatin, 12 mg/kg; 5-FU, 55 mg/kg; folinic acid, 30 mg/kg) on angiogenesis and cell proliferation in PDX models. (A) 
Representative images of H&E, Ki67 and CD31 staining. The photomicrographs were captured using the Leica DM 4000 microscope (Leica). The scale bar is 50 μm. (B) 
Quantification of proliferating cells showing the percentage of Ki-67-positive cells. The data are expressed as the mean ± SD (n=5, *P < 0.05, **P < 0.01). (C) Quantification 
analysis of tumor-associated endothelial cells showing the number of CD31-positive vascular areas. The data are expressed as the mean ± SD (n=5, *P < 0.05). (D and E) 
VEGFR2, RET, and ERK levels were measured by Western blotting in 246 PDX and 504 PDX models. 
Abbreviation: Len, lenvatinib.
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stable passaging abilities. Using STR analysis, the present study demonstrated that the PDX and XDOTS models have 
a high degree of consistency with primary tumor tissue, even after several generations.

High cost and low-throughput characteristics limit the application of PDX models in preclinical drug screening. In 
other studies, the tumor uptake rate of PDX models remains low for HCC (only 20–35%).41 To overcome these 
shortcomings, exploring XDOTS models for drug screening has received great attention.42 The present study established 
a new 3D cultured XDOTS model based on the relative PDX model in vitro, which is expected to alleviate the high cost 
and low-throughput limitations of PDX models. In the present study, a range of factors were introduced to the culture 
medium, namely R-spondin-1, epidermal growth factor (EGF), Noggin Matrigel, nicotinamide, and Y-27632, to stimulate 
the growth of the XDOTS model. Following a period of 7 days of cultivation, the XDOTS model can be used for drug 
screening purposes. In contrast, the generation of PDX models is much more time-consuming, taking several months to 
complete. The present study successfully demonstrated the cell activity and proliferation ability of XDOTS models. 
Additionally, the drug responses in the XDOTS models were consistent with those in the PDX models in vivo, suggesting 

Figure 5 Morphology and growth curves of the XDOTS models. (A) Morphology was observed on days 5, 10, 15, 20, and 25. The photomicrographs were captured using 
a phase-contrast confocal microscope (Nikon). Scale bar is 500 μm. (B) Growth curve of XDOTS was recorded for 25 days. The data are expressed as the mean ± SD (n=3, 
**P < 0.01, compared with other groups). (C) H&E staining of primary tumors and XDOTS and the morphology of XDOTS were observed. The photomicrographs were 
captured using the Leica DM 4000 microscope (Leica) and phase-contrast confocal microscope (Nikon). Scale bars represent 200, 20, and 10 μm, respectively.
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that the XDOTS models might partly replace some PDX experiments. This might be a promising preclinical model and 
may play an important role in translational research in the future.

HCC development is a complex process that involves cell proliferation, invasion, migration, and angiogenesis. 
Angiogenesis has been shown to significantly influence the survival and proliferation of HCC cells. CD31 is an essential 
indicator of angiogenesis, whereas Ki67 is an important indicator of proliferation. The current study assessed the 
potential mechanisms underlying the synergistic antitumor efficacy of lenvatinib and FOLFOX combination therapy 
for HCC. Finally, the present study concluded that the expression of Ki67 and CD31 in the tissue was significantly 
reduced after combination therapy, suggesting that the antitumor activity may depend on the effective inhibition of tumor 
angiogenesis and cell proliferation. The present study further investigated the signaling pathways involved in the anti- 
angiogenic effects. Based on the results obtained in this study, we were able to demonstrate that combining lenvatinib and 
FOLFOX effectively inhibits VEGF within the VEGFR2 / RET / RET / ERK signaling pathway.

There are some limitations to the current study. First, the tumor take rate for the PDX and XDOTS models is not very 
high and stable, which might be due to the heterogeneity of tumor tissues and individual microenvironments. Some 
studies have reported that mixing tissues with Matrigel plus growth factors can enhance the uptake rate in the PDX 
model.43 Moreover, because of the limited sample size of the animal models used in the current study, the findings need 
to be further validated in large-scale experiments.

Figure 6 Proliferation ability and drug response in the XDOTS models. (A–C) Magenta indicates the expression of Ki-67 in proliferating cells. The cells were stained with 
DAPI (blue) and phalloidin (green) to detect nuclei and actin. Images were captured using a confocal laser-scanning microscope (Nikon A1R). The scale bar is 50 µm. (D) Live 
cells were stained with calcein-AM (green), and dead cells were stained with propidium iodide (red). Images were captured using the Olympus Fluoview FV1000 (Olympus). 
Scale bar is 100 µm. (E–G) Inhibitory effects of lenvatinib (10 µM) and FOLFOX (5-FU, 10 µg/mL; oxaliplatin, 1 µg/mL) on XDOTS models after 1 week of drug 
administration. The data are expressed as the mean ± SD (n=3; b P < 0.01, compared to the control group; ##P < 0.01, compared with monotherapy). 
Abbreviations: L, lenvatinib; F, FOLFOX.
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Conclusion
The current study showed that lenvatinib combined with FOLFOX had a synergistic antitumor effect in PDX and 
XDOTS models by inhibiting the phosphorylation of VEGFR, RET, and ERK. In addition, establishing PDX and 
XDOTS model platforms can provide new insights for preclinical research on novel therapies.

Abbreviations
FOLFOX, folinic acid fluorouracil oxaliplatin; HCC, Hepatocellular carcinoma; PDX, patient-derived xenograft; 
XDOTS, PDX-derived organotypic spheroids; FDA, Food and Drug Administration; 3D, three-dimensional; SCID, 
severe combined immunodeficiency; STR, Short tandem repeat; PCR, polymerase chain reaction; PBS, phosphate- 
buffered saline; CTG, CellTiter-Glo; RIPA, radioimmunoprecipitation assay; BCA, bicinchoninic acid; BSA, bovine 
serum albumin; DAB, diaminobenzidine; SD, standard deviation; ANOVA, one-way analysis of variance; EGF, epider-
mal growth factor; VEGFR, vascular endothelial growth factor receptor; RET, Rearranged during Transfection; ERK, 
extracellular signal regulated kinase; TBS, tris-buffered saline; H&E, hematoxylin and eosin; ICIs, immune checkpoint 
inhibitors; NCCN, National Comprehensive Cancer Network.
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