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Editorial on the Research Topic 
Hepatocellular carcinoma: from personalized medicine to practical guidelines


INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common primary liver malignancy, with a survival rate of 18%. The recent Barcelona 2022 guidelines updated the liver transplantation category, including a downstaging group by transarterial chemoembolization (TACE) and first-line combination therapy with atezolizumab and bevacizumab for advanced HCC (aHCC) (Tsilimigras et al., 2022). These small steps towards increasing the options for patients who are considered advanced pave the way for improving survival. Molecular and immunotherapeutic drugs are available only for aHCC (Reig et al., 2022) with low survival benefits (Sun H. et al.). Moreover, there is no preferred regimen for the first- or second-line treatment of aHCC, despite multiple approved Food and Drug Administration (FDA) molecules. A policy review suggested a multiparametric therapeutic hierarchy, from a surgical approach to systemic therapy, offered according to the survival benefit to the individual patient, was proposed recently (Vitale et al., 2023). Personalized medicine using specific molecular pathway modifications is limited to vascular endothelial growth factor inhibitors (VEGFI), tyrosine kinase inhibitors (TKI), and immune checkpoint inhibitors (ICI). A meta-analysis using ICI combined with VEGFI as first-line therapy for aHCC, on 3168 patients, showed that this combination was safe and tolerable, with a pooled median OS of 14.7 months (Gao et al., 2023). The combination of local and systemic approaches is promising. A cohort showed a median OS of 21.8 months with the combination of sorafenib and local hepatic artery infusion of chemotherapy after TACE (Liu et al., 2020).
Limitations of personalized medicine are illustrated in Figure 1. First, prior availability of histopathological studies is lacking, as tissue biopsy is not a common procedure in HCC cases, only retrospective specimens are available from resection.
[image: Figure 1]FIGURE 1 | Proposed personalized approach and points of limitations.
Second, biomarker expression is mostly heterogeneous, with multiple affected molecular pathways and genetic mutations and no biomarker-driven therapy pathway, such as in lung and colon cancers, is determined. Moreover, patients with low or negatively expressed biomarkers may respond to targeted therapy similar to those with positively expressed biomarkers (Chan et al., 2022).
Additionally, cirrhosis surrounding the cancer with different sets of mutated molecular pathways caused by chronic inflammation needs to be treated differently from cancer (Chan et al., 2022).
Third, resistance to targeted therapy occurs owing to intratumoral heterogeneity, as each area has different molecular pathway mutation; resulting in tumor “flare,” and worsening the prognosis (Chan et al., 2022).
Finally, “financial toxicity” (Gyawali, 2017) is of concern given the ethical issue of comparing new drugs to placebo, and not the standard treatment, or the clinical preference of drugs with a meager increase in survival by 1–3 months over that of the standard therapy, with a higher cost.
Hope lies in personalized medicine. First, is the ability to decide beforehand which molecular pathway modification is most suitable according to genetic or molecular testing. Only one FDA-approved test using next-generation sequencing for tumor profiling includes 468 genes (MSA-IMPACT) (Jibiki et al., 2021). The test detects drug resistance using sorafenib and immunotherapy (Dominguez and Wang, 2020). Only one biomarker-targeted therapy, ramucirumab, is FDA-approved after the REACH-2 trial, which increases the OS for patients with aHCC who failed sorafenib with an AFP ≥ 400 ng/mL. The placebo group had an OS of 7.3 months vs. 8.5 months in the active group (Zhu et al., 2019). However, its mechanism of action remains unclear.
Second, drug docking was used to identify novel molecular pathway drugs. Artificial intelligence could be crucial in future testing of molecular models, decreasing the time required for preclinical validation.
Our Research Topic includes five reviews, two cohort studies, a bibliometric and case study. Guan et al. present an excellent review which discusses second-line switching in aHCC using TKI, VEGF, and/or ICIs after failure of the first combination treatment. Single switching is shown to be better than double drug switching in terms of OS and disease progression. Moreover, lenvatinib retention improved survival after switching to a single drug.
The cohort study by Lei et al. comparing TKI monotherapy to TKI combined with PD-1 as a secondary treatment after sorafenib failure, resulted in improved median OS of 21.9 months in the combination group vs. 16.6 months in the monotherapy group.
Another continuous cohort study by Li et al. explored the use of lenvatinib in post-viral HCC; a higher efficacy was observed on HBV-infected than on HCV-infected patients.
An informative review article by Sun L. et al. discusses immune-related adverse events (irAEs) of various immunotherapies. The most common irAEs were cutaneous, gastrointestinal, and hepatic. PD-1 and PD-L1 inhibitors caused dose-independent irAEs, whereas CTLA-4 inhibitors caused dose-dependent irAEs. This review highlights the need for conducting further research on the importance of irAEs as a limiting factor in the treatment of patients, resulting in withdrawal or decrease in the dose of the drug.
The valuable bibliometric study by Wang et al. provides a scientometric analysis of the research published on lenvatinib in HCC and shows an annual growth of 102.5% in this Research Topic.
The review by Sun H. et al. is of practical use and discusses the available targeted therapies in medical practice. First- and second-line therapies approved by the FDA, including TKI, VEGFI, and PD-1 inhibitors used as monotherapy provide a 14–16 months survival rate with serious dose-related side effects and drug resistance. Combination therapy between different categories showed a safety profile similar to that of monotherapy, with some improvement in survival rates by 4–6 months. However, the optimal combination regimen remains undetermined. Bioengineering in the form of patient-derived organoids, patient-derived xenografts, and 3D printing could allow for further personalized approaches.
The detailed review article by Xiao et al. focuses on the role of hypoxia-inducible factors in the recurrence of HCC after ablation by inducing the VEGF pathway.
The minireview by Jiang et al. discusses immunotherapy in post-liver transplantation recurrence. The authors recommended caution in using immunotherapy in this category, as it may result in graft rejection.
Finally, Park et al. present the promising case of a 57-year-old male patient with aHCC treated with a combination of immunotherapy and the anticancer herbal extract Gun-Chil-Jung, who had an OS of 20.3 months.
Overall, our Research Topic covers a snippet of advances in personalized medicine in the literature and highlights the need for further drug research, weighing the balance between survival benefits and hazardous adverse events.
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Background: Combination treatment with tyrosine kinase inhibitors (TKIs) and immune checkpoint inhibitors (ICIs) has been widely used in patients with unresectable hepatocellular carcinoma (uHCC). As no standard guidelines exist for second-line therapy after failure of combination treatment, this study aimed to determine a better drug-switching strategy.
Methods: A total of 785 patients with uHCC who initially received a combination treatment of TKIs and ICIs between January 2017 and December 2021 at our center were screened. After applying the inclusion and exclusion criteria, a total of 102 patients were included in the study. Based on drug switching strategy, patients were divided into a single drug-switching group (A group, n = 49) and a double drug-switching group (B group, n = 53). The comparative effectiveness between groups A and B was assessed based on treatment response and survival time. Second progression-free survival (SPFS) and overall survival (OS) were compared using the Kaplan-Meier method and log-rank test.
Results: Compared to group B, group A had a higher overall response rate (16.3% vs. 3.8%; p = 0.0392) and disease control rate (61.2% vs. 49.1%; p = 0.238). The median SPFS in group A was longer than that in group B (5.47 vs. 3.8 months; HR = 1.70, p = 0.0176). In the second-line therapy, the inclusion of lenvatinib resulted in a better SPFS than other TKI treatments (5.53 vs. 2.83 months, p = 0.0038).
Conclusion: After the failure of the combination treatment of TKIs and ICIs, single-drug switching significantly prolonged median SPFS in uHCC patients, and retaining lenvatinib resulted in the survival benefit of single-drug switching.
Keywords: hepatocellular carcinoma, combination treatment, tyrosine kinase inhibitor, immune checkpoint inhibitor, drug switching, second-line therapy
INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most frequent malignancies and the third leading cause of cancer deaths worldwide (Sung et al., 2021). Hepatectomy and liver transplantation are the most effective treatments for HCC. Because of its unobvious symptoms, many patients with HCC are diagnosed at advanced stages, and hence have a low survival rate (Yang and Heimbach, 2020). Systemic therapy, including systemic chemotherapy and local interventional therapy, is the predominant therapeutic modality for unresectable HCC (uHCC). A previous study has demonstrated that compared to the best supportive care, metronomic capecitabine was an alternative choice to sorafenib with better efficacy and safety (De Lorenzo et al., 2018). Local therapy also brings significant benefits to uHCC patients. Recently, a multi-center propensity score-matched analysis has confirmed that transarterial infusion chemotherapy with FOLFOX was an effective and safe therapy that improved the survival of advanced hepatocellular carcinoma (Li et al., 2021). Transarterial chemoembolization (TACE) is recommended as the standard therapy for HCC patients with BCLC stage B (Mei et al., 2021).
In recent years, with the progress in research and clinical application of targeted and immunotherapy drugs, the prognosis of patients with uHCC has significantly improved (Llovet et al., 2008; Kudo et al., 2018; Finn et al., 2020; Yau et al., 2022). However, less than 20% of patients with uHCC benefited from immune checkpoint inhibitors (ICIs) monotherapy (Rizzo et al., 2021). The role of ICI-based combinations warrants further evaluation, and it is exciting that better prognosis benefits were demonstrated with combination therapy of tyrosine kinase inhibitors (TKIs) and ICIs than with monotherapy (Cheng et al., 2020a). The IMbrave 150 study reported that atezolizumab plus bevacizumab could result in better overall survival (OS) and progression-free survival (PFS) in the Chinese subpopulation (Qin et al., 2021). Moreover, 90Yttrium transarterial radioembolization has an established synergism with atezolizumab plus bevacizumab treatment by enhancing antigen presentation and reducing the infiltration of immunosuppressive cells (Di Federico et al., 2022). The KEYNOTE 524 reported significant improvements with pembrolizumab plus lenvatinib, with an objective response rate (ORR) of 46% (Llovet et al., 2022). Camrelizumab combined with apatinib as the first-line therapy can significantly prolong PFS and OS in patients with advanced HCC when compared with sorafenib, and the independent data monitoring committee judged that the primary endpoint of the study met the protocol-preset superiority criteria (SHR-1210-III-310). Thus, combination treatment with TKIs and ICIs has been applied as a first-line treatment for patients in China (Zhao and Cai, 2021). Owing to tumor heterogeneity, tumor progression still occurs in patients with HCC receiving first-line treatment. Although there are some options for second-line treatment (Choi et al., 2020; Zhang et al., 2020), there is a lack of widely accepted guidelines for switching therapy.
To our knowledge, real-world outcomes of switching therapy and a comparison of its efficacy have not been reported. Based on real-world data from clinical practice, this study aimed to explore the effect of the mode of switching therapy on the prognosis of uHCC after first-line systemic therapy failure, and thus providing a reference for larger prospective clinical studies in the future to guide the complete treatment of HCC.
PATIENTS AND METHODS
Ethics statement
The Institutional Review Board of the Ethics Committee of Sun Yat-sen University Cancer Center approved this study (B2020-190-01). All procedures involving human participants were performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients for anonymized information published in this article.
Study population
Patients with uHCC who received TKIs and ICIs at the Department of Liver Surgery of Sun Yat-sen University Cancer Center between January 2017 and December 2021 were included in this retrospective analysis. The inclusion criteria for patients were as follows: 1) aged 18–75 years; 2) diagnosed with uHCC according to the AASLD practice guidelines (Marrero et al., 2018); 3) Child-Pugh class A or B; 4) at least one measurable lesion based on the modified Response Evaluation Criteria in Solid Tumors (mRECIST) criteria (Llovet and Lencioni, 2020); and 5) switched to at least one systemic therapy drug after tumor progression. The exclusion criteria of the patients were as follows: 1) presence of other malignant tumors; 2) no response evaluation after switching therapy; 3) incomplete baseline and follow-up data; and 4) clinical trials participants. A total of 102 patients with HCC were included in this study based on the inclusion and exclusion criteria. The details of the initial combination treatment and second-line treatment for the 102 uHCC patients are listed in Tables 1 and 2, respectively. All the patients were classified into two groups: group A (n = 49) and group B (n = 53), based on the mode of switching therapy. The group A included uHCC patients who switched to one systemic therapy drug after tumor progression, while the group B included patients who switched to two systemic therapy drugs after tumor progression. A flowchart of the patient disposition process is shown in Figure 1.
TABLE 1 | Initial combination treatment of the patients.
[image: Table 1]TABLE 2 | Second-line treatment given to the patients.
[image: Table 2][image: Figure 1]FIGURE 1 | The flow chart of the disposition process of patients. HCC, hepatocellular carcinoma; TKIs, tyrosine kinase inhibitors (TKIs); ICIs, immune checkpoint inhibitors.
Treatment procedure
Patients with uHCC received a combination of ICIs and TKIs as initial treatment. TKIs including regorafenib, apatinib, sorafenib, and lenvatinib were administered orally once daily. The ICIs included PD-1 and PD-L1 inhibitors which were intravenously injected every 3 weeks. The initial doses of TKIs and ICIs used are listed in Supplementary Table S1. The interval between the initiation of ICIs and TKIs was less than 7 days. Combination treatment with ICIs and TKIs was continued until the occurrence of disease progression or intolerable toxicity. After tumor progression, the decision to switch drugs was based on resistance to TKIs and ICIs or liver function. All patients with uHCC underwent scheduled enhanced computed tomography or magnetic resonance imaging assessment every 2-3 months.
Data collection and clinical outcomes
All baseline data before second-line treatment were retrieved from medical records and imaging examinations, including age, sex, Child-Pugh class, α-fetoprotein (AFP), protein induced by vitamin K absence or antagonist-II (PIVKA-II), albumin, total bilirubin (TB), etiology, Barcelona Clinic Liver Cancer stage (BCLC stage), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), progressive, macroscopic portal vein invasion, portal hypertension, and extrahepatic metastases. Tumor response to treatment was defined as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD), based on the mRECIST criteria.
Second progression-free survival (SPFS) and OS were the clinical outcomes of interest. SPFS was defined as the interval from the initiation of second-line treatment to tumor progression, while OS was measured from the initiation of second-line treatment to death. The secondary outcomes included objective response rate (ORR) and disease control rate (DCR). ORR was defined as achieving CR or PR, and DCR was defined as achieving CR, PR, or SD. Treatment-related adverse events (AEs) were evaluated using the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 4.0.
Statistical analysis
The baseline characteristics were compared between the different modes of switching therapy. Continuous variables with normal distribution were expressed as means and standard deviations and those with abnormal distribution were expressed as medians and interquartile ranges. Continuous variables were analyzed using an unpaired Student’s t-test for parametric data and the Mann–Whitney rank sum test for non-parametric data. Categorical variables were compared using Pearson’s chi-squared test or Fisher’s exact test. The survival analysis between the different treatment groups was performed by plotting Kaplan-Meier curves and their differences were verified using the log-rank test. Univariate Cox regression analysis was used to identify survival-associated factors, which were sequentially subjected to multivariate Cox regression analysis to identify the independent prognostic factors. All statistical analyses were performed using the SPSS software (version 20.0), MedCalc (version 20.027), and R software (version 4.1.1). Two-sided p-values <0.05 were considered statistically significant.
RESULTS
Patient characteristics
The clinical characteristics of the patients and therapy given are summarized in Table 3. The median age of the study population was 54 years old. The majority of the patients were Child-Pugh class A (n = 91, 89.22%) and chronically infected with the hepatitis B virus (n = 92, 90.2%). Of the patients, 89.2% received other treatments, such as radiofrequency ablation, radiotherapy, hepatic artery infusion chemotherapy, transhepatic arterial chemotherapy, and embolization. Males were predominant (n = 80, 78.43%) and 2/3rd of the patients were in BCLC stage C (n = 76, 74.51%). The patients with extrahepatic metastases were approximately 60%. Almost half of the patients had macroscopic portal vein invasion (n = 41, 40.2%) and single intrahepatic progression (n = 42, 41.18%). In addition, 36.27% of patients had portal hypertension. The duration of first-line treatment and baseline characteristics were not significantly different between the groups (p >0.05).
TABLE 3 | Clinicopathological characteristics of hepatocellular carcinoma patients.
[image: Table 3]Treatment response
The treatment responses are summarized in Table 4. Based on mRESIST, four patients had CR, six patients had PR, forty-six patients had SD and forty-six patients had PD. ORR and DCR were 9.8% and 54.9%, respectively. Notably, the ORR was higher in group A (16.3%) than in group B (3.8%) (p = 0.0392). A higher DCR was observed in group A than in group B (61.2% vs. 49.1%; p = 0.238). Collectively, the single drug switching strategy might provide clinical benefits to patients with uHCC.
TABLE 4 | Treatment response of patients.
[image: Table 4]Comparison of the effectiveness of the switching modes
As shown in Figures 2A,B, the median SPFS was significantly longer in group A (5.47 months) than in group B (3.8 months) (HR = 1.70, 95%CI: 1.089–2.641, p = 0.0176), while there was no significant difference in OS between group A and group B (HR = 1.12, 95%CI: 0.55–2.26, p = 0.7556). The median OS in groups A and B were 20.7 and 21.6 months, respectively.
[image: Figure 2]FIGURE 2 | Kaplan-Meier survival curves for SPFS (A) and OS (B) of patients in the A group and the B group. SPFS, second progression-free survival; OS, overall survival.
Single drug switching extended second progression-free survival of patients with BCLC Stage A or B
A subgroup analysis was performed to identify the subset of patients who could benefit from a single drug-switching strategy. Interestingly, single drug switching strategy extended the SPFS of HCC patients with AFP<400 ng/ml (HR = 1.89, 95%CI: 1.01–3.55, p = 0.0365), Child-Pugh class A (HR = 2.12, 95%CI: 1.32–3.41, p = 0.0018), absence of macroscopic portal vein invasion (HR = 1.88, 95%CI: 1.05–3.35, p = 0.0275), BCLC stage A or B (HR = 2.78, 95%CI: 1.04–7.45, p = 0.0414), absence of extrahepatic metastasis (HR = 2.48, 95%CI: 1.20–5.14, p = 0.0166), and single progression pattern (HR = 2.45, 95%CI:1.40–4.27, p = 0.0019). However, SPFS was not extended in patients with macroscopic portal vein invasion (Figure 3). No significant difference in OS was observed among the different subgroups (Figure 4). Collectively, the mode of single drug switching could extend SPFS in patients, especially in those without BCLC stage A or B.
[image: Figure 3]FIGURE 3 | Subgroup analysis of second progression-free survival. MPVI, macroscopic portal vein invasion.
[image: Figure 4]FIGURE 4 | Subgroup analysis of second overall survival. MPVI, macroscopic portal vein invasion.
Lenvatinib increased the second progression-free survival in the single drug-switching group
We further divided group A into TKIs switching and ICIs switching groups. No significant difference was observed between the TKIs switching and B groups (HR = 0.63, 95%CI; 0.35–1.13, p >0.05) (Figure 5A). However, compared to group B, the ICIs switching sub-group could significantly extend the SPFS (HR = 0.58, 95%CI: 0.36–0.95, p = 0.029) (Figure 5B). The majority of uHCC patients in the ICIs switching group retained lenvatinib. Based on these results, we hypothesized that lenvatinib could be an important factor affecting the treatment efficacy. Thus, the effectiveness of lenvatinib treatment with other TKI treatments as second-line therapies was compared. As shown in Figure 6, lenvatinib treatment accounted for better SPFS than other TKI treatments (5.53 vs. 2.83 months, p = 0.0038).
[image: Figure 5]FIGURE 5 | Kaplan-Meier curves for SPFS of patients in the TKIs switching group, ICIs switching group, and the B group. (A) TKIs switching group vs. B group; (B) ICIs switching group vs. B group. SPFS, second progression-free survival; TKIs, tyrosine kinase inhibitors; ICIs, immune checkpoint inhibitors.
[image: Figure 6]FIGURE 6 | Kaplan-Meier curves for SPFS of patients moving to second-line therapy. SPFS, second progression-free survival; TKIs, tyrosine kinase inhibitors.
Lenvatinib in the comprehensive treatment for unresectable hepatocellular carcinoma
In addition, the efficacy of lenvatinib as a first-line sequential treatment was investigated. As shown in Figure 7, patients who received lenvatinib as first-line therapy, compared to other TKIs treatments, could still benefit from retaining lenvatinib as the second-line treatment (5.97 vs. 2.73 months, p = 0.0033). However, for those patients receiving other TKIs treatment as a first-line treatment, no survival benefit was reported between lenvatinib and other TKIs treatments in the second-line treatment (5.43 vs. 4.36 months, p >0.05).
[image: Figure 7]FIGURE 7 | Kaplan-Meier curves for SPFS of patients in the lenvatinib group and the other TKIs group. (A) A subgroup of patients after lenvatinib as first-line therapy; (B) A subgroup of patients after other TKIs as first-line therapy. SPFS, second progression-free survival; TKIs, tyrosine kinase inhibitors.
Safety analysis
As shown in Table 5, no AE-associated deaths were observed during the follow-up. The most common AEs were increased AST, followed by increased ALT, and pain in both groups. Seven (14.3%) and eleven (20.8%) patients in groups A and B experienced at least one grade 3/4 AE. Grade 3 AEs are severe, serious, or medically significant but not immediately life-threatening, requiring hospitalization or prolonged hospitalization and partial loss of self-care. Grade 4 AEs are life-threatening, which may lead to fatal consequences, and urgent intervention is required. The AEs in Groups A and B were manageable.
TABLE 5 | Treatment-related adverse events.
[image: Table 5]Prognostic factors for second progression-free survival and overall survival
The results of univariate Cox regression analysis indicated that AFP≥400 (HR = 1.797, p = 0.0116), BCLC stage C (HR = 1.959, p = 0.0173), Child-Pugh class B (HR = 2.649, p = 0.0049), extrahepatic metastasis (HR = 1.769, p = 0.0165), PIVKA-II≥1,000 (HR = 1.874, p = 0.0036), progression pattern (HR = 1.735, p = 0.007), and switching to two systemic therapy drugs after tumor progression (HR = 1.722, p = 0.0192) were potential prognostic biomarkers of SPFS. The potentially predictive biomarkers were introduced into multivariate Cox regression analysis which confirmed that Child-Pugh class B (HR = 4.060, p <0.001) and switching to two systemic therapy drugs after tumor progression (HR = 4.060, p = 0.0123) were independent prognostic factors for SPFS (Table 6). In addition, extrahepatic metastasis (HR = 2.212, p = 0.055), PIVKA-II≥1,000 (HR = 2.603, P= 0.0119), and progression pattern (HR = 2.684, p <0.001) were potential prognostic biomarkers for OS. Further analysis indicated that PIVKA-II≥1,000 (HR = 2.651, P= 0.0118) was an adverse prognostic factor for OS (Table 7).
TABLE 6 | Univariable and multivariable Cox regression analyses for second progression-free survival.
[image: Table 6]TABLE 7 | Univariable and multivariable Cox regression analyses for overall survival.
[image: Table 7]DISCUSSION
The treatment of uHCC is primarily based on systemic therapy. The age of patients undergoing combination treatment with TKIs and ICIs has decreased. There is abundant evidence to support that uHCC patient can benefit from a combination treatment of TKIs and ICIs (Cheng et al., 2020b). However, for HCC patients who progress on first-line combination treatment, many treatment options are available for subsequent therapies. Moreover, there is still a lack of generally accepted guidelines to guide second-line therapy after the progression of first-line combination treatment. There are two strategies for switching drugs in clinical practice: single drug switching (group A) and double drug switching (group B). This retrospective study aimed to evaluate and compare the effectiveness of two strategies of drug switching for patients with HCC who had failed combination treatment with TKIs and ICIs based on real-world data from clinical practice.
In our study, 102 patients with HCC were divided into groups A (n = 49) and B (n = 53). We observed a higher ORR (16.3%) and DCR (61.2%) in the group A. Further survival analysis indicated a significant difference in SPFS between groups A and B. Surprisingly, the median SPFS of group A was longer than that of group B (5.47 vs. 3.8 months, p = 0.0176). These data suggest that the median SPFS in our study was significantly extended compared to that of a previous study where the sequence ramucirumab for uHCC after TKI treatment (Amioka et al., 2021).
However, we observed no differences in the OS between groups A and B. The reason for this may be as follows. First, the follow-up time for SPFS was shorter and the sample size for SPFS was smaller than for OS. Our study’s sample size and follow-up time might not be sufficient for OS calculation. Second, OS might be affected by subsequent treatment and does not directly reflect the true efficacy of switching therapy. After switching therapy, patients with uHCC may receive other subsequent treatments, such as interventional therapy and radiotherapy. We did not observe a significant difference in OS between groups A and B.
We further analyzed which subgroup of patients could benefit from a single drug switch and double drug switch. In the subgroup analysis, we found that HCC patients with AFP<400, Child-Pugh class A, without macroscopic portal vein invasion, BCLC stage A or B, without extrahepatic metastasis, and a single progression pattern could benefit from the single drug switching strategy. In our study, Child-Pugh class A was associated with a better prognosis. A previous study demonstrated that uHCC patients with Child-Pugh class A could receive a sufficient relative dose intensity of lenvatinib, which sequentially affected the objective response (Sasaki et al., 2019). AFP level is used for the diagnosis of HCC. Previous studies have shown that there is a close relationship between AFP levels and response to comprehensive treatment (Chau et al., 2018). Consistent with a previous study, AFP < 400 ng/ml could predict the response to a single drug-switching strategy (Regmi et al., 2021). BCLC staging is a generally acknowledged system for the treatment of HCC (Reig et al., 2022). As for the single progression pattern, the reason it could benefit from single drug switching may be associated with the microenvironment. The sole progression pattern indicates that one of the tumor sites may be curbed or eradicated. However, this hypothesis requires further investigation. Macroscopic portal vein invasion and extrahepatic metastasis are the parameters of BCLC stage C. Mei et al. (2021) demonstrated that HCC patients with main portal vein tumor thrombus or extrahepatic metastasis could not benefit most from hepatic artery infusion chemotherapy plus lenvatinib combination therapy. In our study, these results indicate that the single-drug switching strategy might be suitable for patients with BCLC stage A or B. BCLC stage C indicates a more malignant tumor. As a result, compared with uHCC patients with stage A or B disease, patients with macroscopic portal vein invasion or extrahepatic metastasis seemed to be more inclined to progress, leading to a worse survival prognosis. Collectively, the mode of single drug switching could extend SPFS in patients, especially in those with BCLC stage A or B.
In our study, patients could benefit from single-drug switching rather than double-drug switching. To explain the reasons for this result, we further divided group A into TKIs switching and ICIs switching groups. Surprisingly, compared with group B, the ICIs switching group could significantly extend the SPFS. However, no significant difference was reported between the TKIs switching and the B group. Both uHCC patients in the ICIs switching group and B group switched ICIs after tumor progression. Why could the former group extend the SPFS? We found that the majority of uHCC patients in the ICIs switching group retained lenvatinib. Moreover, for second-line therapy, lenvatinib treatment accounted for a better SPFS than other TKI treatments (5.53 vs. 2.83 months, p = 0.0038). This result further confirms our hypothesis. The REFLECT clinical trial indicated that the overall survival time of the lenvatinib group was not inferior to the sorafenib group (Kudo et al., 2018). Further studies indicated that, compared with sorafenib, lenvatinib exhibited stronger inhibitory activity targeting the fibroblast growth factor receptor (Tohyama et al., 2014). Shi et al. (2021) found that lenvatinib may be a suitable second-line treatment for uHCC patients who progressed on sorafenib by regulating FGFR4-ERK signaling. Apatinib is a small-molecule tyrosine kinase inhibitor that selectively inhibits the activity of VEGFR-2 (Tian et al., 2011). Moreover, a previous study indicated that lenvatinib had immunomodulatory activity, which contributed to the antitumor effect of lenvatinib and enhanced the synergistic effect with the anti-PD-1 antibody (Kimura et al., 2018). Moreover, Chen et al. demonstrated that lenvatinib could reduce the expression of PD-L1 in HCC and regulate T-cell differentiation by blocking FGFR4 to improve anti-PD-1 efficacy (Yi et al., 2021). Collectively, retaining lenvatinib accounted for the survival benefits of single-drug switching, especially in SPFS. However, lenvatinib led to better SPFS, but did not translate into OS benefits. The use of longer SPFS with lenvatinib to enable patients to obtain longer OS benefits still needs to be explored by oncologists.
Further analysis indicated that for those patients who selected lenvatinib as the first-line treatment, compared to other TKIs treatment, they could still benefit from retaining lenvatinib as the second-line treatment (5.97 vs. 2.73 months, p = 0.0033). However, for patients who selected other TKIs as the first-line treatment, no survival benefit was reported between lenvatinib and other TKIs treatments. Chen et al. retrospectively analyzed 26 cases of advanced uHCC from October 2018 to October 2019 in the real world in China and found that lenvatinib combined with the PD-1 antibody was expected to further improve the prognosis of patients who progressed on lenvatinib (Chen et al., 2020). Thus, lenvatinib should be used for the comprehensive treatment of uHCC. However, high-quality randomized controlled studies are required to validate this conclusion.
In the prognostic factor analysis, the Child-Pugh class and drug-switching strategy were identified as independent prognostic factors for SPFS. The Child-Pugh class is an evaluation system for liver reserve function, including five parameters (Kok and Abraldes, 2019). In our study, Child-Pugh class A could predict better SPFS, and HCC patients with Child-Pugh class A could obtain a longer SPFS benefit from the single drug switching strategy. The reason for this might be that HCC patients with Child-Pugh class A could better tolerate the combination therapy’s toxicity. Moreover, a PIVKA-II>1,000 was regarded as an adverse prognostic factor for OS. Another prognostic factor is the drug-switching strategy. Based on the results of the comparison of the two drug-switching strategies in clinical practice, we found that single-drug switching could extend the SPFS. PIVKA-II is produced because of the incomplete carboxylation of amino acid residues (Liebman et al., 1984). What is clear is that PIVKA-II is not only a diagnostic predictor but also a prognostic predictor of liver cancer (Yang et al., 2021). PIVKA-II exhibited stronger mitogenic capacity and migratory activity during angiogenesis in HCC patients (Bertino et al., 2010).
As for safety, consistent with a previous study, toxicities were manageable with no unexpected safety signals (Mo et al., 2021). No AE-associated death was observed during follow-up, and the most common AEs were damage to liver function. Dose adjustments of TKIs and ICIs accounted for safety in the present study. In our study, the percentages of interruption and dose reduction in groups A and B were 30% and 35%, respectively. Half of the routine dosage or weekends-off administration of lenvatinib (Iwamoto et al., 2020) was the primary method of dose adjustment.
We acknowledge the potential limitations of this study. First, a selection bias was unavoidable because this was a retrospective study. Liver function was worse in group A than in group B, and it was positively correlated with survival rate. However, the survival analysis indicated that the treatment response and SPFS of group A were better than those of group B. The potential selection bias worked unfavorably against the single-drug switching strategy, leading to an opposite result. Secondly, one hundred and two patients with uHCC were included in our study. The sample size was small, and the observation period was short. All included patients were Asian, and their data were obtained from a single Chinese institute. A single drug-switching strategy might be beneficial only to the Asian population. A great amount of evidence has demonstrated that the carcinogenic factors of patients with HCC in Asia and the West are different, which limits the ability to draw general conclusions from the results (Marengo et al., 2016). Collectively, our conclusion requires further confirmation by a large international multicenter clinical study in the future. Third, confounding factors are one of the limitations. We defined drug-switching strategies for second-line therapy after combination treatment with TKIs and ICIs, but the optional treatment for HCC patients lacks clear guidelines. Subsequent treatments after first-line treatment were not chosen in a randomized manner. Thus, the therapeutic molecules used in the second line might vary between groups A and B, which influenced the uniformity of the treatment procedure. Such division of patients into different groups may bring about a certain degree of heterogeneity; thus, this was a preliminary study on a drug-switching strategy for second-line therapy after combination treatment with tyrosine kinase inhibitors and immune checkpoint inhibitors for unresectable hepatocellular carcinoma. The findings of this study should be further validated using higher-level randomized controlled trials. Finally, lenvatinib was the main TKIs used in combination with ICIs in our study. Thus, the value of other TKIs, such as sorafenib and regorafenib, in combination treatment should be further investigated.
CONCLUSION
After combination treatment with TKIs and ICIs failure, single-drug switching significantly prolonged the median SPFS in uHCC patients, and retaining lenvatinib accounted for the survival benefit brought by single-drug switching.
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Background: Tyrosine kinase inhibitors (TKI) in combination with programmed cell death-1 (PD-1) inhibitors become the potential treatment modality for patients undergoing unresectable hepatocellular carcinoma (uHCC) in the first-line setting. However, the efficacy and safety of this combination regimen in patients after sorafenib failure remains unclear.
Methods: Participants in this study included patients with uHCC after sorafenib failure who received TKI monotherapy (TKI group) or TKI combined with PD-1 inhibitors therapy (combination group) in our center from July 2018 to July 2021. The overall survival (OS) was used to be the primary efficacy endpoint, while progression-free survival (PFS), objective response rate (ORR), and disease control rate (DCR) were applied to be secondary endpoints. In addition, the adverse events are recorded and evaluated.
Results: Among the 92 patients contained in this work, 50 patients were categorized into the TKI group, while 42 patients were in the combination group. There existed no evident differences between the two groups concerning the ORR (8.0% vs. 9.5%, p = 1.000). However, the DCR in the combined group was better in relative to that in the TKI group (71.4% vs. 50.0%, p = 0.037). In comparison with the TKI group, it was found that the combination group presented notably better median PFS (8.1 months vs. 4.7 months, p = 0.005) and median OS (21.9 months vs. 16.6 months, p = 0.042). According to multivariate analysis, PFS (HR 0.5, 95% CI: 0.3–0.8, p = 0.005) and OS (HR 0.5, 95% CI: 0.3–1.0, p = 0.051) were improved in the combination group in relative to the TKI group after the adjustment for some risk factors. Additionally, the incidence rates of grade ≥1 adverse event in the TKI group and the combination group were 96.0% and 97.6%, respectively. The most normal adverse event in the TKI group was neutropenia (n = 24,48.0%) and the combination group was hypoalbuminemia (n = 23,54.8%). All of these adverse events improved after symptomatic treatment, and no new toxic events were found to occur.
Conclusion: TKI combined with PD-1 inhibitors showed better prognosis with manageable toxicity in uHCC patients after sorafenib failure compared with TKI monotherapy.
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INTRODUCTION
According to the latest statistics, primary liver cancer ranks the sixth most normal cancer type globally, with more than 900,000 new cases every year (Sung et al., 2021). Hepatocellular carcinoma (HCC) is found to occupy 85%–90% among all the primary liver cancers (El-Serag and Rudolph, 2007). Due to the early asymptomatic and rapid progress, most patients were diagnosed with advanced-stage disease. Patients who lost the opportunity of local therapy could only choose the best supportive treatment until the emergence of sorafenib brought them hope in 2007 (Llovet et al., 2008). The first-line treatment drugs approved by the Food and Drug Administration (FDA), from sorafenib in 2007 to lenvatinib with non-inferior effect to sorafenib in 2018, and then to atezolizumab plus bevacizumab (A + T) with excellent effect to sorafenib in 2020, have enhanced the prognosis of HCC patients and increased the selectivity of treatment schemes (Kudo et al., 2018; Cheng et al., 2022). The American Gastroenterological Association (AGA) suggests for patients with preserved liver function, A + T can improve the OS of patients with sorafenib but exclude those who are not suitable for immunotherapy and/or are at a high risk of bleeding (Su et al., 2022). Compared with sorafenib, lenvatinib has promising progression-free survival (PFS), but is more prone to hypertension and skin adverse events. The A + T regimen may become the mainstream of the first-line treatment regimen for patients undergoing HCC, but sorafenib will continue to be used to become a first-line therapy for those suffering from HCC for a long period.
As the oral small molecule multityrosine kinase inhibitor (TKI) that can hinder angiogenesis, sorafenib generates an anticancer impact through hindering vascular endothelial growth factor receptor (VEGFR) and fibroblast growth factor receptor (FGFR) (Morse et al., 2019). Although sorafenib significantly prolonged the OS of patients compared with placebo, disease control rate (DCR) was only 43% and PFS approximately 4 months, indicating that more than half of patients did not respond and patients who responded developed resistance in a short time (Llovet et al., 2008; Kudo et al., 2018). In the face of the non-response and high drug resistance rate of sorafenib, active anti-tumor treatment in the back line can benefit the survival of patients. Currently, the second-line treatment approved by FDA includes cabozantinib, regorafenib, pembrolizumab and ramucirumab (HCC patients with AFP>400 ng/ml). These second-line drugs have significantly prolonged OS in HCC patients after sorafenib failure compared with placebo, whereas the lack of head-to-head clinical data limits the level of evidence for second-line treatment options. Clinicians choose second-line treatment schemes mostly based on work experience rather than experimental evidence.
In recent years, PD-1 inhibitors have benefited a variety of cancers. Even though the use of nivolumab and pembrolizumab in HCC patients has promoted the treatment of HCC patients into the era of immunity, the curative effect is not satisfactory (Finn et al., 2020b; Yau et al., 2022). However, TKI combined with PD-1 inhibitors has become the promising treatment option. In KEYNOTE-524, pembrolizumab combined with lenvatinib significantly improved the median OS (22 months) of patients with unresectable HCC(uHCC) (Finn et al., 2020a). In RESCUE, the 18-month survival rate of HCC patients reached 58.1% by camrelizumab combination with apatinib (Xu et al., 2021). Although there are no reports of randomized controlled trials of TKI combined with PD-1 inhibitors compared with TKI monotherapy as the first-line treatment for HCC, in retrospective studies, numerous studies have revealed that the combined treatment of OS and PFS is significantly better than TKI monotherapy (Li et al., 2022; Wu et al., 2022). Nevertheless, it is not clear whether TKI combined with PD-1 inhibitors is better than TKI alone in the second-line treatment. Considering the dilemma of choosing the second-line treatment, and the significant advantages of TKI combined with PD-1 inhibitors in the first-line treatment environment, it is likely to become the best choice for the second-line treatment after sorafenib failure. Additionally, this work attempted to compare the efficacy and safety of TKI monotherapy and TKI in combination with PD-1 inhibitors in HCC patients after sorafenib failure.
METHODS
Study design and participants
This is the retrospective research carried out in the fifth medical center of the General Hospital of the Chinese people’s Liberation Army in China. From July 2018 to July 2021, HCC patients receiving TKI or TKI combined with PD-1 inhibitors as second-line treatment were included. The eligibility criteria included (1) patients diagnosed with uHCC pathologically or by two imaging techniques following the American Association for the Study of Liver Diseases (AASLD) guidelines (Marrero et al., 2018); (2) Child-Pugh class A or B; (3) an Eastern Cooperative Oncology Group (ECOG) scale performance score of 0–1; (4) tumor progression after first-line sorafenib therapy; and (5) at least one measurable tumor lesion. Besides, the exclusion criteria contained: (1) current or a history of another malignant tumor; (2) discontinued sorafenib due to the unacceptable toxicity; and (3) missing data. The approval of this study was obtained from the Chinese registered clinical trial ethics committee, and the implementation scheme was in consistence with the declaration of Helsinki in 1975. Patients are treated according to the dosage and method of TKI or PD-1 inhibitors recommended in the relevant instructions. All included patients were divided into TKI monotherapy group (TKI group) and TKI combined with PD-1 inhibitors treatment group (combination group) using different treatment methods. Demographic characteristics (including age and gender), blood indicators (including liver function, coagulation function, routine blood and tumor markers), and characteristics were collected and evaluated at baseline.
Endpoints and follow-up
OS was the primary endpoint of this work, which referred to the time interval from initiation of treatment to death from any reason or end of the study, whichever came the first. The secondary endpoints of this work contained progression-free survival (PFS) (determined as the time from the initial dose to the first radiologically confirmed progressive disease (PD) or death from any cause), disease control rate (DCR), and objective response rate (ORR). After treatment initiation, we recorded radiological response by dynamic computed tomography (CT) or magnetic resonance imaging (MRI) at baseline and every 8–12 weeks. The Response Evaluation Criteria in Solid Tumors (RECIST) was adopted for evaluating tumor response. According to the National Cancer Institute Common Terminology Criteria for Adverse Events version 5.0, we assessed adverse events (AEs).
Statistical analysis
Categorical data are shown to be the frequency with proportion and explored based on Chi-square test or Fisher’s exact test. With the aim of calculating the PFS and OS and plot the curve, the Kaplan-Meier method was employed. The log-rank test was adopted for comparing the two groups. A 2-tailed p-value ≤0.05 represented statistical significance. Cox proportional hazards models were applied, aiming to explore the correlation between the covariates and PFS or OS. Variables showing p < 0.05 in univariate analysis were subjected to stepwise multivariate analysis. Moreover, all data calculations were conducted by employing R language version 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Patient characteristics
Totally 121 patients with unresectable HCC after failure on sorafenib were screened here from July 2018 to July 2021 in our center. Among them, we excluded 29 patients, containing 9 patients who did not receive treatment as prescribed, 7 patients who were intolerant after receiving sorafenib, 5 patients undergoing liver resection before systemic therapy, 4 patients lacking any effective follow-up, 2 patients with BCLC stage A, and 1 patient without evaluable lesions. Finally, totally 92 patients met the inclusion and exclusion criteria, including 50 in the TKI group and 42 in the combination group. The agents in TKI group included lenvatinib (n = 39, 78.0%), regorafenib (n = 8, 16.0%) and apatinib (n = 3, 6.0%). The main combination therapies included sorafenib plus sintilimab (n = 21, 50.0%) and lenvatinib plus camrelizumab (n = 6, 14.2%) (Supplementary Figure S1). At the time of data cutoff (August 2022), the median duration of follow-up was 19 (95% CI: 16.5–21.4) months. The patients were mainly male (n = 79, 85.9%). The BCLC stage of 80 (87.0%) patients was stage C at the time of enrollment. The etiology was mainly HBV(n = 85,92.4%), and there were 55 patients (60.0%) with extrahepatic metastasis. No significant difference was found in all baseline data between the sorafenib TKI group and the combination group (Table 1).
TABLE 1 | Baseline patient characteristics.
[image: Table 1]Efficacy
All patients had at least one follow-up image for radiological tumor response assessment (Table 2). It was found that the ORR rates of the combination group and TKI group were 8.0% and 9.5%, separately. The DCR of the combination group was better than TKI group (71.4% vs. 50.0%, p = 0.037). Efficacy in the combination group was statistically better than that in TKI group in terms of OS [median (95% CI): 21.9 (NE-NE) vs. 16.6 (10.2–23.0) months, p = 0.042] and PFS [median (95% CI):8.1 (5.9–10.3) vs. 4.7 (3.2–6.2) months, p = 0.006] (Figure 1).
TABLE 2 | Tumor response.
[image: Table 2][image: Figure 1]FIGURE 1 | Kaplan-Meier survival curves of treatment outcome including (A) overall survival (OS) and (B) progression-free survival(PFS) between TKI group and combination group.
Subgroup analysis
The patients in the TKI group were classified into lenvatinib (n = 39) and other TKI(n = 11) groups. The median OS was 14.7 (95% CI: 6.7–22.7) months in lenvatinib group, while the 13 months survival rate in the control group was 18.4%(95% CI: 3.2–33.6) (p = 0.291)(Figure 2A).The median PFS was 5.5 (95% CI: 3.8–7.2) months in lenvatinib group, while the control group was 3.5 (95% CI: 2.2–4.7) months (p = 0.174) (Figure 2B). In the subgroup analysis in the combination group, there existed no obvious difference in median PFS (8.3 vs. 7.1 months, p = 0.364) and median OS (NE vs. 21.9 months, p = 0.657) between sorafenib in combination with PD-1 inhibitors and lenvatinib in combination with PD-1 inhibitors (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Kaplan-Meier survival curves of treatment outcome including (A) overall survival (OS), (B) progression-free survival(PFS) between lenvatinib and other TKI groups, (C) OS, (D) PFS between sorafenib plus PD-1 inhibitors and lenvatinib plus PD-1 inhibitors.
Factors influencing efficacy
Table 3 shows the factors associated with the patient’s PFS and OS. In univariate analysis, TKI monotherapy, ECOG-PS score 1, and maximum tumor diameter greater than 5 cm were independently related to a shortened PFS, while TKI monotherapy and ECOG-PS score 1 were independently associated for shortened OS. In multivariate analysis, the independently correlated with a shortened PFS included, ECOG-PS score 1 (HR 1.8, 95% CI: 1.1–3.0, p = 0.027) and tumor diameter greater than 5 cm (HR 1.8, 95% CI: 1.1–2.9, p = 0.028), whereas the independently associated with a shortened OS was only ECOG-PS score 1 (HR 1.9, 95% CI: 1.0–3.6, p = 0.021). The combination group had better PFS (HR 0.5, 95% CI: 0.3–0.8, p = 0.005) and prolonged OS (HR 0.5, 95% CI: 0.3–1.0, p = 0.051) compared to the TKI group.
TABLE 3 | Analysis of prognostic risk factors.
[image: Table 3]Safety
The incidence rates of grade ≥1 adverse event in the TKI group and the combination group were 96.0% and 97.6%, respectively. Obviously, the most common adverse event in the TKI group was neutropenia (n = 24,48.0%) and hypoalbuminemia (n = 23, 54.8%) in the combination group. In addition, the common grade 3–4 adverse events in the TKI group were leukopenia (n = 6, 12.0%), thrombocytopenia (n = 6, 12.0%), hypertension (n = 3, 6.0%), and lymphopenia (n = 3, 6.0%). The common grade 3–4 adverse events in the combined group included lymphopenia (n = 9, 21.4%), leukopenia (n = 3, 9.5%), hypertension (n = 2, 4.7%), and thrombocytopenia (n = 2, 4.7%). In the TKI group, the agent dose was decreased in 1 case due to grade 3 hypertension. In the combination group, two patients discontinued immunotherapy, including 1 with immune-related pneumonitis and 1 with immune-related myocarditis. No patients died due to adverse events (Table 4).
TABLE 4 | Treatment-related adverse events (TRAEs).
[image: Table 4]DISCUSSION
It is acknowledged that this is the first retrospective cohort study comparing treatment response and adverse events between TKI alone and TKI combined with PD-1 inhibitors as a second-line for uHCC. Our findings showed that combination therapy may improve DCR, PFS, and OS in patients in comparison with TKI monotherapy. There existed no statistically significant difference in adverse events between the two groups.
In the IMbrave 150 study, the PFS (6.9 months vs. 4.3 months, p < 0.001) and OS (19.2 months vs. 13.4 months, p < 0.001) of the A + T regimen were significantly prolonged compared with sorafenib monotherapy, and thus the regimen was recommended by the FDA as the standard first-line treatment regimen for uHCC patients (Cheng et al., 2022). The success of this combination therapy has brought novel hope to patients, and the synergistic effect of anti-vascular drugs combined with immune checkpoint inhibitors has already become the focus of patients and doctors. In prospective studies, TKI combined with PD-1 inhibitors (including pembrolizumab plus lenvatinib and camrelizumab plus apatinib) had a promising OS [(Finn et al., 2020a; Xu et al., 2021)]. In the real world, TKI combined with PD-1 inhibitors therapy has obviously prolonged OS in comparison with TKI monotherapy, including lenvatinib plus nivolumab vs. lenvatinib monotherapy (22.9 months vs. 10.3 months, p = 0.01) (Wu et al., 2022), lenvatinib plus camrelizumab vs. lenvatinib monotherapy (not reached vs. 13.9 months, p = 0.02) (Li et al., 2022), and lenvatinib plus sintilimab vs. lenvatinib monotherapy (21.7 months vs. 12.8 months, p = 0.01) (Zhao et al., 2022). Based on the above study, lenvatinib combined with PD-1 inhibitors had a significantly prolonged OS in first-line treatment of uHCC compared with lenvatinib monotherapy. The above studies showed that lenvatinib combined with PD-1 inhibitors significantly prolonged OS in first-line treatment of uHCC compared with lenvatinib monotherapy. In this work, although the TKI of the combination regimen was mainly sorafenib (61.9%) and was used in the second-line treatment of uHCC, the combination regimen also had a better prognosis than TKI monotherapy.
Sorafenib significantly prolongs OS compared to placebo and is widely used worldwide as first-line therapy in uHCC patients (Llovet et al., 2008). Unfortunately, a large number of HCC patients show a poor response to sorafenib or exhibit resistance to sorafenib treatment within 6 months (Chen et al., 2015). Continuing systemic therapy after sorafenib failure is the most effective way to prolong OS. In RESORCE, in patients undergoing HCC who failed sorafenib, continued regorafenib treatment significantly prolonged OS compared with placebo (10.6 months vs. 7.8 months, p < 0.001). The median time to death remained longer in the regorafenib group when survival was evaluated from prior sorafenib (vs. placebo, 26.0 months vs. 19.2 months) (Finn et al., 2018). The benefit of regorafenib for patients after failure of sorafenib was further confirmed in several retrospective clinical studies (Granito et al., 2021a). Recently, many second-line treatment studies have been carried out for HCC patients after sorafenib failure. FDA-approved second-line therapy-targeted drugs that have shown survival benefits in phase 3 clinical trials, including regorafenib (mOS, 10.6 months) (Finn et al., 2018), cabozantinib (mOS, 10.2 months) (Abou-Alfa et al., 2018) and ramucirumab (mOS, 8.5 months) (Zhu et al., 2019). Approved second-line immune monotherapy include nivolumab (mOS, 15.6 months) (El-Khoueiry et al., 2018) and pembrolizumab (mOS, 13.8 months) (Finn et al., 2020b). Additionally, the combination regimen nivolumab plus ipilimumab has not completed a phase 3 clinical trial, but has received FDA accelerated approval in a second-line setting due to long OS (mOS, 22.8 months) (Yau et al., 2020). Furthermore, second-line combination therapy options that are expected to be approved are durvalumab plus tremelimumab (mOS, 18.7 months) (Kelley et al., 2021) and camrelizumab plus apatinib (18 months OS rates, 56.5%) (Xu et al., 2021). Moreover, many second-line drugs that have completed phase 2 clinical trials or have been approved in some countries are booming, including apatinib (mOS, 8.7 months) (Qin et al., 2021), tislelizumab (mOS, 12.4 months) (Ducreux et al., 2021) and camrelizumab (mOS, 13.8 months) (Qin et al., 2020).
Faced with so many second-line treatment options, how to determine the best treatment has become the most perplexing problem. To determine the best second-line treatment regimen, we performed the analysis from different perspectives. First, based on the prospective second-line studies, the combination therapy regimen has a better OS than the monotherapy (targeted therapy or immunotherapy). Nevertheless, such conclusions need to be cautious, because some of the above studies have only completed the phase 2 clinical trials, even if phase 3 clinical trials have been completed but only use placebo as a control. Second, in the real world, controlled trials of second-line drugs only compared single agents and did not screen for superiority, including regorafenib versus nivolumab (Choi et al., 2020), regorafenib versus cabozantinib (Casadei-Gardini et al., 2021) and cabozantinib versus ramucirumab (Trojan et al., 2021). Our results suggest that there is a marginal difference in PFS with lenvatinib compared with other TKI agents (5.5 vs. 3.5 months, p = 0.147). Previously, lenvatinib is superior to sorafenib of PFS in both prospective and retrospective studies (Kudo et al., 2018; Kuo et al., 2021), and thus it may be preferentially recommended in patients who cannot use immunotherapy after sorafenib failure. Certainly, for patients who can use immunotherapy, TKI combined with PD-1 inhibitors as a second-line regimen is a good option in line with our results. Third, the same treatment may exert different effects in different countries or regions. The primary risk factor for non-Japanese Asian patients is HBV, while European and American patients are HCV (El-Serag, 2012). The median OS of HCC patients treated with sorafenib was 10.7 months in Europe, Australasia and the United States, and 6.5 months in China, Taiwan, and South Korea (Llovet et al., 2008; Cheng et al., 2009). Due to the differences in regions and etiologies, although apatinib has been approved to be the second-line treatment in China, the efficacy of this regimen in other countries needs further investigation since the phase 3 clinical trial only included Chinese patients (Qin et al., 2021). Fourth, the current studies on second-line therapy choices for HCC patients are all conducted with sorafenib as a first-line treatment. Intolerance or disease progression due to sorafenib is related to response to second-line therapy. Ramucirumab and pembrolizumab were effective for patients with disease progression after sorafenib treatment, but not for the intolerant to sorafenib (Zhu et al., 2019; Finn et al., 2020b). In RESORCE, patients who were intolerant to sorafenib were excluded from the enrolled patients receiving second-line regorafenib excluded. However, cabozantinib can bring benefits after sorafenib treatment in patients with disease progression or intolerance, and thus it is the only second-line TKI recommended by the AGA for use in patients with sorafenib intolerance (Kelley et al., 2020; Su et al., 2022). Our study also excluded sorafenib-intolerant patients. Therefore, the efficacy of TKI combined with PD-1 inhibitors in sorafenib-intolerant patients in the second-line setting needs to be further explored in follow-up studies.
A comprehensive analysis of the above-mentioned second-line treatment decision-making perspectives, combined with our findings, shows that there is potential value in recommending combination therapy after sorafenib failure. (1) At present, the commonly used second-line single drugs are TKI drugs, and thus there may be cross-resistance with sorafenib which can greatly limit the survival of patients. (2) Commonly used TKI drugs all exert the targeted therapeutic effect of VEGFR, which can not only regulate tumor blood vessels, but also serve as an effective immunomodulatory molecule, affecting TAM, MDSC, Treg cells and effector T cells (Fukumura et al., 2018). Nevertheless, PD-1 inhibitors can restore effector CD8+ T cell function by blocking extensive dephosphorylation between PD-L1 and PD-1, which can impair or abolish the immunosuppressive effects caused by Treg cells and ultimately inhibit tumor growth (Ahn et al., 2018; Granito et al., 2021b). Multiple mouse experiments have demonstrated that TKI combined with PD-1 inhibitors combination therapy can achieve the synergistic effect (Sprinzl et al., 2015; Torrens et al., 2021). (3) Multiple studies have revealed that the toxicity profile and tolerance were similar between TKI monotherapy and combination regimens (Li et al., 2022; Wu et al., 2022). (4) There are many combinations of TKI combined with PD-1 inhibitors, which can avoid the limitations of a certain drug and increase the practicality of the treatment plan. Our subgroup analysis proved that there existed no obvious difference in OS and PFS between sorafeinib combined with PD-1 inhibitors and lenvatinib combined with PD-1 inhibitors, which could also increase the possibility that different combinations may benefit from. However, the mechanism of lenvatinib and sorafenib combined with PD-1 inhibitors is different, the former can specifically reduce the abundance of tumor Treg cells (Torrens et al., 2021), while the latter has the effect of directly inhibiting the activation of M2 macrophages (Sprinzl et al., 2015). The effect of this combination treatment is promising. However, follow-up large-sample and prospective studies need to be performed to explore what kind of combination is more effective and what kind of situation is used.
Several limitations have to be mentioned in this study. First, this study was designed as a retrospective one with the small sample size, which could generate information bias and selection bias. Moreover, we explored multiple second-line TKI or PD-1 inhibitors. The clinical efficacy of specific regimens must be explored in future clinical trials. Third, our study excluded patients with sorafenib intolerance. Thus, the efficacy of TKI in combination with PD-1 inhibitors was not available in these patients.
CONCLUSION
To conclude, TKI combined with PD-1 inhibitors may benefit more than TKI monotherapy in HCC patients after sorafenib failure. Prospective studies with large samples are required to explore and clarify specific treatment options for patients.
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Background: Lenvatinib is recommended as a first-line tyrosine kinase inhibitor for advanced hepatocellular carcinoma (HCC) since 2017. The aim of this study was to compare the clinical action of lenvatinib in hepatitis B virus (HBV)-related HCC and hepatitis C virus (HCV)-related HCC.
Methods: A continuous cohort of advanced HCC was retrospectively enrolled. And the patients were divided into HBV-related HCC and HCV-related HCC based on previous history of hepatitis virus infection. Then propensity score matching (PSM) was conducted to compare objective response rate (ORR),disease control rate (DCR),progression-free survival (PFS),overall survival (OS) and safety between the two groups.
Results: A total of 203 eligible patients were included, with 72 HBV-related HCC and 36 HCV-related HCC after PSM. Both ORR (20.8% vs. 5.6%, P = .0759) and DCR (76.4% vs. 52.8%, P = .0232) were significantly higher in the HBV-related HCC than in the HCV-related HCC. Although no statistical differences in PFS (6.1 months vs. 3.3 months, P = .17) and OS (14.9 months vs. 17.7 months, P = .96) were observed between the two groups, there was a trend of difference in the PFS survival curve. On multivariate regression analysis of PFS, both HBV infection (HR, .54; 95% CI, .31–.95; P = .0332) and antiviral time >5 years (HR, .49; 95% CI, .26–.9; P = .0219) were identified as independent favorable factors, and AFP >200 ng/mL (HR, 1.88; 95% CI, 1.1–3.22; P = .0216) were found to be an independent adverse factor. In addition, compared with HCC who received the first dose of antiviral drugs less than 5 years, the patients who were administered those drugs over 5 years had a significantly favorable PFS (11.27 months vs. 3.87 months, P = .0011). Lenvatinib was well tolerated in all patients and the adverse events (AEs) were similar between the two groups.
Conclusion: It seemed that lenvatinib benefited more in HBV-related advanced HCC in delaying disease progression, compared to those with HCV-related advanced HCC.
Keywords: hepatocellular carcinoma, lenvatinib, hepatitis B virus, hepatitis C virus, antiviral therapy
INTRODUCTION
Liver cancer is the sixth most common cancer worldwide in 2020, with about 906,000 new cases and is the third leading cause of cancer death, with about 830,000 deaths (Sung et al., 2021). Hepatocellular carcinoma (HCC) accounts for 75%–85% as the main histological type (Sung et al., 2021). Viral hepatitis is a major cause of HCC, including hepatitis B virus (HBV) and hepatitis C virus (HCV) infection (Cooke et al., 2019). HBV seroprevalence has continued to decline due to HBV vaccination, and the incidence of HCC has decreased in high-risk countries such as China and the Republic of Korea (Petrick et al., 2020). While vaccine coverage is low in sub-Saharan Africa, HBV-related HCC is still more prevalent and severe (Lemoine et al., 2016). HCV infection occurs mainly in low- and middle-income countries, and although there is no vaccine to prevent HCV infection, direct acting antiviral (DAA) drugs are highly curative and well tolerated (Lanini et al., 2016). Overall, HBV and HCV infection account for 56% and 20% of the global liver cancer deaths, with a huge disease burden (Sung et al., 2021). In clinical practice and guidelines of HCC, the treatment recommendations rely on disease stage and liver function, and they remain the same whatever the reason is HBV or HCV infection.
Early HCC can be potentially curative by resection, thermal ablation, or liver transplantation, and for unresectable patients, local treatments such as trans-arterial chemoembolization (TACE), ablation and radiotherapy can improve patients’ survival (Forner et al., 2018). Moreover, up to 70% patients with HCC are diagnosed at an advanced stage and systemic therapy, such as tyrosine kinase inhibitors (TKIs), is recommended as the first-line regimen (Villanueva, 2019). Sorafenib was the first TKI approved for unresectable HCC, and exploratory analyses of SHARP (Llovet et al., 2008) and Asia-Pacific regions (Cheng et al., 2009) as well as other studies (Peixoto et al., 2014) had shown that sorafenib provided a greater magnitude of benefit in HCV-positive and/or HBV-negative HCC (Bruix et al., 2017; Jackson et al., 2017). For regions with higher HBV infection rates, the benefit of sorafenib was remarkedly smaller (Peixoto et al., 2014) until the advent of another molecular targeted drug. Lenvatinib inhibits vascular endothelial growth factor (VEGF) receptor, platelet-derived growth factor (PDFG) receptor α, fibroblast growth factor (FGF) receptor, and KIT and RET proto-oncogenes (Ikeda et al., 2017). The REFLECT trial demonstrated that lenvatinib was not inferior to sorafenib in overall survival (OS) in the first-line treatment of advanced HCC, with greater improvements in secondary study endpoints such as progression-free survival (PFS), time to progression (TTP), and objective response rate (ORR) (Kudo et al., 2018). The subgroup analysis of this study also demonstrated the benefit of PFS for HBV-related HCC in the lenvatinib group over the sorafenib group (7.3 vs. 3.6 months; HR, .62; 95% CI, .50–.75; p < .05) (Kudo et al., 2018). A network meta-analysis showed that lenvatinib was the best mono-therapy for HBV-related advanced HCC in the first-line treatment (Park et al., 2019). Lenvatinib showed better efficacy than sorafenib in a real-world study, and this study highlighted the negative predictive role of HCV on the lenvatinib arm (Rimini et al., 2021).
However, there are no head-to-head studies between different etiologies in HCC treating by lenvatinib, and matching is not strictly performed for comparability. The aim of this study was to compare the clinical action of lenvatinib in HBV-related HCC and HCV-related HCC.
METHODS
Patients
A continuous cohort of HCC who were treated with mono-lenvatinib at Beijing Ditan Hospital, Capital Medical University from October 2017 to October 2021 were retrospectively collected. Patients over 18 years with hepatitis virus-associated HCC were selected, and required to have at least one measurable lesion by modified Response Evaluation Criteria in Solid Tumors (mRECIST) (Lencioni et al., 2017). In addition, patients included had Child-Pugh grade A/B and Eastern Cooperative Oncology Group performance status (ECOG PS) ≤ 2. Patients who were not on first-line monotherapy, ie, receiving other TKIs or immunotherapy, were excluded. And we removed patients with incomplete baseline data as well as those who were lost to follow-up. Regarding the underlying etiology of hepatitis virus, HBV-related HCC included patients who were positive for HBV surface antigen (HBsAg), HBV core antibody (HBcAb) or HBV e antibody (HBeAb), while patients who were positive for HCV antibody were considered HCV-related HCC, and patients with dual HBV and HCV infection were excluded. Demographic characteristics (etiology and antiviral therapy, age, gender and ECOG PS), baseline clinical data (treatment history, imaging and laboratory parameters) and follow-up data were recorded.
The study conformed to the 1975 Declaration of Helsinki and has been approved by the Ethics Committee of Beijing Ditan Hospital, Capital Medical University. All patients provided written informed consent prior to the study.
Treatment and assessments
Lenvatinib was administered according to the REFLECT trial (Kudo et al., 2018), and patients weighing ≥60 and <60 kg received initial oral doses of 12 and 8 mg/day, respectively. Dose reductions and interruptions were allowed based on the severity of adverse events (AEs) and tumor progression.
Tumor response was evaluated using mRECIST, and tumor was assessed by contrast computed tomography (CT) or magnetic resonance imaging (MRI). All patients were followed up monthly during the first 6 months of drug treatment and every 3 months after 6 months. The endpoints of this study include ORR, DCR, PFS, OS and safety. ORR was defined as the percentage of complete response (CR) and partial response (PR); DCR was defined as the percentage of CR, PR, and stable disease (SD). PFS is defined as the time interval from initiation of lenvatinib to tumor progression or death, while OS is defined as the time interval from the first dose of lenvatinib to death or last follow-up. Safety was assessed and graded by the Common Terminology Criteria for Adverse Events (CTC-AE, Version 5.0).
Statistical analyses
All statistical analyses were performed using R software (version 4.0.5). Continuous variables were described using median and range, while categorical variables were expressed as frequency (percentage). In addition, the Mann-Whitney U and Fisher’s exact tests were used to compare continuous and categorical variables, respectively. Kaplan-Meier curves for PFS and OS (median, 95% confidence interval (95%CI)) were performed using the log-rank test to detect the differences between the groups. Propensity score matching (PSM) according to virus species was carried out to control for selection bias, confounding factors included age, gender, PVTT, metastasis and Child-Pugh grade. Univariate and multivariate Cox regression were conducted in matched patients to explore independent factors, and subgroup analysis was to select patients who would like to benefit more. Statistical significance was set at p < .05.
RESULTS
Patient characteristics
From October 2017 to October 2021, a total of 203 eligible patients with hepatitis virus-related HCC were treated with mono-lenvatinib, including 163 with HBV-HCC and the remaining 40 with HCV-HCC. After PSM, 72 HBV-HCC and 36 HCV-HCC constituted the study cohort. Figure 1 presents the study cohort selection process. Table 1 summarizes the baseline characteristics of the study population after matching. The differences were eliminated by PSM and balanced and comparable between the two groups. The majority of the PSM populations were males (89.8%), the medium age of the patients was 63.5 years (range: 56.0–69.0 years). Half of the patients had more than 3 tumors, 47 (43.5%) had maximum tumor diameter >5 cm, and the number of patients with PVTT and extrahepatic metastasis was 35 (32.4%) and 51 (47.2%), respectively. Most patients received previous TACE (88.9%), about half received ablation (45.4%), while a few received hepatectomy (14.8%). In addition, 33 (30.6%) patients had Child-Pugh grade B and 72 (66.7%) patients had BCLC stage C.
[image: Figure 1]FIGURE 1 | Flowchart of the study.
TABLE 1 | Baseline characteristics between HBV-HCC and HCV-HCC.
[image: Table 1]Survival analysis
With a median follow-up of 15.6 months, a total of 52 (48.1%) patients died and 76 (70.3%) patients progressed in the matched population, with no significant difference in OS (14.9 months vs. 17.7 months, p = .96) and PFS (6.1 months vs. 3.3 months, p = .17) between the HBV-HCC and HCV-HCC groups (Figures 2A, B). Although there was no significant difference, we observed a trend of difference in the Kaplan-Meier curves for PFS.
[image: Figure 2]FIGURE 2 | Kaplan-Meier curves of overall survival (A) and progression-free survival (B) between HBV-HCC and HCV-HCC.
All 108 patients had undergone antiviral therapy, and the anti-HBV treatments were mainly emptecavir, lamivudine, telbivudine, or teenofovir disoproxil fumarate (TDF), while anti-HCV was interferon plus ribavirin before the DAA era, followed by interferon-free direct antiviral therapy. As of last follow-up, more than half (n = 42, 58.3%) remained HBV DNA positive in the HBV-related HCC group; whereas most patients (n = 29, 80.6%) achieved sustained viral response (SVR) in the HCV-related HCC group. Median PFS was significantly longer in HCCs who had more than 5 years of initial antiviral therapy than in those who had less than 5 years, regardless of virus and drug type (11.27 months vs. 3.87 months, P = .0011) (Figure 3A). In general, patients with HBV infection are treated lifelong, while patients with HCV infection are treated for 3–6 months. Twenty patients in the HBV-related HCC group had antiviral therapy longer than 5 years, while the remaining 52 had less than 5 years, and the former had a significantly better PFS than the latter (8.63 months vs. 5.97 months, p = .028) (Figure 3B). Prior to lenvatinib treatment, antiviral therapy was administered in all HCV-related HCC patients. Nine patients were more than 5 years from their first antiviral treatment and their disease progressed slowly (25.20 months vs. 3.08 months, p = .013) compared with 27 patients less than 5 years (Figure 3C).
[image: Figure 3]FIGURE 3 | Kaplan-Meier curves of progression-free survival with antiviral therapy earlier than 5 years versus less than 5 years in the whole population (A) HBV-HCC (B) and HCV-HCC (C).
According to mRECIST, DCR was significantly higher in HBV-related HCC group compared to the HCV-related HCC group (76.4% vs. 52.8%, P = .0232). Also, ORR was higher in the HBV-related HCC than in the HCV-related HCC (20.8% vs. 5.6%, P = .0759). Within the HBV-related HCC group, 20.8% (n = 15) subjects achieved PR, 55.6% (n = 40) had SD, and 23.6% (n = 17) had progressive disease (PD). While, in the HCV-related HCC group, 5.6% (n = 2) participants achieved PR, 47.2% (n = 17) had SD, and 47.2% (n = 15) had PD.
Analysis of factors affecting progression
Univariate analysis of PFS showed that age >60 years, HCV infection, antiviral time >5 years, absence of previous surgery, maximum tumor diameter >5 cm, presence of PVTT and alpha-fetoprotein (AFP) > 200 ng/mL were associated with progression in patients treated with lenvatinib (Table 2). Further multivariate analysis, both HBV infection (HR, .54; 95% CI, .31–.95; P = .0332) and antiviral time >5 years (HR, .49; 95% CI, .26–.9; P = .0219) were found to be independent protective factors, and AFP >200 ng/mL (HR, 1.88; 95% CI, 1.1–3.22; P = .0216) was the independent fisk factor for predicting HCC progression. PFS was analyzed in both HBV-HCC and HCV-HCC groups (Figure 4), and the results highlighted HBV-related HCC with age ≤60 years (HR, .25; 95% CI, .11–.59; P = .002), no history of surgery (HR, .49; 95% CI, .28–.86; P = .012), history of ablation (HR, .35; 95% CI, .16–.76; P = .008), presence of PVTT (HR, .37; 95% CI, .16–.88; P = .024), absence of extrahepatic metastases (HR, .43; 95% CI, .21–.88; P = .021), and Child-Pugh grade B (HR, .24; 95% CI, .08–.71; P = .01) had a significantly longer PFS, when compared to HCV-related HCC. And Kaplan-Meier curves of subgroup analysis are shown in Figure 5.
TABLE 2 | Cox proportional hazards model of prognostic factors for PFS.
[image: Table 2][image: Figure 4]FIGURE 4 | Subgroup analysis of progression-free survival in lenvatinib-treated HCC.
[image: Figure 5]FIGURE 5 | Kaplan-Meier curves for progression-free survival in terms of age (A) surgical history (B) ablation history (C) portal vein tumor thrombus (D) extrahepatic metastasis (E) and Child-Pugh grade (F) between the two groups.
Safty
As shown in Table 3, all 108 subjects were analyzed for safety, and the incidence of treatment-related AEs was 81.9% in the HBV-related HCC and 72.2% in the HCV-related HCC. The most common AEs of any grades included hypertension (n = 47, 43.5%), diarrhea (n = 20, 18.5%), fatigue (n = 22, 20.4%), decreased appetite (n = 14, 13.0%), and rash (n = 11, 10.3%), and there were no significant differences between the two groups for any types of AEs. Most of the adverse reactions that occurred were mild to moderate, and few (n = 23, 21.3%) were grade 3. Grade 3 AEs occurred in 16 patients in the HBV-related HCC group, including 6 severe diarrhea, 6 hypertension, 2 proteinuria, 2 hepatic encephalopathy, 2 hyperbilirubinemia, 1 thrombocytopenia, and 1 transaminase elevation; while 7 patients had serious AEs in the HCV-related HCC group, including 3 severe diarrhea, 2 hypertension, 1 proteinuria, 1 hepatic encephalopathy, and 1 hypothyroidism. In total, 7 patients reported severe AEs including 5 upper gastrointestinal bleeding and 2 liver failure, all of which were resolved without sequelae. No significant differences were demonstrated in severe AEs between the two groups. No treatment-related deaths were observed during the study.
TABLE 3 | Treatment related adverse events.
[image: Table 3]DISCUSSION
In this study, we performed a direct comparison between HBV- and HCV-related HCC treated by mono-lenvatinib, and PSM balanced some confounding factors to reduce the bias present in retrospective studies. We observed that both ORR and DCR were higher in the HBV-related HCC than in the HCV-related HCC. Although neither PFS nor OS reached statistical significance after matching, post-matching PFS showed a trend of difference. Moreover, multivariate analysis of PFS showed that HCV-infected HCC had significantly shorter PFS. Univariate analysis of the etiology is not significant, but multivariate analysis is significant might because HBV-related HCC often has a large tumor (Barazani et al., 2007; Sinn et al., 2014), and the independent role of HBV on progression is only revealed when the etiology and tumor size are included in multivariate analysis, eliminating the effect of tumor size. Although HBV-related HCC has higher invasiveness than HCV-related HCC (Cantarini et al., 2006), this study suggested lenvatinib has a protective effect on delaying disease progression in HBV-related HCC. This was confirmed by a real-world analysis that HCV-related etiology is less effective for lenvatinib in HCC (Rimini et al., 2021). In addition, we found that the prolongation effect of antiviral therapy on PFS. Although the duration of anti-HBV is longer than that of anti-HCV, the survival difference was observed in both HBV-related HCC group and HCV-related HCC group.
Although chronic HBV and HCV infection are both the main causes of HCC, there are some differences in the mode of transmission, risk factors and carcinogenic mechanisms (Ng and Wu, 2012). HBV, as a DNA virus, can integrate into the hepatocyte genome, mainly through vertical transmission, and serum DNA level and hepatitis B e antigen (HBe Ag) represent active HBV replication (Chen et al., 2006); while HCV is an RNA virus, mainly through blood transmission, and serum RNA level and viral genotype 1b are its risk factors (Ahmad et al., 2011). In addition, HCC caused by HBV and HCV also differ in clinical manifestations and prognosis (Ng and Wu, 2012), and HBV-infected patients are younger at diagnosis of HCC, and often have larger tumors and PVTT, are more likely to be in advanced stages of the disease, while HCV-induced HCC has poor liver function (Barazani et al., 2007; Sinn et al., 2014). The survival outcomes of the two virus-associated HCC differed in several studies, possibly due to differences in patient baseline characteristics, disease stage and treatment modalities (Cantarini et al., 2006; Barazani et al., 2007; Sinn et al., 2014). Contrast to those results, in our present study, the differences in the prognosis were not detected between the HBV-HCC and HCV-HCC. Also, a meta-analysis showed that there were no differences in OS and disease-free survival (DFS) between the HBV and HCV group (Zhou et al., 2011). The underlying reason in our study maybe that due to the use of PSM, there was no difference in age, tumor size, PVTT and liver function between the above two groups. Subgroup analysis of PFS identified a patient population likely to benefit from lenvatinib treatment. Of note, patients with PVTT and Child-Pugh grade B had a significantly worse prognosis in HCV-infected patients, suggesting lenvatinib monotherapy is poorly effective in these patients and may require systemic therapy replacement. Because HCV-infected patients have worse liver function and patients with Child-Pugh grade B are excluded from the REFLECT trial, more studies are needed to investigate its efficacy and safety (Wong et al., 2011; Sinn et al., 2014).
Most HCC do not show clinical symptoms until they progress to an advanced stage, patients have a poor prognosis, and effective systemic therapy is highly warranted (Forner et al., 2018; Villanueva, 2019). Despite great progress in targeted therapy and immunotherapy in recent years, sorafenib and lenvatinib are currently the standard first-line treatments in clinical practice, while the therapeutic response to targeted drugs is related to viral species. Sorafenib has a survival advantage in HCV-infected patients (Bruix et al., 2017; Jackson et al., 2017), which may be due to the fact that sorafenib can inhibit viral replication and reduce the rate of tumor growth and the deterioration degree of liver function (Himmelsbach et al., 2009; Kolamunnage-Dona et al., 2021). Compared with sorafenib, lenvatinib targets are more concentrated and inhibitory. Indirect comparison showed superior short-term efficacy of lenvatinib, second only to atezolizumab combined with bevacizumab in PFS (Park et al., 2019). HBV infection is associated with favorable prognosis of lenvatinib (Kudo et al., 2018; Park et al., 2019), the mechanism of which is unknown, may result in differential drug response due to different molecular mechanisms of HCC etiology, and may also be associated with lenvatinib modulation of the immune microenvironment (Kato et al., 2019). As an indispensable cornerstone drug for HCC, it is crucial to find reliable biomarkers (such as etiology) and predict their therapeutic response (Doycheva and Thuluvath, 2019).
In addition to the etiology, we observed that serum AFP levels had a role in HCC progression. Serum AFP level is the most commonly used biomarker for evaluating the prognosis of HCC. A multicenter study in Japan found that AFP ≥400 ng/mL was an independent risk factor for death (Tsuchiya et al., 2021). The difference was that the cutoff value of this study was 200 ng/mL, and the study outcome was PFS.
This study had some limitations. First, the sample size of HCV group was small, and the observation period was short, with uncontrollable selection bias; second, we excluded HBV and HCV co-infection, which accounted for a small proportion of patients and was not conducive to analysis.
CONCLUSION
Compared with HCV-related HCC, the potential benefit of lenvatinib in delaying progression in patients with HBV-related HCC is more pronounced. However, there is a lack of reliable biomarkers for lenvatinib, and we recommend that viral species should be considered in clinical practice, or stratification by etiology in clinical trials.
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Hepatocellular carcinoma (HCC) is one of the most common digestive malignancies. HCC It ranges as the fifth most common cause of cancer mortality worldwide. While The prognosis of metastatic or advanced HCC is still quite poor. Recently, locoregional treatment, especially local ablation therapies, plays an important role in the treatment of HCC. Radiofrequency ablation (RFA) and high-intensity focused ultrasound (HIFU) ablation are the most common-used methods effective and feasible for treating HCC. However, the molecular mechanisms underlying the actions of ablation in the treatments for HCC and the HCC recurrence after ablation still are poorly understood. Hypoxia-inducible factor (HIF), the key gene switch for adaptive responses to hypoxia, has been found to play an essential role in the rapid aggressive recurrence of HCC after ablation treatment. In this review, we summarized the current evidence of the roles of HIF in the treatment of HCC with ablation. Fifteen relevant studies were included and further analyzed. Among them, three clinical studies suggested that HIF-1α might serve as a crucial role in the RAF treatment of HCC or the local recurrence of HCC after RFA. The remainder included experimental studies demonstrated that HIF-1, 2α might target the different molecules (e.g., BNIP3, CA-IX, and arginase-1) and signaling cascades (e.g., VEGFA/EphA2 pathway), constituting a complex network that promoted HCC invasion and metastasis after ablation. Currently, the inhibitors of HIF have been developed, providing important proof of targeting HIF for the prevention of HCC recurrence after IRFA and HIFU ablation. Further confirmation by prospective clinical and in-depth experimental studies is still warranted to illustrate the effects of HIF in HCC recurrence followed ablation treatment in the future.
Keywords: hepatocellular carcinoma, hypoxia-inducible factor, ablation, therapy, mechanism
INTRODUCTION
Hepatocellular carcinoma (HCC) is the third most common cancer and the fifth most common cause of cancer mortality worldwide (Calderaro et al., 2022; Sperandio et al., 2022). The high mortality of HCC is attributed to the lack of early detection and few effective therapies, especially for intermediate- or advanced HCC patients (Parikh and Pillai, 2021). With the development of medical technology, various new treatment techniques have brought new opportunities for HCC treatment. At present, hepatectomy, liver transplantation, and ablation are the standard treatment for HCC (Zhuang et al., 2021). However, the advanced neoplastic stage and the shortage of donors limit the application of hepatectomy and liver transplantation. Recently, locoregional treatment, especially local ablation therapies, plays an important role in the treatment of HCC.
Local thermal ablation techniques mainly include radiofrequency ablation (RFA), high-intensity focused ultrasound (HIFU) ablation, laser ablation, and microwave ablation (Jing et al., 2020). Among these, RFA and HIFU have been most frequently used worldwide in the treatment of HCC. RFA heats targeted tissue by ionic friction from current, reducing the local increase in temperature above 60 °C and then causing coagulative necrosis (Yousaf et al., 2020). HIFU employs the ultrasonic wave to heat tumor entities, resulting in coagulative necrosis of tumor tissue (Sofuni et al., 2022). Local ablation therapy is more secure and has fewer complications and shorter hospital stays than hepatectomy (Shin et al., 2021). In addition, RFA can be combined with other therapies to treat HCC, thereby providing a better therapeutic effect and overcoming its limitations. For example, a randomized, controlled pilot study reported that RFA combined with TACE showed better effectiveness than RFA alone for HCC (Morimoto et al., 2010). Nevertheless, due to residual viable tumors after local ablation, the rate of recurrence and metastasis is higher than that for surgical resection in HCC. It is reported that the 5-year overall recurrence rates were 63.5% with RFA, while surgical resection was 41.7% in patients with HCC(Huang et al., 2010). As a result, further studies of the molecular mechanism of HCC relapses after local ablation are thus needed so that novel medication targets can be developed.
Local thermal ablation damage has been found to be divided into three regions (central high-temperature zone, sublethal temperature transition zone, and surrounding normal tissue) (Sauvaget et al., 2022). In the transition zone, the damage of tumors can be reversed and eventually survive, thus resulting in the rapid development of tumors. There are increasing studies suggesting that epithelial-mesenchymal transitions (EMT), autophagy, and the hypoxic microenvironment play crucial roles in subsequent progression and metastasis after local ablation. Li et al. (2022) found that insufficient RFA (IRFA) promoted proliferation, invasion, migration, and EMT in HCC cells. Zhao et al. (2018) reported that autophagy has been shown to be activated in mice exposed to IRFA. Importantly, hydroxychloroquine (HCQ), a well-established inhibitor of autophagy, significantly suppressed HCC proliferation and recurrence induced by IRFA (Zhao et al., 2018). Recently, Frenzel et al. (2018) suggested that hypoxia-inducible factor (HIF), the key gene switch for adaptive responses to hypoxia, played an important role in the rapid aggressive recurrence of HCC after RFA. Currently, there is still a lack of narrative reviews on the role of HIF in the local ablation of HCC. In this review, we present the first attempt to comprehensively summarize the recent advances of HIF in local ablation of HCC. The aim of this article is to facilitate the clinical application of HIF in inhibiting the rapid aggressive recurrence of HCC after RFA.
OVERVIEW OF HIF
HIF, a heterodimeric transcription factor, plays a pivotal role in the ability to adapt to changes in oxygen levels (Kling et al., 2021). HIF was first described by Semenza and others in 1995 (Wang et al., 1995; Wang and Semenza, 1995). In 1991, he found a hypoxic inducible nuclear factor, bounding to the promoter of the EPO gene, and then increasing its expression (Semenza et al., 1991). This nuclear factor has been named HIF by Semenza and others in 1995 (Wang et al., 1995; Wang and Semenza, 1995). The huge importance of this discovery was reflected by the 2019 award of the Nobel Prize in Physiology or Medicine (Fitzpatrick, 2019). HIF is composed of α and β subunits. The α subunit is modulated in an oxygen-dependent manner but the β subunit is constitutively expressed (Macedo-Silva et al., 2020). There are three variants of the α subunit, i.e., HIF-1α, HIF-2α, and HIF-3α, and three paralogues of the β subunit, i.e., HIF-1β, HIF-2β, and HIF-3β (Tsai et al., 2020). HIF-1α is the most ubiquitously expressed of the three isoforms and has 48% amino acid sequence identity to HIF-2α (Fitzpatrick, 2019). It has been reported that HIF-1α and HIF-2α played a key role in the acute and chronic response to hypoxia, respectively (Galan-Cobo et al., 2015; Guo et al., 2021). Due to the existence of multiple HIF-3α variants, it is less well characterized. HIF-α is regulated by oxygen-dependent pathways. The HIF-α subunits are synthesized at a very high rate but undergo rapid degradation via oxygen-dependent prolyl hydroxylase (PHD) enzymes in the presence of oxygen (Strowitzki et al., 2019). The PHD enzymes could hydroxylate Pro402 and Pro564, two conserved proline residues (Snell et al., 2014). The post-translational hydroxylation enables the von Hipple-Lindau (VHL) to bind the HIF-α subunit for degradation (Liu et al., 2018). The human genome encodes three types of PHD enzymes, i.e., PHD1, 2, and 3 (Fujita et al., 2012). It has been reported that PHD2 regulated HIF-1α, while PHD1 regulated HIF-2α(Ren et al., 2011; Vara-Perez et al., 2021). As oxygen availability decrease, the PHDs activity is diminished, leading to the translocation of HIF-α into the nucleus (Nguyen et al., 2021). HIF-α binds to a hypoxia response element in the nucleus and results in the activation of target genes, which facilitates adaptation and survival of cells and contributes to angiogenesis, proliferation, and metastasis of the tumor (Kaelin and Ratcliffe, 2008).
Mounting evidence demonstrates that HIF may correlate with numerous human diseases (e.g., breast cancer, cervix cancer, and HCC) (Feng et al., 2020; Lal et al., 2021). As known, hypoxia is a feature of most solid tumors, where the oxygen level is usually below 1% (D'Ignazio et al., 2017). A series of reactions is caused by hypoxia, which affects tumor survival and progression and confers resistance to chemoradiotherapy by influencing angiogenesis and metabolism (Muz et al., 2015). HIF has been shown to be the main regulator of these responses (Rocha, 2007). Previous studies have shown that the expression levels of HIF-1α and/or HIF-2α were increased in various tumors such as breast cancer, prostate cancer, and pancreatic cancer, and were correlated with poor survival (Shaida et al., 2008; Zhang et al., 2017; De Francesco et al., 2018; Zhang H. S et al., 2019). Also (Hu et al., 2021), demonstrated that hypoxia significantly induced high expression of HIF-1α and HIF-2α, which promoted the proliferation, migration, and invasion of HCC cells. It was reported that the enhancement of HIF activity promoted tumor metastasis through the regulation of hundreds of genes related to immune escape, cancer stem cell maintenance, angiogenesis, and EMT (Rankin and Giaccia, 2016; Schito and Semenza, 2016). In addition to regulation by PHD and VHL mentioned above, the expression of HIF is also regulated by inflammation and epigenetic regulator in HCC. In the presence of persistent hypoxia, IL-1β is released by the necrotic debris of HCC cells, which promotes HIF-1α synthesis via cyclooxygenase 2 (COX-2) (Zhang et al., 2018). The histone deacetylase 5 (HDAC5), an epigenetic regulator, is essential for activating gene transcription and is also involved in the development and progression of tumors (Zhou et al., 2021a). The expression of HDAC5 has been suggested to be elevated in HCC tissues and cells compared with non-cancerous HCC tissues and control cells (Feng et al., 2014). The elevated expression of HDAC5 can induce the transcription of HIF-1α and lead to high expression of HIF-1α by silencing homeodomain-interacting protein kinase-2 (HIPK2) (Ye et al., 2017).
Studies have shown a close association between HIF and recurrence after ablation (Ikemoto et al., 2017). Previous studies indicated that ablation caused hypoxia adjacent to the ablated area, which is related to tumor proliferation, angiogenesis, and aggressiveness (Wan et al., 2016a; Gong et al., 2019). Moreover, the hypoxic status induced by ablation elicits HIF accumulation (Zhang J et al., 2021). (Wan et al., 2016b) discovered that the HSP70/HIF-1α signaling pathway was significantly enhanced in hyperthermia-induced lung cancer cells. Meanwhile, hyperthermia-induced lung cancer cells possess higher proliferation and angiogenesis potential (Wan et al., 2016a). The analogous result was observed in HCC. Kong et al. (2012) found that the expression level of HIF-1α was upregulated in heat-treated HCC cells. Also, a stronger pro-angiogenic effect was observed in heat-treated HCC cells (Kong et al., 2012). Importantly, this effect could be inhibited by HIF-1a inhibitor YC-1 (Kong et al., 2012). These results suggested that HIF may play a crucial role in the rapid progression of residual cancer after ablation.
Literature search
To maximally identify the eligible articles related to the role of HIF in HCC after ablation, we carried out a systematic search of MEDLINE, Google Scholar, EMBASE, and Cochrane Library databases. The search keyword in MEDLINE was: ((((((((((((((((((((“Carcinoma, Hepatocellular" [Mesh]) OR (Carcinomas, Hepatocellular)) OR (Hepatocellular Carcinomas)) OR (Liver Cell Carcinoma, Adult)) OR (Liver Cancer, Adult)) OR (Adult Liver Cancer)) OR (Adult Liver Cancers)) OR (Cancer, Adult Liver)) OR (Cancers, Adult Liver)) OR (Liver Cancers, Adult)) OR (Liver Cell Carcinoma)) OR (Carcinoma, Liver Cell)) OR (Carcinomas, Liver Cell)) OR (Cell Carcinoma, Liver)) OR (Cell Carcinomas, Liver)) OR (Liver Cell Carcinomas)) OR (Hepatocellular Carcinoma)) OR (Hepatoma)) OR (Hepatomas)) AND (((Hypoxia Inducible Factor) OR (Hypoxia-Inducible Factor)) OR (HIF))) AND (Ablation). The inclusion criteria are as follows: 1) clinical study reporting on the roles of HIF in HCC after ablation; 2) experimental research reporting on the effects of HIF in HCC after ablation and its possible molecular mechanisms. Finally, fifteen clinical or experimental studies were included for further analysis. The researchers then used a specific data collection table to extract relevant data from each study, including the general information of the article (e.g., the first author’s name, the year of publication), research subject (e.g., cell/animal model or patient), ablation surgical type, associated genes/pathways and agents, measure method of HIF, and the major findings of the study. Table 1 summarizes the relevant studies reporting the roles of HIF on HCC after ablation.
TABLE 1 | The characteristics and the main findings of the included studies.
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Among the 15 included studies, three clinical studies reported the clinical roles of HIF-1α on HCC after ablation. Yamada et al. (2014) conducted a clinical study of Eighty-eight (88) patients with HCC. These patients were categorized into two groups (i.e., RFA group and non-RFA group). There was no significant difference in TMN staging, number of tumors, maximum tumor diameter, and tumor markers between the two groups. The overall 5-year survival rate of the RFA groups was lower than those of non-RFA groups (39% vs. 68%; p = 003). As identified through qRT-PCR, the RFA group showed increased expression not only of HIF-1α, but also of epithelial cell adhesion molecule (EpCAM), a marker for tumor cell growth and metastasis, compared to the non-RFA group. Of note, the expression level of angiogenic factors VEGF was not different between the two groups. Yamada et al.‘s study revealed that the local recurrence of HCC after RFA was significantly associated with the increased expressions of HIF-1 and EpCAM, but not the expressions of VEGF (Yamada et al., 2014). As is well known, sorafenib, an oral multi-kinase inhibitor, can block the proliferation and induce cell apoptosis, which has been widely to treat advanced HCC. Gong et al. (2017) assigned 50 patients with HCC to control group and 40 patients with HCC to observation group. Two groups of patients were treated with conventional RFA alone and with a combination of RFA and oral sorafenib, respectively (Gong et al., 2017). The patients in the observation group showed more prolonged tumor-free survival (12.3 vs. 8.4 months), lower relapse (15.0% vs. 34.0%), and longer survival rates (87.5% vs. 70.0%) than those in the control group (Gong et al., 2017). Furthermore, the overall treatment efficacy in the observation group was superior to that in the control group (82.5% vs. 62.0%); however, the incidence of complications showed no differences between the two groups (17.5% vs. 20.0%) (Gong et al., 2017). The author further found that in comparison to the average levels before treatment, the average levels of serum VEGF and HIF-1α were decreased after the treatment (Gong et al., 2017). This study suggested that sorafenib in combination with RFA was a superior treatment for HCC and HIF-1α and VEGF played key roles during the treatment process. Similarly, another study performed by Yuan et al. (2017) showed that the combination of transcatheter arterial chemoembolization (TACE) and RAF significantly decreased liver cancer angiogenesis and reduced HCC cell proliferation speed than TACE alone. Moreover, the TACE combined with RAF reduced the expression levels of HIF-1α and early growth response protein 2 (EGR-2) to a greater extent than TACE alone (Yuan et al., 2017). In summary, the above three clinical studies suggested that HIF-1α might serve a crucial role in the RAF treatment of HCC or the local recurrence of HCC after RFA.
THE ROLES OF HIF AND THE RELATED SIGNALING PATHWAY IN HCC AFTER ABLATION
HIF-1α contributes to the progression of HCC by promoting the expression of VEGFA and arginase-1
Arginase, a pivotal metabolic enzyme, is a part of the urea cycle and catalyzes the hydrolysis of L-arginine, resulting in ammonia detoxification in mammals (Cziraki et al., 2020). It has two isoforms: arginase-1 and arginase-2, localized in the cytosol and mitochondria, respectively (Labib et al., 2020). Arginase-1 is primarily detected in hepatocytes and can be served as an important marker of hepatocellular differentiation (Moudi et al., 2020). Recently, arginase-1 has been reported to be induced in activated macrophages and participates in the initiation and progression of various diseases, including HCC (You et al., 2018). In addition, HIF-1α is reported to be involved in the expression of the arginase-1 (Alexander et al., 2020). The HIF well-studied target is the vascular endothelial growth factor A (VEGFA) (Palazon et al., 2017). It is the main stimulator of tumor angiogenesis and is reported to be overexpressed in multiple solid cancers, including HCC (Zou et al., 2020). Lin et al. (2018) demonstrated that long non-coding RNA UBE2CP3, a cancer-promoting gene of HCC, enhanced the progression of liver cancer by promoting angiogenesis through the activation of ERK1/2/HIF-1α/VEGFA signaling pathway. A recent study conducted by Halpern et al. (2021) showed that a metastatic tumor model was established using a splenic injection of colon adenocarcinoma cells, and all mice undergoing RFA developed tumors at the ablation site on necropsy performed at 7 days. In contrast, the site of probe insertion had no tumors in the mice undergoing a sham procedure (Halpern et al., 2021). Furthermore, the expression of HIF-1α and VEGFA was significantly increased at the ablation site relative to unaffected adjacent liver tissues from the same mouse (Halpern et al., 2021). The expression of mRNA of HIF-1α, VEGFA, and arginase-1 were also significantly elevated in RFA/tumor-associated macrophages compared with that in unaffected liver (Halpern et al., 2021). Further study found that the tumor volume and the median number of total metastases were significantly decreased in mice treated with YC-1, a well-established inhibitor of HIF-1α, compared to vehicle control (Halpern et al., 2021). In agreement with the above study, Xu et al. (2013) found that the expression of HIF-1α and VEGFA were significantly increased in hepatic tumor model mice after RFA and this response could be inhibited by the combination of sorafenib and RFA. Therefore, HIF-1α might promote the development of hepatic metastases after RFA by increasing the expression of VEGFA and arginase-1.
HIF-1 and 2α promote angiogenesis and residual recurrence of HCC after HIFU ablation via VEGFA/EphA2 pathway.
High-intensity focused ultrasound (HIFU) is another local ablative therapy and is also difficult to achieve complete ablation of HCC, which contributes to the recurrence of HCC. Erythropoietin-producing hepatocellular A2 (EphA2), a member of the Eph family of receptor tyrosine kinases, is a crucial regulator of tumorigenesis and is highly expressed in multiple cancers, including HCC (Wilson et al., 2021). EphA2 has been shown to be activated through the phosphorylation on serine 897 mediated by AKT, RSK, and PKA kinases and alters downstream signaling, and then facilitating tumor progression (Zhou et al., 2015; Barquilla et al., 2016). Niu et al. (2021) reported that EphA2 was highly expressed in HCC. Additionally, EphA2 silencing significantly reduced cell proliferation and accelerated apoptosis (Niu et al., 2021). A study conducted by Cheng et al. (2002) demonstrated that EphA2 antisense oligonucleotides significantly suppressed endothelial expression of the EphA2 receptor and inhibited VEGF-induced cell migration. A recent study showed that the knockdown of HIF-1α by siRNA downregulated the expression of EphA2 and led to apoptosis and the disruption of vasculogenic mimicry (VM) associated phenotypes (Saha et al., 2022). Nevertheless, it is unknown whether EphA2 functions in HCC after HIFU ablation. Wu et al. (2014) investigated the roles of EphA2, VEGFA, and HIF-1α in a xenograft model of HCC in nude mice. The authors found that the protein and mRNA levels of HIF-1α and HIF-2α were significantly increased in the residual tumor tissues of the HIFU group compared to that in the control group (Wu et al., 2014). Furthermore, similar results were obtained for VEGF-A and EphA2 expression (Wu et al., 2014). The expression of CD31 is considered an indicator of calculated the microvascular density (MVD) and is significantly increased compared with the control grou p (Wu et al., 2014). Importantly, the alteration of CD31, VEGF-A, and EphA2 expression were basically consistent with the trends in HIF-1α and HIF-2α expression (Wu et al., 2014). Therefore, the authors suggested HIFU ablation might result in the hypoxia condition of residual tumor and induce tumor angiogenesis via HIF-1, 2α/VEGFA/EphA2 (Wu et al., 2014). Two other studies conducted by Wu et al. (2017); Wu et al. (2021) also demonstrated that overexpression of EphA2, VEGFA, and HIF-2α were closely associated with angiogenesis in residual HCC after HIFU ablation. Moreover, the expression of EphA2, VEGFA, and HIF-2α could be significantly inhibited by sorafenib (Wu et al., 2021). Thus, inhibiting HIF-1, 2α alone or in combination with angiogenesis inhibitors might prevent residual recurrence of HCC after HIFU ablation.
HIF-1Α AND HIF-2Α PROMOTE LIVER METASTASES OF COLON CARCINOMA FOLLOWING RFA VIA THE ACTIVATION OF DOWNSTREAM MARKERS CA-IX AND VEGF
The induction of angiogenesis is an important biological process in responseto hypoxia (Ben et al., 2022). Also, active pH regulation is an essential biological process in response to hypoxia, which allows tumor cells to maintain viability and proliferation in the acidic tumor microenvironment (Porter and Porter, 2018). Carbonic anhydrase IX (CA IX) has been proven to be a key component of this pH regulatory machinery (Benej et al., 2020). CA IX, a transmembrane protein, catalyzes the reversible dehydration of bicarbonate. In recent studies, CA IX is served as a potent biomarker of poor patient prognosis for many types of solid tumors, including HCC (Parks and Pouyssegur, 2017; Chen et al., 2018). Cho et al. (Cho et al., 2019) demonstrated that CA IX has overexpressed in HCC and CA IX inhibitor (acetazolamide) significantly suppressed the growth of HCC xenograft tumors in nude mice. In addition, HCC patients with high CA IX expression displayed a worse prognosis in the TCGA database (Cho et al., 2019). CA IX has been reported to be a downstream marker of HIF (Nijkamp et al., 2009). Nijkamp et al. (2009) established preclinical models with colorectal micrometastases to investigate the effect of RFA on the outgrowth of tumor cells at the lesion periphery. The authors found that tumor load in the transition zone (TZ) significantly increased after RFA compared with tumor load in the livers of sham-operated mice (48.5 ± 3.9% vs. 17.9 ± 2.0%, p = 0.00021) (Nijkamp et al., 2009). Furthermore, tumor load in the TZ following RFA had increased approximately 4-fold compared with tumor load in the reference zone (RZ) (Nijkamp et al., 2009). HIF-1α, HIF-2α, CA-IX, and VEGF were significantly up-regulated in the TZ (Nijkamp et al., 2009). As is noted, 17DMAG, an inhibitor of HIF, suppressed the expression of HIF-1α and HIF-2α, and significantly reduced tumor growth in the TZ (Nijkamp et al., 2009). However, 17DMAG had no obvious effect on tumor growth in the RZ of RFA-treated mice (Nijkamp et al., 2009). The above studies suggested that HIF-1, 2α might promote liver metastases of colon carcinoma following RFA by enhancing the expression of CA-IX and VEGF, the downstream markers of HIF.
HIF-1Α/BNIP3 PATHWAY PROMOTES RESIDUAL HCC CELL PROGRESSION BY ENHANCING AUTOPHAGY AFTER IRFA
Autophagy is a highly conserved, intracellular self-protective process, critically required for the degradation of damaged organelles and cytoplasmic material (Verma et al., 2021). There are accumulating data showing that autophagy plays a key role in a variety of tumors, including HCC. In pancreatic cancer, autophagy promoted tumor growth in syngeneic host mice, but the inhibition of autophagy reduced tumor growth by restoring surface levels of major histocompatibility complex class I (Yamamoto et al., 2020). In HCC, the expression of LC3-II, a key autophagic marker, was significantly increased and associated with poor prognosis of HCC. Moreover, inhibition of autophagy reduced the ability of tumor cells to survive (Han et al., 2021; Zhang K et al., 2021). Wang et al. (2018) found that the activity of autophagy was markedly enhanced in the residual HCC cells after RFA and the autophagy inhibitor 3-methyladenine (3-MA) significantly inhibited the cell viability and invasion induced by IRFA. Recently, mounting studies have shown that Bcl-2 19-kDa interacting protein 3 (BNIP3) is served as a mitochondrial protein and plays a critical role in autophagy. For example, Xu et al. (2021) reported that latent membrane protein1 (LMP1) promoted radioresistance by inducing autophagy through BNIP3 in nasopharyngeal carcinoma. Additionally, BNIP3 can be induced by hypoxia and is confirmed to be the target molecule of HIF-1α (Chen W et al., 2016). Zhang Y. et al. (2019) demonstrated that HIF-1α played a protective role against myocardial ischemia-reperfusion injury by inducing BNIP3-mediated autophagy. However, the role of HIF-1α/BNIP3-mediated autophagy in RFA-induced HCC promotion remains unclear. A recent study conducted by Xu et al. (2019) showed that the proliferation, migration, and invasion abilities of residual HCC cells were significantly elevated after the IRFA was simulated in vitro. Compared with the 37°C-si-NC group, the expression of LC3B-II, HIF-1α and BNIP3 were significantly increased in the 47°C-si-NC group, which indicated that IRFA could induce the activation of autophagy and the upregulation of HIF-1α and BNIP3 in HCC cells (Xu et al., 2019). Notably, BNIP3 silencing significantly decreased the expression levels of HIF-1α and LC3B-II as well as slowed the proliferation, migration, and invasion of HCC cells mediated by IRFA (Xu et al., 2019). These studies revealed that IRFA promoted residual HCC cell progression by inducing autophagy via the HIF-1α/BNIP3 pathway.
ATO INHIBITS TUMOR GROWTH AND ANGIOGENESIS OF HCC BY BLOCKING THE PARACRINE SIGNALING OF ANG-1 AND ANG-2 THROUGH THE INHIBITION OF THE P-AKT/HIF-1Α PATHWAY AFTER IRFA
Angiogenesis is an essential process in the growth and metastasis of HCC (Zhu et al., 2022). Angiogenesis is not only regulated by VEGF but also by angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2), and their receptor Tie-2 (Engin et al., 2012). Ang-1 and Ang-2 are the members of the angiopoietin (Ang) family and regulate angiogenesis via the TEK tyrosine kinase endothelial receptor (Lin et al., 2020; Xie et al., 2020). Also, Ang-1 and Ang-2 have been shown to be the prognostic biomarkers of HCC(Lin et al., 2020; Xie et al., 2020). Pestana et al. (2018) revealed that a high level of Ang-2 was closely associated with the poor prognosis of HCC patients. In contrast, HCC patients with a high level of Ang-1 showed a longer overall survival (Pestana et al., 2018). Contrary to the studies discussed above, another study found that activated hepatic stellate cells (aHSCs) promoted angiogenesis through secreting Ang-1 (Lin et al., 2020). Wang Z et al. (2021) reported that morphine significantly promoted angiogenesis by activating Akt/HIF-1α pathway in HCC. However, whether Akt/HIF-1α axis is involved in the progression of residual HCC after RFA by modulating Ang-1 or Ang-2 was still unclear. A more recent study indicated that IRFA was simulated using a water bath and promoted tumor growth and angiogenesis of HCC in vitro and in vivo (Dong et al., 2022). The above phenomenon could be suppressed by arsenic trioxide (ATO) (Dong et al., 2022). Furthermore, higher levels of Ang-1, Ang-2, and p-Tie2 were detected in a conditioned medium from RFA-treated than from untreated HCC cells (Dong et al., 2022). The expression of HIF-1α and p-Akt were also upregulated following RFA in HCC cells (Dong et al., 2022). The levels of Ang-1, Ang-2, p-Tie2, HIF-1α, and p-Akt were suppressed by ATO (Dong et al., 2022). Further studies found that Ang-1 or Ang-2 knockdown impaired the ability of the conditioned medium to promote angiogenesis (Dong et al., 2022). Similar results can be obtained when Tie2 expression was silenced using siRNA (Dong et al., 2022). In addition, YC-1, an inhibitor of HIF-1α, markedly inhibited the increased expression of Ang-1 and Ang-2 in HCC cells (Dong et al., 2022). The levels of Ang-1, Ang-2, p-Tie2, and p-Akt were upregulated following HIF-1α overexpression, and the effect of ATO was attenuated (Dong et al., 2022). These studies indicated that ATO suppressed tumor growth and angiogenesis of HCC by regulating paracrine Ang-1 and Ang-2 secretion through the p-Akt/HIF-1α pathway after IRFA.
HIF-1Α FACILITATES THE PROGRESSION OF HCC BY PROMOTING THE WARBURG EFFECT AND EMT AFTER IRFA
Continuous aerobic glycolysis has been demonstrated to trigger oncogene development in the cancer cells. Aerobic glycolysis is known as the Warburg effect and is one of the tumor hallmarks (Liu et al., 2022a). The enhanced Warburg effect is closely linked to EMT and poor patient prognosis in multiple cancer, including HCC. Zhou et al. (2021b) reported that zinc finger E-box-binding homeobox 1 (ZEB1), predicting worse overall survival in cancer patients, facilitated tumorigenesis and metastasis of HCC by enhancing the Warburg effect. It was reported that HIF-1α regulated the Warburg effect by influencing glycolysis, accumulation of lactic acid, and infiltration of the extracellular matrix (Zhou et al., 2022). Lyu et al. (2022) reported that HIF-1α accelerated the Warburg effect and promoted ovarian cancer tumorigenesis by upregulating WT1-associated protein. Liu et al. (2021) demonstrated that by regulating the miR-30c/HIF-1α pathway, FBI-1, an important regulator of HCC, promoted the Warburg effect or EMT of HCC cells and contributed to the drug resistance of HCC cells. A recent study demonstrated that the Warburg effect and level of HIF-1α are enhanced in HCC cells after sublethal heat stress (Chen et al., 2021). 2-NBDG uptake experiment showed that a dramatically increased uptake of glucose was observed in HCC cells after sublethal heat stress (Chen et al., 2021). In addition, HCC cells under normal glucose conditions had a higher survival rates following sublethal heat stress than that under complete glucose-deprivation conditions (Chen et al., 2021). These data indicated that the increased uptake of glucose induced by Warburg effect promoted HCC cell proliferation and invasion (Chen et al., 2021). Further study found that dimethyloxallyl glycine, a specific HIF-1α agonist, improved glucose uptake, and promoted glycolysis-related markers (GLUT-1/3 and LDHA) expression in HCC cells (Chen et al., 2021). Taken together, HIF-1α might facilitate the progression of HCC by regulating the Warburg effect after IRFA.
As known, E-cadherin, N-cadherin, vimentin, and Snail are the markers of EMT (Cessna et al., 2022). Tong et al. (2017) mimicked the IRFA through thermal treatment under hypoxic conditions and found that the protein levels of HIF-1α, N-cadherin, vimentin, Snail, and TGF-β1 following IRFA were significantly elevated, while the expression of E-cadherin was reduced in HCC cells. Moreover, the formation of a hypoxic microenvironment following IRFA significantly promotes HCC cell migration and invasion. Furthermore, N-cadherin, vimentin, Snail, and TGF-β1 expression in shHIF-1α cells were decreased in conjunction with an increased in E-cadherin expression. Previous studies have already demonstrated that TGF-β1 promoted EMT by increasing the expression of vimentin and Snail in HCC (Chen and Yan, 2021; Zhang Z et al., 2021). Of note, upregulation of vimentin and Snail induced by IRFA could be completely inhibited by pretreatment with SB431542, an inhibitor of the TGF-β receptor. All of these data indicated that HIF-1α promoted EMT by TGF-β1 after IRFA, contributing to HCC invasion and metastasis. Figure 1 shows the potential molecular mechanisms of HIF-1, 2α promote angiogenesis and residual recurrence of HCC after IRFA and HIFU ablation.
[image: Figure 1]FIGURE 1 | HIF-1, 2a promote angiogenesis and residual recurrence of HCC after IRFA and HIFU ablation.
ROLES OF HIF INHIBITORS FOR THE TREATMENT OF HCC AND ITS PROSPECTS
von Hippel-Lindau (VHL) serves as a tumor suppressor gene. Hypoxia enhances phagocytosis in neutrophils, and in neutrophils containing a mutated VHL, increased HIF-1α levels lead to decreased apoptosis and increased bacterial phagocytosis under normoxia conditions. HIF-1α can be induced by hypoxia or mutations of VHL. VHL is required to mediate the degradation of HIF-1α in the ubiquitin-proteasome pathway. It was reported that inactivation of the VHL tumor suppressor gene, which results in pseudohypoxia stabilization of both HIF-1α and HIF-2α, is an initiating genetic event for both hereditary (VHL disease) and sporadic renal cell carcinoma (RCC) (Kaelin, 2007). Genetic and functional studies have supported a protumorigenic role of HIF-2α and a tumor suppressor role for HIF-1α in ccRCC, which has prompted the development of HIF-2α–specific inhibitors (Choueiri and Kaelin, 2020). HIF-1α is believed to play an important role during RCC initiation and is elevated in the earliest preneoplastic lesions in VHL patients (Mandriota et al., 2002).
Now, selective HIF-2α antagonists (PT2385 and PT2399) that inhibit HIF-2 transcriptional activity were identified. PT2399 suppressed tumor growth in most human patient-derived xenografts (PDXs) with greater antitumor activity than that of the tyrosine kinase inhibitor (TKI) sunitinib (Chen J et al., 2016). PT2977 (also known as MK-6482, belzutifan), a PT2385 derivative with an improved pharmacokinetic profile and potency, demonstrated promising single-agent activity in heavily pretreated patients with advanced RCC and VHL-associated non-metastatic ccRCC and was recently approved by the FDA for the treatment of cancers associated with VHL disease (Courtney et al., 2020). Inconsistent results were found in the common isoforms of HIF, HIF-1α, and HIF-2α. A recent study using tissue from 380 patients revealed a significant association of high HIF-2α with increased OS, whereas high HIF-1α was significantly associated with higher-grade tumors and reduced OS in both the univariable and multivariable settings (Cowman et al., 2020). As aforementioned, HIF-1α was considered to be a tumor suppressor. This is inconsistent with the finding that high HIF-1α expression was associated with poor survival in RCC (Minardi et al., 2015). Therefore, the inhibition of HIF-1α should continue to be explored as a therapeutic strategy for RCC.
In the HCC setting, HIF-α inhibitors may also play roles in the treatment of HCC. Clinical data have demonstrated that overexpressed HIF-1α and HIF-2α in HCC patients are reliable markers of a poor prognosis (Dai et al., 2018; Mendez-Blanco et al., 2018). At present, only one clinical study was available on ClinicalTrials.gov and Pubmed. This phase I study evaluated the intravenous infusion effect of the HIF- 1α mRNA antagonist RO7070179 in HCC patients failing to respond to systemic therapy, but this study did not show the results [ClinicalTrials.gov Identifier: NCT02564614].
Of note, the majority of studies are preclinical findings. For example, Salman et al. (2022) showed that HIF-1 and HIF-2 inhibitor 32-134D eradicate HCC in combination with anti-PD1 therapy . LW6 is a drug that inhibits hypoxia by reducing HIF-1α accumulation and gene transcriptional activity. Xu et al. (2022) found that LW6 can promote apoptosis of HCC cells by inhibiting HIF-1α, inhibiting tumor angiogenesis, and downregulating the expression of PD-L1, which is an effective choice for the treatment of HCC. Mu et al. (2021) found that HIF-2α knockdown decreased the expression of downstream c-MYC, suppressed hypoxic cell proliferation, and induced HCC cell apoptosis, whereas HIF-1α knockdown did not. Wu et al. the expression of HIF-2α can be inhibited by sorafenib, which is likely to provide an effective adjunct treatment for patients with HCC following HIFU ablation (Wu et al., 2021).
Based on the above evidence, preclinical studies demonstrated that HIF inhibitors have been proposed as one of the effective treatments for HCC. Further clinical investigations would allow for a better understanding and help to propose more effective strategies to increase the efficacy of HIF inhibitors treatment for HCC.
COMBINATION THERAPIES IN THE MANAGEMENT OF EARLY AND UNRESECTABLE HCC
There have been many studies indicative of the therapeutic benefit of the combination of anticancer therapies for early and unresectable HCC, such as RFA combined with a chemotherapeutic drug, and thermal ablation combined with transarterial chemoembolization. The combination of local ablation therapies with immunotherapies represents a promising therapeutic strategy for treating HCC. The primary immunotherapeutic strategies include immune checkpoint inhibitors therapy (e.g., PD-1 and PD-L1), cell-based therapies, and tumor vaccine therapy. Though the role of PD-1 inhibitors in the adjuvant setting is still under investigation, the administration of PD-1 blockade in addition to RFA was found to be promising. A previous study reported that PD-1 inhibitor combined with RFA for recurrent HCC resulted in a significantly improved 1-year RFS rate compared to RFA alone (Wang X et al., 2021). A multicenter RCT (Lee et al., 2015) showed that adjuvant immunotherapy with activated cytokine-induced killer cells increased recurrence-free and OS in patients with HCC who underwent curative treatment with RFA. In addition, Ji et al. (2021) showed that RFA and TACE combined with postoperative autologous cytokine-induced killer (CIK) cell immunotherapy reinfusion have significant efficacy in the treatment of primary HCC. A preclinical study demonstrated that PI3Kγ inhibitors could enhance anti-PD-1 therapy for the treatment of residual tumors after IRFA (Liu et al., 2022b). However, though these studies provide a strong rationale for combining RFA and the immunotherapies in the clinical setting, the roles of HIF in this action are extremely scarce.
Advances are currently being made in this area of HCC with ablation treatment. A single-arm phase 2 trial (Qiao et al., 2022) demonstrated that addition of anti-PD-1 adjuvant therapy after TACE combined with ablation significantly prolong the relapse-free survival with controllable safety for HCC patients with high recurrence risk. Repeat hepatectomy was considered to serve as the first choice for solitary small recurrent HCC patients with late recurrence, while MWA should be selected for those with early recurrence (Wang et al., 2022). A randomized controlled phase 2 trial conducted by Radosevic et al. (2022) showed that MWA created larger ablation zones than RFA (p = 0.036). The authors concluded that both MWA and RFA were effectiveness and safety in liver tumors between 1.5 and 4 cm. Suh et al. (2021) revealed that no-touch RFA using twin internally cooled wet electrodes demonstrated significantly lower cumulative local tumor progression rates than conventional RFA for small HCCs. A phase 2 study (Iwata et al., 2021) reported that image-guided proton therapy (IGPT) was a safe and effective treatment for solitary operable or ablation-treatable HCC. Zaitoun et al. (2021) revealed that combined therapy with conventional TACE + MWA is safe, well-tolerated, and more effective than TACE or MWA alone for treatment of HCC with 3–5 cm. Previous study showed that sorafenib combined with TACE and RFA resulted in longer recurrence-free survival and better OS than did TACE-RFA in patients with medium or large HCC (Zhu et al., 2018). However, a subsequent study developed by Bockorny et al. (2022) suggested that priming of sorafenib did not enhance the effect of RFA in intermediate sized HCC. The above studies showed that recent studies continue to explore more effective therapeutic strategies by combining hepatectomy or ablation for treating different staging of HCC (Table 2).
TABLE 2 | Main findings of the recent clinical trials in the field of HCC ablation.
[image: Table 2]With the advance of screening technology and increased awareness of cancer surveillance, more and more HCC could be detected at early stage, rendering curative therapeutics applicable. The therapeutic strategies of HCC are evolving rapidly. In the 2022 update of BCLC strategy for HCC management, local ablation still plays leading part among the recommended curative treatments for early-stage HCC (Chen S et al., 2022). As compare to the less effective alcohol injection, an increased use of radiofrequency ablation has been found to improve management of intermediate stage patients with HCC (Garuti et al., 2021). Adjuvant therapies (e.g. immunotherapy) have been found to prevent against HCC recurrence after curative treatment, which could significantly improve the prognosis. For the combination with imunotherapy, ablative techniques are gaining more and more attention for their capability of boosting local and systemic immune effects, which makes combination strategy a promising weapon for HCC treatment (Chen M et al., 2022). Besides, tyrosine kinase inhibitors, oncolytic virotherapy, and cancer vaccines, may also boost anti-tumor immunity for HCC. These novel therapeutic strategies show great potential to synergize with ablation in the treatment of primary and metastatic HCC.
It was reported that sorafenib in combination with RFA could improve the treatment of HCC due to sorafenib suppresses cell proliferation and induces apoptosis in hepatoma cells by the HIF-1/VEGFA pathway (Gong et al., 2017). The combination of current sorafenib treatment with gene therapy or inhibitors against HIFs has been documented as promising approach to overcome sorafenib resistance both in vitro and in vivo. Wu et al. (2021) reported that the synergistic effect of the combination of HIFU with sorafenib therapy inhibited HCC tumor growth when compared with HIFU treatment alone or with no treatment, which was closely related to the decreased HIF-2α, VEGFA. Gong et al. (2017) also found that sorafenib in combination with RFA significantly improved the outcomes of early small HCC, which might be associated with decreased serum levels of active tumor growth factors HIF-1α. In addition, a combination of sorafenib and HIFs-targeted therapy or HIFs inhibitors can overcome HCC sorafenib resistance (Zeng et al., 2021). Besides, chloroquine significantly increased the apoptosis of HCC cells after IRFA and inhibited the enrichment of CSCs, and this effect was significantly enhanced by the combination of C-MET inhibitors (Zhao et al., 2018). Except for ablation, HIF inhibitors also play a promising role in treating early or unresectable HCC. For example, HIF inhibitor 32-134D was found to eradicate murine hepatocellular carcinoma in combination with anti-PD1 therapy (Salman et al., 2022). HIF-2α-targeted interventional chemoembolization was detected for the effective elimination of HCC (Chen S et al., 2022).
Taken together, RFA combined with other anti-cancer approaches (i.e. sorafenib, transarterial chemoembolization, and chloroquine) exerts a better curative effect in terms of tumor suppression than RFA alone, probably through inhibiting HIF-1α.
CONCLUSION
HIF-1, 2α, the potent factors of tumor angiogenesis, play essential roles in the mechanisms of recurrence of HCC after ablation and are of great significance for the efficacy evaluation of ablation of patients with HCC and the development of individualized treatment options. HIF-1, 2α targets the different molecules (e.g., BNIP3, CA-IX, and arginase-1) and signaling cascades (e.g., VEGFA/EphA2 pathway) constituting a complex network that promotes HCC invasion and metastasis after ablation. Currently, the inhibitors of HIF have been developed, providing important proofof targeting HIF for the prevention of HCC recurrence after ablation. Though the effects of HIF-1, 2α on HCC after ablation have been preliminarily elucidated, the dynamic changes in HIF expression after ablation of HCC patients remain to be further studied.
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Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death globally and liver transplantation (LT) can serve as the best curative treatment option. However, HCC recurrence after LT remains the major obstacle to the long-term survival of recipients. Recently, immune checkpoint inhibitors (ICIs) have revolutionized the treatment of many cancers and provided a new treatment strategy for post-LT HCC recurrence. Evidence has been accumulated with the real-world application of ICIs in patients with post-LT HCC recurrence. Notably, the use of these agents as immunity boosters in recipients treated with immunosuppressors is still controversial. In this review, we summarized the immunotherapy for post-LT HCC recurrence and conducted an efficacy and safety evaluation based on the current experience of ICIs for post-LT HCC recurrence. In addition, we further discussed the potential mechanism of ICIs and immunosuppressive agents in regulating the balance between immune immunosuppression and lasting anti-tumor immunity.
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Introduction

With almost 906,000 new cases and 830,000 deaths in 2020, liver cancer has become the third leading cause of cancer death worldwide (1). Hepatocellular carcinoma (HCC) is the most common primary liver cancer, accounting for over 75% of cases (2, 3). Nowadays, liver transplantation (LT) for early-stage HCC has become a standard treatment and accounts for nearly 40% of all liver transplantations performed at most centers worldwide (4). Although the prognosis of HCC patients was markedly improved after LT due to the advances in surgical techniques and immunosuppressive agents, HCC recurrence remains the major obstacle to long-term survival.

In the past decades, numerous risk factors have been identified for HCC recurrence, including the pre-transplant alpha-fetoprotein levels, tumor number and size, etc. Therefore, some criteria, such as Milan criteria (5), University of California San Francisco criteria (6) and Hangzhou criteria (7), were advocated to select candidates who might benefit from LT. These strict criteria can minimize the risks, while the HCC recurrence rate after LT is still relatively high, approximately 10% to 30% (4). Several studies reported that the post-LT immunosuppressive environment could be the key hazard factor for HCC recurrence (8, 9), as it could promote tumor escape and cancer cell proliferation by suppressing the proliferation, differentiation and effector functions of T cells (10).

Post-LT HCC recurrence progressed with a predominant pattern of extra-hepatic metastases, including lung, bone and abdominal lymph nodes (4). For the treatment of these tumors, surgical interventions, such as resection (11), trans-arterial chemoembolization (TACE) (12) and radiofrequency ablation (RFA) (13), are meaningful when the nodule is oligo-metastatic and local. For those unresectable nodules, systemic therapy has attracted great attention. Tyrosine kinase inhibitors (TKIs) such as sorafenib and lenvatinib, which are the first-line treatment strategies for advanced HCC, have been applied in recipients with HCC recurrence and proved to be of significant value (14). Sorafenib and lenvatinib can significantly prolong the survival of post-LT patients, and their safety and efficiency have been already evaluated (15, 16). In a meta-analysis, Li Z et al. (15) reviewed 23 studies and concluded that recipients treated with sorafenib for post-LT HCC recurrence had a median survival of 12.8 months and a pooled 1-year survival of 56.8%, better than that observed in patients with the best supportive care. In addition, Chen YY et al. (16) investigated the efficacy of lenvatinib and found a disease control rate of 70%. They also confirmed a comparable efficacy in both LT and non-LT patients in clinical practice. Moreover, several studies have reported the real-world application of immune checkpoint inhibitors (ICIs) in these patients. Different from primary HCC, these relapsed tumors have a higher immune evasion characteristic due to the accumulation of inhibitory cytokines and molecules (17). Single-cell RNA sequencing further revealed that the activation of T cells in recurrent HCC was significantly inhibited by the up-regulation of immune checkpoints (17), suggesting that ICIs-based immunotherapy was promising for the treatment of recurrent HCC in LT recipients. Additionally, patients with recurrent HCC usually have no other way but to try to use the ICIs, due to distant metastasis and TKIs-resistance (18). Notably, while ICIs activate the anti-tumor immunity, they also put grafts in danger of rejection, resulting in limited use thus far. In this review, we appraise the current understanding of the immunotherapy for post-LT HCC recurrence with special attention to the efficacy and safety evaluation based on the current experience of ICIs. We also discussed the potential mechanism underlying the role of ICIs in altering the balance between cancer immunology and transplant tolerance.



The status of immunosuppressive agents after LT

Currently, various immunosuppressive medications are used in recipients after LT, including steroids, anti-metabolites, mammalian target of rapamycin (mTOR) inhibitors and calcineurin inhibitors (CNIs) (10). Immunosuppressive agents have resulted in decreased incidence of acute rejection and to prolong graft survival of LT recipients, but also cause adverse events (19). CNIs, such as cyclosporine A (CsA) and tacrolimus (TAC), are the cornerstone of immunosuppressive regimens with profound significance in preventing graft rejection. Both TAC and CsA can inhibit the Ca2+/Calcineurin/nuclear factor of activated T-cells (NFAT) pathway, reduce the secretion of interleukin-2 (IL-2) and interferon-γ (IFN-γ), and contribute to long-term allograft survival (10). However, studies in human cohorts reported that overexposure to TAC and CsA increased the risk of post-LT HCC recurrence (20, 21). Furthermore, both in vitro and in vivo studies showed that CNIs could enhance the expression of transforming growth factor-β (TGF-β) and promote the proliferation of cancer cells (22, 23).

Mycophenolate mofetil (MMF) is an anti-metabolite purine antagonist and its application in LT began in the late 1990s (24). Given the lack of nephrotoxicity and neurotoxicity, MMF has been used in CNI- or steroid- sparing regimens. However, it remains controversial whether MMF will increase the risk of HCC recurrence after LT. With clinically achievable concentrations, Chen et al. (25) demonstrated that MPA, the active ingredient of MMF, could effectively inhibit cancer cell proliferation and the growth of liver tumor organoids. In addition, authors also found that the use of MMF in LT recipients was significantly associated with less tumor recurrence and improved patient survival. Notably, the result was reported with low precision due to the small sample size (44 LT patients identified as HCC-related LT were included). While a cohort study in Taiwan showed the opposite conclusion, demonstrating that high-dose MMF notably promoted HCC recurrence and reduced the overall survival of recipients after LT (26). Additionally, as a popular immunosuppressive agent, steroids have been reported to induce the proliferation of cancer cells and increase the risk of HCC recurrence (27). Our previous study demonstrated that recipients with steroids-free immunosuppressive protocol had reduced post-LT HCC recurrence as compared to those with steroids in a human cohort (28).

Nowadays, mTOR inhibitors (rapamycin), such as sirolimus and everolimus, have been reported to be anti-recurrence/metastasis and improve the prognosis of patients who underwent LT for HCC (29). Using mTOR inhibitors as an anti-rejection strategy has been accompanied by numerous studies, and the properties of mTOR complex have been emphasized. By targeting complex 1, the rapamycin could inhibit the thymic T cells proliferation and differentiation (30). Interestingly, considerable evidence showed that TOR inhibitors could not only prevent allograft rejection (30) but also represent potent anti-cancer effects by directly targeting the cancer cells (31). In a prospective, randomized, open-label, multicenter trial, Geissler EK et al. (32) enrolled 525 patients who underwent LT for HCC and found that broad-based practical incorporation of sirolimus into an immunosuppressive regime could improve outcome in the first 3 to 5 years after LT, while the outcome advantage is eventually lost after 5 years. Subsequently, Schnitzbauer et al. (33) performed a multivariate analysis based on the above trial data and concluded that those patients treated with sirolimus ≥ 3 months had better outcomes, especially in the group with higher alpha-fetoprotein levels. On the other hand, the everolimus-based regimen was also proved to be effective in patients with post-LT HCC recurrence. Patients who had high serum trough levels of everolimus (more than 5 ng/ml) had better survival compared to those treated with less than 5 ng/ml (34). In addition, early introduction of everolimus with reduced-CNIs is also associated with a significant renal benefit compared with CNsI-based immunosuppressive regime (35).



Immune checkpoint inhibitors

The discovery and clinical implementation of ICI has achieved remarkable clinical outcomes and revolutionized the treatment of cancer, as recognized by the 2018 Nobel Prize for Medicine and Physiology (36). There are three main classes of ICIs approved by FDA for clinical application, the inhibitors of programmed cell death protein-1 (PD-1), programmed cell death ligand 1 (PD-L1) and cytotoxic T lymphocyte antigen 4 (CTLA-4). Despite the promising results with immunotherapy in HCC, the safety of using ICIs for post-LT HCC recurrence remains disputed. Different from immunotherapy for primary HCC, post-LT ICIs treatment must be undertaken with caution due to the risk of allograft rejection or graft loss. Here we include all published 27 cases of LTs with ICI treatment for post-LT HCC recurrence (Table 1). The median patient age was 49.4 (range: 14-70) years and 81.5% were males. The median time from LT to ICIs was 2.7 years. The immunotherapy regimens included PD-1 inhibitors (16 nivolumab, 4 toripalimab, 2 pembrolizumab, 1 camrelizumab), PD-L1 inhibitors (2 atezolizumab), CTLA-4 inhibitor (1 ipilimumab) and combination therapy (1 nivolumab followed by atezolizumab). There were 8 (29.6%) patients with disease control, which was defined by stable disease (SD, n=3), partial response (PR, n=1) and complete response (CR, n=4). Ten (37.0%) patients were found to be progressive disease (PD). Of note, graft rejection was reported in 6 out of 27 patients (22.2%), a much higher rate than in patients without ICIs treatment (53), and all of them were treated with nivolumab. To further evaluate the safety of ICIs in recipients, we next reviewed the records of using ICIs in patients with de novo malignancies after LT (Table 2). The median age of these patients was 59.4 (range: 35-72) years and 78.57% were males. Melanoma was the main indication for ICIs therapy (n=7), which is followed by lung cancer (n=2). The median time from LT in this setting was longer than that in those with HCC recurrence (7.3 years versus 2.7 years). Among the liver recipients with de novo malignancies, 2 patients achieved CR, 4 patients with PR and 4 patients with PD. The graft rejection rate in this group was 21.4%, similar to that in the post-LT HCC recurrence setting.


Table 1 | Case reports with the application of ICIs in HCC recurrence patients after LT.




Table 2 | Case reports with the application of ICIs in de novo malignancy after LT.



Several factors may be related to the risk of acute rejection after ICIs treatment based on the current data. First, we observed the rejection rate was lower in anti-PD-L1 group (0/2) than that in anti-PD-1 (8/32) and anti-CTLA-4 (1/4) groups. However, due to the limited cases, the current evidence is not certain to conclude that anti-PD-L1 therapy is relatively safe for post-LT HCC recurrence. Second, a longer interval from LT to initial ICIs treatment and a lower dose of ICIs might be related to a lower incidence of rejection. We found that patients without graft rejection after ICIs treatment have a longer interval from LT to drug exposure (4.65 yr vs. 2.52 yr), which is consistent with the previous studies (65). In addition, a series of cases demonstrated that patients receiving liver grafts with a high level of PD-L1 were prone to develop graft rejection after ICIs therapies (65, 66). Given that, Shi et al. (50) designed a pilot study to evaluate the rejection risk in liver grafts with different PD-L1 expressions. Among 5 recipients who suffered HCC recurrence and were treated with anti-PD-1 therapy (toripalimab), 4 with PD-L1-negative graft did not have rejection, while the other with PD-L1-positive graft developed rejection (50), suggesting that pathological assessment of the graft’s PD-L1 status may serve as a selection criterion to decrease the risk of graft rejection before ICIs treatment. Herein, we summarized the efficiency and side effects based on the existing data in the Table 3. More well-designed preclinical and clinical studies with a large sample are required to determine the fundamental mechanisms of acute rejection after ICIs treatment.


Table 3 | The efficiency and side effects of each drug based on the existing data.





The potential mechanism of immune checkpoint inhibitors in altering immune microenvironment and interplaying with immunosuppressive agents

As described above, ICIs showed clinical benefits for the treatment of HCC recurrence but increased the risk of transplant rejection (Figure 1). Therefore, we summarized the potential mechanisms of PD-1/PD-L1 and CTLA-4 inhibitors in boosting the anti-tumor immunity and inducing transplant rejection.




Figure 1 | The balance between cancer immunology and transplant tolerance. Through the activation of effector T cells, the ICIs can not only reduce tumor burden but also increase the risk of graft rejection. IL-2, interleukin-2; IFN-γ, interferon-γ; TNF-α, tumor necrosis factor-α.



Physiologically, the non-parenchymal cells in liver graft, including regulatory T cells (Tregs), macrophages and dendritic cells (DCs), played vital roles in promoting a tolerogenic microenvironment (67). These cells could secrete anti-inflammatory cytokines (e.g., PGE2, IL-10 and TGF-β) and induce the death of cytotoxic T cells through the increased expression of immune checkpoints, such as PD-1 and CTLA-4 (67). Specifically, with these immune checkpoint molecules phosphorylated, the downstream co-stimulatory pathways would be inhibited in various immune cells, dampening the immune response (68–70).

PD-1 is mainly expressed on T cells and acts as a negative regulator of T-cell activation through the PI3K/AKT/mTOR and RAS/MEK/ERK pathway (69). It was reported that blocking the PD-1 pathway could reduce the apoptosis of CD8+ T cells and increase the granzyme B expression by enhancing the mTOR signaling, further activating the immune system (71). Moreover, the administration of PD-1 inhibitors could up-regulate the proliferation marker Ki67, enhance the expression of the transcription factor T-bet and the secretion of IFN-γ of cytotoxic CD8+ T cells (72). Those cytotoxic CD8+ T cells could not only eliminate the cancer cells but also lead to acute graft rejection (73, 74). In the absence of PD-1 expression, the cytotoxic CD8+ T cells would differentiate into an effector memory phenotype, further prolong the interaction with CD11c+ cells and cause harm to transplant tolerance significantly (75).

Apart from effector T cells, the regulatory T cells (Tregs) could mediate immune response in the pro-inflammatory microenvironments and maintain tolerance in organ transplant models (76). Differently, the immune checkpoint signaling played a controversial role in regulating Treg induction and maintenance. Up to now, several studies have reported that blockade of the CTLA-4 pathway (such as the downstream signaling molecule PP2A) could activate the mTOR signaling (77) and decrease formation of Tregs (78). However, some studies got opposite results and found that inhibition of either PD-1 or CTLA-4 contributes to the proliferation of Tregs and increase the secretion of anti-inflammatory cytokines (79, 80). We summarize the effect of ICI’s on Tregs based on current studies in Table 4, and there certainly need more exhaustive studies to figure out the exact role of immune checkpoints in Tregs.


Table 4 | The effect of each ICI on each cell type.



As the ligands of PD-1, PD-L1 is frequently observed in macrophages, DCs, parenchyma cells as well as cancer cells and was found to induce graft tolerance (89). For instance, PD-L1 expressed on the anti-inflammatory phenotype macrophages (M2) was proved to be related to preventing chronic allograft rejection after LT (67). Specifically, these M2 macrophages could increase the number of Foxp3+ Tregs in the liver grafts, contributing to tolerance induction and further prolonging the survival time of recipients (90). Graft-infiltrating DCs, another potent antigen-presenting cell with high PD-L1 expression, have also been shown to contribute to the maintenance of graft tolerance (91). These cells could induce the CD8+ T cells exhaustion, subvert anti-donor T cell immune responses and increase the percentage of Tregs (91). However, blockade of the PD-1/PD-L1 interaction by targeting PD-L1 would aggravate the cytotoxic damage caused by CD8+ T cells and enhance the secretion of inflammatory cytokines, such as IL-2, INF-γ and tumor necrosis factor-α (TNF-α) (91). Recently, studies based on the heart and intestinal transplantation models further reported that the blockade or absence of PD-L1 expression on endothelial cells would also result in acute graft rejection by increasing the CD8+ T cells infiltration (92, 93).

We speculate that there could be the following possible reasons. Firstly, PD-L1 is mainly expressed on antigen-presenting cells (including macrophages and DCs) and tumor cells, therefore, PD-L1 antibodies always target these cells, unlike PD-1 antibodies, which directly target T cells to completely block T cell exhaustion. However, macrophages and DCs could also inhibit the activation of T cells by expressing other immune checkpoints, such as TIM-3 and LAG-3 (94, 95). Secondly, the preservation of PD-L2 (another ligand of PD-1) after PD-L1 inhibitor treatment, could partially activate the PD-1 pathway and suppress the immune response, which was proved to be associated with a lower incidence of immune-related adverse events (96). The PD-1 inhibitors could entirely block the interaction between PD-1 and PD-L1/PD-L2, which may lead to T cell over-activation and a higher rejection rate.

To reduce the risk of graft rejection, the combination therapy of ICIs and immunosuppressive agents was proposed, which has attracted great attention recently. Herein, Figure 2 demonstrated the known pathways that control the activation of immune cells and the crosstalk between ICIs and immunosuppressive agents. Recent study revealed that anti PD-1 therapy could activate CD8+ T cells through PI3K-AKT-mTOR pathway and then induces colitis in melanoma patients. Blockade of the pathway with sirolimus not only inhibit tumor growth, but also suppresses the T cell infiltration in colitic lesions, showing a promising strategy for balancing immune overactivation and effective anti-tumor immunity (97). In a kidney transplant case, Esfahani et al. (98) reported that ICI-induced kidney allograft rejection was also associated with cytotoxic CD8+ T cell activation in the periphery, a subset of cells with a well-established role in renal allograft rejection on anti-PD-1 therapy (99). After combination with sirolimus, T cell activation and proliferation was reduced, although IFN-γ-producing CD4+ T cells and cytotoxic CD8+ T cells persisted in circulation. These results further suggested that ICIs and mTOR inhibitors combination therapy promoted a state of functional tolerance without a loss of immune-mediated anti-tumor activity. However, to our knowledge, there are no clinical trials assessing the combination of ICIs and mTOR inhibitors in HCC recurrence after LT. In addition, the protocol of combination therapy still in question. For example, did immunosuppressants need to adjust when combined with ICIs? What is the optimal level of immunosuppressants compared to those without HCC recurrence?




Figure 2 | The co-stimulatory and co-inhibitory pathways in T cells. The PD-1 axis could phosphorylate ITIM and ITSM, recruit SHP1 and SHP2, and further inhibit ZAP 70. Similarly, CTLA-4 pathway recruited SHP2 and PP2A, and attenuated the mTOR signaling. Fyn is another motif on the cytoplasmic tail of Tim-3, promoting the inhibitory function by inhibiting the NFAT and mTOR activity. The unique KIEELE motif is essential for the inhibitory function of Lag-3. When implemented with ICIs, the co-inhibitory pathway is inhibited and T cell is activated. Immunosuppressive agents, such as CNIs and mTOR inhibitors, can obstruct T cell activation by different mechanisms. PD-1, programmed cell death protein-1; PD-L1, programmed cell death ligand 1; CTLA-4, cytotoxic T lymphocyte antigen 4; PP2A, protein phosphatase 2A; ITIM, immune-receptor tyrosine based inhibitory motif; ITSM, immune-receptor tyrosine based switch motif; ZAP 70, zeta-chain-associated protein kinase 70; SHP, src homology 2 domain- containing protein tyrosine phosphatase; NFAT, nuclear factor of activated T cells; mTOR, mammalian target of rapamycin; Tim-3, T cell immunoglobulin-3; Lag-3, lymphocyte activation gene-3; TIGIT, T cell immunoglobulin and ITIM domain; TAC, tacrolimus.





Conclusion and future expectations

In this review, we summarized the existing research on the immunotherapy of post-LT HCC recurrence and discussed the experience of using ICIs in this setting. We believed that it’s better to adopt a steroids-free and mTOR-based regimen in patients with post-LT HCC recurrence instead of the CNIs. Compared to CsA and TAC, sirolimus and everolimus showed a promising role in anti-tumor with mild side effects. Additionally, based on the available data and cases mentioned above, we recommend that physicians should consider cautiously before the application of ICIs. The risks and benefits of ICIs-based immunotherapy must be fully assessed individually, depending on the circumstances of each patient. There are several factors should be taken into account to minimize the risks of graft rejection. Firstly, before the ICIs treatment, negative PD-L1 expression in liver biopsy and increased length of time from LT may contribute to lowering the risk of rejection. Secondly, compared to PD-1 and CTLA-4 inhibitors, PD-L1 therapy is a promising strategy to reduce the risk of graft rejection in post-LT HCC recurrence. Thirdly, the combination protocol (ICIs plus mTOR inhibitors) is a potential strategy to balance cancer immunology and graft tolerance. Moreover, close monitoring of immune status is mandatory during the ICIs therapies, such as the number of CD4+ and CD8+ T cells and the serum of IFN-γ, which were already proved to be helpful for the prediction of graft rejection in kidney and lung transplantation. Finally, once the acute graft rejection occurred, treatments such as ICIs withdrawal, high high-dose steroids and thymoglobulin should be taken immediately to improve patients’ outcomes. Further studies about the mechanism of the crosstalk of ICIs and immunosuppressive agents are necessary to improve the therapeutic effect for post-LT HCC recurrence.
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Primary liver cancer is the second leading cause of tumor-related deaths in China, with hepatocellular carcinoma (HCC) accounting for 80%–90% of these. Since there is a lack of symptoms in the early stages of HCC, a large proportion of patients were identified with unresectable HCC when diagnosed. Due to the severe resistance to chemotherapy, patients with advanced HCC were traditionally treated with systematic therapy in the past decades, and the tyrosine kinase inhibitor (TKI) sorafenib has remained the only treatment option for advanced HCC since 2008. Immunotherapies, particularly immune checkpoint inhibitors (ICIs), have shown a strong anti-tumor effect and have been supported by several guidelines recently. ICIs, for example programmed cell death-1 (PD-1) inhibitors such as nivolumab and pembrolizumab, programmed cell death ligand 1 (PD-L1) inhibitors such as atezolizumab, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitors such as ipilimumab, the ICI-based combination with TKIs, and VEGF-neutralizing antibody or systematic or local anti-tumor therapies, are being further studied in clinical trials. However, immune-related adverse events (irAEs) including cutaneous toxicity, gastrointestinal toxicity, and hepatotoxicity may lead to the termination of ICI treatment or even threaten patients’ lives. This review aims to summarize currently available immunotherapies and introduce the irAEs and their managements in order to provide references for clinical application and further research.
Keywords: hepatocellular carcinoma, immunotherapy, PD-1, PD-L1, CTLA-4
INTRODUCTION
Liver cancer is a concerning health challenge and is the sixth most common malignancy and the fourth leading cause of cancer-related mortality worldwide (Villanueva, 2019; Llovet et al., 2021a). HCC, which is generally attributed to the background of chronic liver diseases including hepatitis B virus (HBV) or hepatitis C virus (HCV) infection and alcoholic liver disease or non-alcoholic fatty liver disease (NAFLD), accounts for over 90% of liver cancers (Younossi et al., 2018; Llovet et al., 2021b). Although the incidence rates of HCC have decreased due to the coverage of HBV vaccines and anti-viral therapies in some regions, the global incidence of HCC continues to rise, resulting in at least 1,000,000 HCC cases annually by 2025 (Llovet et al., 2021a; Sung et al., 2021). Unfortunately, due to the lack of symptoms and physical characteristics of HCC patients, as well as the unsatisfactory HCC surveillance accuracy and popularity, potentially curative treatment is not possible for over 80% of patients at the time of diagnosis (Zongyi and Xiaowu, 2020). Due to the severe and broad resistance to cytotoxic chemotherapy, systemic therapy was a controversial option for patients with advanced HCC before 2008. After years of waiting and many unsuccessful clinical trials, Llovet et al. (2008) demonstrated the anti-tumor effect of sorafenib as an oral multi-kinase inhibitor in a phase III trial, the SHARP study. Sorafenib was the first systemic therapy for HCC, prolonging survival by a few months. Although the survival benefit of using sorafenib is not clinically meaningful, the viable option for advanced HCC was limited to sorafenib alone for 10 years until the emergence of lenvatinib, which not only showed an overall survival (OS) that was not inferior to sorafenib but also improved all secondary endpoints (Al-Salama et al., 2019). Moreover, regorafenib was also approved as the second-line therapeutic setting for advanced HCC (Llovet et al., 2018).
In addition to TKIs including sorafenib, lenvatinib, and regorafenib, immunotherapy is gaining continued traction in treating advanced HCC (Fulgenzi et al., 2021). Based on the cancer immunosurveillance hypothesis postulating that evasion from immune control is an essential feature of cancer, immune checkpoint molecules including PD-1, PD-L1, and CTLA-4 were further studied (Brahmer et al., 2010; 2012; Pardoll, 2012; Topalian et al., 2012; Zitvogel et al., 2016a; Zitvogel et al., 2016b). In fact, ICIs have been proven to be an efficacious anti-cancer strategy in other solid cancers, e.g., non-small-cell lung cancer (NSCLC), renal cancer, and melanoma (Larkin et al., 2015; Amin and Hammers, 2018; Mazieres et al., 2019). Recent clinical trials have also discovered the prolonged survival of HCC patients using ICIs, showing the promising curative effect of ICIs toward HCC (Finn et al., 2020a; Greten et al., 2021; Yau et al., 2022). As a breakthrough, the combination of atezolizumab plus bevacizumab was introduced into the first-line therapies for advanced HCC, which has provided patients with a hopeful option (Llovet et al., 2021b).
MECHANISMS OF IMMUNOTHERAPY
In the normal cancer-immunity cycle for killing tumor cells (Figure 1), the antigens from tumor cells are first captured and further processed by dendritic cells (DCs). Second, captured antigens are presented to T cells to activate the T-cell responses against the cancer-specific antigens (Chen and Mellman, 2013). After assembling in the tumor tissue and infiltrating the tumor bed, T cells specifically recognize and bind tumor cells and then kill the targeted tumor cells (Chen and Mellman, 2013). However, in tumor patients, the cancer-immunity cycles fail to run optimally, leading to tumor development and even endangering the host’s life.
[image: Figure 1]FIGURE 1 | Cancer-immunity cycle for killing tumor cells.
Belonging to the immunoglobulin super family, PD-1 is a transmembrane coinhibitory receptor primarily expressed on the surface of activated T cells and NK cells (Huang et al., 2021) as the ligands to PD-1, PD-L1 (B7-H1 or CD274), and PD-L2 (B7-DC or CD273) are expressed on the surface of tumor cells (Figure 2) (Huang et al., 2021). Once the tumor cells are detected by the T cells, the overexpressed PD-L1/2 from the tumor cells engages with PD-1 on the T cells, and the physiological inhibitory pathways will therefore be hijacked by the tumor cells to escape the host immune surveillance system (Huang et al., 2021). After numerous attempts, the PD-1/PD-L1 inhibitors were proved to have the ability to remove the coinhibitory signal by blocking PD-1 or PD-L1, and rebuild the normal immune system surveillance kill tumor cells (Sharma and Allison, 2015).
[image: Figure 2]FIGURE 2 | Illustration of the mechanism of PD-1/PD-L1 inhibitors. (APC, antigen-presenting cell; PD-1, programmed cell death-1; PD-L1, programmed cell death ligand 1).
CTLA-4, as a member of the CD28 immunoglobulin subfamily, is also mainly expressed on the T cells (Figure 3). When CTLA-4 engages with its ligands, CD80 and CD86, similarly to CD28, the coinhibitory response will be activated and the tumor cell will escape the host immune surveillance system (Rowshanravan et al., 2018; Xu et al., 2018). On the contrary, when CD80 and CD86 engage with CD28, the costimulatory response is initiated (Rowshanravan et al., 2018; Xu et al., 2018). Therefore, by blocking the checkpoint CTL4-4, CTLA-4 inhibitors managed to repair the collapsed immune surveillance system.
[image: Figure 3]FIGURE 3 | Illustration of the mechanism of CTLA-4 inhibitors. (APC, antigen-presenting cell; CTLA-4, cytotoxic T-lymphocyte-associated protein 4).
PD-1/PD-L1 INHIBITORS
The engagement of PD-1 expressed on the surface of activated CD8+ T cells with PD-L1 expressed by HCC cells not only averts the excessive activation of T cells, decreasing tumor-killing efficiency by transmitting inhibitory signals, but also weakens proliferation and cytolytic activity, followed by the defects or even deletion of cytokine production, eventually leading to an exhausted T-cell phenotype (Wherry, 2011). With regard to the mechanisms of the PD-1 engagement with PD-L1 in the development of HCC, PD-1 and PD-L1 inhibitors are widely recognized as the backbone of systemic therapies for HCC, and several main randomized clinical trials are shown in Table 1.
TABLE 1 | Main randomized clinical trials of ICIs for advanced HCC.
[image: Table 1]In 2007, according to the results of the CheckMate 040 trial, nivolumab was granted accelerated approval by the US Food and Drug Administration (FDA) as a PD-1 inhibitor for treating advanced HCC after the failure of sorafenib (Chiew Woon et al., 2020). In the CheckMate 040 trial, 214 patients in the dose-expansion phase and 48 patients in the dose-escalation phase were enrolled (El-Khoueiry et al., 2017). According to the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 criteria, an objective response rate (ORR) of 20% (95% CI: 15%–26%) was shown in the dose-expansion phase at the nivolumab dose of 3 mg/kg every 2 weeks and an ORR of 15% (95% CI: 6%–28%) was shown in the dose-escalation phase (El-Khoueiry et al., 2017). Among 48 patients in the dose-escalation phase, the median duration of response to nivolumab was 17 months (95% CI: 6–24 months), and among responders, a 2-year survival rate of over 80% was observed (El-Khoueiry et al., 2017).
The efficacy of nivolumab was further evaluated in the CheckMate 459 trial by comparing it with sorafenib, which was the first systemic agent approved for the treatment of HCC (Man et al., 2021; Yau et al., 2022). In this randomized, open-label, phase III clinical trial, 743 patients across 22 countries and regions were finally selected and randomly assigned into two cohorts (nivolumab, n = 371; sorafenib, n = 372) (Yau et al., 2022). At the follow-up after 22.8 months, the nivolumab cohort achieved a median OS of 16.4 months (95% CI: 13.9–18.4 months) versus the sorafenib cohort that achieved a median OS of 14.7 months (95% CI: 11.9–17.2 months). Despite an extra 2 months of OS time, with a p-value of 0.075, the CheckMate 459 trial did not meet the primary boundary. However, given the fact that at least 31% of patients from the sorafenib cohort had received ICIs after sorafenib treatment, as well as the secondary endpoints favoring nivolumab over sorafenib, the study still concluded that nivolumab was superior to sorafenib, with encouraging long-term survival, durable clinical activity of response frequency and durability, less immune-related adverse events, and clinically meaningful improvements in health-related quality of life (Sangro et al., 2021; Yau et al., 2022).
Similar to nivolumab, pembrolizumab is another fully humanized PD-1 monoclonal antibody inhibitor. A year after the approval of nivolumab, considering the results from a non-randomized, multicenter, open-label, phase II trial “KEYNOTE-224” reported in 2018, the FDA approved pembrolizumab for the treatment of advanced HCC after sorafenib failure or intolerance (Zhu et al., 2018). After recruitment and screening, 104 patients with advanced HCC after sorafenib treatment were finally enrolled into this study. The primary endpoint was an objective response, and it was shown that the objective response was observed in 18 patients (17%), among which the best overall responses were complete response from one patient (1%) and partial responses from 17 patients (16%) (Zhu et al., 2018). Meanwhile, the median OS was 12.9 months (95% CI: 11.9–17.2 months), the median progression-free survival (PFS) was 4.9 months (95% CI: 3.9–8.0 months), the 1-year PFS rate was 28% (95% CI: 19%–37%), and the 1-year OS rate was 54% (95% CI: 44%–63%) (Zhu et al., 2018).
However, the trial “KEYNOTE-224” was a non-randomized study without a control group, and the results were further validated in a large randomized, phase III trial “KEYNOTE-240” (Finn et al., 2020b). In 2020, the results of KEYNOTE-240 were reported. The efficacy of pembrolizumab was further evaluated by comparing with the control cohort using best supportive care (BSC) or placebo plus BSC, and the primary endpoint was OS and PFS. A total of 413 advanced HCC patients from 119 institutions across 27 countries were finally recruited and divided into the pembrolizumab cohort (n = 278) and the placebo cohort (n = 135) (Finn et al., 2020c). It was reported that the median OS of the pembrolizumab cohort was 13.9 months (95% CI: 11.6–16.0 months), which was better than the median OS of 10.6 months (95% CI: 8.3–13.5 months) from the placebo cohort with a p-value of 0.0238. In terms of tumor progression, the pembrolizumab cohort showed a median PFS of 3.0 months (95% CI: 2.8–4.1 months), which was superior to that of 2.8 months (95% CI: 1.6–3.0 months) from the placebo cohort (p = 0. 0022) (Finn et al., 2020a). Although both the OS and PFS were improved after pembrolizumab treatment compared to the placebo cohort, the trial “KEYNOTE-240” was still judged as a failure as it did not meet the prespecified statistical endpoints.
As shown previously, the ORR of several PD-1 inhibitors was only 15%–20%, and the first-line monotherapy trial “CheckMate 459” and the second-line monotherapy trial “KEYNOTE-240” were both declared failures (Finn et al., 2020b; Yau et al., 2022). It was not until the emergence of IMbrave150 that hope was revived for the systematic treatment of HCC. With the publication of this global, open-label, phase III randomized trial, the combination of the PD-L1 inhibitor, atezolizumab, and the anti-VEGF monoclonal antibody, bevacizumab, was highly expected as a novel strategy for unresectable HCC treatment (Finn et al., 2020c).
Before IMbrave 250, atezolizumab treatment had been validated as a superior option to platinum-based chemotherapy for NSCLC patients with high PD-L1 expression (Herbst et al., 2020). In this trial, a total of 501 patients with locally advanced metastatic or unresectable HCC were finally enrolled, of which 336 (67.1%) patients were randomly assigned to receive atezolizumab plus bevacizumab, while 165 (32.9%) patients were included in the sorafenib cohort. Defining OS and PFS as the primary endpoints, patients of the atezolizumab–bevacizumab cohort conducted better estimated survival rates at timepoints of 6 months (84.8% versus. 72.2%) and 12 months (67.2% versus. 54.6%) compared to the sorafenib cohort (Finn et al., 2020a). Meanwhile, the atezolizumab–bevacizumab cohort also had a significantly longer PFS than the sorafenib cohort (median, 6.8 months versus. 4.3 months, p < 0.001). Furthermore, the PFS at 6 months in the atezolizumab–bevacizumab cohort was 54.5%, which was much higher than 37.2% in the sorafenib cohort. Not only the primary endpoints but also the secondary endpoints of the atezolizumab–bevacizumab cohort performed better than the sorafenib cohort. The confirmed ORR was 27.5% (95% CI: 22.5%–32.5%) in the atezolizumab–bevacizumab cohort, which was significantly superior to that of 11.9% (95% CI: 7.4%–18.0%) in patients treated with sorafenib (p < 0.001).
CTLA-4 INHIBITORS
Similar to PD-1, CTLA-4 is another member of the immunoglobulin-related receptor family regulating various aspects of T-cell immune functions (Zhang et al., 2019). CTLA-4 is mainly expressed in regulatory T cells, which transmits a negative signal directly in effector T cells and regulates the negative immune responses of T cells (Lisi et al., 2022). Therefore, CTLA-4 has been envisioned as a target of monoclonal antibodies for cancer immunotherapy and CTLA-4 inhibitors. To enhance its anti-tumor effect, nowadays, the CTLA-4 inhibitors are widely used in combination with other ICIs (Yau et al., 2020; Pinato et al., 2021a).
Ipilimumab was the first CTLA-4 inhibitor approved in 2010 for metastatic melanoma (Hodi et al., 2010). Meanwhile, tremelimumab was the first CTLA-4 inhibitor used for HCC treatment (Sangro et al., 2013). In the clinical trial conducted by Sangro et al., 20 HCV-positive patients with inoperable HCC were enrolled and received intravenous tremelimumab at a dose of 15 mg/kg on day 1 of every 90-day cycle until tumor progression and occurrence of unacceptable toxicities. The trial showed that under tremelimumab treatment, patients with inoperable HCC achieved a median OS of 8.2 months and a median time-to-progression (TTP) of 6.48 months. Moreover, the 6-month survival rate was 64% and the 1-year survival rate was 43%.
EXPLORATION OF ICI COMBINATIONS
Apart from the combination of atezolizumab and bevacizumab, several studies investigated the possibility of combining ICIs of different targets. As it was mentioned previously, CTLA-4 ICIs were usually used in combination with PD-1/PD-L1 ICIs. In the CheckMate 040 trial, a total of 148 patients were enrolled to receive the combination of ipilimumab and nivolumab (Yau et al., 2020). In this multicenter, open-label, phase I/II study, patients were randomly divided into three arms (50 in arm A and 49 each in arms B and C). The dose of ipilimumab–nivolumab differed across different arms. Patients in arm A were treated with nivolumab 1 mg/kg plus ipilimumab 3 mg/kg every 3 weeks, followed by nivolumab 240 mg every 2 weeks; patients in arm B were treated with nivolumab 3 mg/kg plus ipilimumab 1 mg/kg every 3 weeks, followed by nivolumab 240 mg every 2 weeks; and patients in arm C were treated with nivolumab 3 mg/kg every 2 weeks plus ipilimumab 1 mg/kg every 6 weeks. After follow-ups, arm A showed the highest ORR of 32% (95% CI: 20%–47%) compared with 27% (95% CI: 15%–41%) in arm B and 29% (95% CI: 17%–43%) in arm C and the longest median OS of 22.8 months versus 12.5 months and 12.7 months in arms B and C, respectively.
In addition to the combination of different ICIs, the combination of ICIs and TKIs is also a potentially effective treatment for advanced HCC. TKIs play an anti-tumor role by blocking several angiogenic pathways and further maintaining the consequent stability of the vascular endothelium in the tumor bed (Wong et al., 2015). TKIs, along with ICIs, have been considered the cornerstone for systematic HCC treatment. Since 2007, several TKIs, including sorafenib and lenvatinib, have been approved for the systemic treatment of advanced HCC (Al-Salama et al., 2019). Research on exploring the efficacy of the combination of TKIs and ICIs in the treatment of advanced HCC has never stopped. An international, open-label, randomized clinical phase III trial named COSMIC-312, which studied the combination of cabozantinib and atezolizumab, was recently published (Antonella et al., 2022; Kelley et al., 2022). A total of 837 advanced HCC patients have been enrolled and randomly treated with cabozantinib–atezolizumab, sorafenib alone, or cabozantinib alone in a 2:1:1 ratio. Researchers assessed the PFS in accordance with RECIST 1.1 that was assessed by a blinded and independent committee for the first 372 patients from the cabozantinib–atezolizumab cohort or sorafenib cohort and OS in all the patients from the cabozantinib–atezolizumab cohort or sorafenib cohort as the dual primary endpoints of this study. It was reported that the combination treatment cohort achieved a median PFS of 6.8 months (95% CI: 5.6–8.3 months) versus 4.2 months (95% CI: 2.8–7.0 months) in the sorafenib cohort with a statistically significant p-value of 0.0012. However, in the interim analysis, the median OS in the cabozantinib–atezolizumab cohort was 15.4 months (95% CI: 13.7–17.7 months), while the median OS in the sorafenib cohort was 15.5 months (12.1- not estimable) with a p-value of 0.44. Additionally, in subgroups with more advanced HCC, an improved PFS was also observed, and further studies to evaluate the efficacy of cabozantinib plus atezolizumab are still needed.
ONGOING CLINICAL TRIALS
Needless to say, the research focusing on the immune checkpoint inhibitors is far from over, and there are abundant clinical trials ongoing, exploring efficient immunotherapies. An abstract of the clinical trial “RATIONALE 301” exploring the efficiency of tislelizumab versus sorafenib for advanced HCC was reported recently. The study revealed that patients receiving tislelizumab showed an OS not inferior to that of those receiving sorafenib (15.9 months versus. 14.1 months), and the tislelizumab cohort showed a better ORR (14.3% versus. 5.4%). Meanwhile, fewer patients in the tislelizumab cohort experienced irAEs, and fewer patients suffered irAEs that led to discontinuation or dosing adjustment. Another clinical trial (NCT03764293) evaluated the efficiency and safety of the combination of camrelizumab with rivoceranib for unresectable HCC compared with those of sorafenib. The combination cohort showed both significantly longer median OS (22.1 months versus. 15.2 months) and median PFS (5.6 months versus. 3.7 months). Notably, the combination of camrelizumab with rivoceranib achieved the longest median OS among all the phase III clinical trials for advanced HCC, and this combination has the potential to be another first-line treatment option.
ADVERSE EVENTS AFTER ICI TREATMENTS
Although the therapeutics for advanced HCC were reshaped, the immune-modulatory therapy inevitably leads to immune system imbalance and a series of irAEs including cutaneous toxicity, gastrointestinal toxicity, hepatotoxicity, and thyroiditis (Mitchell et al., 2013; Khoja et al., 2017; Wu et al., 2017; Barroso-Sousa et al., 2018; Kurimoto et al., 2020; Pinato et al., 2021b). Unfortunately, the precise mechanism of irAEs still remains unclear. These irAEs tend to appear after 8 weeks of ICI treatment, and most of them are typically reversible and controllable, but occasionally they lead to withdrawal or fatal outcomes. Therefore, monitoring and managing such irAEs are also an essential part of ICI therapeutic strategies, and most clinical trials considered the occurrence of irAEs as one of the endpoints of the whole trials.
In terms of irAEs in all the cancers, irAEs after PD-1 or PD-L1 inhibitor treatment are dose-independent, while in those treated with the CTLA-4 inhibitor, the occurrence of irAEs tends to be dose-dependent (Bertrand et al., 2015; Wang et al., 2019). Two independent meta-analyses on PD-L1 and CTLA-4 reached similar conclusions that the most common target organs for irAEs are skin, followed by the gastrointestinal tract and liver (Bertrand et al., 2015; Wang et al., 2018). Meanwhile, for patients treated with PD-1/PD-L1 inhibitors in combination with chemotherapy, radiotherapy, immunotherapy, or targeted therapy, a meta-analysis identified that the most common irAEs of all grades were anemia (45.4%), fatigue (combination with targeted therapy) (34.3%), fatigue (combination with targeted therapy) (26.4%), and dysphagia ((30.0%), respectively, and the most common irAEs of grade 3 or higher were neutropenia (19.6%), hypertension (9.3%), a high level of lipase (7.2%), and lymphopenia (10.3%) (Zhou et al., 2021). However, due to the unique liver immunobiology and underlying liver diseases such as cirrhosis and viral hepatitis in HCC patients, the symptoms of irAEs were always covered or ignored, which poses a major challenge to the safe use of ICIs for advanced HCC patients.
Cutaneous toxicity is the most common and obvious irAEs after ICI treatment. Generally, cutaneous toxicity mostly manifesting as rash and pruritus occurs within 2 weeks after the first dose. Fortunately, less than 1% of patients receiving monotherapies and 4% of patients receiving combination therapies develop skin irAEs of grade 3 or higher (Sangro et al., 2020). According to previous studies, rash occurred in 15%–30% of patients receiving nivolumab alone, 8%–10% of patients receiving pembrolizumab alone, and 17%–29% of patients receiving a combination of nivolumab and ipilimumab. Meanwhile, pruritus occurred in 20%–27% of patients in the nivolumab cohort, 12%–18% of patients in the pembrolizumab cohort, and 30%–45% of those treated with the combination. For patients with dermatological problems after receiving ICIs, first of all, pre-existing skin conditions, chronic liver disease-related skin disorder, or any other causes of skin disorder should be identified and ruled out. For patients with cutaneous involvement of grade 1 or 2, ICI treatment can be continued after administering triamcinolone 0.1% along with antihistamine treatment. For patients with more severe symptoms (grade 3), systemic hormone therapies, such as oral prednisolone, should be given at a dose of 1–2 mg/kg on the basis of the aforementioned topical therapy. For patients with grade 4 or life-threatening skin disorders, ICI treatment should be terminated immediately and methylprednisolone should be given at a dose of 1–2 mg/kg (Brahmer et al., 2018).
Gastrointestinal toxicity in patients after ICI treatments usually manifests as diarrhea and colitis (Vogl et al., 2011; Nielsen et al., 2022). Generally, diarrhea and colitis are commonly diagnosed at 6–8 weeks, following the initiation of ICIs. For overall cancer populations, a recently published meta-analysis showed that the incidence rates of diarrhea of grade 1–4 and grade 3–4 after administering pembrolizumab at a dose of 200 mg every 3 weeks were 9.5% and 0.3%, and the incidence rates of colitis of grade 1–4 and grade 3–4 were 1.3% and 0.4%, respectively (Nielsen et al., 2022). Meanwhile, at the standard flat dose of nivolumab of 240 mg every 2 weeks, the incidence rates of diarrhea of grade 1–4 and grade 3–4 were 11.6% and 0.04%, and the incidence rates of colitis of grade 1–4 and grade 3–4 were 0.2% and 0.0%, respectively (Nielsen et al., 2022). For patients receiving a 1,200 mg dosage of atezolizumab every 3 weeks, the incidence rate of grade 1–4 and grade 3–4 diarrhea was 8.8% and 0.1%, and 0.6% and 0.3% for grade 1–4 and grade 3–4 colitis, respectively. For advanced HCC patients after ICI treatments, the incidence of diarrhea and colitis is consistent with that of the overall tumor populations. Similar to managing cutaneous toxicity, the first step in dealing with ICI-related gastrointestinal toxicity is identifying the cause of diarrhea and colitis including underlying diseases or medications that induce diarrhea, such as lactulose. Generally, colonoscopy still remains the gold diagnostic standard of gastrointestinal toxicity and contributes to severity assessment grading. As for the treatments, once gastrointestinal toxicity is identified, severity grading should be assessed by symptoms or colonoscopy first. For diarrhea of grade 1, no special treatment is needed except strengthening monitoring, and ICI treatment can be continued. Symptomatic treatments, such as parenteral administration of fluids and electrolytes, are warranted. Oral corticosteroids at a dose of 0.5–1 mg/kg should be given if diarrhea or colitis of grade 2 persisted for over 3 days, and intravenous corticosteroids are needed for gastrointestinal toxicity of grade 3 or higher. Meanwhile, ICI treatments should be terminated when patients are diagnosed with diarrhea or colitis of grade 2–3, and ICI treatment should be terminated permanently when gastrointestinal toxicity of grade 4 is identified.
Since patients with advanced HCC are usually diagnosed with underlying chronic liver diseases or liver dysfunction, hepatotoxicity, which always manifests as hepatitis or elevations of liver enzymes after ICI treatments, is a relatively frequent irAE. Compared with other types of tumors, including melanoma and NSCLC, a higher proportion of liver enzyme increase occurred after ICI treatment in HCC (Vogl et al., 2011; Brown et al., 2017; Lleo et al., 2019; De Martin et al., 2020). Elevations of liver enzymes were found in 13% of patients receiving pembrolizumab in the trial “KEYNOTE-224” and 16% of patients receiving nivolumab plus ipilimumab in the trial “CheckMate 040” (Zhu et al., 2018; Yau et al., 2020). Patients after ICI treatments should undergo regular liver function examinations as the hepatitis or liver dysfunction tend to be asymptomatic and progress rapidly to liver failure at later stages. Hepatotoxicity commonly occurs at 4–12 weeks after the initial ICI treatment. For patients with ICI-related hepatotoxicity, steroid therapy is not necessarily required, and ICIs can be continued or delayed if patients were identified with asymptomatic liver enzyme elevation or irAEs of grade 1–2. As for patients with hepatotoxicity of grade ≥3, the level of liver enzymes mostly returns to normal after timely steroid therapy, and ICI can be reintroduced when the level of aminotransferases declines or returns to baseline levels (De Martin et al., 2018).
Thyroiditis related to ICI treatment is generally assumed as the main etiology of thyroid dysfunction, which is the most commonly observed endocrine gland irAE (Muir et al., 2021). The symptoms of thyroid dysfunction vary, including hyperthyroidism and hypothyroidism, of which hypothyroidism accounts for the majority. The diagnosis of thyroid dysfunction is mainly based on the comparison of thyroid hormone levels before and after ICI treatment (Illouz et al., 2018). The incidence of thyroid dysfunction varies due to the different types of ICIs. It was reported in a phase III clinical trial that the incidence of hypothyroidism was 13.0% in advanced HCC patients after receiving a PD-1 inhibitor and 22.2% after receiving a combination of PD-1 inhibitor and CTLA-4 (ipilimumab) (Morganstein et al., 2017). Meanwhile, the general thyroid dysfunction rate was 29% after ipilimumab treatment, 18% after PD-1 treatment, and 50% after receiving the combination (Morganstein et al., 2017). It is worth mentioning that a considerable number of patients who develop hypothyroidism have a temporary symptom of hyperthyroid at the initial phase, which highlights the importance of timely recognition and careful nursing to avoid medical negligence. Unfortunately, the pathogenesis of developing ICI-related thyroiditis still remains unknown. According to a previous study conducted by Muir et al. (2021), female individuals, younger patients, and those who undergo combination of PD-1 and CTLA-4 inhibitors have higher possibilities of developing thyroiditis. For HCC patients undergoing ICI treatments, screening for thyroid-stimulating hormone and thyroxine regularly is necessary, which allows doctors to diagnose thyroid dysfunction when the patient is still asymptomatic. In general, hypothyroidism related to ICI does not lead to the termination of treatment, and an incremental thyroid replacement therapy at a dose of 25–50 μg is adequate for treating symptomatic hypothyroidism (Sangro et al., 2013). For patients developing hyperthyroidism after ICI treatment, consultation with an endocrinologist is recommended and the heart rate should be maintained below 90 bpm (Sangro et al., 2013).
SUMMARY
The establishment of immunotherapy has reshaped the treatment paradigm for advanced HCC in the past decades, and more immune checkpoints, as well as the combination therapies, are being studied further. Although related to a wide range of irAEs, immunotherapy remains the key point of future research, with the hope of overcoming cancer.
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Hepatocellular carcinoma (HCC) is a major global health burden, causing approximately 8.3 million deaths each year, and it is the third leading cause of cancer-related death worldwide, with a relative 5-year survival rate of around 18%. Due to the advanced stage of diagnosis in most patients, systemic treatment based on targeted therapy has become the only feasible option. Genomic studies have established a profile of molecular alterations in hepatocellular carcinoma with potentially actionable mutations, but these mutations have yet to be translated into clinical practice. The first targeted drug approved for systemic treatment of patients with advanced hepatocellular carcinoma was Sorafenib, which was a milestone. Subsequent clinical trials have identified multiple tyrosine kinase inhibitors, such as Lenvatinib, Cabozantinib, and Regorafenib, for the treatment of hepatocellular carcinoma, with survival benefits for the patient. Ongoing systemic therapy studies and trials include various immune-based combination therapies, with some early results showing promise and potential for new therapy plans. Systemic therapy for hepatocellular carcinoma is complicated by the significant heterogeneity of the disease and its propensity for developing drug resistance. Therefore, it is essential to choose a better, individualized treatment plan to benefit patients. Preclinical models capable of preserving in vivo tumor characteristics are urgently needed to circumvent heterogeneity and overcome drug resistance. In this review, we summarize current approaches to targeted therapy for HCC patients and the establishment of several patient-derived preclinical models of hepatocellular carcinoma. We also discuss the challenges and opportunities of targeted therapy for hepatocellular carcinoma and how to achieve personalized treatment with the continuous development of targeted therapies and bioengineering technologies.
Keywords: hepatocellular carcinoma, target therapy, personalized therapy, bioengineering technolog, precision medicine
1 INTRODUCTION
Worldwide, hepatocellular carcinoma (HCC) remains the fourth most common cause of cancer-related death, and its global burden continues to increase each year (Villanueva, 2019; Llovet et al., 2021; Vogel et al., 2022). With the development of diagnosis and treatment technologies in recent decades, the treatment of HCC has progressed greatly. However, except for cases detected early, most patients are currently diagnosed at a later stage and curative treatments are frequently not available (Benson et al., 2021; Llovet et al., 2021; Vogel et al., 2022). Therefore, systemic therapies (combination therapies) are the key to the survival of advanced HCC patients (Gordan et al., 2020). Targeted therapy and immunotherapy are the most studied and applied systemic treatment methods in recent years, and they are playing an increasingly important part in the treatment of patients with advanced HCC (Llovet et al., 2018; Huang et al., 2020). In order to enhance the survival rate of HCC patients, precise and individualized treatments will become the future of HCC systemic treatment.
The extensive intratumoral heterogeneity of HCC and the non-negligible drug resistance of targeted drugs are the main obstacles for developing individualized HCC treatments (Fisher et al., 2013; Schulze et al., 2015; Zucman-Rossi et al., 2015; Mcgranahan and Swanton, 2017). In the past, traditional tumor models could not reflect the heterogeneity of different HCC patients nor could they be used for research on targeted drug resistance in different patients hindering the development of personalized treatment for HCC. With the development of bioengineering techniques in recent years, patient-derived liver cancer preclinical models reflecting the complex characteristics of tumors can now be created, showing great promise to benefit the development of personalized medicine for HCC patients and improve clinical outcomes (Bresnahan et al., 2020).
In this review, we examine recent advances in targeted therapies for liver cancer and discuss the application of bioengineered models of liver cancer to personalized treatment of liver cancer, including the novel clinical trials and technology platforms expected to facilitate substantial progress over the next decade.
2 TARGETED THERAPY
Targeted therapy embodies the precise treatment for HCC. With the completion of the Genome Project, the molecular alteration profile of HCC is well known (Craig et al., 2020; Rebouissou and Nault, 2020). Numerous studies demonstrated genes from multiple signaling pathways, such as Wnt/β-catenin, P53/cell cycle regulation, oxidative stress, epigenetic modifiers, et al., were frequently mutated in HCC (Boyault et al., 2007; Hoshida et al., 2009; Schulze et al., 2015). Molecularly targeted drugs modulating these molecules and pathways have become a hot area in liver cancer research, but only a small number of tumors, about 25%, have potentially targetable drivers (Schulze et al., 2015). Therefore, it is extremely difficult to develop effective therapies other than surgery for HCC. Similarly, various cytokines involved in these signaling pathways, such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), transforming growth factor-α (TGF-α), and insulin-like growth factor-II have also been extensively studied. Among them, anti-angiogenic drugs targeting the VEGF play an important role in the targeted therapy of HCC (Weis and Cheresh, 2011).
2.1 Sorafenib
The groundbreaking study (SHARP) in 2007 demonstrated that the tyrosine kinase inhibitor (TKI) sorafenib resulted in a 3-month overall survival (OS) benefit to patients with advanced liver cancer (Llovet et al., 2008; 2018). Subsequent clinical trials also proved the effectiveness of sorafenib in improving OS and objective response rate (ORR). Sorafenib was the only therapy with confirmed survival benefits for patients with advanced liver cancer for a long time thereafter (Cheng et al., 2009). Although the efficacy and safety of sorafenib have brought improvements to the treatment of HCC, (Bruix et al., 2012; Raoul et al., 2012; EASL Clinical Practice Guidelines and European Association for the Study of the Liver, 2018), the average survival time of patients is still less than 1 year. Therefore, some studies have turned their attention to combination therapy. The existing clinical trials proved that in the treatment of advanced HCC, sorafenib combined with Transarterial chemoembolization (TACE), external irradiation, and other therapies prolong the disease-free survival time and OS time compared with sorafenib alone (Qu et al., 2012; Meyer et al., 2017; Zhao et al., 2019). In recent years, targeted therapies have continued to develop. Currently, there are first-line TKIs lenvatinib and donafenib, as well as second-line treatments regorafenib, cabozantinib and apatinib, which have been proven to be effective for advanced liver cancer (Table 1).
TABLE 1 | Approved clinical trials of targeted therapy for advanced HCC.
[image: Table 1]2.2 Lenvatinib
Compared with sorafenib, lenvatinib has advantages in reducing drug resistance. Drug resistance caused by long-term sorafenib treatment of liver cancer is one of the leading clinical problems at present. Sorafenib resistance is generally believed to be due to the presence of FGF, a pro-angiogenic factor thought to increase tumor cell resistance to anti-VEGF therapy (Tang et al., 2020). As a TKI, lenvatinib can selectively inhibit VEGF receptors (VEGFR) 1-3, FGF receptors 1-4, platelet-derived growth factor receptor-α, RET, and cKIT, which may reduce the occurrence of drug resistance during treatment (Al-Salama et al., 2019). The results of the REFLECT trial in 2018 showed that in the treatment of advanced HCC, the inhibitory effect of lenvatinib on tumors was not inferior to that of sorafenib (Kudo et al., 2018). Lenvatinib especially improved the efficacy of secondary endpoints, compared with sorafenib and it significantly prolonged the median progression-free time and improved the ORR. The curative effect of lenvatinib on patients with hepatitis B virus-related HCC is better than that of sorafenib (Al-Salama et al., 2019). Lenvatinib is the second first-line drug for advanced HCC and was developed 10 years after sorafenib (Hiraoka et al., 2019). It not only provides new drug options for patients with advanced liver cancer but also provides evidence for subsequent drug development.
2.3 Regorafenib
The current second-line molecular targeted drugs, regorafenib and cabozantinib, can be used as monotherapy for HCC patients who have progressed on sorafenib. Regorafenib was approved as the first second-line treatment for HCC patients who progressed during or after sorafenib treatment and ushered in the era of second-line and sequential therapy (Finn et al., 2018). Regorafenib is a multi-target TKI discovered during the process of adjusting the molecular structure of sorafenib to optimize its curative effect. It has a stronger effect antagonizing VEGFR kinase and inhibiting TIE2, cKIT, and RET kinases. The results of the RESORCE trial showed that for HCC patients whose tumors continued to progress during sorafenib monotherapy, regorafenib could significantly prolong the patient’s OS (2.8 months), progression-free survival (PFS), and time to progression (TTP) which were significantly longer than those of the placebo group (Bruix et al., 2017). Subsequent relevant clinical studies have also confirmed the effectiveness of regorafenib, and sequential treatment with sorafenib has been shown to be effective for patients with HCC recurrence after liver transplantation (Iavarone et al., 2019; Yoo et al., 2019).
2.4 Cabozantinib
Cabozantinib is a TKI targeting kinases such as MET, AXL, and VEGFR1-3. It is also used as a second-line drug for advanced liver cancer that is not responsive to sorafenib treatment. The CELESTIAL Phase 3 clinical trials showed that cabozantinib can significantly prolong the OS of patients (2.2 months) and the ORR and PFS were not significantly different from the RESORCE trial of regorafenib (Abou-Alfa et al., 2018). Cabozantinib, which differs from regorafenib, can be used in patients who are intolerant to sorafenib. However, cabozantinib treatment may have more toxic side effects than regorafenib (Kudo, 2018). The results of the cost-effectiveness analysis also showed that its economic cost is higher than that of regorafenib, although sorafenib-resistant HCC patients can benefit from cabozantinib treatment (Parikh et al., 2017; Soto-Perez-De-Celis et al., 2019). Therefore, choosing the right patient population is very important.
2.5 Ramucirumab
Unlike the above-mentioned second-line TKI drugs, ramucirumab is a recombinant monoclonal antibody targeting VEGFR2, which can block the ligand-receptor interaction and its downstream signaling to exert anti-tumor effects (Syed, 2020). Ramucirumab failed to meet its primary endpoint as second-line therapy in the REACH trial and ramucirumab did not significantly improve OS compared with placebo (9.2 months vs. 7.6 months) (Zhu et al., 2015). However, subgroup analysis confirmed that patients with elevated AFP (≥400 ng/mL) could obtain a better survival benefit from ramucirumab treatment (Chau et al., 2017; Zhu et al., 2017; Gilabert and Raoul, 2018). This was subsequently confirmed by the REACH-2 trial, (Zhu et al., 2019), and ramucirumab was the first FDA-approved drug for HCC patients in a biomarker-selected group (AFP ≥400 ng/mL), but its underlying biomarker-driven mechanism still needs to be further explored (Montal et al., 2019; Zhu et al., 2021).
2.6 Immune checkpoint inhibitors
In addition to molecularly targeted therapy, immunotherapy is becoming another clinical weapon for the systemic treatment of liver cancer. Immune evasion in HCC is an important cause of tumor progression. Immune checkpoint proteins are glycoproteins on the cell surface that transmit inhibitory signals to T cells and natural killer cells, and are widely expressed on tumor cells, macrophages, dendritic cells, and other immune cells. These proteins inhibit the excessively activated T cell response, thereby acting on the tumor-immune tolerance process. Tumor cells can inhibit the activation of T cells by expressing immune checkpoint-related molecules and escape the body’s immune surveillance (Llovet et al., 2022). In HCC, anti-PD-1 monoclonal antibodies and anti-PD-L1 monoclonal antibodies are currently the most studied, clinically meaningful immune checkpoint inhibitors (ICIs).
As more clinical trials are completed, the number of first- or second-line drugs for immunotherapy also increases. Currently, immune drugs approved for the first-line treatment include atezolizumab, sindilizumab, camrelizumab, and pembrolizumab. The combination of these drugs or with anti-angiogenic molecularly targeted drugs, for example, the combination of atezolizumab and bevacizumab, (Finn et al., 2020), sintilizumab and bevacizumab biosimilar IBI305, (Ren et al., 2021), camrelizumab Mab plus apatinib, (Xu et al., 2021), or pembrolizumab plus lenvatinib, (Ikeda et al., 2019), were promising in completed clinical trials.
The immune drugs that have been approved for second-line treatment include camrelizumab, pembrolizumab, nivolumab, and ipilimumab. Treatment options include immune monotherapy, immunotherapy combined with anti-angiogenic targeted therapy, and combined immunotherapies (El-Khoueiry et al., 2017; Qin et al., 2020; Qin et al., 2022). Overall, combination therapy including immunotherapy significantly improved ORRs and prolonged OS compared with immunotherapy alone (Table 2).
TABLE 2 | Clinical trials of combination therapy for advanced HCC.
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3.1 Challenges
As mentioned above, the occurrence and development of HCC is a complex multi-pathway-mediated process. The emergence of the aforementioned targeted drugs has given people more confidence in the future treatment of HCC. New drugs for targeted therapy are also being continuously developed.
Because of the complexity of HCC, monotherapy often leads to dose- or time-dependent severe adverse events (AEs), resulting in treatment interruption due to intolerance. Consequently, the efficacy of single drugs such as TKI or ICI has reached a bottleneck at an OS of 14–16 months. This also suggests that the developmental process of targeted drugs should be changed. Therefore, in the past 2 years, various combinations of ICI and anti-VEGF monoclonal antibodies have been the research focus of HCC-targeted therapy, which has greatly improved the survival rate of advanced HCC patients and created a new combination for targeted therapy (Ouyang et al., 2022).
As mentioned above, for the first-line immunotherapy regimen, the combination of ICIs and anti-VEGF monoclonal antibodies (atezolizumab combined with bevacizumab), has better clinical outcomes than sorafenib and there is no significant difference in the risk of AEs (Finn et al., 2020). The phase II study (RESCUE) of the novel VEGFR2 TKI apatinib in combination with camrelizumab showed an exciting survival benefit and safety profile. An ongoing randomized, open-label, multicenter, phase III trial (NCT03764293) comparing this combination with sorafenib in advanced HCC is promising; however, combination did not meet the expected endpoint. The double-blind, randomized controlled phase III LEAP-002 trial of lenvatinib plus placebo, which completed recently, showed the median OS period of lenvatinib and pembrolizumab was 21.2 months but did not meet its prespecified co-endpoints of significantly improved OS or PFS (Finn Rs, 2022). In conclusion, various combinations of ICIs and anti-angiogenic drugs significantly improved the clinical survival of advanced HCC patients. The clinical applicability of combined targeting is promising, but at the same time, the accompanying risk of AEs cannot be ignored.
3.2 Opportunities
The continuous emergence of the above-mentioned targeted drugs and combined treatment options in recent years increased confidence in the treatment of HCC. Nevertheless, it cannot be ignored that HCC is a type of solid tumor with a complex tumor microenvironment consisting of various liver non-parenchymal cells, extracellular matrix proteins, and signaling molecules, which play an important role in tumor evolution and response to treatment by inducing inflammation, angiogenesis, hypoxia, and fibrosis. Drug resistance in HCC is closely related to its tumor heterogeneity and evolution, and drug resistance is also the main reason for targeted therapy treatment failure. Therefore, in the individualized treatment of HCC, avoiding tumor heterogeneity and mastering tumor evolution to overcome drug resistance are the key points to achieving breakthrough progress. In short, identifying specific patient populations that respond to individual treatments and finding clear drug-sensitivity markers are clinical problems that urgently need to be solved for precise targeted therapy.
The rapid development of next-generation sequencing technology (NGS) provides new hope for the precision of targeted therapy (Collins and Varmus, 2015). Biomarker-driven targeted therapy can be adjusted and customized individually by NGS. Therefore, NGS can improve the ability to differentiate individual characteristics of tumors and has the potential to identify new therapeutic targets, thereby ushering in the era of precision medicine (Collins and Varmus, 2015; Karlovich and Williams, 2019). But much remains to be done to successfully bring NGS closer to impacting clinical care in HCC.
Several studies have shown the value of NGS in precisely targeted therapy of HCC. Utilizing archived tumor tissue and baseline plasma samples from HCC patients in the RESORCE trial of regorafenib, a plasma miRNA panel and gene mutation signature in tumors were found to predict response to regorafenib (Teufel et al., 2019). In BIOSTORM, STORM’s biomarker companion study identified polygenic signatures related to improved relapse-free survival (RFS) with sorafenib adjuvant therapy after hepatectomy, which could be used to guide treatment options in the future (Pinyol et al., 2019). In addition, NGS is also a key tool for developing potential drug-sensitivity markers for targeted therapies. Using the FDA-approved 468-genome MSK-IMPACT, Harding et al (Harding et al., 2019) were able to prospectively identify mutations that were predictive of adverse outcomes with sorafenib and ICIs.
Important advances have been made in lung and colorectal cancers by selecting patients for treatment based on their molecular characteristics, whereas HCC is limited by complex significant molecular heterogeneity. But the improved resolution of NGS technology enables the discovery of significant tumor heterogeneity. With an appropriate and well-designed protocol, the prediction of a potential biomarker response to a specifically targeted drug is greatly increased. In recent years, the field of artificial intelligence (AI) has experienced rapid growth, driven by the development of big data models and deep learning algorithms. This technology has shown great potential for predicting targeted therapy biomarkers and managing the prognosis of hepatocellular carcinoma (Chen et al., 2020; Ahn et al., 2021; Zeng et al., 2022). Therefore, the combination of AI with NGS is expected to further enhance the accuracy of precision medicine for hepatocellular carcinoma.
In addition to identifying response biomarkers by NGS, establishing individual drug screening platforms is an urgent need to overcome drug resistance. Fortunately, the rapid development of bioengineering technology has made it possible to develop excellent HCC preclinical models to track tumor evolution and study drug resistance mechanisms. At present, patient-derived xenograft (PDX) and patient-derived organoid (PDO) models are widely used, which can simulate the occurrence of liver cancer and the tumor microenvironment and provide a preclinical platform for drug screening, biomarker development, drug resistance changes, and mechanism research. Additionally, the rapid development of three dimensional (3D) biology in recent years has provided more possibilities for the development of HCC preclinical models.
4 BIOENGINEERING
4.1 Patient-derived xenografts
The PDX model first appeared more than 50 years ago and was applied to the research of colorectal cancer (Rygaard and Povlsen, 1969). In 1996, the HCC PDX model was established for the first time (Sun et al., 1996). The subsequent HCC PDX development was slow, cumbersome, and inefficient. However, clinical research results in recent years stimulated hope for the application of PDX models in liver cancer research. The HCC PDX model is currently a mature and ideal tumor model for HCC, which accurately recapitulates the genetic complexity of human tumors, mimics the in vivo interactions of tumors with their surrounding tissues and has good clinical predictability (Figure 1); (Brown et al., 2018; Invrea, et al., 2020)
[image: Figure 1]FIGURE 1 | Generation and application of PDX. Patient-derived tumors are implanted in mice, and after the implantation phase, it is transplanted and expanded to generate PDX cohorts suitable for preclinical studies, including drug testing and molecular profiling studies. In addition, PDX-derived tumor samples can be collected to create tissue biobanks, which have important implications for sustainable preclinical research, his figure was cited from Invrea, et al. (2020). Note: This is an open access article distributed under the Creative Commons Attribution License that permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited (CC BY 4.0).
One of the key points in establishing HCC PDX models is the selection of animals for transplantation. Another key point is the selection of the injection site. Subcutaneous injection of cells/tumor (heterotopic model) is the simplest in vivo method, which can more accurately measure tumor growth and response to treatment (Brown et al., 2018). However, this approach results in subcutaneously transplanted tumors lacking a tumor-associated microenvironment. Orthotopic transplantation can provide a microenvironment similar to that of the matched tumor tissue and has a rich blood supply, which greatly retains the specificity and microenvironmental characteristics of the patient’s tumor (Hernandez-Gea et al., 2013). It is currently the most ideal transplantation method, but compared with heterotopic transplantation, its technical difficulty, low success rate, cumbersome tumor assessment, and other issues affect its expanded application.
Currently, the most commonly used model is a xenograft model implanting patient-derived samples in an immunodeficient mouse to prevent the mouse’s immune system from rejecting the human tumor. However, this PDX model in immunodeficient mice cannot be used to study immunotherapeutic approaches. Therefore, recapitulating the complexity of the human immune system in preclinical models is critical for studying immunity and immunotherapy in HCC. One strategy to achieve this goal is to use humanized mouse models modified to contain human immune cells (Brown et al., 2018; Zhao et al., 2018). There are different approaches to humanizing the mouse immune system. Even so, a lot of work is needed to fully personalize humanized mice to match each patient sample.
PDXs are already a mature and excellent individualized treatment platform in the preclinical model of HCC, and have shown advantages as a preclinical model in mechanism research, drug and biomarker screening, and combined clinical trials (Hu et al., 2019). PDXliver is the first public database of liver cancer PDX models, including drug response data, which fully reflects the heterogeneity of HCC and is conducive to the discovery of biomarkers for specific treatments (He et al., 2018). Recently, Jin et al. (2021) found that lenvatinib and gefitinib had antitumor activity in HCC PDX with high expression of epidermal growth factor receptor (EGFR), and EGFR has been used as a biomarker to achieve a more informed patient stratification in clinical trials. The HCC PDX model has proven valuable in exploring many different aspects of precision oncology in preclinical research. However, the time commitment, low success rate, and large resource requirement of PDX also limit its wide application.
4.2 Patient-derived organoids
To circumvent the limitations of two dimensional (2D), monolayer cell line tumor models, researchers have been trying to grow tumors in 3D for a long time using methods, such as liver slices and mechanical 3D culture devices (Tharehalli et al., 2019). However, these models fall short in terms of culture time and preservation of the original tumor characteristics. One of the main purposes of 3D tumor cell culture is to simulate the growth environment of tumors in the human body and to preserve the genetic and histological characteristics of the parent tumor to the greatest extent. Only such preclinical models can be applied to individualized treatment.
In 2012, the first tumor organoids were developed, derived from intestinal tumors (Sato et al., 2011). Tumor organoids have given rise to a new concept of 3D culture, characterized by self-organized 3D structures that mimic the original in vivo structure of an organ or tumor and can be obtained from different sources (Figure 2); (Fan, et al., 2019; Tuveson and Clevers, 2019) Thus far, organoids have been derived from organ-specific adult stem cells, pluripotent stem cells (PSCs), embryonic stem cells, or induced pluripotent stem cells (iPSCs), as well as tumors. Huch et al. (2015) established the first liver organoids from mice and human liver stem cell organoids, in 2013 and 2015, respectively, in which stem cells can be expanded for a long time and differentiated into biliary or hepatic cells according to the composition of the medium. In addition, tissue-specific organoids can be established using PSCs. Takebe et al. (2013) constructed liver organoids from human iPSCs combined with endothelial and mesenchymal cells in Matrigel. At present, liver multicellular co-culture organoids have been reported by many studies, including a mixed culture of hepatocytes and various mesenchymal cells and iPSC-derived liver organoids on perfusion microcolumn chips.
[image: Figure 2]FIGURE 2 | Preclinical applications of patient-derived tumor organoids. Whether in preclinical basic research or clinical research, patient-derived tumor organoids have great application value. This figure was cited from Fan, et al. (2019). Note: This is an open access article distributed under the Creative Commons Attribution License that permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited (CC BY 4.0).
The application of the above healthy liver organoids in tumor therapy is mainly used to the study carcinogenesis, such as the carcinogenesis induced by the hepatitis B virus. Of course, organoids from patient-derived liver tumors are the most direct and effective method to study the individualized treatment of tumors. There are two main sources of PDOs, needle biopsy and surgically obtained human tumor specimens. Due to the difficulty and complexity of organoid culture, both routes are less effective in establishing HCC organoids (37.5% and 26%, respectively) (Broutier et al., 2017; Nuciforo et al., 2018). However, even at low tumor to stromal cell ratios, there are opportunities to establish PDO. This helps avoid short comings of NGS. Furthermore, it is more important that HCC PDOs are highly concordant with original tumor biopsies in terms of growth pattern, degree of differentiation, expression of HCC-specific markers, genomic alterations, and ability to form tumors in xenograft models (Broutier et al., 2017; Nuciforo et al., 2018). This makes PDOs more suitable for precision medicine, including targeted therapy resistance research, drug screening, and treatment response prediction. Li et al. established HCC organoids for drug screening using surgical specimens of primary human liver cancer, and proved that PDOs can be used as preclinical models for the individualized treatment of HCC (Li et al., 2019). By establishing HCC PDOs, Wang et al. (2020); Leung et al. (2020) found reactivation of Hedgehog signaling and receptor tyrosine kinase-induced MEK/ERK and AKT signaling pathways may be related to sorafenib resistance in HCC. In addition to Matrigel encapsulation, a recent study used hydrogel capsules to culture HCC PDOs to simulate the tumor microenvironment of liver cancer, and demonstrated the heterogeneity of the platform for targeted drugs and other applications that can be used to assist individualized therapy (Dong et al., 2022). Clinical trials (NCT05384184 and NCT02436564) examining HCC PDOs are already underway.
The ongoing development of HCC PDOs will be focused on better simulating the tumor microenvironment in vivo. Loh et al. (2021) constructed a HCC PDO model and explored signaling axes that enhance hepatocyte resistance to sorafenib by culturing organoids in conditioned medium to mimic the tumor microenvironment. Recently, Lim et al. (2022) used a hydrogel system to establish a co-culture model to mimic and characterize pro-angiogenic secretory signaling between hepatoma cells and endothelial cells in vitro. A PDO-TME model combining PDOs and the tumor microenvironment cells will provide a more accurate platform for liver cancer-targeted therapy to avoid heterogeneity and overcome drug resistance research, and it will also be more conducive to the development of new drugs.
4.3 3D bioprinting of HCC
In recent years, additive manufacturing, or 3D printing, has been applied to biomedicine, called 3D bioprinting (3DP). The development of 3DP has opened a new chapter in bioengineered medicine (Murphy and Atala, 2014). 3DP is mainly achieved through inkjet, micro-extrusion, or laser-assisted bioprinting, among which micro-extrusion is the most widely used (Mandrycky et al., 2016; Matai et al., 2020). The core material of 3DP is bio-ink and its potential for clinical translation depends on the formulation of the bio-ink (Gu et al., 2022). Bio-inks that have been extensively studied include alginate, fibrinogen, gelatin, collagen, chitosan, agarose, Pluronic, hyaluronic acid, GelMA, PEG, and decellularized extracellular matrix. The choice of bio-ink is also based on the choice of bioprinting technology (Gu et al., 2022).
3DP has been widely used in cancer research (Almela et al., 2018; Wang et al., 2018; Swaminathan et al., 2019; Sbirkov et al., 2021; Xie et al., 2021). 3DP tumor models can provide physiologically relevant cell-cell and cell-matrix interactions by mimicking the 3D heterogeneity of real tumors (Figure 3); (Knowlton et al., 2015; Augustine et al., 2021; Jung, et al., 2022) We initially created a 3DP model of HepG2 cells by 3DP technology based on a gelatin-sodium alginate bio-ink system (Sun et al., 2020). We found that compared with 2D-HepG2 cells, the 3DP-HepG2 model displayed significantly increased levels of various liver function-related proteins and genes as well as those involved in proliferation, metastasis, drug resistance, anti-tumor immunosuppression, and tumor cell epithelial-mesenchymal transition. This gives the 3DP tumor model unique advantages in the preclinical research of liver cancer and the 3DP tumor model can be used as a more suitable platform for anti-tumor drug development. Next, we have previously revealed that patient-derived primary hepatocellular carcinoma cells could maintain high activity long-term in gelatin-sodium alginate bio-ink-based 3DP model and could be used for liver cancer-targeted therapy drug testing for the prediction of personalized therapy (Xie et al., 2021). We found that 3DP tumor models offer advantages in terms of cost, modeling success rate, maintenance of cell viability, establishment success rate, and low time commitment. 3DP printing relies on a computer to generate the design, high precision, and repeatability of the tumor model, which has inherent advantages over the PDX and PDO models. In addition, if a technological breakthrough in the rapid expansion of primary liver cancer cells can be achieved, 3D bioprinting will play a greater role in the application of liver cancer in vitro models.
[image: Figure 3]FIGURE 3 | The development process of patient-derived tumor 3DP models. Tumor cells are wrapped in specific bio-inks with high biocompatibility, and then 3DP tumor models can be generated in different ways in high-precision bioprinters, including droplet-based (DBB), extrusion-based (EBB), laser -based (LBB) and stereolithography (SLB) bioprinting. This figure was cited from Jung, et al. (2022). Note: This is an open access article distributed under the Creative Commons Attribution License that permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited (CC BY 4.0).
3DP cancer models can recapitulate a tumor’s microstructure and function and preserve the parental tumor’s features. Therefore, it is an ideal 3D, preclinical model with a higher success rate in construction and drug testing than existing traditional cancer models (Table 3); (Shukla et al., 2022) In addition, the absolute advantage of 3DP models as preclinical models is that printers can enable the fabrication of high-resolution microstructures to reproduce the complexity of the tumor microenvironment, including the vascularization of tumors (Shukla et al., 2022). At present, bioprinting has been applied in 3DP models of breast cancer and glioblastoma (Zhou et al., 2016; Heinrich et al., 2019). The application of a 3DP-TME cancer model combining 3DP HCC tumors and the tumor microenvironment needs to be verified by additional research.
TABLE 3 | Relative advantages related to PDX and PDO.
[image: Table 3]3DP can also be combined with cancer chip technology to reproduce key tumor microenvironmental characteristics (Monteiro et al., 2022; Shukla et al., 2022) and generate an increasing number of biomimetic tumor models for precision and personalized medicine, which is of great significance for studying HCC drug resistance and tumor evolution in vitro.
5 CONCLUSION
The systemic treatment of HCC has made considerable progress, and a higher number of treatment options are now available. However, due to the huge heterogeneity of HCC, the focus of HCC research should not only be on drug development but also on how to accurately select individualized treatment options. This will save more advanced patients from the toxic side effects of drugs with no tumor response and increase patient survival time. The development of bioengineered models of tumors shows great promise for personalized medicine and improved HCC outcomes. At present, there are relatively few clinical studies, and more studies using clinical specimens are needed to clarify whether the bioengineered model of HCC is suitable for capturing intratumoral heterogeneity and predicting patient response to treatments such as targeted therapy.
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Background: The REFLECT phase-III trial has demonstrated the efficacy of lenvatinib in improving the overall survival of advanced hepatocellular carcinoma (HCC) patients, comparable to sorafenib. The rapidly evolving landscape of hepatocellular carcinoma therapy presents new avenues for lenvatinib. This study aims to provide a scientometric analysis of publications and predict research hotspots in this field.
Methods: Relevant publications were sourced from the Web of Science Core Collection (WoSCC) database up until November 2022. The bibliometrix tool in R was employed for scientometric analysis and visualization.
Results: A total of 879 publications from 2014 to 2022 were obtained from WoSCC that met the established criteria. These studies involved 4,675 researchers from 40 countries, with an average annual growth rate of 102.5%. The highest number of publications was from Japan, followed by China, Italy, and the United States. The largest proportion of studies, 14.0% (n = 123), was contributed by FUDAN UNIV. The studies were published in 274 journals, with CANCERS (n = 53) being the top journal, followed by FRONTIERS IN ONCOLOGY (n = 51) and HEPATOLOGY RESEARCH (n = 36). The top ten journals accounted for 31.5% of the 879 studies. The most prolific authors were Kudo M (n = 51), Hiraoka A (n = 43), and Tsuji K (n = 38). A total of 1,333 keywords were analyzed, with the present research hotspots being “immune checkpoint inhibitors,” “prognosis,” and “pd-1.” Co-occurrence clustering analysis revealed the top keywords, authors, publications, and journals. Strong collaboration was identified in the field.
Conclusion: This scientometric and visual analysis provides a comprehensive summary of the published articles on lenvatinib in HCC during 2014–2022, highlighting the research hotspots, knowledge domain, and frontiers. The results can provide insights into future research directions in this field.
Keywords: bibliometric, lenvatinib, hepatocellular carcinoma, prognosis, immunotherapy
1 INTRODUCTION
Hepatocellular carcinoma (HCC) is a prevalent solid tumor that is a major contributor to cancer-related mortality globally (Zhou et al., 2020). Unfortunately, over half of HCC cases are diagnosed at moderate-to-advanced stages (Marrero et al., 2018), which results in poor patient prognoses due to heavy tumor burdens, liver function impairment, and health deterioration, leading to limited treatment options.
Sorafenib, a first-line systemic treatment, was the only therapeutic agent available from 2007 to 2017 and was proven to improve overall survival (OS) compared to placebo in randomized controlled trials (RCTs) (Llovet et al., 2008; Bruix et al., 2017). A phase-III REFLECT trial (Kudo et al., 2018) reported that lenvatinib was as effective as sorafenib in improving OS (13.6 vs. 12.3 months) and superior in improving objective response rate (ORR, 41% vs. 12%) and progression-free survival (PFS, 7.3 vs. 3.6 months) in advanced HCC cases. As a result, international guidelines now recommend lenvatinib as the first-line treatment for advanced HCC.
In recent years, immune checkpoint inhibitors (ICIs) have shown favorable outcomes in HCC treatment. The IMbrave150 study (Finn et al., 2020a) used a combination of atezolizumab and bevacizumab as first-line therapy for advanced HCC and reported improved outcomes such as OS, PFS, disease control rate (DCR), and ORR compared to sorafenib monotherapy. However, the combination of atezolizumab and bevacizumab was not cost-effective prior to a substantial price reduction (Zhang et al., 2021). Lenvatinib is also recommended by international guidelines as a first-line treatment for HCC, but the place of lenvatinib monotherapy or in combination with ICIs in second-line treatment following ICIs has yet to be consistently determined due to insufficient clinical trial data.
Despite the growing number of studies on lenvatinib in HCC, no specific scientometric analysis of its knowledge structure has been conducted. In this study, we conducted the first scientometric analysis of articles on lenvatinib application in HCC, utilizing literature metrological features to evaluate our research outcomes, influence, and cooperation, identify hotspots, and discuss future trends in this field.
2 MATERIALS AND METHODS
2.1 Data extraction
In the present work, we have employed a rigorous data extraction process to obtain the relevant information on lenvatinib in the context of hepatocellular carcinoma. The Web of Science Core Collection database, a well-respected and high-quality database, was comprehensively searched using the search terms of “lenvatinib” and “hepatocellular carcinoma” up to November 2022. Only articles and reviews published in English that met our eligibility criteria were selected for further analysis, with the “full record and cited references” being the output. Two independent reviewers were involved in this process to ensure the accuracy of the scientometric analysis. The collected data included title, authors, institution, country/region, journal, abstract, keywords, and references, while data papers, book chapters, proceedings papers or meeting abstracts, editorials, duplicates, or unpublished articles were excluded. Any disagreements were resolved through negotiation or consultation with a senior physician.
2.2 Statistical methods
For the purpose of scientometric analysis and visualization, we have utilized the R-language package Bibliometrix (Aria and Cuccurullo, 2017). Bibliometrix is a comprehensive and flexible package that provides automatic algorithms and machine intelligence to collect and examine the data. It was used in this work to obtain information on basic data, cited references, trend topics, and landmark literature in the field of lenvatinib in hepatocellular carcinoma, as well as to analyze countries, journals, author productivity, and institutions.
3 RESULTS
3.1 General features of published study
In the analysis of published studies on the topic, a total of 879 studies meeting the eligibility criteria were collected in WoSCC. This involved 4,675 authors globally, with an average annual increase rate of 102.5%. The number of published studies increased over time, with a particularly fast increase trend after 2017, accounting for 94.7% of all published studies (Figure 1A).
[image: Figure 1]FIGURE 1 | The fundamental data of publications and journals, including the annual scientific study production (A), the most relevant journals (B), the core journals (C), the most locally cited sources (D), the journal impact adjusted by the H index (E), and the journal production over time (F).
3.2 Analysis of journals
The studies were published in 274 journals, with the highest number in CANCERS (n = 53), followed by FRONTIERS IN ONCOLOGY (n = 51) and HEPATOLOGY RESEARCH (n = 36). The top ten most productive journals accounted for 31.5% of the 879 published studies (Figure 1B) and were identified using Bradford’s law (Figure 1C). Bibliometrix was used to analyze frequently cited sources, with the top three journals being J CLIN ONCOL, J HEPATOL and LANCET (Figure 1D). After adjustment by the H index, the leading journals were LIVER CANCER, CANCERS, and HEPATOLOGY RESEARCH (Figure 1E). The cumulative production of the top five journals over time is displayed in Figure 1F.
3.3 Sources of author and institution
Regarding the authors and institutions, there were 5 authors who published over 35 papers, with Kudo M (n = 51) being the most productive, followed by Hiraoka A (n = 43) and Tsuji K (n = 38) (Figure 2A). Kudo M, Tamai T, Finn RS, and Ikeda K were the most frequently cited authors, with more than 1,000 citations (Figure 2B). After adjustment by the H index, Kudo M remained the top author (Figure 2C). The authors’ production over time is shown in Figure 2D, with Kudo M having the longest timeline from 2017 to 2022.
[image: Figure 2]FIGURE 2 | The distributions of authors and institutions. It depicts the most publications by authors (A), the most locally cited authors (B), the author impact adjusted by the H index (C), and the authors with the highest publication number over time (D). The line stands for the timeline of an author from 2017 to 2020 and the color intensity and bubble size positively correspond to total annual citations and document number, respectively. The figure also displays the most publications by institutions (E) and the production of institutions over time (F).
The top 20 institutions producing the most publications are illustrated in Figure 2E, with the top two being from China (FUDAN UNIV and SUN YAT SEN UNIV). FUDAN UNIV was the most productive institution, publishing 123 studies, accounting for 14.0% of the 879 studies (Figure 2F). Although FUDAN UNIV and SUN YAT SEN UNIV in China only started publishing studies on this topic in 2020, they have continued to increase their publication numbers.
3.4 Analysis of countries and most cited publications
According to the country of corresponding authors, Japan published the highest number of studies, followed by China and the United States (Figure 3A). The top five countries were in three continents, with two in Asia (Japan and China), one in North America (the United States), and two in Europe (Germany and Italy). Japan had a clear advantage in the number of published studies and an increase in relative number compared to the rest of the countries (Figures 3B, C). Among the top 20 countries with the most publications, Japan also had the highest mean citation rate (Figure 3D). The study by Kudo M published in LANCET in 2018 ranked first in both global (Figure 3E) and local (Figure 3F) citations, indicating its high quality.
[image: Figure 3]FIGURE 3 | Contributions of different countries, including the top twenty countries with the most articles (A), the production of scientific studies in global countries (B), the top five countries with the greatest number of publications over time (C), the top twenty countries with the greatest citations (D), the top twenty globally cited documents (E), and the top twenty locally cited documents (F). The SCP and MCP refer to single country publications and multiple country publications, respectively.
3.5 Investigation of keyword
In our examination of the 879 studies, a total of 1,333 keywords were collected. As depicted in Figures 4A, B, the most frequently used keywords were HCC, lenvatinib, sorafenib, immunotherapy, and regorafenib, demonstrating the significance of these topics in the research. Furthermore, our analysis of the keyword occurrence trend (Figures 4C, D) revealed that the most recent keywords of interest are “ICI”, “prognosis”, and “PD-1", offering insight into potential future research directions.
[image: Figure 4]FIGURE 4 | The keyword revolution, including the top keywords with high frequency (A,B), the top ten keywords with the highest accumulation (C), and the trends of the top ten keywords (D).
3.6 Analysis of cluster and collaboration network
Our examination also included a cluster and collaboration network analysis, as represented in Figure 5. These figures display mathematical structures modeling the relationships between the keywords, authors, documents, and journals, where node size and edge size reflect item occurrence and item co-occurrences, respectively. The results indicate that Lenvatinib, Kudo M, Kudo M’s 2018 document, and LANCET hold the highest centrality in their respective clusters.
[image: Figure 5]FIGURE 5 | The clustering analysis of keywords (A), authors (B), documents (C), and journals (D), with node size and edge size positively correlated with item occurrence and item co-occurrences, respectively. Nodes with the same colors belong to the same cluster.
In addition, we visually depicted international collaboration relationships among authors (Figure 6A), institutions (Figure 6B), and countries (Figures 6C, D). These findings suggest tight cooperation among authors and institutions from Japan, as well as close connections among the top four countries with the most publications, indicating that inter-country collaboration plays a crucial role in research outcome achievement.
[image: Figure 6]FIGURE 6 | The collaboration network, including the authors (A), institutions (B), countries (C), and the cooperation of countries in contributing to publications (D). Node size and edge size positively correspond to item occurrence and item co-occurrences, respectively, and nodes with the same colors belong to the same cluster.
4 DISCUSSION
In this study, a comprehensive scientometric and visualized analysis was conducted on studies regarding lenvatinib treatment in HCC between 2014 and 2022. Adopting a bibliometric approach provided a more in-depth understanding of research trends and hotspots, and was more objective and thorough compared to traditional methods. A total of 879 published studies were analyzed in this work. The number of publications rapidly increased since 2017, and the most productive countries, institutions, and authors were also identified. According to the keyword distribution analysis, current research hotspots include “ICI,” “prognosis,” and “PD-1.” This analysis provides valuable insight into the evolution of the field, contributing to its development.
Studies on the application of lenvatinib in HCC first appeared in 2014 (Kumar and Huang, 2014), attracting significant attention from researchers. In 2017, the landmark study conducted by Japanese researcher Kudo M and published in LANCET (the REFLECT trial) demonstrated that lenvatinib was as effective as sorafenib in improving OS. The REFLECT trial established critical eligibility criteria, including the absence of surgical indications, moderate-to-advanced stage based on the Barcelona Clinic Liver Cancer system, Child-Pugh class A, and the absence of prior systemic treatment. The results showed that lenvatinib was as effective as sorafenib in improving OS (13.6 vs. 12.3 months; hazard ratio (HR) = 0.92) and had a higher ORR (40.6% and 18.8% by mRECIST and RECIST ver.1.1, separately), reduced time-to-progression (median, 7.4 months), and improved PFS (median, 7.3 months). Following the REFLECT trial, lenvatinib was recommended for moderate-to-advanced stage HCC patients who had progressive disease following transarterial chemoembolization by the American Association for the Study of Liver Diseases in their 2018 guidelines. Additionally, it was also recommended for advanced stage HCC patients and HCC patients with progressive disease or not suitable for locoregional treatments among Child-Pugh class A patients or those with good performance status by the European Association for the Study of the Liver (European Association for the Study of the Liver, 2018). The study captured the critical research by Kudo M, a highly active and renowned author known for his contributions to the exploration of lenvatinib and its underlying mechanisms.
ICIs represent a groundbreaking strategy in the ongoing revolution in cancer treatment. As more studies shed light on the mechanisms by which tumor cells evade immune attack, great attention has been directed towards ICIs (Rizzo et al., 2021). In 2021, the combination of atezolizumab and bevacizumab was recommended as a first-line therapy for unresectable HCC cases due to its superior survival rate compared to sorafenib (Benson et al., 2021). However, as a recent multi-center study suggests, lenvatinib treatment may offer more significant survival benefits when compared to the atezolizumab and bevacizumab combination (Rimini et al., 2022). On the other hand, a phase-III RCT found that anti-PD-1 treatment did not improve survival significantly in advanced HCC cases, as drug resistance was observed in some cases (Finn et al., 2020b). A recent article (Wei et al., 2022) explored the resistance mechanism and suggested a critical role for the PKCa/ZFP64/CSF1 pathway in facilitating immune evasion. Notably, lenvatinib was found to downregulate PKC levels and suppress the PKCa/ZFP64/CSF1 pathway, thus overcoming resistance to anti-PD-1 treatment in HCC, unlike sorafenib. Moreover, a real-world study found that lenvatinib combined with sintilimab produced better long-term results than lenvatinib monotherapy (Zhao et al., 2022). Consequently, lenvatinib holds promise as a monotherapy and in combination with ICIs as a novel treatment option for unresectable HCC cases in clinical practice. It is important to note that combination treatment may result in ICI-related adverse events, and personalized dosing may help mitigate these events while maximizing patient outcomes (Zhao et al., 2022).
Our study provides an overview of the current research landscape and identifies key trends and future prospects in the field of lenvatinib treatment in HCC. Preclinical and clinical research have shown that lenvatinib in combination with ICIs is effective and safe in treating cancers. For example, lenvatinib combined with pembrolizumab has been approved as a second-line treatment for advanced endometrial cancer that has failed systemic treatment (Makker et al., 2020). A phase-1b trial of lenvatinib and pembrolizumab in advanced HCC cases showed favorable antitumor effects with a median OS of 22 months and an acceptable toxicity profile (Finn et al., 2020c). Additionally, the ORR reached 46.0% under mRECIST criteria, with 11 cases achieving complete response and median response duration and PFS of 8.6 and 9.3 months, respectively. In intermediate HCC patients eligible for locoregional treatment, a phase-III trial (LEAP-012) was conducted comparing lenvatinib and pembrolizumab to placebo and TACE (Llovet et al., 2022). The latest published studies shed light on the clinical value of lenvatinib in HCC and provide insight into the current options for systemic treatment (Li et al., 2022; Jiang et al., 2023; Leowattana et al., 2023; Su et al., 2023; Xie et al., 2023; Yang et al., 2023).
Japan, China, Itlay and the United States were the most productive countries, and close collaborations were observed between countries and institutions. However, collaborations between United States and other countries were found to be stronger than those between countries outside United States, implying that international collaborations should be strengthened.
It must be noted that certain limitations exist in our analysis. Firstly, the studies included in this analysis were sourced from only the WoSCC database, potentially causing a biased representation of the data. Secondly, with the recent increase in the number of studies published on the topic, citation counts may not accurately reflect the more recent advancements. Furthermore, alternative bibliometric software utilizing diverse algorithms are available, although the R software employed in our analysis proves to be a powerful tool, it is not without limitations.
In conclusion, this scientometric and visual analysis delves into the data surrounding the application of lenvatinib in HCC, covering the period from 2014 to 2022. Our results offer valuable insights into the treatment of HCC with lenvatinib, serving as a guiding light for future research and the discovery of innovative treatment regimens.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
X-SK and RW designed this study. C-CW, C-YY, and JZ performed the search and collected data. C-CW, C-YY, and JZ performed analysis. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by WUJIEPING Medical Foundation (320.6750.2022-22-47).
ACKNOWLEDGMENTS
We thank the global researchers who contributed to this topic.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aria, M., and Cuccurullo, C. (2017). bibliometrix: An R-tool for comprehensive science mapping analysis. J. Informetr. 11 (4), 959–975. PubMed PMID: WOS:000418020600003. doi:10.1016/j.joi.2017.08.007
 Benson, A. B., D'Angelica, M. I., Abbott, D. E., Anaya, D. A., Anders, R., Are, C., et al. (2021). Hepatobiliary cancers, version 2.2021, NCCN clinical practice guidelines in oncology. J. Natl. Compr. Cancer Netw. 19 (5), 541–565. PubMed PMID: 34030131. doi:10.6004/jnccn.2021.0022
 Bruix, J., Cheng, A. L., Meinhardt, G., Nakajima, K., De Sanctis, Y., and Llovet, J. (2017). Prognostic factors and predictors of sorafenib benefit in patients with hepatocellular carcinoma: Analysis of two phase III studies. J. hepatology 67 (5), 999–1008. PubMed PMID: 28687477. doi:10.1016/j.jhep.2017.06.026
 European Association for the Study of the Liver (2018). EASL clinical practice guidelines: Management of hepatocellular carcinoma. J. hepatology 69 (1), 182–236. PubMed PMID: 29628281. doi:10.1016/j.jhep.2018.03.019
 Finn, R. S., Ikeda, M., Zhu, A. X., Sung, M. W., Baron, A. D., Kudo, M., et al. (2020c). Phase ib study of lenvatinib plus pembrolizumab in patients with unresectable hepatocellular carcinoma. J. Clin. Oncol. 38 (26), 2960–2970. PubMed PMID: 32716739; PubMed Central PMCID: PMCPMC7479760. doi:10.1200/JCO.20.00808
 Finn, R. S., Qin, S., Ikeda, M., Galle, P. R., Ducreux, M., Kim, T. Y., et al. (2020a). Atezolizumab plus bevacizumab in unresectable hepatocellular carcinoma. N. Engl. J. Med. 382 (20), 1894–1905. PubMed PMID: 32402160. doi:10.1056/NEJMoa1915745
 Finn, R. S., Ryoo, B. Y., Merle, P., Kudo, M., Bouattour, M., Lim, H. Y., et al. (2020b). Pembrolizumab as second-line therapy in patients with advanced hepatocellular carcinoma in KEYNOTE-240: A randomized, double-blind, phase III trial. J. Clin. Oncol. 38 (3), 193–202. PubMed PMID: 31790344. doi:10.1200/JCO.19.01307
 Jiang, L., Li, L., Liu, Y., Lu, L., Zhan, M., Yuan, S., et al. (2023). Drug resistance mechanism of kinase inhibitors in the treatment of hepatocellular carcinoma. Front. Pharmacol. 14, 1097277. PubMed PMID: 36891274; PubMed Central PMCID: PMCPMC9987615. doi:10.3389/fphar.2023.1097277
 Kudo, M., Finn, R. S., Qin, S., Han, K. H., Ikeda, K., Piscaglia, F., et al. (2018). Lenvatinib versus sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma: A randomised phase 3 non-inferiority trial. Lancet 391 (10126), 1163–1173. PubMed PMID: 29433850. doi:10.1016/S0140-6736(18)30207-1
 Kumar, A. K. L., and Huang, C. H. (2014). Lenvatinib mesylate multikinase inhibitor oncolytic. Drug Future 39 (2), 113–122. PubMed PMID: WOS:000332213500002. doi:10.1358/dof.2014.39.2.2095258
 Leowattana, W., Leowattana, T., and Leowattana, P. (2023). Systemic treatment for unresectable hepatocellular carcinoma. World J. gastroenterology 29 (10), 1551–1568. PubMed PMID: 36970588; PubMed Central PMCID: PMCPMC10037251. doi:10.3748/wjg.v29.i10.1551
 Li, X., Wang, J., Ding, X., Xu, Y., Yu, M., Wu, H., et al. (2022). Clinical study of lenvatinib in the treatment of hepatitis virus-related hepatocellular carcinoma and antiviral therapy. Front. Pharmacol. 13, 1032881. PubMed PMID: 36703739; PubMed Central PMCID: PMCPMC9871375. doi:10.3389/fphar.2022.1032881
 Llovet, J. M., Ricci, S., Mazzaferro, V., Hilgard, P., Gane, E., Blanc, J. F., et al. (2008). Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 359 (4), 378–390. PubMed PMID: 18650514. doi:10.1056/NEJMoa0708857
 Llovet, J. M., Vogel, A., Madoff, D. C., Finn, R. S., Ogasawara, S., Ren, Z., et al. (2022). Randomized phase 3 LEAP-012 study: Transarterial chemoembolization with or without lenvatinib plus pembrolizumab for intermediate-stage hepatocellular carcinoma not amenable to curative treatment. Cardiovasc. interventional radiology 45 (4), 405–412. PubMed PMID: 35119481; PubMed Central PMCID: PMCPMC8940827. doi:10.1007/s00270-021-03031-9
 Makker, V., Taylor, M. H., Aghajanian, C., Oaknin, A., Mier, J., Cohn, A. L., et al. (2020). Lenvatinib plus pembrolizumab in patients with advanced endometrial cancer. J. Clin. Oncol. 38 (26), 2981–2992. PubMed PMID: 32167863; PubMed Central PMCID: PMCPMC7479759. doi:10.1200/JCO.19.02627
 Marrero, J. A., Kulik, L. M., Sirlin, C. B., Zhu, A. X., Finn, R. S., Abecassis, M. M., et al. (2018). Diagnosis, staging, and management of hepatocellular carcinoma: 2018 practice guidance by the American association for the study of liver diseases. Hepatology 68 (2), 723–750. PubMed PMID: 29624699. doi:10.1002/hep.29913
 Rimini, M., Rimassa, L., Ueshima, K., Burgio, V., Shigeo, S., Tada, T., et al. (2022). Atezolizumab plus bevacizumab versus lenvatinib or sorafenib in non-viral unresectable hepatocellular carcinoma: An international propensity score matching analysis. ESMO Open 7 (6), 100591. PubMed PMID: 36208496. doi:10.1016/j.esmoop.2022.100591
 Rizzo, A., Ricci, A. D., Gadaleta-Caldarola, G., and Brandi, G. (2021). First-line immune checkpoint inhibitor-based combinations in unresectable hepatocellular carcinoma: Current management and future challenges. Expert Rev. gastroenterology hepatology 15 (11), 1245–1251. PubMed PMID: 34431725. doi:10.1080/17474124.2021.1973431
 Su, T. H., Wu, C. H., Liu, T. H., Ho, C. M., and Liu, C. J. (2023). Clinical practice guidelines and real-life practice in hepatocellular carcinoma: A taiwan perspective. Clin. Mol. hepatology 29 (2), 230–241. PubMed PMID: 36710607; PubMed Central PMCID: PMCPMC10121301. doi:10.3350/cmh.2022.0421
 Wei, C. Y., Zhu, M. X., Zhang, P. F., Huang, X. Y., Wan, J. K., Yao, X. Z., et al. (2022). PKCα/ZFP64/CSF1 axis resets the tumor microenvironment and fuels anti-PD1 resistance in hepatocellular carcinoma. J. hepatology 77 (1), 163–176. PubMed PMID: 35219791. doi:10.1016/j.jhep.2022.02.019
 Xie, D., Shi, J., Zhou, J., Fan, J., and Gao, Q. (2023). Clinical practice guidelines and real-life practice in hepatocellular carcinoma: A Chinese perspective. Clin. Mol. hepatology 29 (2), 206–216. PubMed PMID: 36545708; PubMed Central PMCID: PMCPMC10121293. doi:10.3350/cmh.2022.0402
 Yang, C., Zhang, H., Zhang, L., Zhu, A. X., Bernards, R., Qin, W., et al. (2023). Evolving therapeutic landscape of advanced hepatocellular carcinoma. Nat. Rev. Gastroenterology hepatology 20 (4), 203–222. PubMed PMID: 36369487. doi:10.1038/s41575-022-00704-9
 Zhang, X., Wang, J., Shi, J., Jia, X., Dang, S., and Wang, W. (2021). Cost-effectiveness of atezolizumab plus bevacizumab vs sorafenib for patients with unresectable or metastatic hepatocellular carcinoma. JAMA Netw. Open 4 (4), e214846. PubMed PMID: 33825837; PubMed Central PMCID: PMCPMC8027915. doi:10.1001/jamanetworkopen.2021.4846
 Zhao, L., Chang, N., Shi, L., Li, F., Meng, F., Xie, X., et al. (2022). Lenvatinib plus sintilimab versus lenvatinib monotherapy as first-line treatment for advanced HBV-related hepatocellular carcinoma: A retrospective, real-world study. Heliyon 8 (6), e09538. PubMed PMID: 35706954; PubMed Central PMCID: PMCPMC9189019. doi:10.1016/j.heliyon.2022.e09538
 Zhou, J., Sun, H., Wang, Z., Cong, W., Wang, J., Zeng, M., et al. (2020). Guidelines for the diagnosis and treatment of hepatocellular carcinoma (2019 edition). Liver cancer 9 (6), 682–720. PubMed PMID: 33442540; PubMed Central PMCID: PMCPMC7768108. doi:10.1159/000509424
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Wang, Yu, Zhang, Wang and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		CASE REPORT
published: 30 August 2023
doi: 10.3389/fphar.2023.1203379


[image: image2]
Feasibility of combination of Gun-Chil-Jung and cytokine-induced killer cells-based immunotherapy for terminal hepatocellular carcinoma patient: a case report
Chan-Ran Park1, Hye-Ri Bae1,2, Ga-Young Lee1, Chang-Gue Son1,3, Jung-Hyo Cho1,3, Chong-Kwan Cho1,3 and Nam-Hun Lee1,2*
1Department of Hepatology and Hematology, Graduated School of Korean Medicine, Daejeon University, Daejeon, Republic of Korea
2East-West Cancer Center, Cheonan Korean Medical Hospital, Daejeon University, Daejeon, Republic of Korea
3Department of Internal Medicine, Daejeon Korean Medicine Hospital of Daejeon University, Daejeon, Republic of Korea
Edited by:
Sarah El-Nakeep, Ain Shams University, Egypt
Reviewed by:
Junfeng Pang, Augusta University, United States
Mohammad Nadeem Lone, Central University of Kashmir, India
* Correspondence: Nam-Hun Lee, nhlee@dju.ac.kr
Received: 01 May 2023
Accepted: 21 August 2023
Published: 30 August 2023
Citation: Park C-R, Bae H-R, Lee G-Y, Son C-G, Cho J-H, Cho C-K and Lee N-H (2023) Feasibility of combination of Gun-Chil-Jung and cytokine-induced killer cells-based immunotherapy for terminal hepatocellular carcinoma patient: a case report. Front. Pharmacol. 14:1203379. doi: 10.3389/fphar.2023.1203379

Introduction: Terminal-stage hepatocellular carcinoma (HCC) is inoperable and currently has no form of adjuvant therapy. This study examined the anticancer herbal extract Gun-Chil-Jung (GCJ) combined with cytokine-induced killer (CIK)-cell-based immunotherapy as a palliative therapy for terminal HCC. We report the case of an HCC patient with extended overall survival and improved symptoms and tumor marker levels following combination therapy with GCJ and CIK cell-based immunotherapy.
Baseline Characteristics: From March to July 2020, a 57-year-old man who had been diagnosed with HCC underwent combination treatment with GCJ and CIK cell-based immunotherapy. By August 2021, he was prescribed GCJ. After treatment, the patient’s condition was evaluated with respect to overall survival, tumor markers, symptoms, abdominal computed tomography findings, chest x-ray results, and Eastern Cooperative Oncology Group (ECOG) grade.
Results: The patient’s overall survival, tumor marker levels, ECOG grade, and symptoms, including ascites, lower limb edema, jaundice, pleural effusion, and fatigue, were largely alleviated.
Conclusion: We expect that this combination therapy may be an option for palliative therapy of terminal HCC.
Keywords: case report, cytokine-induced killer cell-based immunotherapy, Gun-Chil-Jung, hepatocellular carcinoma, oncology
1 INTRODUCTION
The most common type of primary liver cancer is hepatocellular carcinoma (HCC), a life-threatening disease with a poor prognosis that most often occurs in patients with chronic liver disease (Craig et al., 2020). Despite the increasing 5-year survival rate in Korea and the recently declining incidence rate of HCC, the majority of patients with advanced-stage HCC suffers from widespread tumor distribution, including extrahepatic spread and vascular invasion, as well as decompensation of liver function (Yu, 2016). Terminal-stage HCC is usually grade 3–4 according to the Eastern Cooperative Oncology Group (ECOG) classification and class C according to the Child-Pugh score; in such cases, only symptomatic treatment is typically recommended (Barone et al., 2013).
An herbal medicine named Gun-Chil-Jung (GCJ) is an allergen that removes Rhus verniciflua Stokes (RVS) extract. Some studies about the effect of RVS extract on HCC patients have been reported previously [4.5]. There is a case report of a patient with HCC who had no feasible standard management. The progression-free survival (PFS) was over 16 months and 114 months in two advanced HCC patients, respectively, with decreased alpha-fetoprotein (AFP) levels in both after RVS treatment (Chae et al., 2018). A study of the antitumor effects of RVS antitumor effects in tumorigenic hepatocytes of mice showed that it can inhibit tumor cell growth and induce apoptosis (Son et al., 2005).
Cytokine-induced killer (CIK) cell-based immunotherapeutic agent (Immuncell-LC®; GC Cell Corp, Seoul, Korea) is an autologous immunotherapy with efficacy that has been reported in several studies (Lee et al., 2015). According to several randomized controlled trials of HCC patients receiving curative treatment, adjuvant CIK cell-based immunotherapy can reduce the recurrence rate of HCC, prevent its metastasis, and prolong overall patient survival, with very few side effects (Takayama et al., 2000; Weng et al., 2008; Hui et al., 2009; Lee et al., 2015).
Therefore, in this study, we examined the combined effect of GCJ and CIK cell-based immunotherapy for palliative care in patients with terminal HCC. In the case presented below, the patient’s symptoms, tumor marker levels, and ECOG grade improved in 17 months of GCJ prescription combined with CIK-cell-based immunotherapy and, as a result, his overall survival was prolonged.
This study followed the Case Report Guidelines with the patient’s informed consent and was approved by the Institutional Review Board of Daejeon University Korean medical hospital (DJUMC-2020-BM-14) (Gagnier et al., 2013).
2 CASE PRESENTATION
2.1 Baseline characteristics of the patient
A 57-year-old man with ascites, lower-limb edema, jaundice, pleural effusion, and fatigue was diagnosed with terminal HCC. The disease was diagnosed as Barcelona Clinic Liver Cancer (BCLC) stage D in the BCLC Staging System and presented with poor liver function with a Child-Pugh score of C at Chungnam National University Hospital on March 8. In the absence of curative or adjuvant therapy, the patient visited the Cheonan Korean Medicine Hospital of Daejeon University for a second opinion. He had a history of skin graft surgery in Kangdong Sacred Heart Hospital in 2000, when he got burns in both legs. Furthermore, he was diagnosed with chronic hepatitis C in the same hospital and the same year. He was a non-alcoholic drinker, a non-smoker, and had no hepatitis B. According to him, he never had treatment for hepatitis C. In the computed tomography (CT) scan he brought, taken on March 8, 2020 we found that he has HCC with liver cirrhosis. Based on this history, we assumed that hepatitis C likely resulted in liver cirrhosis and HCC because he did not get proper treatment for hepatitis C. At Chungnam National University Hospital, he was notified that his HCC is cureless. Accordingly, before he visited our hospital, there were no past interventions for his HCC.
From March 20, he was administered GCJ (Supplementary Data S1) twice a day and three cycles of CIK cell-based immunotherapy (April 9 and 27, and July 10). The CIK agent was prepared at a Good Manufacturing Practice facility (GC Cell Corp, Korea) (Supplementary Data S2). Until August 2021, he had steadily received GCJ treatment twice a day. The effects of treatment were assessed based on overall survival (OS), tumor marker level, chest x-ray, abdominal CT images, and ECOG grade.
2.2 Overall survival and change of tumor size
As the patient expired on 15 November 2021, the overall survival was 20.3 months. The exact cause of death is unconfirmed. The survival period based on the last follow-up date (8 September 2021) was 18.3 months. In a follow-up abdominal CT conducted on December 22, there was no clear tumor progression compared with the image from July 23 and the longest diameter of the tumor decreased from 2.28 to 1.60 cm (Figure 1). Thus, the duration of response was 152 days.
[image: Figure 1]FIGURE 1 | Decrease of tumor size in the CT scan images. (A) Is an abdomen CT image which were scanned on July 23 (B) is a follow-up abdomen CT image which were scanned on December 22. Yellow arrows indicate a decrease in the longest diameter of tumor mass from 2.28 cm in (A), to 1.60 cm in (B). Abbreviations: CT, computed tomography.
2.3 Change in the tumor markers and liver function
The AFP level of the patient on April 27 was 2,058 ng/mL but decreased to 157 ng/mL on July 22. His serum levels of gamma-glutamyltransferase, alkaline phosphatase, and total bilirubin decreased during treatment while his alanine aminotransferase and aspartate aminotransferase levels remained unchanged. During combined GCJ prescription and CIK cell-based immunotherapy treatment, the liver function showed an improved tendency. Meanwhile, roughly a year after the last cycle of CIK cell-based immunotherapy, the overall liver function test levels increased again (Figure 2).
[image: Figure 2]FIGURE 2 | Change in the tumor markers and liver function test. (A) The tumor marker, AFP level examined during the treatment period (B) The serum ALT, AST, ALP, r-GTP, Total bilirubin levels examined during the treatment period. The blue arrows indicate the date of CIK cell-based immunotherapy administration. ‘CIK’ means CIK cell-based immunotherapy. Abbreviations: AFP, alpha-fetoprotein; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CIK, Cytokine-induced killer; r-GTP, gamma glutamyl transpeptidase.
2.4 Ascites and pleural effusion
Because of ascites and pleural effusion, prior to combination therapy, the patient frequently underwent paracentesis, despite taking a regularly prescribed diuretic. After combination therapy, the ascites accumulated more slowly, resulting in a decrease in the patient’s abdominal circumference from 96 to 87 cm. Abdominal CT conducted on July 23 indicated ascites shrinkage compared to the image obtained on March 8 (Figure 3). Even after the patient stopped taking diuretics from July 27, follow-up chest x-rays conducted on October 23 and December 10 showed a reduction in pleural effusion compared with the image from July 10 (Figure 4). The patient was still alive and relatively healthy without needing a paracentesis or diuretics, until August 2021, approximately 3 months before he expired.
[image: Figure 3]FIGURE 3 | Decrease of ascites in the CT scan images. (A) Is an abdomen CT image which were scanned on March 8 (B) is a follow-up abdomen CT image which were scanned on July 23. White arrows indicate a shrinkage of ascites in (B), compared to (A). Abbreviations: CT, computed tomography.
[image: Figure 4]FIGURE 4 | Chest X-ray images. (A) Chest X-ray on July 10 (B) Chest X-ray on October 23 (C) Chest X-ray on December 10. Even after he stopped taking diuretic from July 27, the chest X-ray findings above show decrease of pleural effusion.
2.5 Physical performance
Based on these changes, the patient’s ECOG grade decreased from 3 to 2. He was able to engage in social activities and both his physical strength and appetite improved.
2.6 Adverse event and safety
During the treatment process, no serious adverse events occurred. Chemotherapy or small-molecule inhibitors usually cause adverse events such as fatigue, diarrhea, and reduced quality of life (Kamal et al., 2022). Compared with standard treatment options for advanced HCC, GCJ combined with CIK cell-based immunotherapy has safety benefits.
3 DISCUSSION
Despite the increase in first-line treatment options including Atezolizumab–Bevacizumab, Sorafenib, and Lenvatinib, terminal HCC treatment cannot cure HCC. It aims to control the cancer, relieve its symptoms, and give patients a good quality of life. In a meta-analysis, the survival of patients with terminal HCC was estimated at a 1-year survival rate of 11% (95% CI, 4.7–22; range, 0%–57%) (Cabibbo et al., 2010). Terminal HCC should thus be managed with palliative support, including nutritional supplements, pain control, and psychological assistance (Kumar and Panda, 2014).
While immunotherapies have made great strides in the fight against HCC, single immunotherapy has shown that a high percentage of patients still fail to respond and that tumors have the potential to become resistant to terminal HCC. Therefore, this study focused on the potential of combining GCJ with CIK-cell-based immunotherapy to improve the response rates and long-term outcomes of patients.
Our patient had terminal HCC, for which he received palliative care with GCJ and CIK cell-based immunotherapy. The efficacy of these two therapies for HCC has been reported in previous studies (Takayama et al., 2000; Wang et al., 2002; Son et al., 2005; Weng et al., 2008; Hui et al., 2009; Kim et al., 2010; Lee et al., 2015; Chae et al., 2018). RVS extract is an anticancer substance that promotes cancer cell apoptosis, suppresses cancer cell growth, and inhibits angiogenesis (Choi et al., 2012). Some studies have demonstrated its effect on various kinds of cancers. For example, in a clinical study with 40 non-small cell lung cancer (NSCLC) patients, oral administration of RVS extract prolonged OS and PFS rate (Cheon et al., 2011). In a case study about a gastric cancer patient, the tumor shrank after 5 months of treatment with orally administered RVS extract (Lee et al., 2010). Moreover, an in vitro study using biliary tract cancer cells shows that RVS extract downregulates the proliferation and upregulates the apoptosis of cancer cells (Joung and Kim, 2015). Another in vitro study with breast cancer cells demonstrated that RVS treatment induces cancer apoptosis through the Adenosine monophosphate (AMP)-activated protein kinase signaling pathway (Lee et al., 2014). The main compounds of GCJ, an herbal extract of RVS, are fisetin, fustin, and sulfuretin, all of which have apoptotic actions in diverse types of cancer (Moon et al., 2015; Jun et al., 2020). Fisetin is an apoptotic component for prostate, pancreatic, and colon cancer cells (Khan et al., 2008; Suh et al., 2008; Murtaza et al., 2009). Sulfuretin also induces apoptosis in leukemia cells through the Fas-mediated caspase-8–dependent pathway, which activates apoptotic factors (Lee et al., 2012). GCJ has traditionally been used to relieve blood stasis and promote detoxification (Yoo and Roh, 1977). The benefits of RVS extract in a patient with post-liver transplantation recurrent HCC and lung metastasis have been described in a case study (Kim et al., 2010). The positive effects include prolonged survival and the shrinkage of the metastatic region of the lung (Kim et al., 2010).
CIK cell-based immunotherapy consists of a mixture of T lymphocytes comprising CD3+/CD56+ cells, CD3+/CD56- cytotoxic T cells, and CD3-/CD56+ natural killer cells. The mixture was prepared from the patient’s peripheral blood, and mononuclear cells inside the blood were cultured ex vivo through co-stimulation with the anti-CD3 antibody and interleukin-2 (Lee et al., 2015). The antitumor cytotoxic activity and tumor growth inhibition of CIK cells in HCC have been examined both in vitro and in vivo (Wang et al., 2002). CIK cells are estimated to be involved in eliminating HCC cells, likely through interactions with leukocyte function-associated antigen-1, which is related to cytolysis in HCC target cells (Wang et al., 2002). Moreover, significantly improved OS and recurrence- or progression-free survival were shown in numerous trials including advanced HCC (Zhang and Schmidt-Wolf, 2020; Han et al., 2022).
The combined use of GCJ and CIK cell-based immunotherapy may improve immune function in tumors. The mild adverse events and multiple improvements in their anti-cancer activity make GCJ and CIK-cell-based immunotherapy a favorable therapeutic option in cancer immunotherapy. Combining herbal medicine and adoptive cell therapy decreased tumor markers, such as alpha-fetoprotein (AFP), and improved immune functions, such as those involving CD3+, while increasing CD3+CD56+ and CD3+CD8+ cell ratios in the peripheral blood. This indicates that continued decreases in AFP concentrations after CIK cell therapy may be the pathway via which CIK and GCJ exert their roles in preventing short-term progression, which can be used to predict the clinical efficacy of CIK-based immunotherapy as a form of maintenance treatment for patients with terminal HCC. In this study, in approximately 17 months of GCJ treatment combined with CIK cell-based immunotherapy, the patient’s outcome was favorable, as indicated by better performance status and decreased ascites, pleural effusion, and tumor marker levels. Liver function levels improved when CIK cell-based immunotherapy was combined with GCJ, although it aggravated after the last cycle of the therapy ended. This indicates that GCJ treatment may be more effective when combined with CIK cell-based immunotherapy.
As a result, the patient’s overall survival extended to 20.3 months. This is an encouraging outcome compared to the median survival period of terminal HCC patients of three to four months (Cabibbo et al., 2010). This suggests that GCJ is a promising candidate for anti-cancer drugs with a gamut of therapeutic applications.
The limitations of this case are as follows: First, although this case has achieved long-term response duration, it is not universally representative. Second, the combined effect requires further clarification. Third, the patient was followed up retrospectively, and the pharmacokinetic/pharmacodynamic activity of T cells could not be accurately detected. With further research, the mechanism of combination immunotherapy should be further explored.
4 CONCLUSION
This case report demonstrates the utility of combination treatment with GCJ and CIK cell-based immunotherapy to extend OS and improve tumor marker levels, tumor-related symptoms, and ECOG grade in a patient with terminal HCC. This study reported a favorable therapeutic effect on patients; immunotherapy may be a potentially feasible systemic treatment for terminal cancers that cannot be cured or treated. Clinical trials and systematic studies with a sufficient number of patients are needed to further corroborate these results.
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Adverse events Any grade Grade 3/4
A group B group p-value A group B group p-value
(n=49) (n=53) (n=49) (n=53)

Treatment-related AEs, n (%)
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Diarrhea 6(14) 4(75) 0.6427 0(0) 0(0) 1
Fatigue 4(8) 3(57) 0.9143 0(0) 0(0) 1
Nausea 2(4) 3(57) 07122 0(0) 0(0) 1
Decreased appetite 5(10) 6(113) 0.8559 0(0) 0(0) 1
Cough 6(12) 4(75) 0.6427 2 (41 1(19) 09450
Edema periphera 3(6) 1(18) 05548 1(20) 0(0) 0.4804
Hypothyroidism 2(4) 3(57) 1 0(0) 0(0) 1
Hyperthyroidism 0(0) 1(19) 1 0(0) 0(0) 1

Laboratory-related AEs, n (%)
White blood cell count decreased 3(6) 3(57) 09211 0(0) 0(0) 1
Hemoglobin decreased 4(8) 8(15.1) 0.4366 0(0) 2(38) 04958
Platelet count decreased 7 (14.3) 6(11.3) 0.6537 1(20) 2(38) 0.6048
Neutropenia 1) 2(38) 0.6048 1(20) 0(0) 09553
Alanine aminotransferase increased 15 (30.6) 21 (396) 0.3414 1(20) 0(0) 0.4804
Aspertate aminotransferase increased 18 (36.7) 28 (52.8) 0.1026 1(20) 3(7) 06669
Total bilirubin increased 9 (184) 8(15.1) 0.6577 2(41) 0 (0) 0.2283
Albumin decreased 9(18.4) 10 (189) 09483 0(0) 0(0) 1
Creatinine increased 1) 2(38) 0.6048 0(0) 0(0) 1
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side effects

The graft rejection rate in those treated with sirolimus is 22.2% (2/9).

mTOR’s
The graft rejection rate in those treated with everolimus is 50.0% (1/2).
TKTs 81.5% (22/27) patients use TKI's and most of them change to ICI’s due to
disease progression.
‘ PD-1 inhibitors 28.5% (4/14) patients with disease control.
‘ PD-LI inhibitors 0% (0/2) patients with disease control.
ICTs | CTLA-4 inhibitors 100% (1/1) patients with disease control.

combination therapy (PD-1 inhibitors +PD-L1

inhibitors) 100% (1/1) patients with disease control.

Not mentioned.
Proteinuria (44); Nausea, Emesis

(41)

Graft rejection; Abnormal liver
function (38)

mTOR, mammalian target of rapamycin; TKI, Tyrosine kinase inhibitors; ICI, immune checkpoint inhibitors; PD-1, programmed cell death protein-1; PD-L1, programmed cell death ligand 1; CTLA-

4, cytotoxic T lymphocyte antigen 4.
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models

Tregs, regulatory T cells; DCs, dendritic cells, PD-1, programmed cell death protein-1; PD-L1, programmed cell death ligand 1; CTLA-4, cytotoxic T lymphocyte antigen 4; IFN-y, interferon-y.

Func

Activating DC function to enhance T cells killing effect.

Increasing the number of activated (IFN-y") CD8" T cells and reactivating tumor-infiltrating

T cells.

Inhibiting DCs migration from the skin to draining lymph node.

Enhancing the capacity for phagocytosis.

Upregulating mTOR pathway activity and promoting proliferation and survival.

Inducing T cell activation (more IFN-y production and higher CD 69 expression).

promoting the proliferation and immunosuppressive function.

Decreasing the percentage of Tregs in CD4" T cells.

Enhancing the function of glucose-uptake and IFN-y production.

Reducing the number of intra-tumoral Tregs.
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Adverse event

Any treatment-related adverse event, n (%)
Diarrhea, n (%)
Fatigue, n (%)
Hand and foot syndrome, n (%)
Hypertension, n (%)
Decreased appetite, n (%)
Proteinuria, n (%)
Hypothyroidism, n (%)
Rash, n (%)
Immune-related pneumonia, n (%)
Myocarditis, n (%)
Laboratory test, n (%)
Neutropenia, n (%)
Leukopenia, n (%)
Hypoalbuminemia, n (%)
Fibrinogen decreased, n (%)
Lymphopenia, n (%)
Alanine aminotransferase increased, n (%)
‘Thrombocytopenia, n (%)
Blood lactate dehydrogenase increased, n (%)
Aspartate aminotransferase increased, n (%)
Hypocalcemia, n (%)
Hypokalemia, n (%)
Anemia, n (%)
Hypophosphatemia, n (%)
Hyperuricemia, n (%)
Serum amylase increased, n (%)

Creatinine increased, n (%)

TKI group (n = 50)
Grade 1-2

48 (96.0)
12 (24.0)
11 (22.0)
6 (12.0)
4(80)

5 (10.0)
5 (10.0)
4(8.0)
2(40)

0

0

24 (48.0)
21 (42.0)
21 (42.0)
19 (38.0)
16 (32.0)
16 (32.0)
15 (30.0)
13 (26.0)
12 (24.0)
10 (20.0)
10 (20.0)
8 (16.0)
8 (16.0)
5 (10.0)
4(80)

0

Grade 3-4

15 (30.0)
0

0

2(40
3(60)

o o o o o

120
6(120)
0

0
3(60)
1(20)
6 (12.0)
0
1(20)

Combination group (n = 42)

Grade 1-2

41 (97.6)
7 (16.7)
6(142)
495
5(118)
3(7.1)
1(23)
1(23)
3(70)
1(23)
1(23)

11 (26.2)
13 (30.8)
23 (54.8)
13 (30.8)
8(19.0)
5(119)
12 (28.5)
10 (23.8)
7(167)
13 (31.0)
14 (33.4)
12 (285)
13 (31.0)
4(9.5)
1(96)
3(70)

Grade 3-4

16 (38.0)
1(23)

0

1(23)
2(47)

0

0
0
0
0
0

1(23)
3095)
0
0
9 (21.4)
0
2047
0
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TKI group (n = 50), n (%) Combination group (n = 42), n (%) ¥

Age (mean + SD) 534+873 549 % 851 0411
Gender 0.734
Female 6 (12.0) 7 (16.7)

Male 44 (88.0) 35 (83.3)

Diabetes 13 (26.0) 7(167) 0.408
Hypertension 16 (32.0) 8 (19.0) 0242
Smoking 24 (48.0) 19 (452) 0956
Alcohol Consumption 17 (34.0) 18 (429) 0512
Chronic Liver Disease 0698
HBV 47 (94.0) 38 (90.5)

HCV 3(6.0) 4(95)

Maximal Diameter 1.000
<5cm 22 (44.0) 19 (452)

25 cm 28 (56.0) 23 (548)

PS score 1000
0 36 (72.0) 30 (71.4)

1 14 (28.0) 12 (28.6)

BCLC 1000
B 7 (140) 5(119)

C 43 (86.0) 37 (88.1)

Child Pugh 0.719
A 35 (70.0) 27 (64.3)

B (total) 15 (30.0) 15 (35.7)

B7 11 (220) 10 (23.8)

B8 4 (8.0) 5(11.9)

Macrovascular tumor thrombosis 26 (52.0) 24 (57.1) 0777
Extrahepatic metastasis 27 (54.0) 28 (66.7) 0.307
AFP 0.098
<200 30 (60.0) 17 (40.5)

>200 20 (40.0) 25 (59.5)

HBV, hepatitis B virus; HCV, hepatitis C virus; PS, performance status; BCLC, barcelona clinic liver cancer; AFP, alpha-fetoprotein.
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TKI group (n = 50), n (%) Combination group (n = 42), n (%) ¥

PR 4 (8.0) 4(9.5)

SD 21 (420) 26 (61.9)

PD 25 (50.0) 12 (285)

ORR 4(80) 4(95) 1.000
DCR 25 (50.0) 30 (71.4) 0,037
mPES (months) 47 81 0,005
mOS (months) 166 219 0042

PR, partial response; SD, stable disease; PD, progressive disease; ORR, objective response rate; DCR, disease control rate; mPES, median progression free survival; mOS, median overall
il
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Progression-free survival Opverall survival

HR 95% CI P HR 95% CI P
Univariate analysis
Age>60, yeares 09 0.4-19 0.700 04 0.1-14 0.160
TKI group 05 03-08 0.007 05 03-10 0.045
Male sex 12 0623 0,650 13 05-30 0.600
Diabetes 13 07-25 0370 10 05-20 0.930
Hypertension 13 08-23 0310 19 08-45 0.150
Smoking 10 06-17 0.900 L1 06-19 0.860
Aleohol-Consumption 11 07-18 0,650 09 05-17 0810
HCV L1 04-27 0.850 13 05-35 0,670
PS score 1 19 1132 0015 21 11-39 0018
Largest tumor size 25 cm 17 10-28 0040 12 07-23 0.480
BCLC (C) 11 06-23 0710 09 04-21 0.800
Child-Pugh 16 09-26 0.100 10 05-19 0.940
Macrovascular tumor thrombosis 13 08-22 0270 13 07-23 0.440
Extrahepatic metastasis 08 0.5-14 0450 08 05-15 0570
AFP>=200 ng/ml 11 07-17 0820 09 05-15 0.590
Multivariate analysis
Combination group 05 0.3-08 0.005 05 03-10 0.051
PS score 1 18 11-3.0 0027 21 11-38 0.021
Largest tumor size 25 cm 18 1129 0028

HR, hazard ratio; CI, confidence interval; HCV, hepatitis C virus; PS, performance status; BCLC, barcelona clinic liver cancer; AFP, alpha-fetoprotein.
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Study/

Reference

Kong et al. (2012)

Halpern et al.

(2021)

Chen et al. (2021)

Wu et al. (2014)

Wu et al. (2017)

Xu et al. (2013)

Nijkamp et al.

(2009)

Tong et al. (2017)

Xu et al. (2019)

Wau et al. (2014)

Research subject

HCC cells

Mice

Nude mice

Nude mice

Nude mice

Nude mice

Male BALB/c mice and
male Wag/Rij rats

HCC cells

HCC cells

BALB/c nu/nu mice

Ablation
surgical type

RFA

RFA

Microwave

ablation

HIFU ablation

HIFU ablation

RFA

RFA

RFA

RFA

HIFU ablation

Measure method

Western blot

Western blot and PCR

Western blot and PCR

Immunohistochemistry, Western
blot and PCR

Immunohistochemistry and
Western blot

PCR and immunohistochemistry

Western blot and

immunohistochemistry

‘Western blot

Western blot

Immunohistochemistry, Western
blot and PCR

Associated genes/
pathways and agents

Up-regulated

HIF-1a/VEGFA pathway

Up-regulated HIF-1a/arginase-
1 or HIF-1/VEGE pathway

Enhanced the Warburg effect

Enhanced the HIF-1, 2a/VEGFA/
EphA2 pathway

Enhanced the HIF-2a/VEGFA/
EphA2 pathway

Up-regulation of HIE-1a/VEGFA
pathway

Up-regulation of HIF-1, 2a and
downstream markers CA IX and
VEGF

HIF-la induced EMT

Up-regulation of HIF-la/
BNIP3 pathway

Up-regulation of HIF-2a/VEGF
pathway

Main findings

RFA promoted the growth of
residual HCC by inducing
angiogenesis via HIF-1a/VEGFA
pathway

RFA led to an increase in
engraftment and progression of
hepatic metastases by enhancing
HIF-1a expression

HIF-la promoted HCC
progression after thermal
ablation by enhancing the
Warburg effect

HIFU ablation enhanced pro-
angiogenic effect by HIF-1, 2a/
VEGFA/EphA2 pathway in the
residual hepatocellular
carcinoma

HIFU ablation induced residual
tumor angiogenesis by up-
regulating HIF-2a/VEGFA/
EphA2 pathway in HCC.

Insufficient REA promoted
recurrence of HCC by increasing
HIF-la and VEGFA expression

RFA induced the outgrowth of
tumor cells through the up-
regulation of HIF-1, 2a pathways
in animal model of colon cancer
hepatic metastasis

HIF-la increased the migration,
invasion, and sorafenib
chemoresistance by inducing
EMT after RFA.

IRFA promoted residual HCC
cell progression by enhancing
autophagy via up-regulation of
HIF-1a/BNIP3 pathway

HIFU treatment promoted
angiogenesis by up-regulating
HIF-2/VEGFA pathway in mice
with hepatocellular carcinoma

Wu et al. (2021)

Yamada et al.
(2014)

Nude mice

Patients (n = 88)

HIFU ablation

RFA

Western blot, PCR and
immunohistochemistry

PCR

Sorafenib inhibited the HIF-2a/
VEGF-A/EphA2 pathway

Up-regulation of HIF-la and
EpCAM

Sorafenib inhibited HIFU
ablation-induced progression of
the residual tumor by
suppressing HIF-2a/VEGE-A/
EphA2 pathway in HCC.

The RFA group showed
aggressive tumor phenotype and
poor prognosis by enhancing
HIF-la and EpCAM expression
in the residual HCC tumors

Yuan et al. (2017)

Dong et al. (2022)

Gong et al. (2017)

Patients (n = 144)

HCC cellsand nude mice

Patients (n = 90)

RFA

RFA

ELISA

Western blot and
immunohistochemistry

ELISA

TACE inhibited HIF-1a and
EGR2

ATO inhibited p-AKt/HIF-1a
pathway

Sorafenib reduced VEGF, CTGF,
HIF-1a and OPN expression

TACE combined with RFA
reduced tumor cell proliferation
speed by inhibiting the
expression of HIF-la

ATO inhibited angiogenesis in
HCC by blocking Ang-1 and
Ang-2 through the inhibition of
p-AKVHIF-1a pathway

Sorafenib combined with RFA
showed a superior overall
treatment efficacy than only REA
by inhibiting the expression of
'VEGF, CTGF, HIF-1a and OPN/
in HCC.

Note: HCC = Hepatocellular carcinoma; RFA = Radiofrequency ablation; HIF-1a = Hypoxia inducible factor-1 alpha; VEGF = Vascular endothelial growth factor; VEGFA = Vascular endothelial

growth factor A; HIFU = High-intensity focused ultrasound; HIF-2a = Hypoxia inducible factor-2 alpha; EphA2 = Epithelial cell kinase; CA IX = Carbonic anhydrase I

EMT = Epithelial-

mesenchymal transition; BNIP3 = Bl-2/adenovirus E1B 19 kDa interacting protein 3 EpCAM = Epithelial cell adhesion molecule; TACE = Transcatheter arterial chemoembolization; EGR? = Early

arowth response protein 2; ATO = Arsenic trioxide; CTGF = Connective tissue growth factor; OPN
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Study/Reference Main findings

Qiao et al. (2022) Addition of anti-PD-1 adjuvant therapy after TACE combined with ablation significantly prolong the relapse-free survival with controllable
safety for HCC patients with high recurrence risk

Wang et al. (2022) Repeat hepatectomy should be the first choice for solitary small recurrent HCC patients with late recurrence, while MWA should be selected
for those with early recurrence

Radosevic et al. (2022) MWA created larger ablation zones than RFA (p =0.036) although without differences in short-to-long diameter ratio of ablation zone. Both
MWA and RFA are effectiveness and safety in liver tumors between 1.5 and 4 cm

Suh et al. (2021) No-touch RFA using twin internally cooled wet electrodes demonstrated significantly lower cumulative local tumor progression rates than
conventional REA for small HCCs

Iwata et al. (2021) A phase 2 study demonstrated that image-guided proton therapy (IGPT) is a safe and effective treatment for solitary operable or ablation-
treatable HCC

Zaitoun et al. (2021) Combined therapy with conventional TACE + MWA is safe, well-tolerated, and more effective than TACE or MWA alone for treatment of
HCC with 3-5 cm

Bockorny et al. (2022) Priming of sorafenib did not enhance the effect of RFA in intermediate sized HCC.






OPS/images/fimmu.2023.1092401/crossmark.jpg
©

2

i

|





OPS/images/fphar-13-1032881/fphar-13-1032881-t001.jpg
Characteristics

Overall (n

Age (years) 63.5 [56.0, 69.0] 62.0 [56.8, 69.0] 66.0 (558, 69.0] 0.6503
Sex - = = o
Male 97 (89.8) 65 (903) 32 (88.9) 1
Female 11 (102) 7(97) 4(111) =
ECOG (%) - - - 06216
S0 53 (49.1) 34 (47.2) 19 (52.8) -
PS1 45 (41.7) 30 (41.7) 15 (41.7) =
PS2 10 (9.3) 8 (1L1) 2(5.6) =
Antiviral time (%) — — — 0.9388
<5 years 79 (73.1) 52 (72.2) 27 (75.0) -
>5 years 29 (26.9) 20 (27.8) 9 (25.0) =
Cirrhosis (%) 84 (77.8) 55 (76.4) 29 (80.6) 0.8061
Previous surgery (%) 16 (148) 8(111) 8(222) 02131
Previous TACE (%) 96 (88.9) 65 (903) 31(86.1) 0.7454
Previous ablation (%) 49 (45.4) 32 (44.4) 17 47.2) 09455
Number (%) s - - 1
<3 53 (49.1) 35 (48.6) 18 (50.0) =
>3 55 (50.9) 37 (51.4) 18 (50.0) =
Size (%) - - - 0.4504
<5cm 61 (56.5) 43 (59.7) 18 (50.0) -
>5cm 47 (435) 29 (103) 18 (50.0) -
PVTT (%) 35 (324) 22(30) 13 (36.1) 0.7163
Extrahepatic Metastases (%) 51(47.2) 34 (472) 17 (47.2) 1
Child Pugh (%) - - - 08247
Grade A 75 (69.4) 51 (70.8) 24 (66.7) —
Grade B 33 (30.6) 21 (292) 12 (333) =
BCLC (%) - - - 0.8286
Stage B 36 (33.3) 23 (31.9) 13 (36.1) -
Stage C 72 (66.7) 49 (68.1) 23 (63.9) =
AFP (%) - - - 0.4081
£200 ng/mL 77 (71.3) 49 (68.1) 28 (77.8) -
>200 ng/mL 31(287) 23 (319) 8(222) -

HBV, hepatitis B virus; HCV, hepatitis C virus; HCC, hepatocelluar carcinoma; ECOG PS, eastern cooperative oncology group performance status; TACE, trans-arterial chemoembolization; PVTT,

Bocesl eln tisins dhirsaibol BCLE Harornna dinic lvee cancor: ARD; alphs deioeebaia,
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Characteristics

Univariate analysis

P

HR (95%Cl)

Multivariate analysis

HR (95%Cl)

Age (560 years vs. < 60 years) 0157 141 (0.88-2.25) 04532 121 (0.74-199)
Sex (male vs. female) 0864 0.94 (0.45-1.96) - -

Cause (HBV vs. HCV) 0171 0.88 (0.43-1.16) 00332 0.54 (0.31-095)
Antiviral (>5 years vs. < 5 years) 0.001 0.41 (0.23-0.71) 0.0219 0.49 (0.26-0.9)
Cirthosis (Yes vs. No) 0903 1.04 (0.59-1.83) - -

Surgery (Yes vs. No) 0047 0.5 (0.25-0.99) 01799 059 (0.27-1.28)
TACE (Yes vs. No) 0904 1.06 (0.39-2.93) = =

Ablation (Yes vs. No) 0629 0.89 (0.57-1.41) = =

Number (>3 vs. < 3) 0462 119 (0.75-1.87) - -

Size (>5 cm vs. < 5 cm) 0077 151 (096-2.39) 02572 134 (0.81-221)
PVTT (Yes vs. No) 0168 1.4 (0.87-2.26) 0.8855 1.04 (0.63-172)
Metastases (Yes vs. No) 0572 114 (0.72-1.81) - -

Child-Pugh (B vs. A) 0231 1.36 (0.82-2.27) = =

BCLC (C vs. B) 061 114 (0.7-185) = -

AFP (200 ng/mL vs. < 200 ng/mL) 0078 1.5 (0.95-2.53) 00216 188 (1.1-3.22)

PFS, progression-free survival; HR (95%CI), hazard ratio (95% confidence interval); HCV, hepatitis C virus; TACE, trans-arterial chemoembolization; PVTT, portal vein tumor thrombosis; BCLC,

harcalona: dlinie Bvee cances ABD, sltihs-Sstopratein
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Adverse events All (% HBV-HCC

Any grade AEs 85 (78.7) 59 (81.9) 26 (722) 03607
Hypertension 47 (43.5) 32 (44.4) 15 (41.7) 09453
Diarrhea ) (18.5) 14 (19.4) 6(167) 09302
Fatigue 22 (204) 13 (18.1) 9 (25.0) 05543
Decreased appetite 14 (13.0) 8 (11.1) 6 (16.7) 06126
Rash 11 (10.2) 8 (1L.1) 3(83) 09104
Proteinuria 8(7.4) 5(69) 3683) 1
Hypothyroidism 7(65) 5(69) 2(5.6) 1
Elevated transaminase 5(46) 228 3683) 04182
Nausea/vomiting 1(37) 104 3(83) 02073
Hyperbilirubinemia 328 2(28) 128) 1
‘Thrombocytopenia 3(28) 1(14) 2 (5.6) 05431
Peripheral edema 3(28) 3(42) 00.0) 05278
Abdominal pain 3(28) 3(42) 0(00) 05346
Hepatic encephalopathy 3(28) 2(28) 108 1
Grade 3 AEs 23(213) 16 (222) 7 (194) 09338
Diarrhea 9(8.3) 6(8.3) 383 1
Hypertension 8(7.4) 6(83) 2(56) 08966
Proteinuria 3(28) 228 128 1
Hepatic encephalopathy 328 2(28) 128) 1
Thrombocytopenia 2(19) 1(14) 128) 1
Hyperbilirubinemia 2019) 2(28) 0(00) 08008
Elevated transaminase 1(0.9) 1(1.4) 0 (0.0) 1
Severe AEs 7(65) 4(56) 3(83) 08901
Upper gastrointestinal bleeding 5(4.6) 3(42) 2(56) 1
Liver failure 2(19) 1(1.4) 1(28) 1

AE. adverss event.
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