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Abstract

:

Simple Summary


Hepatocellular carcinoma (HCC) is the most frequent primitive cancer of the liver, accounting for 90% of all recorded cases. HCC is the third most common cause of cancer-related death, with a 5-year survival rate of just 3%. In terms of the advanced stages, systemic treatments have allowed patients to achieve clinical benefits, although the prognosis remains very poor. In the past few decades, new molecular targeted therapies have been developed and clinically evaluated with interesting results. However, on the basis of the poor prognoses and the meager benefits deriving from the available systemic therapies, research into new treatments is extremely necessary. In this review, we focus on the available systemic therapies for advanced HCC, with a look toward the future.
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Keywords:


hepatocellular carcinoma; cancer therapy; targeted therapy; tyrosine kinase inhibitors; immunotherapy; immune checkpoint inhibitors












1. Introduction


Hepatocellular carcinoma (HCC) is the most frequent primitive cancer of the liver, accounting for 90% of all cases [1]. It is considered the sixth most common cancer worldwide and its incidence has been progressively increasing. HCC is also the third most common cause of cancer-related death, with a 5-year survival rate of just 3% [2]. Therefore, it is seen as a major public health problem around the world.



HCC treatment mainly depends on the tumor stage. Nowadays, numerous staging systems have been designed; however, the Barcelona Clinic HCC (BCLC) system is the most famous and is commonly employed in clinical practice [3]. It is based on liver function (Child–Pugh score), tumor size and number, and performance status (PS) [3,4]. The BCLC staging system allows doctors to manage HCC patients, in terms of prognosis and treatment [3,4].



Liver resection, liver transplantation, and loco-regional therapies such as ablation with radiofrequency (RFA), transarterial radioembolization (TARE), or chemoembolization (TACE) correspond to the gold standard treatments for early stages [5,6,7,8,9,10]. However, 70% of these patients experience a recurrence of the disease in the following 5 years. In addition, only 30% of HCCs are diagnosed in the early stages, due to the silent clinical history of this disease [2].



As regards the advanced stages, systemic treatments are the only therapies available that obtain a clinical benefit, although the prognosis remains very poor. Therefore, the development of new systemic therapeutic options is necessary to improve the clinical outcomes of advanced HCC patients. In the last few decades, new molecular-targeted therapies have been developed. To be specific, several small molecules targeting receptor tyrosine kinases (RTKs) have been clinically evaluated. Sorafenib was the first oral multi-tyrosine kinase inhibitor (TKI) approved for the treatment of advanced HCC in 2007, demonstrating an improvement in the survival of these patients [11]. Subsequently, other TKIs, including Cabozantinib, Regorafenib, Lenvatinib, and vascular endothelial growth factor receptor (VEGFR) inhibitors such as Ramucirumab and VEGF inhibitors such as Bevacizumab have been approved in this setting of patients, as first- or second-line treatments [12]. In the last years, immune checkpoint inhibitors (ICIs), the anti-programmed cell death-1 (anti-PD-1) antibodies, have been tested and have obtained approval from the Food and Drug Administration (FDA) [13,14,15]. More recently, the combination of ICIs and VEGF inhibitors (Atezolizumab plus Bevacizumab) has been analyzed and approved for the treatment of advanced HCC [16,17].



Based on the poor prognoses and the meager benefits derived from the available systemic therapies, research into new therapies is extremely necessary to address the challenge of HCC for clinicians. Interestingly, several preclinical and clinical studies are ongoing worldwide. In this review, we focus on the available systemic therapies for advanced HCC and look at the most recent developments in the field. In particular, we summarize the clinical results regarding the current therapies and discuss the challenges and new directions in the development of new systemic treatments.




2. Targeted Therapies


2.1. Tyrosine Kinase Inhibitors


Tyrosine kinases are a group of small proteins able to modulate cell differentiation and signaling [18]. To be specific, they act through phosphorylation, using the ATP phosphate groups of tyrosine residues of different proteins, including RTKs [19]. The phosphorylated RTKs become active and can transfer various signals through several intracellular signaling molecules within cells, regulating their growth, differentiation, and death. The most important signaling pathways involved are Ras/Raf/MEK/ERK and PI3K/AKT/mTOR [20,21,22].



VEGFR, epidermal growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth factor receptor (PDGFR), and insulin receptor (INsR) are examples of RTKs that are typically involved in tumorigenesis [18,23]. In fact, the mutated or abnormal expression of tyrosine kinases is often found in different types of cancers such as HCC, playing a pivotal role in tumor growth [23,24]. Therefore, preclinical and clinical research have documented the efficacy of TKIs in the treatment of several cancers [25,26,27,28,29,30,31,32,33,34,35,36]. With regard to HCC, the first TKI with proven efficacy was Sorafenib in 2007 [37]. Subsequently, other TKIs have been approved for the treatment of advanced HCC (Table 1).



2.1.1. Sorafenib


Sorafenib (Nexavar) was the first oral multi-TKI to be approved for the treatment of advanced HCC in 2007 [37]. Before this date, no therapies were available for this type of tumor, so this drug has dramatically changed the natural history of advanced HCC.



Sorafenib has a dual pharmacodynamic action that is anti-proliferative and anti-angiogenic, through the blockage of Raf/MEK/ERK and JAK/STAT and the inhibition of phosphorylation of almost 40 tyrosine kinases, such as VEGFRs, PDGFR-β, c-Kit, FLT3, and RET [42]. In vitro studies demonstrated the anti-proliferative, anti-angiogenic, and pro-apoptotic activities of Sorafenib in HCC cell lines [43]. Preclinical studies in mouse models documented both anti-tumor and anti-metastatic effects [44,45]. Furthermore, the efficacy of Sorafenib seems due to its ability to target both tumor cells and the tumor microenvironment [46]. To be specific, experimental data evidenced Sorafenib’s impact on HSCs proliferation through the suppression of α-SMA- and PDGF-related pathways [47]. Moreover, it has been described that a high dose of Sorafenib could promote immunosuppression, inducing PD-1 expression in infiltrating immune cells [48].



The Sorafenib HCC assessment randomized protocol (SHARP) trial was a phase-3, multicenter, double-blinded placebo-controlled assay that evaluated the safety and efficacy of this drug for advanced HCC and its ability to provide an improvement in oncological outcomes [37]. Subsequently, Sorafenib became the first-line treatment for this set of patients. To be specific, the SHARP clinical trial enrolled 602 Western advanced HCC patients who had never been treated before with systemic treatments; almost half of them had never received any form of treatment for HCC. Child–Pugh Stage A disease was present in 97% of patients. Hepatitis C (29%), alcohol intake (26%), and hepatitis B (19%) were the most common etiologies of HCC. Finally, 51% of patients had an extrahepatic disease and 70% of them had a macroscopic vascular invasion.



The patients were randomly divided (in a 1:1 ratio) into the experimental group receiving Sorafenib (400 mg twice a day) and the control group receiving a placebo. Primary endpoints corresponded to OS and the time to symptomatic progression (TTSP), while secondary outcomes included the time to radiologic progression (TTRP) and safety. Statistical analysis evidenced a significant benefit in OS (10.7 versus (vs.) 7.9 months; hazards ratio (HR) = 0.69; p < 0.001) and TTRP (5.5 vs. 2.8 months; HR = 0.58; p < 0.001). Seven patients in the experimental group (2%) and two patients in the control group (1%) had a partial response; no complete response was observed. Disease control rate (DCR) was 43% vs. 32% (p = 0.002), respectively. The Sorafenib group experienced more grade-III drug-related adverse events (AEs) than the control group (8% vs. 2%; p < 0.001). The Forrest plot did not divide according to age, gender, or race.



The most common AEs were diarrhea, hand-foot skin reaction (HFSR), and hypertension. In a randomized study, Ren et al. demonstrated that urea-based creams could improve the HFSR-associated quality of life (QoL) during Sorafenib treatment [49]. In addition, a significant correlation exists between AEs and the OS of advanced HCC patients treated with Sorafenib [50,51]. Thus, HFSR may act as a clinical biomarker of Sorafenib efficacy.



As mentioned earlier, most of the patients enrolled in the SHARP trial were from Western countries; hepatitis C, alcohol intake, and hepatitis B were the most common etiologies of HCC. The Asian Pacific (AP) trial was a randomized double-blind placebo-controlled and evaluated the safety and efficacy of Sorafenib on 226 Oriental patients [38]. In addition, in the Asian Pacific region, the most frequent etiology of HCC is hepatitis B (71%). Child–Pugh Stage A disease was present in 97% of patients. Finally, 68% of patients had an extrahepatic disease and 35% of them had a macroscopic vascular invasion.



Sorafenib also improved survival benefit (6.5 vs. 4.2 months; HR=0.68; p = 0.014) and time-to-progression (TTP; 2.8 vs. 1.4 months; HR = 0.57; p = 0.0005) in this patient population. The DCR was significantly greater in the experimental group than in the control group (35% vs. 16%; p = 0·0019). Patients aged < 65 years benefited more from treatment. Severe AEs were reported in 9% of patients in the sorafenib group and 1% in the placebo group.



The OS appears greater in the SHARP trial than in the AP trial (10.7 vs. 6.5 months). For a better explanation of this data, different subgroups of patients were studied according to the various etiologies. Specifically, HBV patients were 19% in the SHARP trial and 71% in the AP trial; on the other hand, the HCV patients were 29% and 11%, respectively. Subgroup analyses showed that treatment with Sorafenib led to a better survival benefit in HCV patients compared to HBV ones [52,53]. Moreover, TTP was also significantly longer for HCV patients than for HBV ones (6.5 vs. 4.0 months, respectively, p = 0.05) [54]. In support of these data, a meta-analysis of Phase III trial results confirmed a survival benefit for patients with HCV etiology, compared to HBV [55]. Therefore, hepatitis may be a dependent risk factor for Sorafenib efficacy. Furthermore, a low neutrophil-to-lymphocyte ratio (NLR) and no extrahepatic spread of disease are predictive factors of a superior Sorafenib response [56].



Finally, the study showed that the greatest efficacy of Sorafenib was seen in those patients with a good liver function reserve, in Child–Pugh Stage A [57]. The treatment of patients with poor liver function, Child–Pugh Stage B, led to a smaller benefit in terms of survival and a higher incidence of AEs compared to Child–Pugh Stage A [58,59]. Therefore, although there is no limitation to the treatment of patients with Child–Pugh Stage B, these patients should be carefully followed during treatment, due to the higher risk of severe AEs [58,59].




2.1.2. Lenvatinib


Lenvatinib (Lenvima) is another oral multi-TKI. It acts by inhibiting VEGFR1–3, PDGFR-α, FGFR1-4, KIT, and RET [60,61]. Lenvatinib showed anti-angiogenic and anti-FGFRs activities in mouse and in vitro models [62,63]. Furthermore, it has been reported that Lenvatinib exerts an immunomodulatory action by increasing the CD8+ T cell population and reducing monocytes and macrophages in HCC cells [64].



Lenvatinib has been analyzed as a first-line treatment in the REFLECT trial [39,65]. The latter is an open-label randomized phase-III non-inferiority clinical trial that compared Lenvatinib to Sorafenib as a frontline therapy for advanced HCC. The patient population consisted of 954 advanced HCC patients who had never been treated before with systemic treatment; 30% of them did not receive any prior regional treatment for HCC. Approximately one-third of patients were Westerners and almost all had good liver function (Child–Pugh Stage A). Hepatitis B and C (53% and 19%, respectively) were the most common etiologies. Two-thirds of patients had extrahepatic spread. Interestingly, the REFLECT trial excluded those patients with 50% or higher liver tumor burden, gross invasion of the bile duct, or invasion at the main portal vein.



No significant difference was observed between the Lenvatinib treatment group (n = 478) and the Sorafenib one (n = 476) in terms of OS (13.6 vs. 12.3 months; HR = 0.92), the primary endpoint, meeting the non-inferiority criteria. Otherwise, the experimental group experienced a higher objective response rate (ORR) (24.1% vs. 9.2%; p < 0·0001) and longer progression-free survival (PFS) (7.4 vs. 3.7 months; HR 0.66; p < 0.0001) and TTP (8.9 vs. 3.7 months; HR 0.63; p < 0·0001). Patients aged ≥ 65, who were female or Asian benefited more from this treatment.



Grade ≥ 3 AEs occurred at similar rates in the two groups (75% vs. 67%). More serious AEs were observed in the Lenvatinib group, including hypertension, proteinuria, anemia, dyspnea, thrombocytopenia, and hypothyroidism. Consequently, this could explain the higher percentage of treatment discontinuation in the experimental group (40% vs. 32%). Hypertension (42%) and diarrhea (39%) were the most frequent any-grade AEs in the Lenvatinib group, while palmar-plantar erythrodysesthesia (52%), diarrhea (46%), and hypertension (30%) were the most frequent AEs in the Sorafenib group.



Therefore, according to the reported results, Lenvatinib was approved as a first-line systemic treatment in advanced HCC.



Further statistical analyses showed that patients with hepatitis B and a high alpha-fetoprotein (AFP) level in serum (>200 ng/mL) showed a higher efficacy from Lenvatinib compared to Sorafenib [39,60,65]. Moreover, it has been reported that the levels of AFP decreased in the two weeks after the beginning of treatment [66]. This suggests that AFP levels might be a predictive factor of response to Lenvatinib. Moreover, circulating FGF-19 and Ang-2, as well as early tumor shrinkage, have also been proposed as predictive factors of clinical response to Lenvatinib in HCC patients [67,68].



In summary, Lenvatinib is not inferior to Sorafenib in OS, but it is superior in terms of secondary endpoints, such as ORR, PFS, and TTP [69]. The enrolled patient populations are different between the SHARP and REFLECT trials, in particular regarding liver tumor burden, gross invasion of the bile duct, or invasion at the main portal vein. As regards safety, Lenvatinib causes less diarrhea, fewer hand-foot skin reactions, and weight loss, while Sorafenib is better tolerated in terms of hypertension, hypothyroidism, and proteinuria [39]. Sorafenib has been present in clinical practice since 2007 so its use is more familiar, as well as the management of AEs. Finally, no clinical trials have been conducted on patients who progressed to Lenvatinib as a frontline therapy, unlike Sorafenib. Therefore, the choice between these drugs is at the clinicians’ discretion.




2.1.3. Cabozantinib


Cabozantinib (Cometriq, Cabometyx) is another oral multi-TKI that targets VEGFR 1–3, MET, RET, KIT, TIE2, FLT3, c-MET, and AXL [70]. The blockage of c-MET and AXL is the most important pharmacodynamic difference compared to Sorafenib and Regorafenib because this allows Cabozantinib to overcome the resistance to these drugs [71]. In fact, it has been reported that MET and AXL receptors are involved in antiangiogenic resistance, as well as in epithelial-mesenchymal transition, invasion, and metastasis [70]. Therefore, Cabozantinib is also able to overcome Sorafenib and Regorafenib resistance, as confirmed also in clinical studies. Experimental data demonstrated Cabozantinib activity in the inhibition of tumor growth, angiogenesis, invasion, and migration [71]. Moreover, it also reduced the number of HCC lung and liver metastases in mouse models [46,71].



CELESTIAL is a randomized, double-blinded phase III clinical trial that tested Cabozantinib at 60 mg daily vs. placebo as a second-line therapy in 707 patients affected by advanced HCC patients who progressed to Sorafenib, who received at least one systemic treatment, or up to two previous systemic treatments [40]. To be specific, almost 70% of patients had undergone only Sorafenib before, while one-third of them had previously received two systemic treatments. Approximately 70% of enrolled patients were from Western countries; hepatitis B was present in 38% of patients while 25% suffered from hepatitis C. Almost 80% presented extrahepatic disease and one-third had macrovascular invasion [40].



The study reported a significant improvement for the experimental group in terms of OS (10.2 vs. 8.0 months; HR = 0.76, p < 0.001), PFS (5.2 vs. 1.9 months; HR = 0.44; p < 0.001), ORR (4% vs. 0.4%, p = 0.009) and DCR (64% vs. 48%, p < 0.001). These clinical outcomes were evaluated based on albumin–bilirubin (ALBI) grades in the CELESTIAL trial [40]. Further analysis of the Cabozantinib group indicated that the ALBI grade-1 subgroup had significantly better results than grade 2. Moreover, subgroup analysis showed that Cabozantinib was more efficient for those patients with extrahepatic spread, a high serum concentration of AFP (>400 ng/mL), or a good performance status (0–1) [72]. Patients with HBV tended to have a better result compared to HCV patients, which was more substantial with Lenvatinib compared to Sorafenib [53,60,72]. Patients aged ≥ 65, who were female or Western, benefited more from the treatment.



As previously described, almost 70% of patients had undergone only Sorafenib treatments before, while one-third of them had previously received two systemic treatments. For those patients who have received Sorafenib as the only previous therapy, Cabozantinib still prolonged the OS by almost 3 months [40,73]. Therefore, these data suggest that Cabozantinib is effective also as a second- or third-line treatment. As regards treatment strategy, the sequence of Sorafenib–Cabozantinib seems to improve PFS more than the Sorafenib–Regorafenib sequence, although with a similar OS between the two different sequences [74].



Grade ≥ 3 AEs occurred in 68% of patients in the experimental group and in 36% in the control group. The most frequent AEs deriving from Cabozantinib treatment were hypertension, palmar-plantar erythrodysesthesia (PPE), HFSR, diarrhea and fatigue [60].



As with Sorafenib and Regorafenib, a negative correlation existed between AEs and the survival data. In particular, patients that developed severe hypertension or PPE during Cabozantinib treatment showed better OS and PFS compared to those patients who did not experience these symptoms [73].



In addition, the CELESTIAL trial showed that a better prognosis during treatment with Cabozantinib was correlated with low levels of MET, GAS6, HGF, ANG2, VEGF-A, Interleukin (IL)-8, and high levels of insulin-like growth factor 1 in serum. However, these data have yet to be confirmed in clinical practice [75].



According to the CELESTIAL trial outcomes, Cabozantinib has been approved as a second-line therapy for advanced HCC patients.




2.1.4. Regorafenib


Regorafenib (Stivarga) is a fluorinated analog of Sorafenib that is able to inhibit a greater number of tyrosine kinases: VEGFR-2, VEGFR-3, wild-type and mutant (V600E) B-RAF, KIT, PDGFR, RET, angiopoietin 1 receptor (TIE2), FGFR1, and p-38-alpha [76,77].



Regorafenib has greater anti-angiogenic and anti-proliferative activities compared to Sorafenib due to its greater potency to target VEGFR, TIE2, KIT, and RET [78]. It has been shown this TKI blocks cell growth and invasion, as well as reduces the expression of metastasis-related proteins in HCC cell lines [79]. Regorafenib can target the MAPK pathway, activate autophagy, and induce caspase cleavage [80,81]. Moreover, it also shows mitophagy activity. In this regard, the alteration of mitochondrial proteins, for example, BCL-xL, is related to Regorafenib resistance [82,83]. Furthermore, Regorafenib activates the intrinsic and extrinsic apoptotic pathways [84]. Regorafenib can overcome acquired resistance to Sorafenib, thanks to its ability to inhibit the activation of epithelial-mesenchymal transition (EMT) [85].



RESORCE is a double-blind, phase-III, randomized clinical trial that evaluated Regorafenib (n = 379) compared to placebo (n = 194) on 573 patients affected by advanced HCC, who progressed during Sorafenib treatment. All enrolled patients had radiological progression during Sorafenib treatment (at least 400 mg per day for 20 of the last 28 days) and good liver function (Child–Pugh Stage A). Approximately 40% of enrolled patients were from Western countries; hepatitis B was present in 38% of patients while 21% suffered from hepatitis C. Almost 70% presented extrahepatic disease and one-third had macrovascular invasion [41].



The results showed significant improvement of OS (10.6 vs. 7.8 months; HR = 0.63; p < 0.0001), PFS (3.1 vs. 1.5 months; HR = 0.46; p < 0.001) and TTP (3.2 vs. 1.5 months; HR = 0.44; p < 0.001). ORR (10.6% vs. 4.1%; p = 0.005) and DCR (65.2% vs. 36.1%; p = 0.001) were also improved, compared to placebo [41]. Further analyses documented the efficacy of Regorafenib in all subgroups, such as area of origin, serum AFP levels, and macrovascular invasion [41]. Moreover, patients who experienced an AFP response could obtain a survival benefit from this therapy compared to those patients without an AFP response [86,87]. Patients who were aged < 65, male, or Asian benefited more from the treatment.



Some plasma proteins, such as cystatin B, angiopoietin 1, oxidized low-density lipoprotein receptor 1, TGF-β, and C–C motif chemokine ligand 3 were found to be negatively associated with increased OS after Regorafenib treatment. Otherwise, plasma miRNAs (miR-30A, -122, -125B, -200A, -374B, -15B, -107, -320, and -645) were positively correlated with OS [88].



Severe AEs occurred in 44% of patients in the experimental group and in 47% of patients in the placebo group. Several AEs are similar to those for Sorafenib, including HFSR, hypertension, diarrhea, fatigue, increased bilirubin and serum aspartate aminotransferase (AST) levels, as well as their frequency, regardless of the last Sorafenib dose (800 mg/day) [41]. It is noteworthy that Regorafenib-related HFSR therapy is correlated with a prolonged OS, as seen during Sorafenib treatment [87]. A clinical study conducted by Kim et al. showed a poorer prognosis stage and a higher incidence of grade 3–4 AEs for patients with Child–Pugh Stage B during Regorafenib treatment compared to those with Child–Pugh Stage A [89].



Therefore, Regorafenib was approved as a second-line treatment for advanced HCC patients in progression during Sorafenib therapy.





2.2. VEGF Inhibitors


Experimental data demonstrated the pathogenetic role of angiogenesis in tumor growth [31,90,91,92,93,94,95,96,97,98,99,100]. As regards HCC, several studies showed the overactivation of VEGF and VEGFR signaling [101,102,103,104,105]. In support of these data, it has been described as the treatment with TKIs targeting the VEGF signaling pathway via multikinase inhibition that leads to a therapeutic benefit, albeit of modest size [11,27,31,33,35,36,93,103,106]. Hence, there is a necessity to further investigate alternative pathways targeting VEGF inhibition and tumor angiogenesis. Table 2 summarizes the VEGF inhibitors approved for the treatment of advanced HCC.



2.2.1. Bevacizumab


Bevacizumab (Avastin) is an IgG humanized monoclonal antibody that prevents the activation of VEGFR by binding VEGF-A [103]. In this way, it blocks angiogenesis and tumor growth [103]. Several phase-II clinical studies have evaluated this drug in monotherapy and in combination with EGFR inhibitors or with chemotherapy, such as gemcitabine, capecitabine, and oxaliplatin [110,111,112,113,114,115,116]. The reported data showed that Bevacizumab was effective and safe. However, these studies suffered from some important limitations, including the small sample size and the absence of randomization. Therefore, no phase-III clinical trial was realized to confirm those results. Nowadays, several clinical researchers are evaluating the combination of anti-VEGF monoclonal antibodies and ICIs, with very interesting results. This new treatment strategy is based on the ability of anti-VEGF therapy to enhance the functions of effector T-cell and immune cell infiltration into TME and to blunt suppressive immune cells (Treg cells and MDSCs) [117,118,119,120]. Moreover, antiangiogenetic drugs augment tumor responsiveness to immunotherapy [120].



In this regard, the most impressive clinical trial is IMBrave150 [107]. This is a phase-III study that compared the combination of Atezolizumab (anti-PD-L1 antibody) and Bevacizumab (anti-VEGF antibody) with Sorafenib for advanced HCC patients. Approximately 60% of enrolled patients were from Western countries; hepatitis B was present in 49% of patients, while 21% suffered from hepatitis C. Almost 60% presented extrahepatic disease and 40% of them had a macrovascular invasion [107].



Nowadays, this combination of treatments is the only one able to significantly improve OS (19.2 vs. 13.4 months; HR = 0.66; p = 0.0009), PFS (6.8 months vs. 4.3 months; HR 0.59) and ORR (29.8% vs. 11.3%) as first-line treatment compared to Sorafenib [107]. In addition, combination therapy was demonstrated to enable these patients to receive long-term disease-free status (19 months) after surgical resection. Asian patients benefited more from this treatment.



As regards toxicity, hypertension and increased AST or ALT were the most common grade 3 or 4 AEs. However, no significant difference was observed regarding the risk of severe toxicity compared to the control group (56.5% vs. 55.1%). Moreover, a longer median time to the deterioration of QoL (11.2 vs. 3.6 months) was experienced by the experimental group [107]. However, Bevacizumab can cause bleeding, above all in cirrhotic patients, with a life-threatening risk; therefore, inclusion criteria included the evaluation of varices through upper gastrointestinal endoscopies and their treatment at least 6 months before the date of enrolment. Therefore, the administration of Atezolizumab plus Bevacizumab should be carefully evaluated in the case of patients at risk of bleeding, arterial hypertension, cardiovascular disease, and prior autoimmune conditions. Finally, patients with a low NLR value appear to experience a longer PFS compared to those with a high NLR (cumulative PFS at 150 days: 64% vs. 20%). Therefore, the NLR value before treatment might be considered a potential predictive factor of response to this treatment [107].



Interestingly, a recent study reported the utility of the C-reactive protein (CRP) and AFP in immunotherapy (CRAFITY) scores as predictive factors associated with PFS and OS in patients treated with Atezolizumab plus Bevacizumab. Moreover, this score could also predict treatment-related AEs [121].



Thanks to these very favorable results, IMbrave 150 was approved as a first-line therapy for advanced HCC patients without contraindications.




2.2.2. Ramucirumab


Ramucirumab (Cyramza) is the only TKI that is administered intravenously. It is a recombinant monoclonal IgG1 antibody targeting VEGFR-2. In this way, Ramucirumab blocks ligand-receptor binding and the consequent downstream signaling [122].



REACH was a randomized, multicenter, phase III, clinical trial that analyzed Ramucirumab as a second-line therapy compared to a placebo for advanced HCC patients in progression during Sorafenib treatment [123]. Approximately 50% of enrolled patients were from Western countries; hepatitis B was present in 35% of patients, while 27% suffered from hepatitis C. Almost 70% presented extrahepatic disease and 30% of them had a macrovascular invasion [123].



The study did not show a statistically significant improvement of the primary endpoint (median OS 9.2 vs. 7.6 months; HR = 0.87; p = 0.14). The PFS was 2.8 months in the experimental group and 2.1 months in the control group (HR 0.63; p < 0.0001). ORR was 7% in the Ramucirumab group vs. <1% of the placebo group (p < 0.0001), while the DCR was 56% vs. 46% (p = 0.011), respectively [123]. Patients aged ≥ 65, who were female or from North and South America benefited more from the treatment.



The occurrence of Grade 3 or more AEs was higher in the Ramucirumab group (36%) compared to the control group (29%). The most common severe AE was malignant neoplasm progression [123].



Further subgroup analysis evidenced that this drug led to a greater benefit in OS for those patients with AFP ≥ 400 ng/mL than those with AFP < 0.0001, underling its potential role as a biomarker. Therefore, the phase III, double-blinded, randomized, REACH-2 clinical trial was designed to test the potential improvement of Ramucirumab for those patients who progressed to Sorafenib and who had a baseline AFP level of > 400 ng/mL compared to the placebo [109]. The study enrolled 292 advanced HCC patients, obtaining an OS of 8.5 months compared to 7.3 months of the placebo group (HR 0.710, 95% CI 0.531–0.949; p = 0.0199). As regards the secondary endpoints, PFS and DCR were 2.8 vs. 1.6 months (p < 0.0001) and 59.9% vs. 38.9% (p < 0.0006), respectively [109].



Severe AEs occurred in 35% and 29% of patients in the Ramucirumab group and in the placebo group, respectively. The most frequent severe AEs were hypertension, liver failure, and hyponatremia. Treatment discontinuation due to toxicity was observed in only 9.5% of patients in the experimental group [109].



A pooled analysis based on the REACH and REACH-2 trials also confirmed these results for advanced HCC patients with AFP ≥ 400 ng/mL, showing a higher benefit in the OS group vs. the placebo (OS 8.1 vs. 5.0 months; HR = 0.69; p = 0.0002) [124]. In addition, numerous subgroup analyses based on these clinical studies were designed to evaluate the relationship between the parameters of the Child–Pugh classification (such as ascites and ALBI grade) and outcomes for patients undergoing treatment with Ramucirumab. The data showed that the presence or absence of ascites had no impact on survival, while patients with ABLI Grade 1 or better had a longer OS than those with Grade 2 in the Ramucirumab arm [125,126,127].



According to these results, Ramucirumab was approved as a therapy for advanced HCC patients. Interestingly, it was the first drug for HCC that can be administered based on a biomarker level (AFP ≥ 400 ng/mL). However, the molecular mechanism explaining this selective action of Ramucirumab has not yet been well defined.





2.3. Other Targeted Agents


As is widely described, hepatocarcinogenesis and tumor progression consist of complex processes that depend on the crosstalk of several signaling pathways [128]. In light of this, numerous targeted molecules, both TKIs and non-TKIs, have been studied in the past few decades, although they have not yet been approved. Below is a brief description of the most significant ones.



2.3.1. Tyrosine Kinase Inhibitors


Donafenib is a deuterated Sorafenib derivative that has been compared to Sorafenib as a front-line therapy for unresectable or metastatic HCC patients in a randomized multicenter, open-label, parallel-controlled phase II–III clinical trial [129]. The study enrolled 668 patients, from 37 centers across China, with a Child–Pugh score of ≤7 who had never been treated before. Approximately 50% of enrolled patients were from Western countries; hepatitis B was present in 90% of patients, while 2% suffered from hepatitis C. Almost 70% presented extrahepatic disease and/or macrovascular invasion [129].



The Donafenib group had a significantly improved mOS (12.1 months) compared to the control group (10.3 months; HR 0.831; p = 0.0245). Superior OS outcomes were also observed in the intention-to-treat population. The median PFS was similar (3.7 vs. 3.6 months; p = 0.0570), as well as the ORR (4.6% vs. 2.7%; p = 0.2448), and DCR (30.8% vs. 28.7%; p = 0.5532). Severe AEs occurred in a significantly lower percentage of the experimental group (38% vs. 50%; p = 0.0018) [129]. Therefore, Donafenib is a candidate to be a potential first-line therapy for these patients. However, an international multi-center clinical trial will be necessary to better evaluate this drug.



Nintedanib (BIBF 1120) is an oral triple angiokinase inhibitor of VEGFR, PDGFR, and FGFR. It was compared to Sorafenib in a randomized, multicenter, open-label, phase II study on 93 Asian patients with advanced HCC [130]. Hepatitis B was present in 63% of patients, while 14% suffered from hepatitis C. Almost 85% presented extrahepatic disease and/or macrovascular invasion. OS (11.9 vs. 11.4 months; HR 0.88) and TTP (5.5 vs. 3.8 months; HR 1.05) were comparable between the two groups. Severe AEs were more frequent in the Sorafenib group (68% vs. 90%), although treatment discontinuation due to AEs was higher with Nintetanib (45% vs. 23%). The most common AEs in the experimental group were diarrhea, vomiting, nausea, and AST increase [130].



Dovitinib, Vandetanib, Brivanib, and erlotinib showed low efficacy [131,132,133,134]. Linifanib (ABT-869) and sunitinib were responsible for unacceptable levels of toxicity [135].



See Table 3 for a summary of the other TKIs.




2.3.2. Non-Tyrosine Kinase Inhibitors Targeting the Extracellular Space or Membrane


A series of non-RTKs is located in the cellular membrane, such as the receptors binding to tyrosine kinase transforming growth factor-beta (TGF-β), a serine/threonine kinase [136]. Dysregulation of the TGF-b signaling pathway has been seen in several cancers and is associated with tumor cell proliferation, migration, invasion, and cancer progression [137]. Therefore, the blockage of this pathway might present a viable strategy for the treatment of HCC.



In this regard, Galunisertib (LY2157299) is a small-molecule antagonist of TGF-β1 receptor type 1 (TGFBR1) with potential anticancer activity [138]. Galunisertib specifically binds to the kinase domain of TGFBR1, preventing the activation of the TGF-b-mediated signaling pathways. This may inhibit the proliferation of TGF-b-overexpressing tumor cells [139]. As documented in a phase II study, this drug led to a clinical benefit in advanced HCC patients with a lower baseline level of AFP as a second-line treatment [138]. Specifically, TTP was 2.7 months and 4.2 months for patients with a high baseline level of AFP (≥1.5× upper limit of normal) and lower AFP level, respectively. At the same time, the OS was 7.3 months and 16.8 months for patients with high baseline AFP levels and lower baseline AFP levels, respectively [137]. The OS was longer for those patients who experienced a decrease of > 20% from baseline (AFP responders), compared to non-responders (21.5 months vs. 6.8 months). Moreover, the OS was longer in TGF-β1 responders (>20% decrease from baseline) compared to non-responders. As regards toxicity, fatigue (33.6%), anemia (25.5%), peripheral edema (22.8%), and abdominal pain (21.5%) were the most common AEs. Neutropenia (2.7%) was the most frequent grade 3/4 AE [140].



Moreover, preclinical data suggest that Galunisertib might increase Sorafenib activity. Therefore, a phase II clinical trial evaluated the safety and efficacy of Galunisertib combined with Sorafenib as a front-line systemic treatment in 47 advanced HCC patients from 5 non-Asian countries with good liver function (Child–Pugh Stage A) [140]. The median TTP was 4.1 months, while the median OS was 18.8 months. The ORR was 4,5%, and the DCR was 51%. Patients who experienced a TGF-β1 decrease of > 20% from baseline (TGF-β1 responders) demonstrated a longer OS (22.8 vs. 12.0 months; p = 0.038) compared to non-responders. Severe AEs occurred in 59.6% of patients [140].



Moreover, numerous glycoproteins placed in the cellular membrane could be promising treatment targets. For example, Endoglin (CD105) is a co-receptor for TGF-β and is involved in tumor angiogenesis, inflammation, and fibrogenesis [141]. An anti-CD105 monoclonal antibody (TRC105) was evaluated in some studies, demonstrating its ability to inhibit tumor angiogenesis [142]. Moreover, it led to a significant ORR (25%) in combination with Sorafenib for the treatment of HCC. The median PFS was 3.8 months, while the median OS was 15.5 months.



In fact, a multi-center Phase-II clinical trial is ongoing to better evaluate this effect.



See Table 4 for a summary of the inhibitors targeting these areas.




2.3.3. Agents Targeting the Intracellular Space


Numerous intracellular signaling pathways may play pivotal roles in tumor development. For example, it has been widely reported in the literature that the PI3K/AKT/mTOR and Ras/Raf/MAPK pathways are involved in vascular invasion, intrahepatic metastasis, and Sorafenib resistance [143,144]. Therefore, new drugs targeting the intracellular pathways have been studied. SF1126 acts to inhibit the PI3K/BRD4 and Ras/Raf/MAPK pathways [145]. It has been tested as a single agent and in combination with Sorafenib, demonstrating significant antitumor activity in vivo [146].



As regards mTOR inhibitors, Everolimus was analyzed in a randomized multi-center, multinational phase-II trial as a single agent or in combination with Sorafenib and showed a modest survival benefit, despite its ability to reverse Sorafenib resistance [147]. EVOLVE-1 was a randomized, double-blind, phase-III study conducted on advanced HCC patients who progressed during or after Sorafenib, or who were intolerant of Sorafenib (n = 362), compared to the placebo (n = 184) [148]. Approximately 60% of the enrolled patients were from Asian countries; hepatitis B was present in 26% of patients, while 25% suffered from hepatitis C. Almost 74% presented extrahepatic disease and 33% had a macrovascular invasion. No significant difference in OS was observed between the two groups (7.6 vs. 7.3 months; HR 1.05; p = 0.68). The median TTP was 3.0 and 2.6 months, respectively (HR, 0.93). DCR was 56.1% and 45.1%, respectively (p = 0.01). Severe AEs were more frequent in the experimental group (70.9% vs. 52.2%, respectively). The most frequent grade 3/4 AEs for Everolimus were anemia, asthenia, and decreased appetite [148].



Selumetinib and Refametinib are MEK inhibitors that have been demonstrated to have a synergistic effect with Sorafenib in the treatment of advanced HCC. Selumetinib led to an ORR of 15%, while the most common AEs were diarrhea, rash, and hypertension [149]. Refametinib, as a single agent, documented an ORR of 0% and a DCR of 56.3%. The OS was 5.8 months, while the PFS was 1.9 months [150]. The combination of Refametinib with Sorafenib led to an ORR of 6.3% and a DCR of 43.8%. The OS was 12.7 months, and the PFS was 1.5 months. Fatigue, hypertension, and acneiform rash were the most common AEs [150].



Moreover, it has been demonstrated that Sorafenib has a synergistic effect, with numerous inhibitors targeting nuclear signaling molecules, as described in preclinical studies, including Ribociclib (cyclin-dependent kinase 4/6 inhibitors), and Palbociclib (PD-0332991). In addition, Resminostat (a histone deacetylase inhibitor) was tested as a single agent and in combination with Sorafenib as a second-line therapy in the SHELTER study [151]. This trial documented a PFS rate after 6 treatment cycles of 12.5% for the single agent and a rate of 62.5% for the combination treatment. The TTP and OS were 1.8 and 4.1 months for Resminostat and 6.5 and 8.0 months for Resminostat plus Sorafenib, respectively. The most common AEs were gastrointestinal disorders, thrombocytopenia, and fatigue [151].



Finally, CT-707 (YAP signaling inhibitor) and OPB-111077 (STAT3 inhibitor) were tested on in vivo or in vitro HCC models but showed only limited efficacy.



See Table 5 for a summary of the described durgs.






3. Conclusions


Important progress has been made in the therapeutic strategy of advanced HCC during the last 15 years, starting with Sorafenib, which was approved in 2007, and continuing up to the other new treatment options (Lenvatinib and Atezolizumab-Bevacizumab) as first-line therapies for these patients. Cabozantinib, Regorafenib, and Ramucirumab (AFP > 400 ng/mL) are the current therapeutic options for second-line treatment.



The experimental data demonstrated that hepatocarcinogenesis and tumor progression consist of complex processes, depending on the crosstalk of several signaling pathways. In light of this finding, numerous targeted molecules, TKIs, and non-TKIs have been studied in the last few decades, although their use has not yet been approved. Interestingly, some of them have shown encouraging results. In this regard, the identification of biomarkers can help to identify special HCC populations who might better benefit from the different targeted therapies.



Finally, based on the remarkable results reported in terms of OS, derived from the association of atezolizumab plus bevacizumab, novel combinations of ICIs and TKIs are already being applied in clinical trials.







Author Contributions


Conceptualization, C.L. and G.R.; methodology, P.F.; software, P.M.; validation, M.L.; investigation, M.A.; resources, F.A.; data curation, C.L. and C.F.; writing—original draft preparation, C.L.; writing—review and editing, C.L. and F.M.M.; visualization, M.L.; supervision, G.R.; project administration, C.L. and G.R. The authors affiliated with the IRCCS Istituto Tumori “Giovanni Paolo II”, Bari, Italy are responsible for the views expressed in this article, which do not necessarily represent those of the Institute. All authors have read and agreed to the published version of the manuscript.




Funding


Institutional Open Access Program (IOAP): University Magna Grecia in Catanzaro.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Laface, C.; Laforgia, M.; Molinari, P. Hepatic Arterial Infusion of Chemotherapy for Advanced Hepatobiliary Cancers: State of the Art. Cancers 2021, 13, 3091. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Xie, H.; Hu, M.; Huang, T.; Hu, Y.; Sang, N.; Zhao, Y. Recent progress in treatment of hepatocellular carcinoma. Am. J. Cancer Res. 2020, 10, 2993–3036. [Google Scholar] [PubMed]

	



Tellapuri, S.; Sutphin, P.D.; Beg, M.S.; Singal, A.G.; Kalva, S.P. Staging systems of hepatocellular carcinoma: A review. Indian J. Gastroenterol. Off. J. Indian Soc. Gastroenterol. 2018, 37, 481–491. [Google Scholar] [CrossRef] [PubMed]

	



Reig, M.; Forner, A.; Rimola, J.; Ferrer-Fàbrega, J.; Burrel, M.; Garcia-Criado, Á.; Kelley, R.K.; Galle, P.R.; Mazzaferro, V.; Salem, R.; et al. BCLC strategy for prognosis prediction and treatment recommendation: The 2022 update. J. Hepatol. 2022, 76, 681–693. [Google Scholar] [CrossRef]

	



Ranieri, G.; Laface, C. Loco-Regional and Systemic Chemotherapies for Hepato-Pancreatic Tumors: Integrated Treatments. Cancers 2020, 12, 2737. [Google Scholar] [CrossRef]

	



Ranieri, G.; Laface, C.; Fazio, V.; De Ceglia, D.; Macina, F.; Gisone, V.; Porcelli, M.; Vinciarelli, G.; Carella, C.; Molinari, P.; et al. Local treatment with deep percutaneous electrochemotherapy of different tumor lesions: Pain relief and objective response results from an observational study. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 7764–7775. [Google Scholar] [CrossRef]

	



Gadaleta, C.D.; Ranieri, G. Trans-arterial chemoembolization as a therapy for liver tumours: New clinical developments and suggestions for combination with angiogenesis inhibitors. Crit. Rev. Oncol./Hematol. 2011, 80, 40–53. [Google Scholar] [CrossRef]

	



Goffredo, V.; Paradiso, A.; Ranieri, G.; Gadaleta, C.D. Yttrium-90 (90Y) in the principal radionuclide therapies: An efficacy correlation between peptide receptor radionuclide therapy, radioimmunotherapy and transarterial radioembolization therapy. Ten years of experience (1999–2009). Crit. Rev. Oncol./Hematol. 2011, 80, 393–410. [Google Scholar] [CrossRef]

	



Ranieri, G.; Ammendola, M.; Marech, I.; Laterza, A.; Abbate, I.; Oakley, C.; Vacca, A.; Sacco, R.; Gadaleta, C.D. Vascular endothelial growth factor and tryptase changes after chemoembolization in hepatocarcinoma patients. World J. Gastroenterol. 2015, 21, 6018–6025. [Google Scholar] [CrossRef]

	



Ranieri, G.; Marech, I.; Lorusso, V.; Goffredo, V.; Paradiso, A.; Ribatti, D.; Gadaleta, C.D. Molecular targeting agents associated with transarterial chemoembolization or radiofrequency ablation in hepatocarcinoma treatment. World J. Gastroenterol. 2014, 20, 486–497. [Google Scholar] [CrossRef]

	



Ranieri, G.; Gadaleta-Caldarola, G.; Goffredo, V.; Patruno, R.; Mangia, A.; Rizzo, A.; Sciorsci, R.L.; Gadaleta, C.D. Sorafenib (BAY 43-9006) in hepatocellular carcinoma patients: From discovery to clinical development. Curr. Med. Chem. 2012, 19, 938–944. [Google Scholar] [CrossRef] [PubMed]

	



Chang Lee, R.; Tebbutt, N. Systemic treatment of advanced hepatocellular cancer: New hope on the horizon. Expert Rev. Anticancer Ther. 2019, 19, 343–353. [Google Scholar] [CrossRef] [PubMed]

	



Fulgenzi, C.A.M.; Talbot, T.; Murray, S.M.; Silletta, M.; Vincenzi, B.; Cortellini, A.; Pinato, D.J. Immunotherapy in Hepatocellular Carcinoma. Curr. Treat. Options Oncol. 2021, 22, 87. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, M.P.; Khakoo, S.I. Immunotherapy for hepatocellular carcinoma: Current and future. World J. Gastroenterol. 2019, 25, 2977–2989. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Ding, J.; Li, H.Y.; Wang, Z.H.; Wu, J. Immunotherapy for advanced hepatocellular carcinoma, where are we? Biochim. Biophys. Acta. Rev. Cancer 2020, 1874, 188441. [Google Scholar] [CrossRef]

	



Giraud, J.; Chalopin, D.; Blanc, J.F.; Saleh, M. Hepatocellular Carcinoma Immune Landscape and the Potential of Immunotherapies. Front. Immunol. 2021, 12, 655697. [Google Scholar] [CrossRef]

	



Liu, X.; Lu, Y.; Qin, S. Atezolizumab and bevacizumab for hepatocellular carcinoma: Mechanism, pharmacokinetics and future treatment strategies. Future Oncol. 2021, 17, 2243–2256. [Google Scholar] [CrossRef]

	



Hubbard, S.R.; Till, J.H. Protein tyrosine kinase structure and function. Annu. Rev. Biochem. 2000, 69, 373–398. [Google Scholar] [CrossRef]

	



Trenker, R.; Jura, N. Receptor tyrosine kinase activation: From the ligand perspective. Curr. Opin. Cell Biol. 2020, 63, 174–185. [Google Scholar] [CrossRef]

	



Asati, V.; Mahapatra, D.K.; Bharti, S.K. PI3K/Akt/mTOR and Ras/Raf/MEK/ERK signaling pathways inhibitors as anticancer agents: Structural and pharmacological perspectives. Eur. J. Med. Chem. 2016, 109, 314–341. [Google Scholar] [CrossRef]

	



Santarpia, L.; Lippman, S.M.; El-Naggar, A.K. Targeting the MAPK-RAS-RAF signaling pathway in cancer therapy. Expert Opin. Ther. Targets 2012, 16, 103–119. [Google Scholar] [CrossRef] [PubMed]

	



Santos, E.; Crespo, P. The RAS-ERK pathway: A route for couples. Sci. Signal. 2018, 11, eaav0917. [Google Scholar] [CrossRef] [PubMed]

	



Du, Z.; Lovly, C.M. Mechanisms of receptor tyrosine kinase activation in cancer. Mol. Cancer 2018, 17, 58. [Google Scholar] [CrossRef] [PubMed]

	



Krause, D.S.; Van Etten, R.A. Tyrosine kinases as targets for cancer therapy. N. Engl. J. Med. 2005, 353, 172–187. [Google Scholar] [CrossRef] [PubMed]

	



Carmi, C.; Mor, M.; Petronini, P.G.; Alfieri, R.R. Clinical perspectives for irreversible tyrosine kinase inhibitors in cancer. Biochem. Pharmacol. 2012, 84, 1388–1399. [Google Scholar] [CrossRef] [PubMed]

	



Kim, G.; Ko, Y.T. Small molecule tyrosine kinase inhibitors in glioblastoma. Arch. Pharmacal. Res. 2020, 43, 385–394. [Google Scholar] [CrossRef] [PubMed]

	



Ranieri, G.; Pantaleo, M.; Piccinno, M.; Roncetti, M.; Mutinati, M.; Marech, I.; Patruno, R.; Rizzo, A.; Sciorsci, R.L. Tyrosine kinase inhibitors (TKIs) in human and pet tumours with special reference to breast cancer: A comparative review. Crit. Rev. Oncol./Hematol. 2013, 88, 293–308. [Google Scholar] [CrossRef]

	



Skolnik, J.M.; Adamson, P.C. Tyrosine kinase inhibitors in pediatric malignancies. Cancer Investig. 2007, 25, 606–612. [Google Scholar] [CrossRef]

	



Thomas, A.; Rajan, A.; Giaccone, G. Tyrosine kinase inhibitors in lung cancer. Hematol./Oncol. Clin. N. Am. 2012, 26, 589–605. [Google Scholar] [CrossRef]

	



Wu, P.; Nielsen, T.E.; Clausen, M.H. FDA-approved small-molecule kinase inhibitors. Trends Pharmacol. Sci. 2015, 36, 422–439. [Google Scholar] [CrossRef]

	



Ammendola, M.; Currò, G.; Laface, C.; Zuccalà, V.; Memeo, R.; Luposella, F.; Laforgia, M.; Zizzo, N.; Zito, A.; Loisi, D.; et al. Mast Cells Positive for c-Kit Receptor and Tryptase Correlate with Angiogenesis in Cancerous and Adjacent Normal Pancreatic Tissue. Cells 2021, 10, 444. [Google Scholar] [CrossRef] [PubMed]

	



Laforgia, M.; Calabrò, C.; Scattone, A.; Laface, C.; Porcelli, M.; Gadaleta, C.D.; Nardulli, P.; Ranieri, G. Pharmacotherapy in Mast Cell Leukemia. Expert Opin. Pharmacother. 2020, 21, 1059–1069. [Google Scholar] [CrossRef] [PubMed]

	



Laforgia, M.; Marech, I.; Nardulli, P.; Calabrò, C.; Gadaleta, C.D.; Ranieri, G. An evaluation of masitinib for treating systemic mastocytosis. Expert Opin. Pharmacother. 2019, 20, 1539–1550. [Google Scholar] [CrossRef] [PubMed]

	



Leporini, C.; Ammendola, M.; Marech, I.; Sammarco, G.; Sacco, R.; Gadaleta, C.D.; Oakley, C.; Russo, E.; De Sarro, G.; Ranieri, G. Targeting mast cells in gastric cancer with special reference to bone metastases. World J. Gastroenterol. 2015, 21, 10493–10501. [Google Scholar] [CrossRef]

	



Ranieri, G.; Mammì, M.; Di Paola, E.D.; Russo, E.; Gallelli, L.; Citraro, R.; Gadaleta, C.D.; Marech, I.; Ammendola, M.; De Sarro, G. Pazopanib a tyrosine kinase inhibitor with strong anti-angiogenetic activity: A new treatment for metastatic soft tissue sarcoma. Crit. Rev. Oncol./Hematol. 2014, 89, 322–329. [Google Scholar] [CrossRef]

	



Ranieri, G.; Marech, I.; Asabella, A.N.; Di Palo, A.; Porcelli, M.; Lavelli, V.; Rubini, G.; Ferrari, C.; Gadaleta, C.D. Tyrosine-Kinase Inhibitors Therapies with Mainly Anti-Angiogenic Activity in Advanced Renal Cell Carcinoma: Value of PET/CT in Response Evaluation. Int. J. Mol. Sci. 2017, 18, 1937. [Google Scholar] [CrossRef]

	



Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.-F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.-L.; Forner, A.; et al. Sorafenib in Advanced Hepatocellular Carcinoma. N. Engl. J. Med. 2008, 359, 378–390. [Google Scholar] [CrossRef]

	



Cheng, A.L.; Kang, Y.K.; Chen, Z.; Tsao, C.J.; Qin, S.; Kim, J.S.; Luo, R.; Feng, J.; Ye, S.; Yang, T.S.; et al. Efficacy and safety of sorafenib in patients in the Asia-Pacific region with advanced hepatocellular carcinoma: A phase III randomised, double-blind, placebo-controlled trial. Lancet. Oncol. 2009, 10, 25–34. [Google Scholar] [CrossRef]

	



Kudo, M.; Finn, R.S.; Qin, S.; Han, K.H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, J.W.; Han, G.; Jassem, J.; et al. Lenvatinib versus sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma: A randomised phase 3 non-inferiority trial. Lancet 2018, 391, 1163–1173. [Google Scholar] [CrossRef]

	



Abou-Alfa, G.K.; Meyer, T.; Cheng, A.L.; El-Khoueiry, A.B.; Rimassa, L.; Ryoo, B.Y.; Cicin, I.; Merle, P.; Chen, Y.; Park, J.W.; et al. Cabozantinib in Patients with Advanced and Progressing Hepatocellular Carcinoma. N. Engl. J. Med. 2018, 379, 54–63. [Google Scholar] [CrossRef]

	



Bruix, J.; Qin, S.; Merle, P.; Granito, A.; Huang, Y.H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.; Breder, V.; et al. Regorafenib for patients with hepatocellular carcinoma who progressed on sorafenib treatment (RESORCE): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 389, 56–66. [Google Scholar] [CrossRef]

	



Qin, S.; Li, A.; Yi, M.; Yu, S.; Zhang, M.; Wu, K. Recent advances on anti-angiogenesis receptor tyrosine kinase inhibitors in cancer therapy. J. Hematol. Oncol. 2019, 12, 27. [Google Scholar] [CrossRef]

	



Liu, L.; Cao, Y.; Chen, C.; Zhang, X.; McNabola, A.; Wilkie, D.; Wilhelm, S.; Lynch, M.; Carter, C. Sorafenib blocks the RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces tumor cell apoptosis in hepatocellular carcinoma model PLC/PRF/5. Cancer Res. 2006, 66, 11851–11858. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelm, S.M.; Carter, C.; Tang, L.; Wilkie, D.; McNabola, A.; Rong, H.; Chen, C.; Zhang, X.; Vincent, P.; McHugh, M.; et al. BAY 43-9006 exhibits broad spectrum oral antitumor activity and targets the RAF/MEK/ERK pathway and receptor tyrosine kinases involved in tumor progression and angiogenesis. Cancer Res. 2004, 64, 7099–7109. [Google Scholar] [CrossRef] [PubMed]

	



Feng, Y.X.; Wang, T.; Deng, Y.Z.; Yang, P.; Li, J.J.; Guan, D.X.; Yao, F.; Zhu, Y.Q.; Qin, Y.; Wang, H.; et al. Sorafenib suppresses postsurgical recurrence and metastasis of hepatocellular carcinoma in an orthotopic mouse model. Hepatology 2011, 53, 483–492. [Google Scholar] [CrossRef] [PubMed]

	



Llovet, J.M.; Zucman-Rossi, J.; Pikarsky, E.; Sangro, B.; Schwartz, M.; Sherman, M.; Gores, G. Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2016, 2, 16018. [Google Scholar] [CrossRef]

	



Geng, Z.M.; Jha, R.K.; Li, B.; Chen, C.; Li, W.Z.; Zheng, J.B.; Wang, L.; Huanchen, S. Sorafenib inhibition of hepatic stellate cell proliferation in tumor microenvironment of hepatocellular carcinoma: A study of the sorafenib mechanisms. Cell Biochem. Biophys. 2014, 69, 717–724. [Google Scholar] [CrossRef]

	



Iyer, R.V.; Maguire, O.; Kim, M.; Curtin, L.I.; Sexton, S.; Fisher, D.T.; Schihl, S.A.; Fetterly, G.; Menne, S.; Minderman, H. Dose-Dependent Sorafenib-Induced Immunosuppression Is Associated with Aberrant NFAT Activation and Expression of PD-1 in T Cells. Cancers 2019, 11, 681. [Google Scholar] [CrossRef]

	



Ren, Z.; Zhu, K.; Kang, H.; Lu, M.; Qu, Z.; Lu, L.; Song, T.; Zhou, W.; Wang, H.; Yang, W.; et al. Randomized controlled trial of the prophylactic effect of urea-based cream on sorafenib-associated hand-foot skin reactions in patients with advanced hepatocellular carcinoma. J. Clin. Oncol. 2015, 33, 894–900. [Google Scholar] [CrossRef]

	



Branco, F.; Alencar, R.S.; Volt, F.; Sartori, G.; Dode, A.; Kikuchi, L.; Tani, C.M.; Chagas, A.L.; Pfiffer, T.; Hoff, P.; et al. The Impact of Early Dermatologic Events in the Survival of Patients with Hepatocellular Carcinoma Treated with Sorafenib. Ann. Hepatol. 2017, 16, 263–268. [Google Scholar] [CrossRef]

	



Abdel-Rahman, O.; Lamarca, A. Development of sorafenib-related side effects in patients diagnosed with advanced hepatocellular carcinoma treated with sorafenib: A systematic-review and meta-analysis of the impact on survival. Expert Rev. Gastroenterol. Hepatol. 2017, 11, 75–83. [Google Scholar] [CrossRef] [PubMed]

	



Abou-Alfa, G.K.; Schwartz, L.; Ricci, S.; Amadori, D.; Santoro, A.; Figer, A.; De Greve, J.; Douillard, J.Y.; Lathia, C.; Schwartz, B.; et al. Phase II study of sorafenib in patients with advanced hepatocellular carcinoma. J. Clin. Oncol. 2006, 24, 4293–4300. [Google Scholar] [CrossRef] [PubMed]

	



Abou-Alfa, G.K. Selection of patients with hepatocellular carcinoma for sorafenib. J. Natl. Compr. Cancer Netw. JNCCN 2009, 7, 397–403. [Google Scholar] [CrossRef]

	



Fan, Y.; Xue, H.; Zheng, H. Systemic Therapy for Hepatocellular Carcinoma: Current Updates and Outlook. J. Hepatocell. Carcinoma 2022, 9, 233–263. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, R.; Psarelli, E.E.; Berhane, S.; Khan, H.; Johnson, P. Impact of Viral Status on Survival in Patients Receiving Sorafenib for Advanced Hepatocellular Cancer: A Meta-Analysis of Randomized Phase III Trials. J. Clin. Oncol. 2017, 35, 622–628. [Google Scholar] [CrossRef]

	



Bruix, J.; Cheng, A.L.; Meinhardt, G.; Nakajima, K.; De Sanctis, Y.; Llovet, J. Prognostic factors and predictors of sorafenib benefit in patients with hepatocellular carcinoma: Analysis of two phase III studies. J. Hepatol. 2017, 67, 999–1008. [Google Scholar] [CrossRef] [PubMed]

	



Chiu, J.; Tang, Y.F.; Yao, T.J.; Wong, A.; Wong, H.; Leung, R.; Chan, P.; Cheung, T.T.; Chan, A.C.; Pang, R.; et al. The use of single-agent sorafenib in the treatment of advanced hepatocellular carcinoma patients with underlying Child-Pugh B liver cirrhosis: A retrospective analysis of efficacy, safety, and survival benefits. Cancer 2012, 118, 5293–5301. [Google Scholar] [CrossRef]

	



Marrero, J.A.; Kudo, M.; Venook, A.P.; Ye, S.L.; Bronowicki, J.P.; Chen, X.P.; Dagher, L.; Furuse, J.; Geschwind, J.H.; de Guevara, L.L.; et al. Observational registry of sorafenib use in clinical practice across Child-Pugh subgroups: The GIDEON study. J. Hepatol. 2016, 65, 1140–1147. [Google Scholar] [CrossRef]

	



Vogel, A.; Saborowski, A. Current strategies for the treatment of intermediate and advanced hepatocellular carcinoma. Cancer Treat. Rev. 2020, 82, 101946. [Google Scholar] [CrossRef]

	



Kudo, M. Lenvatinib in Advanced Hepatocellular Carcinoma. Liver Cancer 2017, 6, 253–263. [Google Scholar] [CrossRef]

	



Matsui, J.; Funahashi, Y.; Uenaka, T.; Watanabe, T.; Tsuruoka, A.; Asada, M. Multi-kinase inhibitor E7080 suppresses lymph node and lung metastases of human mammary breast tumor MDA-MB-231 via inhibition of vascular endothelial growth factor-receptor (VEGF-R) 2 and VEGF-R3 kinase. Clin. Cancer Res. 2008, 14, 5459–5465. [Google Scholar] [CrossRef] [PubMed]

	



Adachi, Y.; Matsuki, M.; Watanabe, H.; Takase, K.; Kodama, K.; Matsui, J.; Funahashi, Y.; Nomoto, K. Antitumor and Antiangiogenic Activities of Lenvatinib in Mouse Xenograft Models of Vascular Endothelial Growth Factor-Induced Hypervascular Human Hepatocellular Carcinoma. Cancer Investig. 2019, 37, 185–198. [Google Scholar] [CrossRef] [PubMed]

	



Hoshi, T.; Watanabe Miyano, S.; Watanabe, H.; Sonobe, R.M.K.; Seki, Y.; Ohta, E.; Nomoto, K.; Matsui, J.; Funahashi, Y. Lenvatinib induces death of human hepatocellular carcinoma cells harboring an activated FGF signaling pathway through inhibition of FGFR-MAPK cascades. Biochem. Biophys. Res. Commun. 2019, 513, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Kimura, T.; Kato, Y.; Ozawa, Y.; Kodama, K.; Ito, J.; Ichikawa, K.; Yamada, K.; Hori, Y.; Tabata, K.; Takase, K.; et al. Immunomodulatory activity of lenvatinib contributes to antitumor activity in the Hepa1-6 hepatocellular carcinoma model. Cancer Sci. 2018, 109, 3993–4002. [Google Scholar] [CrossRef]

	



Kudo, M.; Finn, R.S.; Qin, S.; Han, K.-H.; Ikeda, K.; Cheng, A.-L.; Piscaglia, F.; Ueshima, K.; Aikata, H.; Vogel, A.; et al. Analysis of survival and objective response (OR) in patients with hepatocellular carcinoma in a phase III study of lenvatinib (REFLECT). J. Clin. Oncol. 2019, 37, 186. [Google Scholar] [CrossRef]

	



Kodama, K.; Kawaoka, T.; Namba, M.; Uchikawa, S.; Ohya, K.; Morio, K.; Nakahara, T.; Murakami, E.; Yamauchi, M.; Hiramatsu, A.; et al. Correlation between Early Tumor Marker Response and Imaging Response in Patients with Advanced Hepatocellular Carcinoma Treated with Lenvatinib. Oncology 2019, 97, 75–81. [Google Scholar] [CrossRef]

	



Chuma, M.; Uojima, H.; Numata, K.; Hidaka, H.; Toyoda, H.; Hiraoka, A.; Tada, T.; Hirose, S.; Atsukawa, M.; Itokawa, N.; et al. Early Changes in Circulating FGF19 and Ang-2 Levels as Possible Predictive Biomarkers of Clinical Response to Lenvatinib Therapy in Hepatocellular Carcinoma. Cancers 2020, 12, 293. [Google Scholar] [CrossRef]

	



Saeki, I.; Yamasaki, T.; Yamashita, S.; Hanazono, T.; Urata, Y.; Furutani, T.; Yokoyama, Y.; Oishi, T.; Maeda, M.; Kimura, T.; et al. Early Predictors of Objective Response in Patients with Hepatocellular Carcinoma Undergoing Lenvatinib Treatment. Cancers 2020, 12, 779. [Google Scholar] [CrossRef]

	



Vogel, A.; Frenette, C.; Sung, M.; Daniele, B.; Baron, A.; Chan, S.L.; Blanc, J.F.; Tamai, T.; Ren, M.; Lim, H.J.; et al. Baseline Liver Function and Subsequent Outcomes in the Phase 3 REFLECT Study of Patients with Unresectable Hepatocellular Carcinoma. Liver Cancer 2021, 10, 510–521. [Google Scholar] [CrossRef]

	



Xiang, Q.; Chen, W.; Ren, M.; Wang, J.; Zhang, H.; Deng, D.Y.; Zhang, L.; Shang, C.; Chen, Y. Cabozantinib suppresses tumor growth and metastasis in hepatocellular carcinoma by a dual blockade of VEGFR2 and MET. Clin. Cancer Res. 2014, 20, 2959–2970. [Google Scholar] [CrossRef]

	



Yakes, F.M.; Chen, J.; Tan, J.; Yamaguchi, K.; Shi, Y.; Yu, P.; Qian, F.; Chu, F.; Bentzien, F.; Cancilla, B.; et al. Cabozantinib (XL184), a novel MET and VEGFR2 inhibitor, simultaneously suppresses metastasis, angiogenesis, and tumor growth. Mol. Cancer Ther. 2011, 10, 2298–2308. [Google Scholar] [CrossRef] [PubMed]

	



Miksad, R.; Cicin, I.; Chen, Y.; Klumpen, H.; Kim, S.; Lin, Z.; Youkstetter, J.; Sen, S.; Cheng, A.; Meyer, T.; et al. Outcomes based on Albumin-Bilirubin (ALBI) grade in the phase 3 CELESTIAL trial of cabozantinib versus placebo in patients with advanced hepatocellular carcinoma (HCC). Ann. Oncol. 2019, 30, iv134. [Google Scholar] [CrossRef]

	



Abou-Alfa, G.K.; Meyer, T.; Cheng, A.-L.; El-Khoueiry, A.B.; Rimassa, L.; Ryoo, B.-Y.; Cicin, I.; Merle, P.; Park, J.-W.; Blanc, J.-F.; et al. Cabozantinib (C) versus placebo (P) in patients (pts) with advanced hepatocellular carcinoma (HCC) who have received prior sorafenib: Results from the randomized phase III CELESTIAL trial. J. Clin. Oncol. 2018, 36, 207. [Google Scholar] [CrossRef]

	



Kelley, R.K.; Mollon, P.; Blanc, J.F.; Daniele, B.; Yau, T.; Cheng, A.L.; Valcheva, V.; Marteau, F.; Guerra, I.; Abou-Alfa, G.K. Comparative Efficacy of Cabozantinib and Regorafenib for Advanced Hepatocellular Carcinoma. Adv. Ther. 2020, 37, 2678–2695. [Google Scholar] [CrossRef]

	



Rimassa, L.; Kelley, R.K.; Meyer, T.; Ryoo, B.Y.; Merle, P.; Park, J.W.; Blanc, J.F.; Lim, H.Y.; Tran, A.; Chan, Y.W.; et al. Outcomes Based on Plasma Biomarkers for the Phase 3 CELESTIAL Trial of Cabozantinib versus Placebo in Advanced Hepatocellular Carcinoma. Liver Cancer 2022, 11, 38–47. [Google Scholar] [CrossRef]

	



Wilhelm, S.M.; Dumas, J.; Adnane, L.; Lynch, M.; Carter, C.A.; Schütz, G.; Thierauch, K.H.; Zopf, D. Regorafenib (BAY 73-4506): A new oral multikinase inhibitor of angiogenic, stromal and oncogenic receptor tyrosine kinases with potent preclinical antitumor activity. Int. J. Cancer 2011, 129, 245–255. [Google Scholar] [CrossRef]

	



Kudo, M. A New Era of Systemic Therapy for Hepatocellular Carcinoma with Regorafenib and Lenvatinib. Liver Cancer 2017, 6, 177–184. [Google Scholar] [CrossRef]

	



Strumberg, D.; Schultheis, B. Regorafenib for cancer. Expert Opin. Investig. Drugs 2012, 21, 879–889. [Google Scholar] [CrossRef]

	



Carr, B.I.; D’Alessandro, R.; Refolo, M.G.; Iacovazzi, P.A.; Lippolis, C.; Messa, C.; Cavallini, A.; Correale, M.; Di Carlo, A. Effects of low concentrations of regorafenib and sorafenib on human HCC cell AFP, migration, invasion, and growth in vitro. J. Cell. Physiol. 2013, 228, 1344–1350. [Google Scholar] [CrossRef]

	



Han, R.; Li, S. Regorafenib delays the proliferation of hepatocellular carcinoma by inducing autophagy. Die Pharm. 2018, 73, 218–222. [Google Scholar] [CrossRef]

	



Carr, B.I.; Cavallini, A.; Lippolis, C.; D’Alessandro, R.; Messa, C.; Refolo, M.G.; Tafaro, A. Fluoro-Sorafenib (Regorafenib) effects on hepatoma cells: Growth inhibition, quiescence, and recovery. J. Cell. Physiol. 2013, 228, 292–297. [Google Scholar] [CrossRef] [PubMed]

	



Cucarull, B.; Tutusaus, A.; Hernáez-Alsina, T.; de Frutos, P.G.; Reig, M.; Colell, A.; Marí, M.; Morales, A. Antioxidants Threaten Multikinase Inhibitor Efficacy against Liver Cancer by Blocking Mitochondrial Reactive Oxygen Species. Antioxidants 2021, 10, 1336. [Google Scholar] [CrossRef] [PubMed]

	



Cucarull, B.; Tutusaus, A.; Subías, M.; Stefanovic, M.; Hernáez-Alsina, T.; Boix, L.; Reig, M.; de Frutos, P.G.; Marí, M.; Colell, A.; et al. Regorafenib Alteration of the BCL-xL/MCL-1 Ratio Provides a Therapeutic Opportunity for BH3-Mimetics in Hepatocellular Carcinoma Models. Cancers 2020, 12, 332. [Google Scholar] [CrossRef]

	



Tsai, J.J.; Pan, P.J.; Hsu, F.T. Regorafenib induces extrinsic and intrinsic apoptosis through inhibition of ERK/NF-κB activation in hepatocellular carcinoma cells. Oncol. Rep. 2017, 37, 1036–1044. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Yang, J.; Zhang, Y.; Cai, H.; Chen, X.; Sun, D. Regorafenib reverses HGF-induced sorafenib resistance by inhibiting epithelial-mesenchymal transition in hepatocellular carcinoma. FEBS Open Bio 2019, 9, 335–347. [Google Scholar] [CrossRef] [PubMed]

	



Bruix, J.; Reig, M.; Merle, P.; Kudo, M.; Meinhardt, G.; Zhang, M.; Ozgurdal, K. Alpha-fetoprotein (AFP) response in patients with unresectable hepatocellular carcinoma (HCC) in the phase III RESORCE trial. Ann. Oncol. 2019, 30, v291. [Google Scholar] [CrossRef]

	



Grothey, A.; Huang, L.; Wagner, A.; Van Cutsem, E. Hand-foot skin reaction (HFSR) and outcomes in the phase 3 CORRECT trial of regorafenib for metastatic colorectal cancer (mCRC). J. Clin. Oncol. 2017, 35, 3551. [Google Scholar] [CrossRef]

	



Teufel, M.; Seidel, H.; Köchert, K.; Meinhardt, G.; Finn, R.S.; Llovet, J.M.; Bruix, J. Biomarkers Associated with Response to Regorafenib in Patients with Hepatocellular Carcinoma. Gastroenterology 2019, 156, 1731–1741. [Google Scholar] [CrossRef]

	



Kim, H.D.; Bang, Y.; Lee, M.A.; Kim, J.W.; Kim, J.H.; Chon, H.J.; Kang, B.; Kang, M.J.; Kim, I.; Cheon, J.; et al. Regorafenib in patients with advanced Child-Pugh B hepatocellular carcinoma: A multicentre retrospective study. Liver Int. 2020, 40, 2544–2552. [Google Scholar] [CrossRef]

	



Ammendola, M.; Gadaleta, C.D.; Frampton, A.E.; Piardi, T.; Memeo, R.; Zuccalà, V.; Luposella, M.; Patruno, R.; Zizzo, N.; Gadaleta, P.; et al. The density of mast cells c-Kit(+) and tryptase(+) correlates with each other and with angiogenesis in pancreatic cancer patients. Oncotarget 2017, 8, 70463–70471. [Google Scholar] [CrossRef]

	



Ammendola, M.; Patruno, R.; Sacco, R.; Marech, I.; Sammarco, G.; Zuccalà, V.; Luposella, M.; Zizzo, N.; Gadaleta, C.; Porcelli, M.; et al. Mast cells positive to tryptase and tumour-associated macrophages correlate with angiogenesis in locally advanced colorectal cancer patients undergone to surgery. Expert Opin. Ther. Targets 2016, 20, 533–540. [Google Scholar] [CrossRef] [PubMed]

	



Laface, C.; Laforgia, M.; Zito, A.F.; Loisi, D.; Zizzo, N.; Tamma, R.; Gadaleta, C.D.; Porcelli, M.; Currò, G.; Ammendola, M.; et al. Chymase-positive Mast cells correlate with tumor angiogenesis: First report in pancreatic cancer patients. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 6862–6873. [Google Scholar] [CrossRef]

	



Marech, I.; Ammendola, M.; Leporini, C.; Patruno, R.; Luposella, M.; Zizzo, N.; Passantino, G.; Sacco, R.; Farooqi, A.A.; Zuccalà, V.; et al. C-Kit receptor and tryptase expressing mast cells correlate with angiogenesis in breast cancer patients. Oncotarget 2018, 9, 7918–7927. [Google Scholar] [CrossRef] [PubMed]

	



Patruno, R.; Passantino, G.; Laface, C.; Tinelli, A.; Zito, A.; Ruggieri, R.; Luposella, F.; Gadaleta, P.; Laforgia, M.; Lacitignola, L.; et al. Microvascular Density, Endothelial Area, and Ki-67 Proliferative Index Correlate Each Other in Cat Post-Injection Fibrosarcoma. Cells 2020, 10, 31. [Google Scholar] [CrossRef] [PubMed]

	



Ranieri, G. Biological Basis of Tumor Angiogenesis and Therapeutic Intervention: Past, Present, and Future. Int. J. Mol. Sci. 2018, 19, 1655. [Google Scholar] [CrossRef] [PubMed]

	



Ranieri, G.; Gasparini, G. Angiogenesis and angiogenesis inhibitors: A new potential anticancer therapeutic strategy. Curr. Drug Targets. Immune Endocr. Metab. Disord. 2001, 1, 241–253. [Google Scholar] [CrossRef]

	



Ribatti, D.; Nico, B.; Ranieri, G.; Specchia, G.; Vacca, A. The role of angiogenesis in human non-Hodgkin lymphomas. Neoplasia 2013, 15, 231–238. [Google Scholar] [CrossRef]

	



Sammarco, G.; Gadaleta, C.D.; Zuccalà, V.; Albayrak, E.; Patruno, R.; Milella, P.; Sacco, R.; Ammendola, M.; Ranieri, G. Tumor-Associated Macrophages and Mast Cells Positive to Tryptase Are Correlated with Angiogenesis in Surgically-Treated Gastric Cancer Patients. Int. J. Mol. Sci. 2018, 19, 1176. [Google Scholar] [CrossRef]

	



Ambrogio, F.; Laface, C.; Perosa, F.; Lospalluti, L.; Ranieri, G.; De Prezzo, S.; Prete, M.; Cazzato, G.; Guarneri, F.; Romita, P.; et al. An 82-year-old woman with new onset of multiple purple-reddish nodules during treatment with abatacept for rheumatoid arthritis. Intern. Emerg. Med. 2022. [Google Scholar] [CrossRef]

	



Ranieri, G.; Laface, C.; Laforgia, M.; De Summa, S.; Porcelli, M.; Macina, F.; Ammendola, M.; Molinari, P.; Lauletta, G.; Di Palo, A.; et al. Bevacizumab Plus FOLFOX-4 Combined with Deep Electro-Hyperthermia as First-line Therapy in Metastatic Colon Cancer: A Pilot Study. Front. Oncol. 2020, 10, 590707, Erratum in Front. Oncol. 2021, 10, 637880. [Google Scholar] [CrossRef]

	



Gadaleta, C.; Coviello, M.; Catino, A.; Venneri, M.T.; Stea, B.; Quaranta, M.; Mattioli, V.; Ranieri, G. Serum vascular endothelial growth factor concentrations in hepatocellular cancer patients undergoing percutaneously radiofrequency thermal ablation. J. Chemother. 2004, 16 (Suppl. 5), 7–10. [Google Scholar] [CrossRef] [PubMed]

	



Ranieri, G.; Coviello, M.; Chiriatti, A.; Stea, B.; Montemurro, S.; Quaranta, M.; Dittadi, R.; Paradiso, A. Vascular endothelial growth factor assessment in different blood fractions of gastrointestinal cancer patients and healthy controls. Oncol. Rep. 2004, 11, 435–439. [Google Scholar] [CrossRef] [PubMed]

	



Ranieri, G.; Patruno, R.; Ruggieri, E.; Montemurro, S.; Valerio, P.; Ribatti, D. Vascular endothelial growth factor (VEGF) as a target of bevacizumab in cancer: From the biology to the clinic. Curr. Med. Chem. 2006, 13, 1845–1857. [Google Scholar] [CrossRef]

	



Sammarco, G.; Varricchi, G.; Ferraro, V.; Ammendola, M.; De Fazio, M.; Altomare, D.F.; Luposella, M.; Maltese, L.; Currò, G.; Marone, G.; et al. Mast Cells, Angiogenesis and Lymphangiogenesis in Human Gastric Cancer. Int. J. Mol. Sci. 2019, 20, 2106. [Google Scholar] [CrossRef] [PubMed]

	



Saponaro, C.; Malfettone, A.; Ranieri, G.; Danza, K.; Simone, G.; Paradiso, A.; Mangia, A. VEGF, HIF-1α expression and MVD as an angiogenic network in familial breast cancer. PLoS ONE 2013, 8, e53070. [Google Scholar] [CrossRef] [PubMed]

	



Marech, I.; Gadaleta, C.D.; Ranieri, G. Possible prognostic and therapeutic significance of c-Kit expression, mast cell count and microvessel density in renal cell carcinoma. Int. J. Mol. Sci. 2014, 15, 13060–13076. [Google Scholar] [CrossRef] [PubMed]

	



Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [Google Scholar] [CrossRef]

	



Zhu, A.X.; Park, J.O.; Ryoo, B.-Y.; Yen, C.-J.; Poon, R.; Pastorelli, D.; Blanc, J.-F.; Chung, H.C.; Baron, A.D.; Pfiffer, T.E.F.; et al. Ramucirumab versus placebo as second-line treatment in patients with advanced hepatocellular carcinoma following first-line therapy with sorafenib (REACH): A randomised, double-blind, multicentre, phase 3 trial. Lancet Oncol. 2015, 16, 859–870. [Google Scholar] [CrossRef]

	



Zhu, A.X.; Kang, Y.-K.; Yen, C.-J.; Finn, R.S.; Galle, P.R.; Llovet, J.M.; Assenat, E.; Brandi, G.; Pracht, M.; Lim, H.Y.; et al. Ramucirumab after sorafenib in patients with advanced hepatocellular carcinoma and increased α-fetoprotein concentrations (REACH-2): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2019, 20, 282–296. [Google Scholar] [CrossRef]

	



Siegel, A.B.; Cohen, E.I.; Ocean, A.; Lehrer, D.; Goldenberg, A.; Knox, J.J.; Chen, H.; Clark-Garvey, S.; Weinberg, A.; Mandeli, J.; et al. Phase II trial evaluating the clinical and biologic effects of bevacizumab in unresectable hepatocellular carcinoma. J. Clin. Oncol. 2008, 26, 2992–2998. [Google Scholar] [CrossRef]

	



Kaseb, A.O.; Garrett-Mayer, E.; Morris, J.S.; Xiao, L.; Lin, E.; Onicescu, G.; Hassan, M.M.; Hassabo, H.M.; Iwasaki, M.; Deaton, F.L.; et al. Efficacy of bevacizumab plus erlotinib for advanced hepatocellular carcinoma and predictors of outcome: Final results of a phase II trial. Oncology 2012, 82, 67–74. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, M.B.; Morris, J.S.; Chadha, R.; Iwasaki, M.; Kaur, H.; Lin, E.; Kaseb, A.; Glover, K.; Davila, M.; Abbruzzese, J. Phase II trial of the combination of bevacizumab and erlotinib in patients who have advanced hepatocellular carcinoma. J. Clin. Oncol. 2009, 27, 843–850. [Google Scholar] [CrossRef] [PubMed]

	



Yau, T.; Wong, H.; Chan, P.; Yao, T.J.; Pang, R.; Cheung, T.T.; Fan, S.T.; Poon, R.T. Phase II study of bevacizumab and erlotinib in the treatment of advanced hepatocellular carcinoma patients with sorafenib-refractory disease. Investig. New Drugs 2012, 30, 2384–2390. [Google Scholar] [CrossRef]

	



Hsu, C.H.; Yang, T.S.; Hsu, C.; Toh, H.C.; Epstein, R.J.; Hsiao, L.T.; Chen, P.J.; Lin, Z.Z.; Chao, T.Y.; Cheng, A.L. Efficacy and tolerability of bevacizumab plus capecitabine as first-line therapy in patients with advanced hepatocellular carcinoma. Br. J. Cancer 2010, 102, 981–986. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Sohal, D.; Haller, D.G.; Mykulowycz, K.; Rosen, M.; Soulen, M.C.; Caparro, M.; Teitelbaum, U.R.; Giantonio, B.; O'Dwyer, P.J.; et al. Phase 2 trial of bevacizumab, capecitabine, and oxaliplatin in treatment of advanced hepatocellular carcinoma. Cancer 2011, 117, 3187–3192. [Google Scholar] [CrossRef]

	



Zhu, A.X.; Blaszkowsky, L.S.; Ryan, D.P.; Clark, J.W.; Muzikansky, A.; Horgan, K.; Sheehan, S.; Hale, K.E.; Enzinger, P.C.; Bhargava, P.; et al. Phase II study of gemcitabine and oxaliplatin in combination with bevacizumab in patients with advanced hepatocellular carcinoma. J. Clin. Oncol. 2006, 24, 1898–1903. [Google Scholar] [CrossRef]

	



Wallin, J.J.; Bendell, J.C.; Funke, R.; Sznol, M.; Korski, K.; Jones, S.; Hernandez, G.; Mier, J.; He, X.; Hodi, F.S.; et al. Atezolizumab in combination with bevacizumab enhances antigen-specific T-cell migration in metastatic renal cell carcinoma. Nat. Commun. 2016, 7, 12624. [Google Scholar] [CrossRef]

	



Finn, R.S.; Ryoo, B.Y.; Merle, P.; Kudo, M.; Bouattour, M.; Lim, H.Y.; Breder, V.; Edeline, J.; Chao, Y.; Ogasawara, S.; et al. Pembrolizumab As Second-Line Therapy in Patients with Advanced Hepatocellular Carcinoma in KEYNOTE-240: A Randomized, Double-Blind, Phase III Trial. J. Clin. Oncol. 2020, 38, 193–202. [Google Scholar] [CrossRef]

	



Yau, T.; Park, J.W.; Finn, R.S.; Cheng, A.L.; Mathurin, P.; Edeline, J.; Kudo, M.; Han, K.H.; Harding, J.J.; Merle, P.; et al. CheckMate 459: A randomized, multi-center phase III study of nivolumab (NIVO) vs sorafenib (SOR) as first-line (1L) treatment in patients (pts) with advanced hepatocellular carcinoma (aHCC). Ann. Oncol. 2019, 30, v874–v875. [Google Scholar] [CrossRef]

	



Lee, M.S.; Ryoo, B.Y.; Hsu, C.H.; Numata, K.; Stein, S.; Verret, W.; Hack, S.P.; Spahn, J.; Liu, B.; Abdullah, H.; et al. Atezolizumab with or without bevacizumab in unresectable hepatocellular carcinoma (GO30140): An open-label, multicentre, phase 1b study. Lancet. Oncol. 2020, 21, 808–820. [Google Scholar] [CrossRef]

	



Hatanaka, T.; Kakizaki, S.; Hiraoka, A.; Tada, T.; Hirooka, M.; Kariyama, K.; Tani, J.; Atsukawa, M.; Takaguchi, K.; Itobayashi, E.; et al. Prognostic impact of C-reactive protein and alpha-fetoprotein in immunotherapy score in hepatocellular carcinoma patients treated with atezolizumab plus bevacizumab: A multicenter retrospective study. Hepatol. Int. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Syed, Y.Y. Ramucirumab: A Review in Hepatocellular Carcinoma. Drugs 2020, 80, 315–322. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, M.; Hatano, E.; Ohkawa, S.; Fujii, H.; Masumoto, A.; Furuse, J.; Wada, Y.; Ishii, H.; Obi, S.; Kaneko, S.; et al. Ramucirumab as second-line treatment in patients with advanced hepatocellular carcinoma: Japanese subgroup analysis of the REACH trial. J. Gastroenterol. 2017, 52, 494–503. [Google Scholar] [CrossRef]

	



De Luca, E.; Marino, D.; Di Maio, M. Ramucirumab, A Second-Line Option for Patients with Hepatocellular Carcinoma: A Review of the Evidence. Cancer Manag. Res. 2020, 12, 3721–3729. [Google Scholar] [CrossRef]

	



Kudo, M.; Galle, P.R.; Brandi, G.; Kang, Y.K.; Yen, C.J.; Finn, R.S.; Llovet, J.M.; Assenat, E.; Merle, P.; Chan, S.L.; et al. Effect of ramucirumab on ALBI grade in patients with advanced HCC: Results from REACH and REACH-2. JHEP Rep. Innov. Hepatol. 2021, 3, 100215. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, M.; Ikeda, M.; Galle, P.R.; Yamashita, T.; Finn, R.S.; Liang, K.; Wang, C.; Sakaguchi, S.; Abada, P.; Widau, R.C.; et al. Ramucirumab in patients with advanced hepatocellular carcinoma and elevated α-fetoprotein: Outcomes by treatment-emergent ascites. Hepatol. Res. 2021, 51, 715–721. [Google Scholar] [CrossRef]

	



Demir, T.; Lee, S.S.; Kaseb, A.O. Systemic therapy of liver cancer. Adv. Cancer Res. 2021, 149, 257–294. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Lu, Z.; Zhao, X. Tumorigenesis, diagnosis, and therapeutic potential of exosomes in liver cancer. J. Hematol. Oncol. 2019, 12, 133. [Google Scholar] [CrossRef]

	



Qin, S.; Bi, F.; Gu, S.; Bai, Y.; Chen, Z.; Wang, Z.; Ying, J.; Lu, Y.; Meng, Z.; Pan, H.; et al. Donafenib Versus Sorafenib in First-Line Treatment of Unresectable or Metastatic Hepatocellular Carcinoma: A Randomized, Open-Label, Parallel-Controlled Phase II-III Trial. J. Clin. Oncol. 2021, 39, 3002–3011. [Google Scholar] [CrossRef]

	



Yen, C.J.; Kim, T.Y.; Feng, Y.H.; Chao, Y.; Lin, D.Y.; Ryoo, B.Y.; Huang, D.C.; Schnell, D.; Hocke, J.; Loembé, A.B.; et al. A Phase I/Randomized Phase II Study to Evaluate the Safety, Pharmacokinetics, and Efficacy of Nintedanib versus Sorafenib in Asian Patients with Advanced Hepatocellular Carcinoma. Liver Cancer 2018, 7, 165–178. [Google Scholar] [CrossRef]

	



Cheng, A.L.; Thongprasert, S.; Lim, H.Y.; Sukeepaisarnjaroen, W.; Yang, T.S.; Wu, C.C.; Chao, Y.; Chan, S.L.; Kudo, M.; Ikeda, M.; et al. Randomized, open-label phase 2 study comparing frontline dovitinib versus sorafenib in patients with advanced hepatocellular carcinoma. Hepatology 2016, 64, 774–784. [Google Scholar] [CrossRef] [PubMed]

	



Llovet, J.M.; Decaens, T.; Raoul, J.L.; Boucher, E.; Kudo, M.; Chang, C.; Kang, Y.K.; Assenat, E.; Lim, H.Y.; Boige, V.; et al. Brivanib in patients with advanced hepatocellular carcinoma who were intolerant to sorafenib or for whom sorafenib failed: Results from the randomized phase III BRISK-PS study. J. Clin. Oncol. 2013, 31, 3509–3516. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.; Yang, T.S.; Huo, T.I.; Hsieh, R.K.; Yu, C.W.; Hwang, W.S.; Hsieh, T.Y.; Huang, W.T.; Chao, Y.; Meng, R.; et al. Vandetanib in patients with inoperable hepatocellular carcinoma: A phase II, randomized, double-blind, placebo-controlled study. J. Hepatol. 2012, 56, 1097–1103. [Google Scholar] [CrossRef] [PubMed]

	



Philip, P.A.; Mahoney, M.R.; Allmer, C.; Thomas, J.; Pitot, H.C.; Kim, G.; Donehower, R.C.; Fitch, T.; Picus, J.; Erlichman, C. Phase II study of Erlotinib (OSI-774) in patients with advanced hepatocellular cancer. J. Clin. Oncol. 2005, 23, 6657–6663. [Google Scholar] [CrossRef]

	



Cainap, C.; Qin, S.; Huang, W.T.; Chung, I.J.; Pan, H.; Cheng, Y.; Kudo, M.; Kang, Y.K.; Chen, P.J.; Toh, H.C.; et al. Linifanib versus Sorafenib in patients with advanced hepatocellular carcinoma: Results of a randomized phase III trial. J. Clin. Oncol. 2015, 33, 172–179. [Google Scholar] [CrossRef]

	



Massagué, J. TGFβ signalling in context. Nat. Rev. Mol. Cell Biol. 2012, 13, 616–630. [Google Scholar] [CrossRef]

	



Pickup, M.; Novitskiy, S.; Moses, H.L. The roles of TGFβ in the tumour microenvironment. Nat. Rev. Cancer 2013, 13, 788–799. [Google Scholar] [CrossRef]

	



Faivre, S.; Santoro, A.; Kelley, R.K.; Gane, E.; Costentin, C.E.; Gueorguieva, I.; Smith, C.; Cleverly, A.; Lahn, M.M.; Raymond, E.; et al. Novel transforming growth factor beta receptor I kinase inhibitor galunisertib (LY2157299) in advanced hepatocellular carcinoma. Liver Int. 2019, 39, 1468–1477. [Google Scholar] [CrossRef]

	



Herbertz, S.; Sawyer, J.S.; Stauber, A.J.; Gueorguieva, I.; Driscoll, K.E.; Estrem, S.T.; Cleverly, A.L.; Desaiah, D.; Guba, S.C.; Benhadji, K.A.; et al. Clinical development of galunisertib (LY2157299 monohydrate), a small molecule inhibitor of transforming growth factor-beta signaling pathway. Drug Des. Dev. Ther. 2015, 9, 4479–4499. [Google Scholar] [CrossRef]

	



Kelley, R.K.; Gane, E.; Assenat, E.; Siebler, J.; Galle, P.R.; Merle, P.; Hourmand, I.O.; Cleverly, A.; Zhao, Y.; Gueorguieva, I.; et al. A Phase 2 Study of Galunisertib (TGF-β1 Receptor Type I Inhibitor) and Sorafenib in Patients with Advanced Hepatocellular Carcinoma. Clin. Transl. Gastroenterol. 2019, 10, e00056. [Google Scholar] [CrossRef]

	



Kasprzak, A.; Adamek, A. Role of Endoglin (CD105) in the Progression of Hepatocellular Carcinoma and Anti-Angiogenic Therapy. Int. J. Mol. Sci. 2018, 19, 3887. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, A.G.; Ma, C.; Ulahannan, S.V.; Rahma, O.E.; Makarova-Rusher, O.; Cao, L.; Yu, Y.; Kleiner, D.E.; Trepel, J.; Lee, M.J.; et al. Phase I and Preliminary Phase II Study of TRC105 in Combination with Sorafenib in Hepatocellular Carcinoma. Clin. Cancer Res. 2017, 23, 4633–4641. [Google Scholar] [CrossRef] [PubMed]

	



Alqahtani, A.; Khan, Z.; Alloghbi, A.; Said Ahmed, T.S.; Ashraf, M.; Hammouda, D.M. Hepatocellular Carcinoma: Molecular Mechanisms and Targeted Therapies. Medicina 2019, 55, 526. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.J.; Zheng, B.; Wang, H.Y.; Chen, L. New knowledge of the mechanisms of sorafenib resistance in liver cancer. Acta Pharmacol. Sin. 2017, 38, 614–622. [Google Scholar] [CrossRef]

	



Garlich, J.R.; De, P.; Dey, N.; Su, J.D.; Peng, X.; Miller, A.; Murali, R.; Lu, Y.; Mills, G.B.; Kundra, V.; et al. A vascular targeted pan phosphoinositide 3-kinase inhibitor prodrug, SF1126, with antitumor and antiangiogenic activity. Cancer Res. 2008, 68, 206–215. [Google Scholar] [CrossRef]

	



Singh, A.R.; Joshi, S.; Burgoyne, A.M.; Sicklick, J.K.; Ikeda, S.; Kono, Y.; Garlich, J.R.; Morales, G.A.; Durden, D.L. Single Agent and Synergistic Activity of the “First-in-Class” Dual PI3K/BRD4 Inhibitor SF1126 with Sorafenib in Hepatocellular Carcinoma. Mol. Cancer Ther. 2016, 15, 2553–2562. [Google Scholar] [CrossRef]

	



Koeberle, D.; Dufour, J.F.; Demeter, G.; Li, Q.; Ribi, K.; Samaras, P.; Saletti, P.; Roth, A.D.; Horber, D.; Buehlmann, M.; et al. Sorafenib with or without everolimus in patients with advanced hepatocellular carcinoma (HCC): A randomized multicenter, multinational phase II trial (SAKK 77/08 and SASL 29). Ann. Oncol. 2016, 27, 856–861. [Google Scholar] [CrossRef]

	



Zhu, A.X.; Kudo, M.; Assenat, E.; Cattan, S.; Kang, Y.K.; Lim, H.Y.; Poon, R.T.; Blanc, J.F.; Vogel, A.; Chen, C.L.; et al. Effect of everolimus on survival in advanced hepatocellular carcinoma after failure of sorafenib: The EVOLVE-1 randomized clinical trial. Jama 2014, 312, 57–67. [Google Scholar] [CrossRef]

	



Tai, W.M.; Yong, W.P.; Lim, C.; Low, L.S.; Tham, C.K.; Koh, T.S.; Ng, Q.S.; Wang, W.W.; Wang, L.Z.; Hartano, S.; et al. A phase Ib study of selumetinib (AZD6244, ARRY-142886) in combination with sorafenib in advanced hepatocellular carcinoma (HCC). Ann. Oncol. 2016, 27, 2210–2215. [Google Scholar] [CrossRef]

	



Lim, H.Y.; Merle, P.; Weiss, K.H.; Yau, T.; Ross, P.; Mazzaferro, V.; Blanc, J.F.; Ma, Y.T.; Yen, C.J.; Kocsis, J.; et al. Phase II Studies with Refametinib or Refametinib plus Sorafenib in Patients with RAS-Mutated Hepatocellular Carcinoma. Clin. Cancer Res. 2018, 24, 4650–4661. [Google Scholar] [CrossRef]

	



Bitzer, M.; Horger, M.; Giannini, E.G.; Ganten, T.M.; Wörns, M.A.; Siveke, J.T.; Dollinger, M.M.; Gerken, G.; Scheulen, M.E.; Wege, H.; et al. Resminostat plus sorafenib as second-line therapy of advanced hepatocellular carcinoma—The SHELTER study. J. Hepatol. 2016, 65, 280–288. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Tyrosine kinase inhibitors for the treatment of advanced HCC.






Table 1. Tyrosine kinase inhibitors for the treatment of advanced HCC.





	TKI
	Trial
	Comparison
	Setting
	Clinical Features of Enrolled Patients (%)
	OS
	PFS/TTRP *
	ORR/DCR **
	Grade 3–4 AEs





	Sorafenib

(Nexavar)
	SHARP

(Phase III)

[37]
	Placebo
	First-line
	- Child–Pugh Stage A (97%), Westerns

- HCV (29%), alcohol intake, HBV (19%)

- Extrahepatic disease (51%)

- Macroscopic vascular invasion (70%)
	10.7 vs. 7.9 months;

HR = 0.69; p < 0.001
	5.5 vs. 2.8 months;

HR = 0.58; p < 0.001 *
	43% vs. 32%;

p = 0.002 **
	8% vs. 2%;

p < 0.001



	Sorafenib

(Nexavar)
	ASIAN PACIFIC

(Phase III)

[38]
	Placebo
	First-line
	- Child–Pugh Stage A (97%), Orientals

- HBV (71%), HCV (11%)

- Extrahepatic disease (69%)

- Macroscopic vascular invasion (35%)
	6.5 vs. 4.2 months;

HR = 0.68; p = 0.014
	2.8 vs. 1.4 months;

HR = 0.57; p = 0.0005
	35% vs. 16%;

p = 0.0019 **
	9% vs. 1%



	Lenvatinib

(Lenvima)
	REFLECT

(Phase III)

[39]
	Sorafenib
	First-line
	- Child–Pugh Stage A (99%)

- Westerners (30%), Asians (70%)

- HBV (53%), HCV (19%)

- Extrahepatic disease (60%)

- No ≥ 50% liver tumor burden, gross invasion of the bile duct or the main portal vein
	13.6 vs. 12.3 months;

HR = 0.92
	7.4 vs. 3.7 months;

HR 0.66; p < 0.0001
	24.1%vs. 9.2%;

p < 0.0001

75% vs. 60%
	75% vs. 67%



	Cabozantinib

(Cometriq, Cabometyx)
	CELESTIAL

(Phase III)

[40]
	Placebo
	Second-/Third-line
	- Child–Pugh Stage A (98%), Westerns (70%)

- HBV (38%), HCV (25%)

- Extrahepatic disease (80%)

- Macrovascular invasion (30%)
	10.2 vs. 8.0 months;

HR = 0.76; p <0.001
	5.2 vs. 1.9 months;

HR = 0.44; p < 0.001
	4% vs. 0.4%;

p = 0.009/

64% vs. 48%;

p < 0.001 **
	68% vs. 36%



	Regorafenib

(Stivarga)
	RESORCE

(Phase III)

[41]
	Placebo
	Second-line
	- Child–Pugh Stage A (98%), Orientals (40%)

- HBV (38%), alcohol intake (25%), HCV (21%)

- Extrahepatic disease (70%)

- Macrovascular invasion (30%)
	10.6 vs. 7.8 months; HR = 0.63; p < 0.0001
	3.1 vs. 1.5 months;

HR = 0.46; p < 0.001;

3.2 vs. 1.5 months; HR = 0.44; p < 0.001 *
	10.6% vs. 4.1%;

p = 0.005

65.2% vs. 36%;

p = 0.001
	44% vs. 47%







Abbreviations: tyrosine kinase inhibitor (TKI); Progression free-Survival (PFS); Overall Survival (OS); Objective Response Rate (ORR); Time to Radiological Progression (TTRP) *; Disease Control Rate (DCR) **.
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Table 2. VEGF Inhibitors for treatment of advanced HCC.
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	VEGF Inhibitor
	Trial
	Comparison
	Setting
	Enrolled Patients (%)
	OS
	PFS
	ORR/DCR *
	Grade 3–4 AEs





	Bevacizumab (Avastin)

+

Atezolizumab (Tecentriq)
	IMBrave150

(Phase III)

[107]
	Sorafenib
	First-line
	- Child–Pugh Stage A (99%)

- Westerns (60%)

- HBV (49%), HCV (21%).

- Extrahepatic disease (60%)

- Macrovascular invasion (40%)

- Untreated or incompletely treated esophageal or gastric varices (excluded)
	19.2 vs. 13.4 months; HR = 0.66; p = 0.0009
	6.8 vs. 4.3 months;

HR 0.59
	29.8% vs. 11.3%
	56.5% vs. 55.1%



	Ramucirumab

(Cyramza)
	REACH

(Phase III)

[108]
	Placebo
	Second-line
	- Child–Pugh Stage A (98%)

- Westerns (50%)

- HBV (35%), HCV (27%).

- Extrahepatic disease (70%)

- Macrovascular invasion (30%)
	9.2 vs. 7.6 months;

HR = 0.87, p = 0.14
	2.8 vs. 2.1 months;

HR 0.63; p < 0.0001
	7% vs. <1%;

p < 0.0001

56% vs. 46%;

p = 0.011 *
	36% vs. 29%



	Ramucirumab

(Cyramnza)
	REACH-2

(Phase III)

[109]
	Sorafenib
	Second-line
	- Child–Pugh Stage A (100%)

- Orientals (50%)

- HBV (36%), HCV (24%)

- Extrahepatic disease (70%)

- Macrovascular invasion (35%)

- Baseline AFP level of > 400 ng/mL
	8.5 vs. 7.3 months

HR 0.710, p = 0.0199
	2.8 vs. 1.6 months

p < 0.0001
	59.9% vs.38.9%

p < 0.0006
	35% vs. 29%







Abbreviations: Vascular Endothelial Growth Factor (VEGF); Progression free-Survival (PFS); Overall Survival (OS); Objective Response Rate (ORR); Disease Control Rate (DCR) *.
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Table 3. Other tyrosine kinase inhibitors for the treatment of advanced HCC.
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	TKI
	Trial
	Comparison
	Setting
	Enrolled Patients (%)
	OS
	PFS
	ORR/DCR *
	Grade 3–4 AEs





	Donafenib

(Zepsun)
	Phase II–III

[129]
	Sorafenib
	First-line
	- Child–Pugh stage A (97%)

- HBV (90%), HCV (2%).

- Extrahepatic disease and/or Macrovascular invasion (70%)
	12.1 vs. 10.3 months

HR 0.831; p = 0.0245
	3.7 vs. 3.6 months; p = 0.0570
	4.6% vs. 2.7%,

p = 0.02448

30.8% vs. 28.7%;

p = 0.5532 *
	38% vs. 50%;

p = 0.0018



	Nindetanib

(BIBF 1120)
	Phase II

[130]
	Sorafenib
	First-line
	- Child–Pugh Stage A (99%)

- Orientals (100%)

- HBV (63%), HCV (14%).

- Extrahepatic disease and/or Macrovascular invasion (85%)
	11.9 vs. 11.4 months; HR 0.88
	5.5 vs. 3.8 months; HR 1.05
	
	68% vs. 90%







Abbreviations: Tyrosine kinase inhibitor (TKI); Progression free-Survival (PFS); Overall Survival (OS); Objective Response Rate (ORR); Disease Control Rate (DCR) *.
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Table 4. Non-tyrosine kinase inhibitors targeting the extracellular space or membrane.
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	Non-TKI
	Trial
	Comparison
	Setting
	Enrolled Patients (%)
	OS
	PFS/TTRP *
	ORR/DCR **
	Grade 3–4 AEs





	Galunisertib (LY2157299)
	Phase II

[139]
	/
	Second-line
	- Child–Pugh Stage A (100%)

- Westerns (85%)

- HBV (20%), HCV (24%)

- Macrovascular invasion (26%)
	7.3 months

for patients with high baseline AFP levels

16.8 months

for patients with lower baseline AFP levels
	2.7 months

for patients with high baseline AFP levels *

4.2 months

for patients with lower baseline AFP levels *
	2%
	43.6%



	Galunisertib (LY2157299)

+

Sorafenib (Nexavar)
	Phase II

[140]
	/
	First-line
	- Child–Pugh Stage A (100%)

- Westerns (46%)

- HBV (18%), HCV (34%).

- Extrahepatic disease (80%)

- Macrovascular invasion (34%)
	18.8 months
	4.1 months *
	4.5%

51% **
	59.5%



	TRC105

+

Sorafenib (Nexavar)
	Phase I

[142]
	/
	First-line
	- Child–Pugh Stage A (90%)

- HBV (12%), HCV (60%).

- Extrahepatic disease (68%)
	15.5 months
	3.8 months
	25%
	52%







Abbreviations: tyrosine kinase inhibitor (TKI); Progression free-Survival (PFS); Overall Survival (OS); Objective Response Rate (ORR); Time to Radiological Progression (TTRP) *; Disease Control Rate (DCR) **.
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Table 5. Agents targeting the intracellular space.






Table 5. Agents targeting the intracellular space.





	Drug
	Trial
	Comparison
	Setting
	Enrolled Patients (%)
	OS
	PFS/TTRP *
	ORR/DCR **
	Grade 3–4 AEs





	Everolimus

(Afinitor)
	VOLVE-1

(Phase III)

[148]
	Placebo
	Second-line
	- Child–Pugh Stage A (100%)

- Orientals (60%)

- HBV (26%), HCV (25%)

- Extrahepatic disease (74%)

- Macrovascular invasion (33%)
	7.6 vs. 7.3 months

(HR 1.05; p  = 0.68)
	3.0 vs. 2.6 months

(HR 0.93) *
	56.1% vs. 45.1%

(p = 0.01)
	70.9% vs. 52.2%



	Selumetinib
	Phase I/II

[149]
	/
	First-line
	- Child–Pugh Stage A (96.3%)

- Orientals (60%)

- HBV (59.3%), HCV (7.4%)

- Extrahepatic disease (48%)

- Macrovascular invasion (26%)
	/
	/
	15%
	Diarrhea, rash,

hypertension



	Refametinib

Refametinib

+

Sorafenib
	Phase II

[150]
	/
	First-line
	- Child–Pugh Stage A (100%)

- Orientals (56%)

- HBV (12%), HCV (6%)

- Extrahepatic disease (50%)

- Macrovascular invasion (35%)
	5.8 months





12.7 months
	1.9 months





1.5 months
	0%

56.3% **

6.3%

43.8% **
	Fatigue, hypertension, and acneiform rash



	Resminostat

Resminostat

+

Sorafenib
	SHELTER

(Phase I/II)
	/
	Second-line
	- Child–Pugh Stage A (100%)

- Westerns (100%)

- HBV (32%), HCV (15%).

- Extrahepatic disease (60%)
	4.1 months

8 months
	1.8 months *

6.5 months *
	/
	Nausea (11%),

asthenia (11%)

Thrombocytopenia(12%),

diarrhea (8%),

hypertension (8%)







Abbreviations: Progression free-Survival (PFS); Overall Survival (OS); Objective Response Rate (ORR); Time to Radiological Progression (TTRP) *; Disease Control Rate (DCR) **.
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