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Abstract

Regorafenib is a multi-targeting kinase inhibitor approved for the treatment of metastatic 

colorectal cancer patients in refractory to standard chemotherapy. Similarly to sorafenib, this agent 

was originally developed as a RAF1 inhibitor. However, the kinase inhibitory profile is distinct 

from sorafenib. A broad-spectrum of kinase inhibition induces wide-range drug sensitivity, 

irrespective of mutation status of major oncogenes. This agent’s main therapeutic effects are anti-

angiogenesis and the remodeling of tumor microenvironment through several mechanisms of 

action. The dual blockade of VEGF receptors and TIE2 can lead to both additive anti-angiogenesis 

effects and the suggestive unique regulation of vessel stability. Additionally, it inhibits molecular 

escape pathways to VEGF inhibition (e.g., FGF, PIGF, and PDGF signaling), enabling its 

continuous antiangiogenic effect even in tumors resistant to VEGF inhibitors. Furthermore, 

regorafenib has the important effect of enhancing anti-tumor immunity via macrophage 

modulation. Based on this concept, clinical trials have been recently launched for the development 

of a combination strategy with immune checkpoint inhibitors. Contrary to regorafenib induced 

clinical benefits and advances in the novel strategy, currently no predictive biomarkers have been 

identified. In the present review, we revisit and summarize regorafenib’s unique mechanisms of 

action. The review could highlight molecular insights and provide some perspective for the search 

of predictive biomarkers used in metastatic colorectal cancer patients treated with regorafenib.
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Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of 

cancer-related deaths worldwide [1]. Most metastatic CRC (mCRC) patients are incurable. 

The main therapeutic strategy for mCRC patients is palliative chemotherapy, while non-

systematic therapy (such as surgery and, more optionally, radiation and ablative techniques) 
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is selective for patients with resectable metastatic lesions in improving the survival time. 

Recent progress in the development of new chemotherapeutic drugs has prolonged the 

median survival time to around 30 months [2,3]. Of note, in treatment of mCRC, molecular 

targeting agents represent key players in providing a survival advantage.

Regorafenib is a novel targeting drug introduced into clinical setting of mCRC in the past 

few years. It was originally developed as a RAF1 inhibitor, similarly to sorafenib. A series of 

drug designs of RAF1 inhibitors identified regorafenib as the fifteenth compound, 

immediately following sorafenib [4]. Subsequently, preclinical experiments revealed 

regorafenib’s role as a multi-targeting kinase inhibitor with a broad range of therapeutic 

targets [5]. Based on its chemical structure, regorafenib is classified as a type II kinase 

inhibitor. It binds inactive DFG-out conformation of the kinase domain, which represents a 

hydrophobic space adjacent to the ATP binding pocket [6]. Regorafenib’s structure is similar 

to, but differs from sorafenib, by the addition of a fluorine atom in the proximal phenyl ring. 

This structural difference leads to very distinct properties among the two drugs [5]. 

Preclinically, regorafenib demonstrated a more robust anti-tumor activity than other specific 

angiogenic inhibitors, due to its broad-spectrum kinase inhibition [7].

Despite a promising anti-tumor effect shown in preclinical models, clinical benefit 

regorafenib provides to mCRC patients is modest. In two randomized phase III trials 

(CORRECT and CONCUR), regorafenib significantly increased overall survival in heavily-

treated mCRC, with a reported survival benefit of 1.4 and 2.5 months over placebo [8,9]. 

Additionally, a large phase IIIb study (CONSIGN) confirmed its safety profile [10]. After 

the FDA approved regorafenib for the treatment of mCRC patients in refractory to standard 

chemotherapy, several post-marketing observational studies showed extensive real-world 

data of efficacy and toxicities (CORRELATE, Japanese post-marketing study, REBECCA, 

RECORA) [11–14]. These broad global clinical experiences showed that adverse events 

associated with regorafenib occur frequently in the early stages of treatment, especially 

within the first cycle [15]. Such findings have encouraged an investigation into how to 

optimize first cycle dosing to support tolerability and treatment continuation. To test this 

clinical question, a randomized phase II, ReDOS trial has been conducted. This trial 

evaluated the safety and efficacy of two regorafenib dosing schedules (flexible first cycle 

dose-optimization schedule; and standard-dose schedule). The primary endpoint was the 

proportion of evaluable patients initiating cycle 3, assumed to be superior in dose-

optimization schedule. The primary endpoint was met, and dose-optimization schedule 

represented lower incidence of adverse events and a trend for higher efficacy, compared to 

standard-dose schedule [16]. Based on these findings, the National Comprehensive Cancer 

Network currently recommends the ReDOS dose-escalation schema as an option in its 

mCRC treatment guidelines [17].

The current challenge is patient selection. The identification of relevant predictive markers 

for clinical outcome associated with regorafenib treatment is critical. However, to date, no 

promising biomarkers have been identified. In the present review, the unique mechanisms of 

action of regorafenib are summarized. Additionally, the molecular background behind the 

pathway interacting with regorafenib is revisited based on preclinical and clinical findings. 

Specifically, it includes both well-known antiangiogenic actions and novel 
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immunomodulation mechanisms. This could facilitate the understanding of the molecular 

insights for clinical use and aid biomarker discovery in regorafenib treatment for mCRC 

patients.

Broad-spectrum of kinase inhibition

Colorectal carcinogenesis is complex. It is based on multiple steps and signaling pathways 

that control cell division and survival [18]. Numerous altered cell surface ligand–receptor 

interactions induce the activation of intracellular signaling pathways involved in the several 

cancer growth hallmarks (e.g., angiogenesis, activating metastasis activation, cell 

proliferation maintenance, and immune suppression, Fig. 1). During the course of multistep 

tumorigenesis, tumors create a “tumor microenvironment (TME)”, which represents a 

tumor-host interactive structure consisting of many types of cells [e.g., cancer cells, cancer 

stem cells, endothelial cells, pericytes, immune inflammatory cells, cancer-associated 

fibroblast (CAF), and bone marrow-derived stromal cells] [19]. Regorafenib simultaneously 

targets several hallmarks of CRC development through broad kinase inhibition with anti-

angiogenesis (by inhibiting VEGFR1, −2, −3, TIE2, PDGFR, and FGFR1 and −2), anti-

proliferation (by inhibiting c-KIT, RAF1, BRAF, and RET), anti-metastasis (by inhibiting 

VEGFR2 and −3, and PDGFR), and anti-immunosuppression (by inhibiting CSF1R) effects 

[5]. These anti-tumor properties are closely associated with TME modulation, which leads to 

an improvement of therapeutic outcomes, even in highly aggressive CRC [7]. Additionally, 

in preclinical models, the broad-spectrum kinase inhibitory property is capable of achieving 

wide-ranging drug sensitivity, irrespective of RAS and BRAF mutation status [20]. 

Consistently, clinical trials data show that regorafenib provides survival benefits across all 

the patient subgroups, including those carrying major oncogenes mutations (e.g., RAS and 

BRAF) [21,22].

Anti-angiogenetic effect by dual blocking of VEGFRs and TIE2

In CRC, angiogenesis is a highly complicated process essential for cell survival and tumor 

progression [23]. Tumor blood vessels grow abnormally, resulting in poorly functioning 

vasculature. The loose association between the endothelium and perivascular cells in the 

tumor vasculature leads to tumor cell intravasation through the vascular wall into the 

circulation. As a consequence, metastatic spreading to secondary sites is promoted. VEGF–

VEGFR signaling predominantly promotes tumor angiogenesis, leading to vascular 

destabilization. Of note, VEGFR2 is a master receptor, capable of transmitting signals to the 

downstream pro-angiogenic pathway via stimuli of its ligands (VEGFA, C, and D) [24]. 

Antiangiogenic treatment is aimed at reducing the abundant tumor vessels required for the 

essential supply of nutrients and oxygen to proliferating cancer cells. Additionally, it 

normalizes tumor vasculature, resulting in reduced tissue hypoxia and the enhanced delivery 

of cytotoxic agents [25]. However, the limited efficacy of clinically approved anti-VEGF/

VEGFR drugs has prompted searching for co-targetable angiogenesis regulators [26–28]. 

The angiopoietin (ANG) – TIE pathway has emerged as the second attractive target in anti-

angiogenesis treatment [29]. This pathway uniquely controls vessel remodeling and 

stabilization by involving two receptors (i.e., TIE1 and TIE2) and two well-characterized 

ligands (i.e., ANG1 and ANG2). An understanding of the highly complicated system 
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characterized by double-sided ligands and receptors working in concert with the VEGF 

pathway is necessary in order to identify more effective treatment strategies.

TIE2 is a well-studied tyrosine kinase receptor binding ANG1 and ANG2. ANG1 is released 

primarily from perivascular cells in a paracrine manner. On the contrary, ANG2 is released 

from endothelial cells in an autocrine manner [29]. ANG1 is a strong agonist of TIE2. It 

promotes angiogenesis via the downstream AKT signaling and stabilizes the vascular 

adherence junction component (VE-cadherin) via another downstream RhoA signaling. The 

latter interferes with the VEGF/VEGFR2/Src axis causing vascular destabilization through 

VE-cadherin internalization [30]. As opposed to ANG1, ANG2 works in a context-

dependent manner serving as both TIE2 agonist and antagonist [31]. In a non-pathological 

condition or in the absence of ANG1, ANG2 functions as a weak TIE2 agonist [32]. While 

in inflammation or tumor settings, ANG2 acts as a TIE2 antagonist, promoting vessel 

destabilization and pericyte dropout [32]. ANG2 working as a TIE2 antagonist induces 

angiogenesis in the presence of VEGF, while leads to vessel regression in the absence of 

VEGF [33]. In tumor “angiogenesis switch”, cancer-secreted VEGFA induces the formation 

of motor endothelial cells, called tip cells, which invade the extracellular matrix and lead the 

new vascular sprouting. This process is supported by ANG2 [34]. ANG2 expression 

increases in response to VEGF and hypoxia [35]. In several cancer types, including CRC, 

there is a significant upregulation of ANG2 [36]. This leads to increased ANG2–TIE2 

binding and consequently causes vascular dysfunction, hyper-permeability, poor perfusion, 

and tissue hypoxia [29]. In this context, tissue hypoxia promotes VEGF’s expression, which 

also results in an increased ANG2 spiral. Briefly, ANG1 – TIE2 signaling contributes to 

angiogenesis with vascular stabilization independently of VEGF. On the contrary, in tumors, 

ANG2 – TIE2 works as a vascular destabilizing pro-angiogenesis factor in concert with the 

VEGF pathway (Fig. 2).

While less well known than TIE2, TIE1 has been shown to play an important role during 

angiogenesis. TIE1 is an orphan receptor with no ligand to bind [37]. It appears to contribute 

to TIE2 signaling by heterodimerization, affecting angiopoietin binding to TIE2. 

Functionally, during angiogenesis, TIE1 can both negatively and positively regulate TIE2 

signaling, depending on the cellular context. For example, TIE1 expression in angiogenic tip 

cells negatively regulates TIE2 surface presentation. On the contrary, it has been shown that 

TIE1 expression in remodeling stalk cells stabilizes and sustains TIE2 signaling [38]. In 

response to VEGF and TNF-α, TIE1 undergoes regulated ectodomain cleavage [39]. The 

cleaved product is associated with soluble TIE1 (sTIE1). In the context of acute 

inflammation, TIE2 ectodomain shedding prevents ANG2’s agonistic action, favoring its 

antagonistic action on TIE2. This, as a consequence, leads to vascular remodeling and 

destabilization [40]. Similar effects were observed in TIE1 deleted mice [41]. On the 

contrary, in the case of chronically growing tumors, TIE1 deletion induces TIE2 gain-of-

function (upregulation of ANG1, ANG2, and TIE2, and shift of ANG1/ANG2 ratio toward 

ANG1) and VEGFR2 loss-of-function (strong downregulation of KDR, which is VEGFR2’s 

encoding gene). This leads to reduced angiogenesis and vascular normalization [42]. Such 

findings suggest that TIE1 works as a pro-angiogenetic factor in tumors, in contrast to acute 

inflammation.
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Regorafenib is a distinctive agent, inhibiting both TIE2 and VEGFRs. ANG2 upregulation in 

the tumor vasculature has been suggested as a potential mechanism of resistance to VEGF 

pathway inhibition [43]. As a consequence, the inhibition of both ANG2–TIE2 and VEGF 

pathways may be a more effective strategy to overcome resistance compared to the exclusive 

inhibition of VEGFRs. Of note, it has been shown that the combination of ANG2- and 

VEGF-blocking increases anti-tumor effects, inducing an additional vascular stabilizing 

effect compared to VEGF blockade only [44]. However, the effect of ANG1 – TIE2 

signaling inhibition is not comparable to ANG2 – TIE2 inhibition. Preclinical studies in 

CRC cell showed that selective ANG2 inhibition is effective for anti-angiogenesis and 

vascular normalization. On the contrary, selective ANG1 inhibition is much less effective 

[45]. In TIE2 and VEGFRs dual blocking, there is an obvious enhancement of the effect of 

tumor vessel reduction. However, it remains unclear whether the effect of vascular 

normalization becomes synergetic. Specifically, this is because while the ANG1 – TIE2 axis 

contributes to vessel stabilization, the ANG2–TIE2 and VEGF–VEGFR axis contribute to 

vessel destabilization. In CRC cells, the combined inhibition of ANG1 and ANG2 favors 

tumor vessel abnormalities, due to the absence of ANG1’s stabilizing effect [45]. Thus, it 

has been speculated that the balance between ANG1 – TIE2, ANG2 – TIE2, and VEGF – 

VEGFR plays an important role in vascular normalization after regorafenib. Importantly, this 

may affect anti-tumor effects since normalization of tumor vasculature is critically effective 

in anti-angiogenesis treatment. Based on this observation, the importance of TIE2 pathway 

inhibition as part of regorafenib’s therapeutic efficacy remains to be further investigated.

Inhibiting molecular escape pathways to VEGF inhibition

In combination with cytotoxic agents, VEGF axis inhibition is at the basis of the therapeutic 

strategy recommended across standard front-line treatments for mCRC patients, while anti-

EGFR antibodies are also recommended and commonly used in standard treatment for RAS 

wild and left sided tumors [2,26–28]. Currently, three active VEGF targeting drugs (i.e., 

bevacizumab, ramucirumab, and zib-aflibercept) have been approved for use in clinical 

practice for mCRC patients [26–28]. In line with preclinical data suggesting that continuous 

VEGF suppression is key to achieving and maintaining tumor control [46], the continuous 

use of VEGF targeting drugs is an established treatment strategy providing a survival benefit 

[47]. On the contrary, long duration of VEGF inhibiting treatment can lead to the molecular 

escape of VEGF inhibition, resulting in acquired drug resistance [48]. One of the 

compensatory angiogenic factors is represented by the FGF family of ligands. Endothelial 

cells express high levels of FGFR1 and −2, both of which are potent pro-angiogenic factors 

[49]. It has been shown that an angiogenic rebound following VEGF inhibition in tumors is 

associated with an increased expression of FGF family. Of note, the blockage of the FGF 

signaling minimizes the acquired resistance to VEGF targeting therapy [50]. PIGF is a 

member of the VEGF family, selectively binding to VEGFR1. It contributes to the molecular 

escape to VEGFA inhibition. It has been shown that PIGF has increased plasma levels 

following VEGF signaling blockade [51]. PDGF-BB is another redundant factor modulating 

angiogenesis by activating VEGF and FGF and by stimulating the endothelial cells [52]. In 

CRC, PDGF-BB is related to increasing pericytes within the tumor, resulting from the 

interaction with PDGFR on pericytes [53]. There is a close association between these 

angiogenic factors and TME. For example, it has been shown that colon CAFs secrete FGF1 
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and PDGF [54], and PIGF plays an important role in the recruitment of macrophages, 

promoting the angiogenic response [55]. By targeting VEGFR1 (receptor for PIGF), PDGFR 

(receptor for PDGF-BB), and FGFR (receptor for FGF), regorafenib can overcome these 

molecular escape pathways to VEGF inhibition [5]. Preclinical and clinical studies have 

supported the evidence of regorafenib’s continuous antiangiogenic effect in tumors that have 

become resistant to other VEGF inhibitors, as well as its role in TME remodeling [8,56].

Promoting anti-tumor immunity

Increasing data indicate a close link between angiogenesis and the suppression of anti-tumor 

immune system [57]. This close relationship has a connection with TME, in a two-way 

process. Angiogenic factors impair the vessel’s normal function relating to trafficking and 

extra-vasation of effector T cells and change the TME into an immunosuppressive state. Of 

note, several immune-components of TME [e.g., dendric cells (DC), regulatory T cells 

(Treg), myeloid-derived suppressor cells (MDSC), and tumor-associated macrophages 

(TAM] produce angiogenetic factors and can promote angiogenesis [57,58]. VEGF plays a 

key role in attenuating tumor immune response by negatively affecting the antigen-

presenting cells (APC, such as DC) and effector T cells. Meanwhile, it also positively affects 

immune suppressive cells (e.g., Treg, MDSC, and TAM) [57]. VEGF increases T cell 

exhaustion by enhancing the expression of inhibitory checkpoints (e.g., PD-L1, CTLA-4, 

TIM3) on T cell [59]. Furthermore, since immune cells (e.g., dendric cell, effector T cell, 

Treg, and TAM) also express VEGFRs, VEGF signaling additionally functions as a 

chemokine that recruits the subsets of immune cells to TME [57]. ANG2 is another 

important component capable of strongly driving immune resistance [57]. The mechanism of 

ANG2-induced immunosuppression takes place through the recruitment of myelocytes. 

TIE2-expressing monocytes/macrophages (TEM) are a subpopulation of myeloid cells, 

characterized by both the expression of monocyte/macrophage markers and the TIE2 [60]. 

By interacting with TIE2, ANG2 increases TEMs recruitment to the endothelium. 

Additionally, it stimulates IL-10 secretion by TEMs, promoting Treg expansion and 

suppressing T cell proliferation (Fig. 3) [61].

Antiangiogenic agents have an immune-modulating effect that restores anti-tumor activity 

by paving the TME and reprogramming the vascular function in favor of T cell trafficking 

improvement [58]. It has been shown that the dual inhibition of ANG2 and VEGFA 

promotes anti-tumor immunity, sensitizing to PD-1 checkpoint blockade better than single 

VEGFA inhibition [62]. This immune enhancement may be due to the anti-ANG2 effect, 

leading to vascular normalization and suppression of TEMs recruitment. An earlier study on 

a CRC murine model has found that regorafenib had a more pronounced reduction in TAMs 

and TEMs compared to selective VEGFR2 inhibitor [7]. Additionally, recent evidence in 

CRC has shown that regorafenib reduces the levels of TAM. Specifically, this occurs through 

the inhibition of the CSF-1 – CSF-1R axis which promotes monocytes differentiation into 

TAM [63]. Such preclinical data suggest an immunomodulatory effect of regorafenib, by 

both vascular normalization and macrophage modulation (Fig. 3).

Recently, an additional mechanism of immune-modulation by regorafenib was reported in a 

melanoma model [64]. Specifically, the authors found that regorafenib has most potent 

Arai et al. Page 6

Cancer Treat Rev. Author manuscript; available in PMC 2020 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effect, among a number of kinase inhibitors, in promoting anti-tumor immunity by blocking 

the IFN-γ induced expression of immune suppressive factors. Mechanistically, regorafenib 

suppressed IFN-γ induced PD-L1 and IDO1 expression by inhibiting the RET – Src axis. 

[64]. Of note, it has been shown that immune-enhancing treatment by dual ANG2 and 

VEGFA inhibition also has negative feedback potential which leads to immunosuppressive 

PD-L1 upregulation in response to T cell-derived IFN-γ [62]. As a consequence, regorafenib 

may reset such negative feedback through this newly-reported function of suppressing IFN-

γ induced PD-L1 expression through RET – Src inhibition, probably rendering its distinct 

immune-promoting function.

Following such promising preclinical findings showing regorafenib’s anti-

immunosuppressive property, regorafenib in conjunction with immune checkpoint inhibitors 

is being used in novel combination strategies. A Japanese phase Ib trial (REGONIVO trial; 

NCT03406871) evaluated the simultaneous combination therapy of regorafenib and anti-

PD-1 monoclonal antibody nivolumab in 50 patients (50% of the patients with mCRC, and 

50% with advanced gastric cancer) refractory to standard chemotherapy. Importantly, 

enrolled individuals had microsatellite stability (MSS) tumors, which do not seem to benefit 

from nivolumab monotherapy, except for one patient with MSI high CRC. The results of this 

trial showed that this combination therapy had an excellent efficacy. Specifically, authors 

observed a 36% objective response rate in mCRC patients and 44% of that in advanced 

gastric cancer patients [65]. This promising efficacy is encouraging further studies on such 

combination strategy. Of note, currently there are additional ongoing clinical trials, as 

follows: French phase I/II trial (REGOMUNE trial; NCT03475953) evaluating regorafenib 

plus anti-PD-L1 monoclonal antibody avelumab in advanced digestive solid tumors, and 

American phase I/II trial (NCT03657641) evaluating regorafenib plus anti-PD-1 monoclonal 

antibody pembrolizumab in mCRC.

Inhibiting c-KIT and RET

C-KIT and RET are proto-oncogenic receptor tyrosine kinases (RTKs) potently inhibited by 

regorafenib. But, the content of inhibiting these RTKs remains incompletely understood in 

CRC, because their roles in colonic tumorigenesis have not yet fully elucidated. In this 

section, we discuss about this content based on limited evidences.

C-KIT expresses in specialized goblet cells that contribute to the stem cell niche in the 

murine colon crypt base [66]. In human CRC, c-KIT expression has been controversial [67–

69]. While activating oncogenic mutations in c-KIT are well-documented in gastrointestinal 

stromal tumor and melanoma, it is not significantly mutated in CRC. Recently, Chen et al 

presented important evidence that c-KIT plays a functional role in CRC driven by autocrine 

and/or paracrine manner of its ligand (named as KITLG) rather than activating mutations. 

They found c-KIT-expressing CRC cells, which were highly tumorigenic especially in the 

CD44+ fraction. Their findings could propose the hypothesis that a subset of CRC patients 

expressing c-KIT may benefit from c-KIT inhibiting drugs such as regorafenib and imatinib, 

but clinical evidence is lacked so far [69,70].

In contrast to other RTKs, RET does not bind directly its ligands (GDNF family). Instead, 

the ligands bind to co-receptors, subsequently resulting in RET homodimerization and 
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activation of downstream signaling. Constitutive oncogenic activation of RET can occur by 

two primary mechanisms; chromosomal rearrangements and mutations [71].

RET rearrangements are identified in 1–2% of non-small-cell lung cancers NSCLCs) and 5–

10% of papillary thyroid carcinomas [72–75]. In mCRC, RET rearrangements are very rare 

(0.2%) and some types of fusion are identified (NCOA4-RET, CCDC6-RET, TRIM24-RET, 

TNIP1-RET and SNRNP70-RET) [76,77]. RET rearrangements independently predict a 

poorer prognosis of mCRC patients, likely to BRAF mutation, leading to a new precision 

medicine targeting this actionable gene alteration [77]. Multi-kinase inhibitors with activity 

against RET, such as cabozantinib, vandetanib and lenvatinib, have demonstrated clinical 

efficacy in a subtype of thyroid cancers and NSCLCs having RET rearrangement [75,78]. Of 

note, regorafenib provided a therapeutic response to a mCRC patient carrying CCDC6-RET 
fusion even though with a quarter-to-half dose of the recommended dose [76,79]. To date, no 

substantial differences in the activity of multi-kinase inhibitors against RET rearrangements 

with different upstream partners or breakpoints have been identified in preclinical studies 

[71]. Further investigation is needed to confirm the regorafenib’s activity in RET fusion 

positive mCRC patients.

Somatic RET mutations are also identified in a small subset of CRC patients [80]. However, 

not all RET mutations are activating and amenable to RET targeted therapy. For instance, 

RET G533C variant is clearly oncogenic, whereas P1047S variant is not, in CRC [80]. In 

addition, not all active RET mutations can be inhibiting by multi-kinase inhibitors having 

activity against RET. For instance, V804M/L gate-keeper mutations decrease access of 

agents such as cabozantinib and vandetanib to the hydrophobic ATP-binding pocket of the 

RET kinase [71]. To our knowledge, regorafenib have just reported to have activity against 

C634W mutant in preclinical assay [5]. Further accumulation of knowledge on this content 

is warranted.

Combination with cytotoxic agents

The results from clinical trials have shown the less successful activity of regorafenib in 

combination with standard oxaliplatin- or irinotecan-based chemotherapy for mCRC 

[81,82]. A single-arm phase II trial (CORDIAL trial: NCT01289821) evaluated efficacy and 

safety of regorafenib plus mFOLFOX6 as a first-line treatment. However, this treatment did 

not improve the objective response rate over historical controls [81]. Another placebo-

controlled phase II trial (NCT01298570) assessed the efficacy of regorafenib plus FOLFIRI 

as a second-line treatment. As a result, despite the primary endpoint for progression-free 

survival (PFS) was met, the corresponding improvement in median PFS was only 0.8 

months, and the benefit of overall survival (OS) was lacked [82]. In another setting, a phase I 

trial (RECAP trial: NCT02910843) is ongoing to evaluate efficacy and safety of neoadjuvant 

treatment with regorafenib and capecitabine combined with radiotherapy in locally advanced 

rectal cancer.

Biomarker discovery to predict clinical outcome

Numerous exploratory studies aimed at identifying predictive markers of regorafenib 

efficacy have been focusing on the following factors: oncogene mutation, gene expression, 
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plasma protein, circulating tumor DNA level, MSI status, and primary tumor sidedness 

(Table 1) [21,83–94]. Currently, validated biomarkers for regorafenib are not available. 

However, findings from biomarker studies of CORRECT and CONCUR trials are 

informative because both phase III trials include a controlling placebo arm. This allows for 

the evaluation of each bio-marker’s predictive value for regorafenib benefit compared to 

placebo. Of note, a novel approach using non-invasive liquid biopsy was conducted on 

samples from the CORRECT trial [21]. Tumor genotyping of circulating DNA offers distinct 

advantages compared to DNA analysis from archival tumor tissue. Specifically, its value is 

based on the fact that it is not limited by intratumor heterogeneity. Additionally, non-

invasive sampling allows for real-time evaluation, while archival tissue analysis is unable to 

show genotypic changes occurring through the treatment period [95]. In the CORRECT trial, 

KRAS and PIK3CA mutation status identified from circulating tumor DNA did not have a 

predictive value. Regorafenib’s benefit was shown across all subgroups based on mutation 

status. BRAF mutation was not evaluated in the correlative analysis because of its low 

mutational frequency [21]. Among the 15 plasma proteins evaluated in this trial, sTIE1 had a 

predictive potential for OS. Of note, its high concentration was associated with greater 

regorafenib benefit. However, in the multivariate analysis, this association was not 

significant [21]. Such observation is supported by another trial in renal cell carcinoma, 

showing that regorafenib induced greater tumor shrinkage in patients with high sTIE1 

concentration compared to those with low concentration [96]. As previously mentioned, 

TIE1 works as a pro-angiogenic factor in tumors. However, the clinical meaning of this 

protein’ soluble conformation remains unclear. In preliminary analyses of single-nucleotide 

polymorphisms (SNPs) conducted in the CORRECT trial, VEGFA SNPs were not 

associated with regorafenib benefit. On the contrary, a SNP of TIE2 (rs7024233) seemed to 

have some predictive value [83]. Another exploratory analysis in this trial suggested that a 

molecular subtype based on comprehensive gene expression data might derive a differential 

benefit from regorafenib. However, it was not possible to rule out the potential bias linked to 

the small number of patients in some subtypes [84]. Additionally, although there seemed to 

be an inferior clinical benefit in patients with MSI high tumor, a significant association was 

not observed between MSI status and regorafenib benefit [85]. In the CONCUR trial, the 

authors reported the analysis of plasma protein biomarkers, which were almost the same as 

those evaluated in the CORRECT trial. In this biomarker study, ANG2 was shown to be just 

a prognostic marker. Its elevated levels were associated with poor OS. Of note, none of the 

plasma proteins analyzed were predictive of regorafenib benefit [86]. Taken together, based 

on these findings, the outcome of regorafenib treatment currently cannot be predicted by 

validated biomarkers.

Concluding remarks

Regorafenib is the first tyrosine kinase inhibitor with proven survival benefits for the 

treatment of mCRC patients. Its distinct mechanisms of action provide continuous anti-

angiogenetic effects, and address a broad range of drug sensitivity. The potent effect of TME 

modulation leads to enhancing anti-tumor immunity. A number of novel concepts combining 

regorafenib with immune checkpoint inhibitors are being tested in ongoing clinical trials. 

This combination strategy has great potential for future development. There is a high clinical 
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significance in this drug’s use as a personalized therapy. Therefore, biomarker strategies are 

critical to guide patient selection in mCRC.
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Fig. 1. Anti-tumor mechanisms of regorafenib.
Regorafenib inhibits a broad range of activated pathways related to angiogenesis, metastasis, 

cell proliferation, and immunosuppression. This provides putative mechanisms for its anti-

tumor efficacy in CRC.
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Fig. 2. Different regulation of angiogenesis and vessel stability between VEGF and angiopoietin 
signaling, relating to regorafenib action.
Both VEGF-VEGFR2 and ANG1-TIE2 pathways are pro-angiogenic. However, they have 

opposite effects on vascular stabilization. Specifically, VEGF-VEGFR2 signaling activates 

Src-dependent internalization of VE-cadherin. Therefore, it promotes the disruption of 

interendothelial adherens junctions. Meanwhile, ANG1-TIE2 signaling activates 

downstream RhoA and mDia limiting the access of Src to VEGFR2. As a consequence, it 

strengthens vasculature integrity. In tumors, ANG2 acts as an antagonist of ANG1-TIE2 

pathway. Specifically, it prompts vessel destabilization and pericyte dropout. ANG2-TIE2 

signaling induces angiogenesis in VEGF’s presence, while it leads to vessel regression in 

VEGF’s absence. TIE1 is an orphan receptor, interacting with TIE2. Regorafenib inhibits 

both VEGFR2 and TIE2.
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Fig. 3. TME modulation and promotion of anti-tumor immunity by regorafenib.
Several TME’s components promote an immune suppressive environment. Regorafenib 

modulates immuno-suppressive TME by blocking VEGFRs, TIE2, and CSF-1R, enhancing 

anti-tumor immunity. Abbreviations: CTL, cytotoxic T lymphocyte; DC, dendric cell; EC, 

endothelial cell; TAM, tumor-associated macrophage; TEM, TIE2-expressing monocyte/

macrophage; TME, tumor microenvironment; Treg, regulatory T cell.
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