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ARTICLE INFO ABSTRACT
Keywords: Renal cell carcinoma (RCC) is a frequent urological malignancy characterized by a high rate of
Renal cell carcinoma metastasis and lethality. The treatment strategy for advanced RCC has moved through multiple

Targeted therapy
Immune checkpoint inhibition
Combination therapy

iterations over the past three decades. Initially, cytokine treatment was the only systemic treat-
ment option for patients with RCC. With the development of medicine, antiangiogenic agents
targeting vascular endothelial growth factor and mammalian target of rapamycin and immuno-
therapy, immune checkpoint inhibitors (ICIs) have emerged and received several achievements in
the therapeutics of advanced RCC. However, ICIs have still not brought completely satisfactory
results due to drug resistance and undesirable side effects. For the past years, the interests form
researchers have been attracted by the combination of ICIs and targeted therapy for advanced
RCC and the angiogenesis and immunogenic tumor microenvironmental variations in RCC.
Therefore, we emphasize the potential principle and the clinical progress of ICIs combined with
targeted treatment of advanced RCC, and summarize the future direction.

1. Introduction

Renal cell carcinoma (RCC) is the most frequent renal malignancy and the third urological malignancy in the world. A total of
431,288 new cases and 179,368 deaths were reported worldwide in 2020, with a trend that has deepened in recent years [1]. About
85% of renal tumors are RCC, of which clear cell renal cell carcinoma (ccRCC) is the most common, representing 70% of the cases.
Papillary RCC and chromophobe RCC are another two common subtypes [2]. Early symptoms of RCC are not obvious; approximately
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half of the patients diagnosed with RCC are found incidentally, with about 25% of them progressing to metastatic disease and the
remaining patients may recur and advance to metastatic RCC (mRCC) after local surgical resection [3]. Unlike prostate cancer and
bladder cancer, RCC is insidious and not susceptible to chemoradiotherapy [4]. Sarcomatoid elements are present in about 20% of
tumors from patients with advanced RCC (aRCC), making it more aggressive and leading to rapid metastasis and poor clinical
prognosis with a five-year survival rate of only 18% [5,6].

Treatment options for aRCC have changed dramatically in the past decades. Until 2005, cytokine therapy has been the major
modality of advanced mRCC. Cytokine therapy, consisting of interleukin-2 (IL-2) and interferon-a (IFN-a) and so on, shows benefits in
a limited proportion of patients with aRCC, but such therapy involves high toxicity and low response efficiency [7]. Augmented
vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) signaling and mammalian target of rapamycin (mTOR) activity are
critical contributors to dysregulation of angiogenesis responsible for oncogenic spread in RCC [8]. Targeted therapy is a drug therapy
aimed at the tumor cell proliferation or diffusion at the molecular level to prevent the growth of cancer cells [9]. With the further
research of abnormal angiogenesis in RCC and the development of antiangiogenesis agents, tyrosine kinase inhibitors (TKIs) targeting
the VEGF + growth pathway and mTOR pathway were approved for related drug developments, such as sunitinib, cabozantinib,
axitinib, lenvatinib, bevacizumab, everolimus, and temsirolimus. Subsequent trials demonstrated that these drugs are far more
effective compared with cytokine therapy. However, nearly all patients end up being resistant to these targeted molecular therapies or
antiangiogenic treatments [10].

The advent of immune checkpoint inhibitor (ICI) therapy has not only revolutionized the therapeutic landscape of RCC but also
reawakened interest in immune-based therapies [11,12]. ICIs negatively regulate programmed cell death protein 1 (PD-1) receptor,
programmed death receptor ligand 1 (PD-L1), cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and other immune checkpoints
proteins, thus achieving immune activation and anti-tumor response [13,14]. ICIs offer superior safety and oncologic efficacy
compared with cytokines and targeted therapies.

Hence, nivolumab (anti-PD-1 monoclonal antibody) and ipilimumab (anti-CTLA-4 monoclonal antibody) combined with nivolu-
mab were allowed to be used for the treatment of RCC in 2015 and 2018, respectively after clinical trials and research [15,16]. More
recently, the combination of immunotherapeutic agents with antiangiogenic agents has proven to be a promising therapeutic strategy
[17].

Table 1
Therapeutic methods and targets of renal cell carcinoma.

Therapeutic drugs Target Approval time

Targeted therapy

TKIs

Sorafenib VEGFR-1,2,3 2005
Sunitinib VEGFR-1,2,3 2006
Pazopanib VEGFR-1,2,3 2009
Axitinib VEGFR-1,2,3 2012
Cabozantinib VEGFR-1,2,3 2016
Lenvatinib VEGFR-1,2,3 2016
Tivozanib VEGFR-1,2,3 2021
Anti-VEGF mab

Bevacizumab VEGF 2009
mTOR inhibitors

Temsirolimus mTOR 2007
Everolimus mTOR 2009
ICIs

Atezolizumab PD-L1 -
Avelumab PD-L1 -
Ipilimumab CTLA-4 -
Nivolumab PD-1 2015
Pembrolizumab PD-1 -
Combined therapy

Dual ICIs

Nivolumab + Ipilimumab PD-1 + CTLA-4 2018
TKIs + ICIs

Axitinib + Avelumab VEGFR + PD-11 2019
Axitinib + Pembrolizumab VEGFR + PD-1 2019
Cabozantinib + Nivolumab VEGFR + PD-1 2021
Lenvatinib + Pembrolizumab VEGEFR + PD-1 2021
Cabozantinib + Atezolizumab VEGFR + PD-L1 Under test
Axitinib + Toripalimab VEGFR + PD-1 Under test
Anti-VEGF mab + ICI

Bevacizumab + Atezolizumab VEGF + PD-L1 2019

VEGF, vascular endothelial growth factor; VEGF, vascular endothelial growth factor; TKIs, tyrosine kinase in-
hibitors; ICI, immune checkpoint inhibitor; PD-1, programmed cell death protein 1 receptor; PD-L1, programmed
death receptor ligand 1; CTLA-4, cytotoxic T lymphocyte-associated protein 4, mTOR, mammalian target of
rapamycin.
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In this article, we review the application of ICI and targeted therapy in RCC. We outline the preclinical theoretical basis and
mechanism of action of ICI and targeted therapy for kidney cancer. We also summarize the clinical development and evidence of
efficacy of available agents. On the basis of nearly 20 years of research on cell signalling pathways and immune targets, we focus on
observing the results of trials of targeted therapeutic agents combined with ICIs applied in the last 6 years. We discuss the current
controversies in the use of targeted combination ICI strategies, including a comparison of various regimens currently available and
those in clinical trials, and summarize the advances in combined therapy. Table 1 and Fig. 1 demonstrate the targets and progression of
pharmacological treatments for renal cell carcinoma.

2. Molecular basis of targeted therapy and ICI therapy
2.1. Targeted therapy

The leading type of RCC is ccRCC, and most trials have clustered around this type; thus this review also focuses on ccRCC which is
the most sporadic type of kidney cancer [18].

Deletion, promoter methylation and mutation of chromosome 3 lead to the functional inactivation of the Von Hippel-Lindau (VHL)
gene that is a major characteristic of highly sporadic ccRCC and causes abnormal accumulation of Hypoxia-inducible factor (HIFs) [19,
20]. VHL can encode a specific VHL protein (pVHL). pVHL is the substrate recognition subunit of ubiquitin ligase complex that also
contains elongin B, elongin C, Cul2, and Rbx1 [21,22]. The main functions of this complex are polyubiquitination targeting of HIFs and
degradation of proteasome [23]; when hypoxia occurs, degradation is inhibited, which may be due to the failure of key targeted
modification in the HIF-a oxygen-dependent-degradation (ODD) domain. Moreover, the formation of VHL complex is restrained by
cobaltous ions and desferrioxamine; thus, the interplay between HIF-1a and pVHL is iron-dependent [24]. The stimulation of the HIF
pathway can result from the inactivation of the VHL gene, which is the main reason for early onset of VHL-mutant RCC.

In addition, the expression of genes related to cellular hypoxic response is regulated by series transcription factors of HIF. HIF is a
heterodimer consisting of « subunit and f subunit, in which HIF-1a is involved in the preferential expression of glycolysis pathway and
HIF-2a participates in promoting growth and angiogenesis [23]. When Fe2" and o-ketoglutarate (a-KG) exist and oxygen is sufficient,
HIFs are hydroxylated by the prolyl hydroxylase domain (PHD) protein and then bind to VHL, where they are ubiquitinated and
degraded in proteasome [20,23]. Under normoxic conditions, pVHL continuously represses protein levels and activity. Oppositely, HIF
continues to accumulate and HIF-1a and HIF-1§ further bond to form a heterodimer. The above process is caused by hypoxia or lack of
functional pVHL [23-25]. Numerous studies have demonstrated that the accumulation of HIFs further stimulates the expression of
genes such as VEGF, insulin-like growth factor-2 (IGF-2), platelet-derived growth factor (PDGF), erythropoietin (EPO), transforming
growth factor-a (TGF-a), erythropoietin and hepatocyte growth factor receptor. These factors have important roles in RCC [26,27].
The mechanism of tumor cell genesis induced by hypoxia HIF is shown in Fig. 2.

What attracts the most interest among numerous proteins upregulated by HIFs is VEGF which is closely relevant to angiogenesis
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Fig. 1. Progress in treatment of renal cell carcinoma. In the last century, cytokine therapy was the main treatment for renal cell carcinoma. Since
2005, a variety of molecular targeted drugs for renal cell carcinoma have been approved to be listed. Nivolumab monotherapy, an immune
checkpoint inhibitor, was approved in 2015. Since then, combined therapy has been gradually extended to clinical practice, creating a new era of
renal cell carcinoma treatment.
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and plays a momentous part in the progression of malignant tumors. Apart from this, it was found that VEGF has great research value in
ccRCC because of the rich blood vessels in clinical practices [28]. However, as described above, mutations in VHL (a tumor suppressor)
can be found in 60%-90% of patients with sporadic ccRCC. These mutations can lead to the activation of genes responsible for
angiogenesis, particularly VEGF.

Current researches not only provide more profound comprehension of VHL mutation and its relationship with angiogenesis, but
also demonstrate that VEGF and its VEGF receptor (VEGFR) related pathways make a difference in the development of RCC. As a result,
a number of therapeutic targets, including VEGF ligands and their receptors such as VEGFR-1, VEGFR-2 and VEGFR-3, have been
identified and are now the main targets of antiangiogenic therapy for patients with aRCC [21].

In addition to VEGF/VEGFR pathway inhibition, mTOR pathway inhibition is another crucial RCC targeting pathway. Similarly,
sustained activation of HIFs stimulates the mTOR signaling pathway, which boosts several key tumorigenic processes, including
vascular stimulation through enhanced production of VEGF [29]. In addition, mTOR is a resultful regulator of PI3K-AKT signaling,
which has been shown to promote a variety of cellular functions, such as cell growth, reproduction, migration and survival [30]. It is
often observed in all kinds of solid tumors that the modification of mTOR causes alterations or stimulation to PI3K signal pathway
components, which further generates pathological changes of mechanism of organism and gives rise to the progress of cancer cell
infiltration [31,32]. Therefore, mTOR is also an important therapeutic target(As shown in Fig. 3).

2.2. ICI therapy
2.2.1. Tumor microenvironment in RCC

Tumor microenvironment (TME) is internal environment for tumor occurrence production and growth, which composed of various
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Fig. 2. The mechanism of tumor cell genesis induced by hypoxia inducible factor (HIF). When oxygen is sufficient and Fe2+ and a-keto-
glutarate (a-KG) are existing, hypoxia-inducible factors (HIF) are hydroxylated by prolyl hydroxylase domain (PHD) protein and then bind to pVHL,
where they are ubiquitinated and degraded in the proteasome. The inactivation of VHL gene and hypoxic microenvironment in renal cancer cells
induce the accumulation of HIF-1a in large amounts, and HIF-1a and HIF-1f combine to form heterodimer, which further stimulates the activation
of signal transduction pathways of vascular endothelial growth factor (VEGF), insulin-like growth factor-2 (IGF-2), erythropoietin (EPO) and
rapamycin (mTOR) and promoted the further development of tumor.
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Fig. 3. The mechanism of action of targeted agents and immune checkpoint inhibitors and the synergistic effect of their combined
treatment. The combination of VEGF and VEGFR activates PI3K-AKT-mTOR signaling pathway, which further promotes the progress of tumor cells.
The hypoxia environment of tumor cells and the inactivation of VHL gene lead to the increase of HIF-1a and HIF-1§ heterodimers, which further
activates the signal transduction pathway. The presence of VEGF enhances the function of Tregs and MDSCs and inhibits the maturation of DCs,
ultimately leading to suppression of T-cell activation.Targeted therapeutic drugs can effectively inhibit VEGF and its signalling pathways and exert
an anti-tumour effect. CTLA-4 and CD28 on T cells can compete with B7 ligands (CD80 and CD86) expressed on APC. However, the affinity of CTLA-
4 to B7 ligands is significantly higher than that of CD28, which can induce downstream inhibition signals and inhibit T cell activation. Tumor cells
can use the interaction of PD-1 and PD-L1/L2 to release inhibitory signals to escape antigen-specific T cell immune response. Immune checkpoint
inhibitors against CTLA-4 and PD-1/PD-L1 can restore effective anti-tumor immunity. It is clear from the above that the use of target agents en-
hances the anti-tumour activity of the immune system, thereby increasing the efficacy of immune checkpoint inhibitors, and therefore they have a
synergistic effect.

biochemical components such as tumor cells, non-tumor cells, cytokines, etc. Its characteristics including complex and highly dynamic
may affect the curative effect of targeted therapy and even immunotherapy in long-term research [33,34]. Tumors can affect their
microenvironment by releasing cell signaling molecules that promote tumor angiogenesis and induce immunologic tolerance [35]. In
turn, immune cells can inhibit the development of tumor cell infiltration by interacting with one another. In summary, the interpaly
between tumor and its microenvironment is mutual. Key immune cells involved in constituting the TME of RCC include T cells,
regulatory T cells (Tregs), tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and cancer-associated
fibroblasts (CAFs) [36,37]. A growing body of evidence suggests that RCC has a unique immune microenvironment compared with
other solid tumors. A large number of infiltrated immune cells, CAFs, abnormal vascular endothelial cells, some soluble factors of
non-cellular components and extracellular matrix (ECM) appear in TME of RCC [38].

On the basis of the immunotherapeutic response, T-cell activation is recognized as a central element in the prognosis of ccRCC, as
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well as being linked to positive clinical outcomes and immunotherapy responses [39]. Two main types of T cells, including CD 4% T
cells and CD 87 T cells, have multifarious anti-tumor abilities, of which the former has the ability to harmonize the elaborate immune
interactions and the latter can identify the superficial peptides on cells and assault antigen expression cells [40,41]. CD8" T-cell
infiltration prospectively predicts disease prognosis; unlike other tumors, elevated CD8" T-cell level is associated with poor prognosis
in ccRCC [42]. Meanwhile, another immune cell type of CD4™ T cells, as a cell subset, playing a momentous role in the TME and
keeping strong immunosuppressive traits called Tregs (CD25" cells). Tregs can indirectly promote angiogenesis by inhibiting the
maturation of antigen-presenting cells (APCs), thereby regulating tumor development and immune escape [43,44].

Conversely, there is a growing body of research highlighting the important role of myeloid cells in tumor biology and therapy,
including TAMs and MDSCs. MDSCs derive from myeloid progenitor cells and have been found to be associated with the process of
angiogenesis by promoting angiogenesis, enhancing cancer cell viability and migration and achieving tumor metastasis [45]. In pa-
tients with tumors, the degree of infiltration of MDSCs in TME correlates with poor prognosis. MDSC transfer leads to a decrease in
tumor cell apoptosis and necrosis in tumor-bearing mice, indicating that MDSCs provide survival signals to tumor cells [46]. MDSCs
that accumulate in TME produce MMP9 to support tumor growth and angiogenesis [46,47]. What’s more, a monocyte called TAM, as
an inflammatory mediator, plays a significant part in TME. Similar to MDSC, TAMs promote neovascularization and tumor progres-
sion. Moreover, they involve in tumor immune escape and remodeling-related enzymes that induce tumor metastasis [36,48]. First,
TAMs create a mutation-prone microenvironment by secreting pro-inflammatory mediators, such as TNF-a and ROS. They are prone to
tumor initiation [49,50]. Second, a study in colorectal cancer mice found that TAMs can secrete C-C motif chemokine ligand 20
(CCL20) to recruit Tregs for tumor infiltration [51]. In RCC-bearing mice, pro-angiogenic factors such as VEGF are stimulated by TAMs,
suggesting that TAMs exert VEGF-dependent pro-angiogenic effects [52]. Finally, a complementary type of cell is CAFs. CAF, a matrix
component in tumor microenvironment, is common in solid tumors, which originate from the differentiation of intrinsic tissue fi-
broblasts or other resistant stromal cells and can regulate a variety of cells such as immune cells to control TME so that it is conducive to
the malignant progress of tumors [53,54]. Overexpression of HIF-1a has been proved to be an important inducer of ccRCC, and some
studies have found that CAFs is related to the progress of ccRCC through HIF-1a [55]. In addition, certain cytokines that promote
angiogenesis and tumor growth, such as VEGF, TGF-p and fibroblast growth factor (FGF), are believed to be produced by the stim-
ulation of CAFs [56].

In TME, the interaction between PD-L1 expressed on tumor cells and PD-1 on lymphocytes reduces the activity of effector T cells
and allows tumors to escape the immune response [57]. These immune checkpoints will be discussed in detail below.

2.2.2. T cell activation

Immunotherapy refers to the generation of antigen-specific immune memory through memory T cells or antibodies to induce a
durable anti-cancer response. First, APCs (mainly dendritic cells) come into contact with and react to the neoantigens produced by
carcinoma. Then, the ultimate goal of the process that the major histocompatibility complexes I and II (MHC I and MHC II) molecules
receive the signals generated by neoantigens transmitted by dendritic cells is to activate T cells which work on tumors so that they
eventually lead to a series of events leading to tumor cell death [58].

The core of immune response is T cell activation, which needs double stimulation signals. The first signal comes from T cell receptor
(TCR) recognizing MHC/antigen peptide complex and transmitting antigen-specific recognition signal, and the second signal comes
from the interaction between pairs of costimulatory molecules on APC surface and corresponding receptors on T cells. CD3 is an
important marker on the surface of T cells and it can combine with TCR to form a non-covalent TCR-CD3 complex. The complex can
allow the activation signal generated by the binding of TCR to the antigen transmit to the inside of cells and induce T cell activation. In
contrast to the first signal, the second signal is a nonspecific costimulatory signal (CD28, CTLA-4 and CD80, CD86, CD40 and CD40L,
and PD-1 and PD-L1). CD28 molecules bind non-covalently to ligands B7 (CD80 and CD86) on the APC to form B7-CD28 complex,
which ultimately stimulates T cell proliferation and initiates tumor immunity [10,59,60]. Reaction magnitude, duration and quality
are triggered with antigen recognition by TCR, followed by ligand-receptor interactions [61]. An important part of this process is
regulated by the balance between costimulatory and inhibitory signals, collectively referred to as immune checkpoints [62].

Reactive oxygen species (ROS) as important highly reactive molecules exert a major influence on the whole life activities of cells. In
cancer cells, the number of ROS will increase due to hypoxia, gene mutation and other reasons [63,64]. In TME, ROS induce CAF to
become active CAF by targeting the upregulation of HIF-a expression, which promotes tumor development, proliferation and inva-
siveness [65]. In addition, hydrogen peroxide(a kind of ROS) derivatized from CAF can induce normal fibroblasts to obtain oxidized
CAF-like state. Increased CAF in tumor cells exhibited elevated ROS level and higher glucose uptake, raising the metabolic level of
tumor [66]. The lower glucose content in TME and the higher competitiveness of tumor cells lead to the decrease of glycolytic ability
and activity of T cells, which accelerates the progress of tumor. Therefore, by blocking immune checkpoints on tumor cells, it is
possible to inhibit mTOR activity and reduce the expression of glycolytic enzymes. This reduces glucose consumption by the tumor and
restores T-cell activity [67,68].

2.2.3. Immune checkpoints

Immune checkpoints for patients with RCC in current conventional clinical application are CTLA-4, PD-1, and PD-L1, which play a
role in influencing the activation state of T cells and are highly expressed in ccRCC. In addition, ccRCC obtained a high immune
infiltration scores in pan cancer analysis. As a highly inflammatory tumor type, ccRCC has a high response rate to PD-1 and/or CTLA-4
axis inhibition combinations [25,69].

At an early stage of T cell activation, CTLA-4, the first targeted immune checkpoint receptor to be used in clinic in T cells, is
recruited to the plasma membrane to act in conjunction as a co-stimulatory receptor with CD28 [70]. Both CTLA-4 and CD28 can
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compete with B7 ligands (CD80 and CD86) expressed on APCs for binding. As mentioned above, T cells are activated because that the
combination of CD28 to B7 ligands and co-stimulatory signals are generated. However, the affinity of CTLA-4 for B7 ligand is
significantly higher than that of CD28, thereby creating a complex that induces downstream inhibitory signals that suppress T-cell
activation. Ultimately this process leads to diminished T-cell activation and a diminished CD8™ cytotoxic T-cell response [25,71].

Unlike CTLA-4 which inhibits T cell function, CD28 binds to B7 ligands (CD80 and CD86) in an opposite function. As a result of the
interplay of p85 subunit of Phosphatidylinositol3-kinase (PI3K), the Src family kinase Lck, interleukin-2 (IL-2) and inducible family
kinase Itk, costimulatory signals are generated at the cytoplasmic tail of CD28, which further stimulates transcription factors including
NF-kB and activator protein-1 (AP-1) that make a difference in IL-2 production and T cell survival [71]. From this, it can be seen that
CTLA-4 has two functions: inhibiting CD28 which is a T cell costimulatory receptor and inhibiting T cell activation [59,70]. Ipili-
mumab and tremelimumab are two typical CTLA-4 immunosuppressants that bind to CTLA-4, allowing immune recognition and T-cell
activation of tumor cells by antagonizing the binding of CTLA-4 to CD80/CD86.

PD-1 and its two ligands PD-L1 and PD-L2 are the second most widely used immune checkpoints in clinical practice. A 50-55 kDa
type I transmembrane glycoprotein called PD-1 is composed of IgV domain and belongs to CD28 superfamily, which delivers negative
signals by mediating the interaction of its ligands, PD-L1 or PD-L2, which are composed of type I transmembrane glycoprotein
composed of IgC and IgV domains [72]. Inmunoreceptor tyrosine motifs (ITSMs) in the cytoplasmic region of PD-1 are important for
the inhibitory function of PD-1 whose phosphorylation enhances binding with SH2-domain containing tyrosine phosphatase 2
(SHP-2), which dephosphorylates TCR signal proximal signal molecule Zeta-chain-associated protein kinase 70 (Zap70), thereby
weakening the activation of downstream signals such as Ras and phospholipase Cyl (PLCy1). Extracellular regulated protein kinases
(ERK), Nuclear factor of activated T cells (NFAT) and Protein kinase C (PKC) were also inhibited.(As shown in Fig. 3) [72-74].

The expression of PD-1 and its ligand is more extensive compared with other CD28 family members and plays a significant part in
tumor progression such regulating the activation of T cells. What is analogous to CTLA-4 is that the expression of PD-1 occurs in
activated effector T cells rather than resting T cells [73]. Moreover, PD-1 also expressed in other basic immune cells such as B cells,
monocytes, dendritic cells (DCs), Tregs and natural killer T cells (NKTs). PD-L1 as ligands of PD-1 is not only expressed in T cells, B
cells, macrophages, and some non-immune cells, but also widely expressed in tumor cells, of whose expression solid tumors and
hemangioma tumor cells are up-regulated. The binding of PD-L1 on tumor cells to PD-1 on T cells can cause T cell dysfunction,
depletion and neutralization [74,75]. What is different from PD-L1 is that the expression is finite for PD-L2 that majorly appears in
macrophages and DC [76]. Tumor cells are able to use the expression and interplay of PD-1 and its two ligands to release inhibitory
signals to evade antigen-specific T cell immune responses. Blocking PD-1/PD-L1-mediated signaling by PD-1 inhibitors may restore the
immune response and effective anti-tumor immunity.

3. Biological rationale for combined ICIs and targeted therapy

ICIs are of higher remission rate and safety as neotype cancer immunotherapies which heighten the anti-cancer reaction and
postpone tumor response by blocking the superficial immune receptors of T lymphocytes than targeted therapy among the compe-
titions of RCC first-line treatment schemes [70,77,78]. However, many patients will achieve resistance during later treatment, though
ICIs have lasting effects [58,79]. Despite some success, most patients with aRCC treated with VEGF-targeted therapy still demonstrate
drug resistance [58,80].

3.1. Resistance to ICIs

Drug resistance caused by anoxic microenvironment and dysfunction of tumors and other reasons makes the treatment of RCC still
an incurable disease even though some progress has been made in the past few decades. Cell dysfunction and the reduction of drug
treatment effect may be caused by an important feature of malignant solid tumor called hypoxia, which leads to cell damage and even
death in severe cases [81,82]. The cancer immunity cycle consists of seven steps from the release of tumor antigen to the lysis of tumor
cells which requires the participation of immune system [83]. Most importantly, ICIs such as PD-1/PD-L1 and CTLA-4 inhibitors play a
central role in the treatment of mRCC [84,85]. Immune evasion can occur at the steps of antigen presentation and activation,
transportation of T cells and tumor infiltration and cytotoxic activity of T cells in TME; it can lead to primary or adaptive resistance in
patients receiving immunotherapy [86,87].

As the most common RCC, ccRCC has very universal inactivation of VHL tumor suppressor, which further makes HIF that
participated in angiogenesis, tumor cell survival, metastasis and invasion generate unusual accumulation [29,84,88-90]. At present,
three HIF genes that encode different proteins have been identified. HIF-1a and HIF-2a are transcription factors that activate and
encode erythropoietin, transferrin, VEGF, IGF-2 and so on. HIF-3a is an inhibitor of hypoxic transcriptional response. Therefore, HIF
induces the production of a number of gene products and controls energetic metabolism and pH in cells, which can affect TME [91,92].
TME features are associated with resistance to ICI therapy in some studies [93-95]. For example, during atezolizumab monotherapy,
myeloid inflammation may be a cause of drug resistance in patients with mRCC [96]. Moreover, long-term ICI-mediated
anti-angiogenic therapy will inhibit angiogenic factor and lead to hypoxia. The expression of HIF gene is up-regulated under the
stimulation of tissue hypoxia, which will make tumor cells adapt to hypoxic microenvironment. It is this adaptation that makes tumor
cells resistant to drugs [97]. Thus, the microenvironment of ccRCC has a certain influence on the reaction of ICIs.

In the therapy of ICIs, the downregulation of cellular immune responses in TME is able to be held back by the interaction between
PD-1 on T cells and its ligand (PD-L1) on tumor cells [98]. For instance, there is a humanized monoclonal antibody named atezoli-
zumab, which has capability to enhance anti-cancer immunity by inhibiting the interplay between PD-L1 and its receptors PD-1 and
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B7-1 as a blocker of programmed cell death-ligand (PD-L1) [99]. But the therapeutic effect of atezolizumab can be reduced by the high
expression of myeloid inflammatory genes. Moreover, adaptive T cells with anti-tumor effects are in the position to be restrained by the
microenvironment of myeloid inflammatory tumors [12,90,100]. In a previous study, the clinical therapeutic effect of the combined
treatment of atezolizumab + bevacizumab was found to improve and show better safety when compared with atezolizumab mono-
therapy, indicating that adding bevacizumab to atezolizumab may avoid the inflammation-mediated resistance of the tumor itself
[96]. Besides activation of myeloid cells, drug resistance also occurs in other changes in the microenvironment, such as angiogenic
gene expression and T cell infiltration. High intra-tumoral heterogeneity (ITH) shows depletion of putative neoantigens, increased
myeloid activation, decreased T cell diversity, and a wealth of genomic characteristics (SETD2 and PBRM1 mutations, loss of HLA
heterozygosity, and loss of CDKN2A/B), all of which are generally related to evasion of the antitumor immune response [101].

The signal transduction pathways that are associated with malignant potential such as VEGF and mTOR will be activated because of
the abnormal downstream gene expression of HIF stimulated by the deletion of VHL gene [84,102]. Molecular targeted drugs
VEGF-TKIs have been developed such as axitinib, cabozantinib, sorafenib, and sunitinib, which inhibit angiogenesis and tumor growth
by inhibiting VEGF receptor, whereas everolimus and temsirolimus can block the activity of mTOR [102,103].

3.2. Feasibility of combined medication

Fortunately, there is evidence that VEGFR-TKIs can enhance the effect of immunotherapy with ICIs via reversing the cancer
microenvironment of immunosuppressive effects [58,104,105].

Sunitinib, as VEGF-TKI, not only has anti-angiogenesis function but also has the effect of immune regulation, including the
enhancement of T cell infiltration and other immune cell functions when it is used for targeted therapy. The combination between the
glycoprotein PD-1and the cognate ligand PD-L1 on APCs and tumor cells will repress the function of T cells and other immune cells. PD-
1 ICI antibodies have been developed, such as nivolumab, which can block the combination of PD-L1 and PD-1 on the tumors and
induce the functional enhancement of T cell to strengthen anticancer immunity [106,107]. Besides, a study suggests lenvatinib
enhanced the anti-tumor activity of anti-PD-1 antibody by reducing tumor-associated macrophages and increasing IFN-y positive CD8"
T cells [108]. Therefore, the combination of targeted therapy and immune therapy may have certain synergistic efficacy in patients
with RCC [106].

The immune checkpoint pathway, Tregs and MDSC have inhibitory effects to T cells [109,110], and VEGF may be able to alter TME
to enhance the suppressive effects of these factors and may also suppress the maturation of DCs to reduce T-cell activation [111,112].

Studies have shown that sunitinib treatment increases the expression of PD-L1 in RCC tumors [104]. VEGF-A is an angiogenic
molecule produced in TME that increases the expression of inhibitory checkpoints involved in CD8" T-cell exhaustion, and the
expression of PD -L1 was significantly upregulated in M2 macrophages under the influence of autocrine VEGF signal. These processes
can be recovered by targeting VEGF pathway antiangiogenic agents [113,114]. MDSCs are one of the reasons for inducing T cell
inhibition [110,115]. The number of MDSCs in patients with RCC can be reduced by sunitinib, which reverses MDSC-mediated
tumor-induced immunosuppression and plays a role in regulating antitumor immunity. Therefore, the function of combined ther-
apy called targeted VEGF-TKI and immunotherapy that synchronously resist VEGF and PD-1 is synergistic [115]. Fig. 3 shows the
mechanism of action of targeted agents and immune checkpoint inhibitors and the synergistic effect of their combined treatment.

The treatment for patients with mRCC has changed from monotherapy to combination therapy in clinical practice. Compared with
monotherapy, combination therapy with higher survival rate and safety strengthens the antitumor immunity of patients [116,117].

3.3. Side effects

3.3.1. Targeted drugs

Sunitinib, pazopanib, and bevacizumab are anti-VEGF drugs that result in endothelial cell injury and podocyte lesions due to their
antiangiogenic effect, and they subsequently cause proteinuria, hypertension and other renal injuries [118]. It also affects the turnover
of endothelial cells during trauma, leading to hypercoagulability and thromboembolism [119]. For example, bevacizumab can directly
beget cells and induce thrombotic microangiopathy (TMA) [120]. Besides, TKI will have side effects such as rash, discoloration of skin
and hair, cardiac dysfunction, bone marrow suppression and hypothyroidism by affecting different signal pathways [121]. mTOR
inhibitors can cause metabolic dysfunction, such as hypertriglyceridemia, hypercholesterolemia and hyperglycemia [122]. Similarly,
patients treated with mTOR inhibitors also suffered from renal function damage such as proteinuria and nephrotic syndrome.
Treatment with temsirolimus also caused changes in serum creatinine in patients (57%) [123].

An eight-year observational study described that the different degrees of renal function damage including proteinuria (100%; <1 g/
day, 31%), hypertension (74%), microscopic hematuria (70%), and renal failure occurred after patients received anti-vascular
treatment (6.87 + 7.18 months).Besides, the main types of renal injury found by renal biopsy were renal TMA and minimal change
disease and/or collapsing-like focal segmental glomerulosclerosis (MCN/cFSGS). After stopping the usage of anti-VEGF drugs and
taking antihypertension drugs, symptoms of hypertension and proteinuria disappeared [124].

In short, targeted drugs triggered apparent nephrotoxicity. Therefore, it is necessary to monitor blood pressure and renal function
of patients with RCC and other vital signs during targeted treatment including antiangiogenic therapy and mTOR inhibitors. In case of
renal dysfunction, patients should terminate it in time. Plasmapheresis can ameliorate patients who develop focal segmental glo-
merulosclerosis and membranoproliferative glomerulonephritis [123,124].
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3.3.2. ICIs and immune-related AEs

Despite a few strengths, side effects called immune-related adverse events (irAEs) are caused by ICI therapy, which may endanger
life in serious cases, creating new challenges in clinical management. The use of anti-CTLA4 and anti-PD-1/PD-L1 resulted in the
continuous activation of T cells, increased production of cytokines and enhanced immune response. Many organs such as skin,
gastrointestinal tract and endocrine organs can be affected by irAEs caused by excessive activation of the immune system of what
appear most often are hypophysitis, colitis, hepatitis, pneumonia and rash. Besides, patients also exhibit arthritis, nephritis, myositis
and polymyalgia-like syndromes that resemble autoimmune diseases [118,125-127].

The mechanism by which ICIs cause irAEs depends on the immune checkpoint targeted for treatment. CTLA-4 inhibitors can induce
many cell changes, such as activation and proliferation of T cells, impaired survival of Treg. In addition, it can induce cross-reaction
between anti-tumor T cells and antigens on healthy cells and produce autoantibodies. PD-1 and PD-L1 inhibitors can reduce survival
rate and inhibitory function of Treg, and increase the production of cytokines. The above causes serious adverse reactions to important
organs such as heart, skin, endocrine glands, gastrointestinal tract, liver and blood [128].

It was found in a systematic review that irAEs of grade III are more likely to appear ICI treatment for CTLA-4 rather than PD-1 (31%
vs. 10%; OR = 4.0, 95% CI, 3.5-4.6). Moreover, all grades of colitis (OR 8.7, 95% CI 5.8-12.9) and hypophysitis (OR = 6.5, 95% CI
3.0-14.3) were easier to appear in CTLA-4 ICI, whereas pneumonitis (OR = 6.4, 95% CI 3.2-12.7) and hypothyroidism (OR = 4.3, 95%
CI 2.9-6.3) more often occurred in anti-PD-1 therapies [129]. These results were similar to those description in another study. They
showed that 39.7% of patients treated with ipilimumab reported gastrointestinal irAEs, mainly colitis (34.2%), of which 5.1% led to
life-threatening intestinal perforation. Moreover, nivolumab caused severe autoimmune thyroid disease [126]. The combination of ICI
(nivolumab plus ipilimumab) may further increase the risk of irAEs [130].

With the application of ICI treatment, the incidence of renal drug-related AEs is also rising, such as acute interstitial nephritis (AIN),
which may resemble kidney transplant rejection. The frequency of renal irAEs is lower than that of other irAEs, whereas the mortality
of patients is higher [131]. Compared with anti-CTLA-4 immunotherapy, more common renal AEs (reporting odds ratio [ROR] = 1.75;
95% CI, 1.52-2.01) are reported in the treatments of anti-PD-1/PD-L1. More than this, compared with monotherapy of nivolumab or
ipilimumab, combination therapy of nivolumab plus ipilimumab group generated frequently acute renal injuries and level 3 or higher
treatment-related AEs [132]. Therefore, clinicians should continue to be vigilant against long-term chronic complications and irAEs
that may occur in late stage or treatment withdrawal, so as to intervene and treat in time and improve patients’ conditions [133].

4. Emerging drugs for the treatment of RCC
4.1. Targeted inhibitors

The inactivation of VHL gene in ccRCC will block the ubiquitination degradation of HIF in proteasome, which leads to the accu-
mulation of HIF and enhances the expression of VEGF. The germination of tumors is expedited by the formation of blood vessels and
the proliferation of endothelial cells [134]. Therefore, the basis of antiangiogenic therapy is the inhibition of the targeted VEGF
pathway [135,136].

4.1.1. Sunitinib and pazopanib

TKIs have become an effective treatment for patients with aRCC [137]. Compared with IFN-a (a cytokine), the overall survival (OS;
26.4 months vs. 21.8 months; hazard ratio [HR] = 0.821; 95% CI, 0.673-1.001), progression-free survival (PFS; 11 months vs. 5
months; P <0.001), and objective response rate (ORR) (47% vs. 12%) of patients receiving sunitinib has improved [138]. The 25
patients were treated with targeted therapies again (including sunitinib) after they were diagnosed with recurrence of RCC, of which
24 showed progress in treatment. The PFS was 12 months (95% CI, 5.78-18.2), the median OS was 29.1 months (95% CI, 16.4-41.8),
and the ORR was 20.5% [139].

Pazopanib is an oral targeted TKI that can restrain angiogenesis and cell proliferation in tumors [140,141]. Studies suggested that
pazopanib treatment shows significant PFS benefits compared with placebo (9.2 months vs. 4.2 months; HR = 0.46; 95% CI,
0.34-0.62) [141]. Pazopanib was found to reduce patient mortality (HR = 0.504; 95% CI, 0.315-0.762). However, OS was not
different between groups of pazopanib and placebo (22.9 months vs. 20.5 months; HR = 0.91; 95% CI, 0.71-1.16), which may be due
to the high crossover rate. Post-hoc analyses adjusting for crossover showed that pazopanib treatment is beneficial to OS for patients
with mRCC [142].

4.1.2. Bevacizumab

Bevacizumab is a specific anti-VEGF monoclonal antibody. A previous study confirmed that the time to progression of patients
receiving high-dose bevacizumab treatment is significantly longer than that of the placebo group (HR, 2.55; P < 0.001), and the tumor
of most patients receiving bevacizumab treatment would shrink [143,144].

Moreover, the combination of bevacizumab and IFN-a has shown remarkable clinical effects in the treatment of mRCC [143].
Researchers from two randomized phase III trials (AVOREN and CALGB 90206) divided patients with mRCC into experimental group
(bevacizumab plus IFN-a) and control group (placebo plus IFN-a). Then they found that the PFS of the experimental group ameliorated
in both phase III trials (10.2 months vs. 5.4 months; 8.5 months vs. 5.2 months) [145,146]. However, patients in the experimental
groups are prone to more severe level 3 and above toxicity (79% vs. 61%, P < 0.0001) [146]. AVOREN and CALGB90206 showed that
the OS of patients with mRCC treated with bevacizumab plus interferon was longer than that of patients treated with interferon plus
placebo [147,148].
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4.1.3. Everolimus

As mentioned above, abnormal regulation of the mTOR signaling pathway is closely related to tumorigenesis [149]. Everolimus
and temsirolimus are mTOR inhibitors. They reduce the growth of cancer cells by curbing the activity of mTOR [118].

In the first-line treatment, everolimus failed to certify non-inferiority compared with sunitinib (7.4 months vs. 10.7 months; HR =
1.4; 95% CI, 1.2-1.8) [150]. A phase II trial revealed that bevacizumab plus everolimus is an active program after the failure of
sunitinib or sorafenib, and was well tolerated by the majority of patients [151,152]. Bevacizumab plus everolimus held the 6-month
PFS rate of 8%, median PFS of 13.7 months (95% CI, 10.8-16.4 months), ORR of 35%, and median OS of 33.9 months (95% CI,
23.3-71.9) in another phase II trial for papillary variant RCC [153].

4.2. ICIs

CTLA-4, PD-1, PD-L1 are immune checkpoints that are applied in routine clinical practice [25,77].

B7-H1 is also known as PD-L1. A retrospective study described that the risk of death in patients expressing with tumor PD-L1 was
nearly four times that of PD-L1-negative patients (risk ratio [RR], 3.92; 95% CI, 2.61-5.88). In addition, the patients with PD-L1-
negative showed a higher 5-year cancer-specific survival rate (82.9% vs. 41.9%). These results suggested that the harm of renal
cancers could be alleviated by blocked interplay between PD-L1 and PD-1 [154].

4.2.1. Nivolumab

Nivolumab acts on human PD-1 protein, which induces the increase in T cell function to enhance anticancer immunity. A phase III
study called CheckMate 025 indicated that the median OS rate was 25 and 19.6 months in nivolumab group and everolimus group,
respectively. Although the PFS in the two groups was similar (4.6 months vs. 4.4 months; HR = 0.88; 95% CI, 0.75-1.03), the ORR of
the nivolumab group was obviously higher than that of everolimus group (25% vs. 5%; odds ratio = 5.98; 95% CI, 3.68-9.72). Patients
treated with nivolumab had lower level 3 or 4 treatment-related AEs (19% vs. 37%) [155].

Table 2
Antitumor Activity among Combined therapies in phase III trials.
phase III trials Arms ORR (95% CI), Median PFS (95% CI), Median OS (95% CI),
% months months
CheckMate 214 [159] Nivolumab + Ipilimumab 42 (37-47) 11.6 (8.7-15.5) NR (28.2 - NE)
Sunitinib 27 (22-31) 8.4 (7.0-10.8) 26.0 (22.1 - NE)
KEYNOTE-426 [165] Pembrolizumab + Axitinib 59.3 15.1 (12.6-17.7) -
(54.5-63.9)
Sunitinib 35.7 11.1 (8.7-12.5) -
(31.1-40.4)
CLEAR [166] Pembrolizumab + 71.0 23.9 (20.8-27.7) NR
Lenvatinib (66.3-75.7)
Everolimus + Lenvatinib 53.5 14.7 (11.1-16.7) NR
(48.3-58.7)
Sunitinib 36.1 9.2 (6.0-11.0) NR
(31.2-41.1)
JAVELIN Renal 101 Patients with PD- Avelumab + Axitinib 55.2 13.8 (11.1 - NE) -
[167] L1-Positive (49.0-61.2)
Sunitinib 25.5 7.2 (5.7-9.7) -
(20.6-30.9)
Overall Population Avelumab + Axitinib 51.4 13.8 (11.1 - NE) -
(46.6-56.1)
Sunitinib 25.7 8.4 (6.9-11.1) -
(21.7-30.0)
CheckMate 9 ER [168] Nivolumab + 55.7 16.6 (12.5-24.9) NR
Cabozantinib (50.1-61.2)
Sunitinib 27.1 8.3 (7.0-9.7) NR
(22.4-32.3)
RENOTORCH [169] Toripalimab + Axitinib 56.7 18.0 (15.0 - NE) NR
(49.7-63.5)
Sunitinib 30.8 9.8 (8.3-13.8) 26.8
(24.6-37.5)
CONTACT-03 [170] Atezolizumab + 41 (35-47) 10.6 (9.8-12.3) 25.7 (21.5 - NE)
Cabozantinib
Cabozantinib 41 (35-47) 10.8 (10.0-12.5) NE (21.1 - NE)
IMmotion 151 [171] intention-to-treat Atezolizumab + 37 (32-41) 11.2 -
population Bevacizumab
Sunitinib 33 (29-38) 8.4 -
Patients with PD- Atezolizumab + 43 (35-50) 11.2 -
L1-Positive Bevacizumab
Sunitinib 35 (28-42) 7.7 -

ORR, objective response rate; OS, overall survival; PFS, progression-free survival; NR, not reached; NE, not estimated.
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In the 5-year long-term follow-up of CheckMate 025, the total incidence of related AEs in nivolumab group was still lower than that
in everolimus (80.5% vs. 88.9%). Compared with the baseline, the health-related quality of life (HRQOL) of nivolumab group was
improved, but it was not changed or even deteriorated in everolimus group [156].

4.2.2. Atezolizumab

Atezolizumab is a blocking agent of PD-L1. A phase I study proved the safety and clinical activity of atezolizumab in the treatment
of RCC; the median OS and PFS of 63 patients with ccRCC could be raised to 28.9 and 5.6 months via atezolizumab therapy,
respectively, of which 62 patients had an ORR of 15% (95% CI, 7%-26%) because of the lack of follow-up data of one patient [157].

4.2.3. Nivolumab + ipilimumab

In addition to monotherapy, ICI combination therapy has been approved [158]. In the phase III trial CheckMate 214, compared
with sunitinib, substantial improvement of the 18-month OS rate (75% vs. 60%), ORR (42% vs. 27%), and median PFS happened in
nivolumab plus ipilimumab group. The probability of occurrence of level 3 or level 4 AEs in the two groups was 45.7% and 62.6%
[159].

In the subsequent long-term follow-up, the OS (median not reached, NR [95% CI 35.6-not estimable,NE] vs. 26.6 months
[22.1-33.4]) and proportion of patients who achieved objective response (42% vs. 29%) were better than those in the sunitinib group
[160]. Compared with sunitinib, nivolumab plus ipilimumab had long-term benefits for patients with aRCC who had not been treated
before. It also improved HRQOL and reduced the burden of symptoms [160,161].

In addition, the latest research suggests that some patients failed to respond to Nivolumab monotherapy can benefit from the

Table 3
Occurrence of adverse events and common adverse events in phase 3 trial.
phase III trials Arms Adverse events ~ The most common all grades AEs (%) 3or The most common grade 3 or higher AEs
of any grade higher (%)
(%) AEs(%)
CheckMate 214 Nivolumab plus 93.1 Fatigue(36.9) , pruritus(28.2) , 45.7 Increased lipase (10.2), fatigue(4.2),
[159] Ipilimumab diarrhea(26.5) diarrhea(3.9)
KEYNOTE-426 Pembrolizumab + 98.4 Diarrhea(54.3) , Hypertension(44.5) 75.8 Hypertension(22.1), alanine
[165] Axitinib Fatigue(38.5) , hypothyroidism aminotransferase increased(13.3),
(35.4) diarrhea(9.1)

Sunitinib 99.5 Diarrhea(44.9),hypertension(45.4), 70.6 Hypertension(19.3), fatigue(6.6),
fatigue(37.9) diarrhea(4.7)

CLEAR [166] Pembrolizumab + 99.7 Diarrhea(61.4),hypertension(55.4), 82.4 Hypertension(27.6), diarrhea(9.7),

Lenvatinib hypothyroidism(47.2) weight decrease(8), proteinuria(7.7)

Everolimus + 99.7 Diarrhea (66.5), stomatitis(47.6), 83.1 Hypertension(22.5), diarrhea(11.5),

Lenvatinib hypertension(45.6), fatigue(42) proteinuria(8.2)

Sunitinib 98.5 Diarrhea(49.4), hypertension (41.5), 71.8 Hypertension(18.8), fatigue(4.4),
stomatitis(38.5) diarrhea(5.3)

JAVELIN Renal Avelumab + 99.5 Diarrhea(62.2), hypertension(49.5), 71.2 Diarrhea(47.6), fatigue(40.1), nausea
101 [167] Axitinib fatigue(41.5), nausea(34.1) (39.2), palmar-plantar
erythrodysesthesia(33.7)

Sunitinib 99.3 Hypertension(25.6), diarrhea(6.7), 71.5 Hypertension(17.1), anemia(8.2),
alanine aminotransferase increased neutropenia(8.0), thrombocytopenia
(6%) (6.2)

CheckMate 9 ER Nivolumab + 99.7 Diarrhea(63.8), palmar-plantar 75.3 Hypertension(12.5), palmar—plantar
[168] Cabozantinib erythrodysesthesia(40.0), erythrodysesthesia(7.5), diarrhea
hypertension(34.7) (47.2), hyponatremia(9.4)

Sunitinib 99.1 Diarrhea(47.2), palmar-plantar 70.6 Hypertension(13.1), palmar—plantar
erythrodysesthesia(40.6), erythrodysesthesia(7.5), diarrhea(4.4)
hypertension(37.2)

RENOTORCH Toripalimab + 99.5 Proteinuria(41.8), ddrrhea(40.4), 71.2 Hypertension(15.4), proteinuria (11.1),
[169] Axitinib hypertension(40.4), hypothyroidism alanine aminotransferase(7.2)
(40.4)

Sunitinib 99.5 Platelet count decreased(60.5), 67.1 Platelet count decreased(15.2),
anemia(58.1), white blood cell count hypertension(15.2), anemia(11.0)
decreased(57.6)

CONTACT-03 Atezolizumab + 100 Diarrhea(65), Palmar—plantar 68 -
[170] Cabozantinib erythrodysesthesia syndrome(39),
decreased appetite(38)
Cabozantinib 99 Diarrhea(71), Palmar-plantar 62 -

erythrodysesthesia syndrome(41),
decreased appetite(38)

IMmotion 151 Atezolizumab + 99.1 Hypertension, fatigue, proteinuria, 40.4 Hypertension(14), proteinuria, asthenia
[171] Bevacizumab diarrhea, asthenia
Sunitinib 96.2 Diarrhea, palmar-plantar 53.8 Hypertension(17), palmar-plantar
erythrodysesthesia, hypertension erythrodysesthesia(9)

AEs, Adverse events.
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combination of nivolumab and ipilimumab. These provides guidance for second-line treatment [162,163].

4.3. ICIs combined with targeted therapies

The combined treatment of ICIs and VEGF-TKIs has shown significant efficacy in the treatment of mRCC, and it has gradually
become the nursing standard of first-line treatment [117,164]. Table 2 describes the anti-tumor activity of the combination therapy in
several phase III trials. Table 3, on the other hand, demonstrates the incidence of adverse events (AEs) in phase 3 trials.

4.3.1. ICIs combined with TKIs

4.3.1.1. Pembrolizumab + axitinib. Pembrolizumab is a monoclonal antibody targeting PD-1, and axitinib is a selective inhibitor of
VEGF receptors. A phase 1b trial indicated that untreated patients with mRCC experienced varying degrees of tumor shrinkage
following the combination of pembrolizumab and axitinib [172]. Meanwhile, the combination therapy also showed long-term clinical
benefits at the follow-up visit [173].

A phase III trial called KEYNOTE-426 showed that after a median follow-up of 12.8 months, the survival rate (89.9% vs. 78.3%),
median PFS (15.1 months vs. 11.1 months), and ORR (59.3% vs. 35.7%) of patients with advanced ccRCC in the axitinib plus pem-
brolizumab group were superior to those in sunitinib group. The incidence of grade 3 and above AEs in the two groups was 75.8% and
70.6% [165]. As the first-line treatment combination with the longest follow-up time, axitinib plus pembrolizumab treatment group
with 43-month follow-up was in OS (HR = 0.73), PFS(HR = 0.68) and ORR (60% vs. 40%) is still higher than that of sunitinib group.
Long-term curative effect and higher safety continue to support this combination as the first-line treatment of aRCC [174].

4.3.1.2. Pembrolizumab/everolimus + lenvatinib. In a phase 3 trial, compared with sunitinib, lenvatinib plus pembrolizumab had a PFS
advantage (median PFS: 23.9 months vs. 9.2 months) and longer OS (HR for death = 0.66). Similarly, the median PFS of lenvatinib plus
evolutionus was higher than that of sunitinib (14.7 months vs. 9.2 months), but its OS was lower than that of sunitinib. During
treatment, 82.4%, 83.1%, and 71.8% of patients in three groups had grade 3 or higher AEs [166]. The HRQOL analyses of CLEAR
(study 307/KEYNOTE-581) suggested that the scores of lenvatinib plus pembrolizumab were favorable in terms of the final deteri-
oration time compared with sunitinib [175].

Moreover, an extended phase 3 follow-up experiment supported that combination of lenvatinib + pembrolizumab which kept
higher overall survival rate of patients (HR = 0.72, 95% CI: 0.55-0.93) and more durable curative effect as a first-line therapy [176].
Even when RCC patients present with metastatic lesions, the therapeutic effect of combination is still better than that of sunitinib
[177]. The benefits in first-line treatment are also demonstrated by the higher rate of tumor shrinkage after treatment [178].

4.3.1.3. Avelumab + axitinib. Avelumab is a monoclonal antibody against PD-L1 and axitinib is a second-generation TKI [179]. In
phase III trial JAVELIN renal 101, the median PFS of avelumab plus axitinib showed advantages in the overall population (13.8 months
vs. 8.4 months). The ORR of combined group and sunitinib group was 51.4% and 25.7%, respectively, and the stratified odds ratio was
3.10 (95% CI, 2.30-4.15). Moreover, among patients with PD-L1-positive tumor (63.2%), the median PFS was 13.8 and 7.2 months,
respectively (HR for disease progression or death, 0.61), the ORR was 55.2% and 25.5%, and the stratified odds ratio was 3.73 (95% CI,
2.53-5.37). The two groups had similar incidences of treatment-related AEs [167].

Furthermore, in long-term experiments, compared with sunitinib, avelumab plus axitinib demonstrated favorable efficacy in both
PFS and OS in all age groups (age <65, >65 to <75, and >75 years) of patients with aRCC [180]. In the latest third interim analysis,
median OS is still better in combined group(NR vs. 37.8 months; HR = 0.79), as is median PFS (13.9 months vs. 8.5 months; HR =
0.67). Subsequent research on this first-line treatment is still in progress [181].

4.3.1.4. Nivolumab + cabozantinib. The nivolumab plus cabozantinib group showed longer median PFS than the sunitinib group (16.6
months vs. 8.3 months) in the phase III trial CheckMate 9 ER. The 12-month OS rate was 85.7% and 75.6%, respectively. An objective
response occurred in 55.7% of the former and in 27.1% of the latter. Grade 3 or higher AEs occurred in 75.3% of patients treated with
combination therapy, while sunitinib group was 70.6% [168]. In the subsequent long-term follow-up, the median OS (37.7 months vs.
34.3 months) and median PFS (16.6 months vs. 8.3 months) in the combined group suggested certain benefits [182].

With the advantage of a large patient sample (>650 patients) and high patient-reported outcome (PRO) completion rates (>75%
across most time points), CheckMate 9 ER demonstrated that nivolumab plus cabozantinib in patients with aRCC is accompanied with
maintenance or improvement in clinical benefit. Combined therapy had also favorable tolerance and fewer patients reported suffering
from side effects of treatment [183]. Moreover, an observational study named CaboCombo is being conducted to further investigate
the efficacy and tolerability of nivolumab plus cabozantinib in the real world [184].

4.3.1.5. Toripalimab + axitinib. Toripalimab, a new anti-PD-1 monoclonal antibody, has been demonstrated in previous studies to
provide benefits for patients with aRCC when used in combination with axitinib as a second-line treatment after failure of a first-line
VEGF TKI. The ORR of the combined therapy was 31.6%, and the median PFS was 11.7 months. The combination is also well tolerated
with a low incidence of irAEs, improving patient safety [185].

Although the latest phase 3 trial, RENOTORCH, had a shorter follow-up period, its results showed that toripalimab plus axitinib
prolonged median PFS (18.0 months vs 9.8 months) and OS (NR vs. 26.8 months) compared to the sunitinib group in the first-line
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treatment of aRCC. The combination had a higher ORR (56.7% vs. 30.8%) but more grade >3 treatment-related AEs (61.5% vs. 58.6%)
[169].

4.3.1.6. Atezolizumab + cabozantinib. The combination of atezolizumab and cabozantinib showed a encouraging efficacy. In a phase
Ib study, patients with solid tumors were asked to be prescribed 40 mg of oral cabozantinib once daily or 60 mg once daily plus
atezolizumab. In the 40 mg ccRCC group (n = 34), median follow-up was 25.8 months, ORR was 53%, and median PFS was 19.5
months. In the 60 mg ccRCC group (n = 36), median follow-up was 15.3 months, ORR was 58 % and median PFS was 15.1 months. In
addition, the percentage of patients with ccRCC in the 40 mg group who reported grade 3 or 4 treatment-related AEs was 71%, and
another was 67% [186].

However, the opposite was found in another phase 3 trial, CONTACT-03. The median PFS and OS of RCC patients who received the
combination of atezolizumab and cabozantinib were 10.6 months (95% CI, 9.8-12.3) and 25.7 months (95% CI, 21.5-not evaluable),
respectively. Cabozantinib monotherapy was 10.8 months (95% CI, 10.0-12.5) and not evaluable (95% CI, 21.1-not evaluable).
Besdies, the risk of serious AEs in combination therapy is higher (48% vs. 33%) [170].

4.3.1.7. Sintilimab + pazopanib. Fudan University Shanghai Cancer Center enrolled A total of 17 patients with advanced ccRCC, who
were treated with sunitinib as first-line therapy. After progression of the disease, pazopanib together with 6-8 cycles of sintilimab was
administered, then single use of pazopanib was followed. For first-line use of sunitinib, median PFS was 10.2 months (95 % CI,
3.9-16.5 months), and median PFS (95% CI, 8.9-15.5 months) for second-line treatment with sintilimab in combination with pazo-
panib was 12.2 months. All AEs were manageable. Notably, this treatment modality could reduce patients’ economic burden [187].

4.3.1.8. Nivolumab + tivozanib. In a phase Ib trial, the primary endpoints of combination of tivozanib + nivolumab were safety,
tolerability, dose-limiting toxicity, maximum tolerated dose, and preliminary antitumor activity. With a mean treatment duration of
14.5 months, 80% of patients experienced one or more treatment-related grade 3/4 AEs. With a median follow-up of 19.0 months
(range, 12.6-22.8), median PFS was 18.9 months (95% CI, 16.4-NR). For treatment-naive patients, median PFS was 18.9 months (95%
CI, 4.7-NR). For previously treated patients, median PFS had not been reached (95% CI, 11.0-NR) [188].

4.3.1.9. Nivolumab + sunitinib/pazopanib. Check Mate 016 (NCT01472081), a phase I study, aimed to evaluate the efficacy and safety
of nivolumab plus sunitinib (N + S group) or nivolumab plus pazopanib (N + P group) in patients with aRCC or mRCC. The results
showed that the confirmed ORR of the N + S group was 54.5%, median PFS was 12.7 months, and PFS rates at 6, 12, 18, and 24 months
were 79.4%, 51.8%, 29.6%, and 29.6%, respectively. At a median follow-up of 50.0 months, the median OS was NR (95% CI,
36.8-NR). OS rates at 12, 18, and 24 months were 90.9%, 81.5%, and 81.5%, respectively. In the N + P group, the confirmed ORR was
45.0% (95% CI, 23.1-68.5), the median PFS was 7.2 months, and the 6-month PFS rate was 54.9%. At a median follow-up of 27.1
months, median OS was 27.9 months. OS rates at 12, 18, and 24 months were 84.4%, 73.9%, and 63.3%, respectively. Even though
both groups showed good reactivity, the combination added sunitinib or pazopanib to nivolumab could not go further because of
possible TKI-related AEs and high toxicity [189].

4.3.2. ICIs combined with anti-VEGF monoclonal antibody

4.3.2.1. Atezolizumab + bevacizumab. IMmotion151 was the first randomized phase 3 trial that combined anti-PD-L1-PD-1 antibody
with anti-VEGF drugs to treat patients with mRCC. The median PFS (11.2 months vs. 7.7 months) and PFS at 12 months (49% vs. 38%)
of PD-L1 positive patients in the atezolizumab plus bevacizumab group were better than those in sunitinib group. In the combination
group, 43% patients achieved definite objective remission, 9% patients achieved complete remission, whereas those in sunitinib group
were 35% and 4%, respectively. In the intention-to-treat population, the results showed that the median PFS benefit of atezolizumab
plus bevacizumab group was also confirmed (11.2 months vs. 8.4 months). There were fewer patients with grade 3 or above AEs in
atezolizumab plus bevacizumab group than in sunitinib group (40.4% vs. 53.8%) [171].

Subsequent PROs demonstrated that patients with atezolizumab plus bevacizumab treatment not only show milder symptoms and
less treatment side effects and better HRQOL at most visits than those with sunitinib, but also have no significant increase in symptoms
or treatment burden [190].

5. Future for aRCC therapy
The development of ICI combined with targeted therapy has contributed to improving the prognosis of aRCC, and several of the

combinations discussed in the previous article have been approved for first-line clinical use. Nevertheless, some patients still develop
drug resistance, and it is important to understand the mechanisms of resistance and to develop novel therapies [191].

5.1. Treatment after progress

Patients with metastatic renal cells were treated with second-line treatment after first-line TKI treatment failed in a real-world
study. The results showed that the total ORR and disease control rate (DCR) of second-line treatment was 23.6% and 75.5%,
respectively. Subsequent analysis indicated that the ORR and DCR of patients treated with ICIs plus TKIs were evidently higher than
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those treated with alternative TKIs alone. Whether applying ICIs + TKIs in combination or alternative TKI alone, the incidence of all-
grade and grade 3-4 AEs were analogous. (all-grade AEs: 90.4% vs. 84.5%; grade 3-4 AEs: 40.4% vs. 44.8%). These results suggested
that ICIs plus TKIs had better efficacy and safety than TKI monotherapy in patients with mRCC who failed to receive first-line TKI
treatment [192]. In addition, another recent real-world study also found that anti-PD-1 in combination with TKI therapy is a more
effective and safer second-line treatment option after progression from first-line treatment in non-clear cell renal cell carcinoma
(nccRCC) [193]. In a multicentre trial, patients with RCC treated with ICI discontinued treatment due to disease progression or
associated toxicity. They were then reintroduced to nivolumab plus ipilimumab, and the results showed some benefit and security
[194].

In summary, the combination of the above combined therapies has proved the first-line treatment standard beneficial to patients
with RCC. At present, limited data are available regarding ICIs plus TKIs as second-line therapy in patients with RCC. Therefore, future
research needs to further confirm therapeutic effect of ICIs plus TKIs on patients with mRCC who failed systematic first-line treatment
in the past. Further studies should compare the first-line and second-line sequence of ICIs plus targeted therapy in the treatment of
patients with RCC, so as to determine a more safe and effective treatment plan for patients.

5.2. New treatment methods

5.2.1. Genome editing

Genome editing refers to the process of modifying a specific part of the genome of an organism by means of gene editing tech-
nology. For instance, the current CRISPR-Cas9 is a gene-editing technology that enhances anti-cancer activity by modifying the DNA of
human T-cells [195]. Using CRISPR-Cas9 technology, the researchers eliminated two genes that encode the endogenous TCR chain,
namely TCRa (TRAC) and TCRp (TRBC), as well as a third gene that encodes PD-1 (PDCD1) from human T cells in a phase 1 trial. The
engineered T cells were then used to treat refractory patients, and the results demonstrated that they appeared to be well tolerated,
providing a direction for the future treatment of aRCC patients [196].

Chimeric Antigen Receptor T-Cell Immunotherapy (CAR-T) is a novel precise targeted therapy for tumor that combines chimeric
antigen receptors (CAR) with T cells through genetic engineering, resulting in CAR-T cells that can efficiently recognize tumor cells
[197]. However, side effects such as tumor toxicity and off-target effects have also been limiting factors. This was the case with the first
generation of CAR-T cells that targeted carboxy-anhydrase-IX (CAIX, a highly expressed enzyme in RCC) [198]. CD70 is a promising
target for its high expression in RCC and low expression in normal tissues. A study developed CAR T cells with anti-CD70 single chain
fragment variable (scFv), which demonstrated potent anti-tumor activity without any apparent toxicity. This provides a basis for
further research into other CAR T cell therapies [199,200].

5.3. Cytokine therapy

IL-2 is a cytokine that has been extensively studied for its immunostimulatory and immunosuppressive effects. However, its use in
clinical practice has been limited due to its severe toxicity at high doses. It is found that Bempegaldesleukin (NKTR-214) formed by
releasable polyethylene glycol (PEG) combined with IL-2 can consume Tregs and enhance T cell-mediated anti-cancer response [201].

Furthermore, the first-phase PIVOT-02 study suggests that the combination of bempegaldesleukin and nivolumab has a positive
impact on advanced ccRCC [202]. But the treatment combination did not prove to be as effective in the phase 3 trial PIVOT-09 [203].
Recent research suggests that the killer immunoglobulin-like receptors(KIR) and its KIR ligand inherited by the study population may
be responsible for the results observed in PIVOT-02. Further research is needed [204]. In addition to IL-2, clinical trials of therapies for
other cytokines (such as IL-12,IL-15,IL-27, etc.) are under way [205].

5.3.1. HIF inhibitor

HIF-2a is a crucial factor in ccRCC development, and researchers are continuously investigating its inhibitors such as Belzutifan.
Belzutifan demonstrated a favorable safety profile and promising anti-tumor activity in a Phase 1 trial. The sustained and safe ther-
apeutic efficacy of Belzutifan in patients with advanced ccRCC was demonstrated in the latest long-term follow-up results of up to 41.2
months [206-208]. It was also the first HIF inhibitor to be approved for the treatment of VHL-associated RCC and other VHL-associated
cancers based on satisfactory safety and efficacy. The latest results on Belzutifan and other novel HIF-2a inhibitors are currently
awaiting further investigation in several phase 2 or 3 clinical trials [209].

5.3.2. Gut microbiome

Homeostasis is maintained by the complex composition of microorganisms in the gut and their internal interactions. Current studies
suggest that the occurrence of ccRCC may be closely linked to changes in gut microbiota and its associated metabolites [210]. Patients
with RCC have altered gut flora and increased levels of the tryptophan metabolite Kynurenine (Kyn). In vitro experiments showed that
Kyn can activate aromatic hydrocarbon receptor (AhR) to suppress anti-tumor immune reactions and thereby mediate RCC metastasis.
Therefore, it is possible that the Kyn metabolic pathway could become a target for treatment [211]. Fecal microflora transplantation
(FMT) may be a promising adjuvant therapy for RCC. There is evidence that it may enhance the therapeutic effect of ICI in RCC and
trials are underway [212].
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6. Conclusion

Over the past few decades, the treatment of aRCC has evolved with the application of new techniques. Due to the complex
composition of TME and the intricate internal mechanism of action affecting the therapeutic efficacy of RCC, combination therapy
(dual ICIs or ICI plus targeted therapy) has also become the first-line treatment for aRCC, particularly advanced ccRCC, following the
emergence of monotherapies of targeted therapy and immunotherapies. Of the approved first-line treatment regimens, nearly all
combination regimens have improved overall patient survival and have a good track record of efficacy and safety. Nevertheless, RCC
remains a difficult cancer to fully manage owing to the inevitable limitations of drug resistance and side effects, and less is known
about second-line treatment after failure of first-line therapy at present, and the order in which drugs are given needs further research.
Simultaneously, new therapeutic approaches are undergoing clinical trials. The emergence of new drug targets offers new therapeutic
avenues to further improve the prognosis of patients with aRCC, which may be the key to the next update in therapeutic technology.
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Abbrebations

AEs adverse events

AhR aromatic hydrocarbon receptor
AIN acute interstitial nephritis
AP-1 activator protein-1

APCs antigen-presenting cells

aRCC advanced renal cell carcinoma
CAFs cancer-associated fibroblasts
CAIX carboxy-anhydrase-IX

CAR chimeric antigen receptors

CAR-T  chimeric antigen receptor T-Cell immunotherapy
ccRCC|  cell renal cell carcinoma
CTLA-4 cytotoxic T lymphocyte-associated protein 4

DCR disease control rate
DCs dendritic cells
ECM extracellular matrix
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ERK
FGF
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IFN-a
IGF-2
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ITSMs
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mRCC
mTOR
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PDGF
PD-L1
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PHD
PI3K
PKC
PLCy1
PRO
RCC
ROS
scFv
SHP-2
TAMs
TCR
TGF-a
TKIs
TKIs
TMA
TME
TRAC
TRBC
Tregs
VEGF
VEGFR
VHL
Zap70
o-KG

erythropoietin

Extracellular regulated protein kinases
fibroblast growth factor

fecal microflora transplantation
Hypoxia-inducible factors
health-related quality of life
immune checkpoint inhibitors
interferon-a

insulin-like growth factor-2
interleukin-2

immune-related adverse events
intra-tumoral heterogeneity
Immunoreceptor tyrosine motifs
Immunoreceptor tyrosine motifs
killer immunoglobulin-like receptors
Kynurenine

myeloid-derived suppressor cells
major histocompatibility complexes
metastatic renal cell carcinoma
mammalian target of rapamycin
non-clear cell renal cell carcinoma
not estimated

Nuclear factor of activated T cells
not reached

natural killer T cells
oxygen-dependent-degradation
objective response rate

programmed cell death protein 1
platelet-derived growth factor
programmed death receptor ligand 1
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progression-free survival

prolyl hydroxylase domain
Phosphatidylinositol3-kinase
Protein kinase C

phospholipase Cy1

patient-reported outcome

renal cell carcinoma

Reactive oxygen species

chain fragment variable
SH2-domain containing tyrosine phosphatase 2
tumor-associated macrophages

T cell receptor

transforming growth factor-a
tyrosine kinase inhibitors

tyrosine kinase inhibitors
thrombotic microangiopathy

tumor microenvironment

T cell receptor a

T cell receptor f

regulatory T cells

vascular endothelial growth factor
vascular endothelial growth factor receptor
Von Hippel-Lindau
Zeta-chain-associated protein kinase 70
a-ketoglutarate

16

Heliyon 10 (2024) e29215



S. Yang et al. Heliyon 10 (2024) e29215

References

[1]

[2]

[3]

[4

=

[5

]

(6]
71

[8]

[91
[10]
[11]
[12]
[13]

[14]
[15]

[16]

[17]
[18]
[19]
[20]

[21]
[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]
[36]

[37]

H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal, F. Bray, Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 Countries, CA A Cancer J. Clin. 71 (2021) 209-249, https://doi.org/10.3322/caac.21660.

R.J. Motzer, E. Jonasch, N. Agarwal, A. Alva, M. Baine, K. Beckermann, M.I. Carlo, T.K. Choueiri, B.A. Costello, I.H. Derweesh, A. Desai, Y. Ged, S. George, J.
L. Gore, N. Haas, S.L. Hancock, P. Kapur, C. Kyriakopoulos, E.T. Lam, P.N. Lara, C. Lau, B. Lewis, D.C. Madoff, B. Manley, M.D. Michaelson, A. Mortazavi,
L. Nandagopal, E.R. Plimack, L. Ponsky, S. Ramalingam, B. Shuch, Z.L. Smith, J. Sosman, M.A. Dwyer, L.A. Gurski, A. Motter, Kidney cancer, version 3.2022,
NCCN clinical practice guidelines in oncology, J. Natl. Compr. Cancer Netw. 20 (2022) 71-90, https://doi.org/10.6004/jnccn.2022.0001.

H. Mlcochova, T. Machackova, A. Rabien, L. Radova, P. Fabian, R. Iliev, K. Slaba, A. Poprach, E. Kilic, M. Stanik, M. Redova-Lojova, M. Svoboda, J. Dolezel,
R. Vyzula, K. Jung, O. Slaby, Epithelial-mesenchymal transition-associated microRNA/mRNA signature is linked to metastasis and prognosis in clear-cell renal
cell carcinoma, Sci. Rep. 6 (2016) 31852, https://doi.org/10.1038/srep31852.

N.Y. Kim, Y.Y. Jung, M.H. Yang, A. Chinnathambi, C. Govindasamy, A.S. Narula, O.A. Namjoshi, B.E. Blough, K.S. Ahn, Tanshinone IIA exerts autophagic cell
death through down-regulation of p-catenin in renal cell carcinoma cells, Biochimie 200 (2022) 119-130, https://doi.org/10.1016/j.biochi.2022.05.018.
C. Lebacle, A. Pooli, T. Bessede, J. Irani, A.J. Pantuck, A. Drakaki, Epidemiology, biology and treatment of sarcomatoid RCC: current state of the art, World J.
Urol. 37 (2019) 115-123, https://doi.org/10.1007/s00345-018-2355-y.

S. Bhat, Role of surgery in advanced/metastatic renal cell carcinoma, Indian J. Urol 26 (2010) 167, https://doi.org/10.4103/0970-1591.65381.

G. Fyfe, R.1. Fisher, S.A. Rosenberg, M. Sznol, D.R. Parkinson, A.C. Louie, Results of treatment of 255 patients with metastatic renal cell carcinoma who
received high-dose recombinant interleukin-2 therapy, J. Clin. Orthod. 13 (1995) 688-696, https://doi.org/10.1200/JC0.1995.13.3.688.

G.R. Hudes, M.A. Carducci, T.K. Choueiri, P. Esper, E. Jonasch, R. Kumar, K.A. Margolin, M.D. Michaelson, R.J. Motzer, R. Pili, S. Roethke, S. Srinivas, NCCN
task force report: optimizing treatment of advanced renal cell carcinoma with molecular targeted therapy, J Natl Compr Canc Netw 9 (2011), https://doi.org/
10.6004/jncen.2011.0124. S-1-S-29.

R. Naser, H. Dilabazian, H. Bahr, A. Barakat, M. El-Sibai, A guide through conventional and modern cancer treatment modalities: a specific focus on
glioblastoma cancer therapy, Oncol. Rep. 48 (2022) 190, https://doi.org/10.3892/0r.2022.8405. Review.

C.M. Mantia, D.F. McDermott, Vascular endothelial growth factor and programmed death-1 pathway inhibitors in renal cell carcinoma, Cancer 125 (2019)
4148-4157, https://doi.org/10.1002/cncr.32361.

M.I Carlo, M.H. Voss, R.J. Motzer, Checkpoint inhibitors and other novel immunotherapies for advanced renal cell carcinoma, Nat. Rev. Urol. 13 (2016)
420-431, https://doi.org/10.1038/nrurol.2016.103.

W. Xu, M.B. Atkins, D.F. McDermott, Checkpoint inhibitor immunotherapy in kidney cancer, Nat. Rev. Urol. 17 (2020) 137-150, https://doi.org/10.1038/
$41585-020-0282-3.

L.C. Harshman, C.G. Drake, T.K. Choueiri, PD-1 blockade in renal cell carcinoma: to equilibrium and beyond, Cancer Immunol. Res. 2 (2014) 1132-1141,
https://doi.org/10.1158/2326-6066.CIR-14-0193.

LY. Sheng, B.I. Rini, Inmunotherapy for renal cell carcinoma, Expet Opin. Biol. Ther. 19 (2019) 897-905, https://doi.org/10.1080/14712598.2019.1628946.
J.X. Xu, V.E. Maher, L. Zhang, S. Tang, R. Sridhara, A. Ibrahim, G. Kim, R. Pazdur, FDA approval summary: nivolumab in advanced renal cell carcinoma after
anti-angiogenic therapy and exploratory predictive biomarker analysis, Oncol. 22 (2017) 311-317, https://doi.org/10.1634/theoncologist.2016-0476.

B.I. Rini, D. Battle, R.A. Figlin, D.J. George, H. Hammers, T. Hutson, E. Jonasch, R.W. Joseph, D.F. McDermott, R.J. Motzer, S.K. Pal, A.J. Pantuck, D.I. Quinn,
V. Seery, M.H. Voss, C.G. Wood, L.S. Wood, M.B. Atkins, The society for immunotherapy of cancer consensus statement on immunotherapy for the treatment of
advanced renal cell carcinoma (RCC), J, Immunotherapy Cancer 7 (2019) 354, https://doi.org/10.1186/s40425-019-0813-8.

M. Catalano, G. Procopio, P. Sepe, M. Santoni, F. Sessa, D. Villari, G. Nesi, G. Roviello, Tyrosine kinase and immune checkpoints inhibitors in favorable risk
metastatic renal cell carcinoma: trick or treat? Pharmacol. Therapeut. 249 (2023) 108499 https://doi.org/10.1016/j.pharmthera.2023.108499.

K.E. Hacker, W.K. Rathmell, Emerging molecular classification in renal cell carcinoma: implications for drug development, Targ Oncol 5 (2010) 75-84,
https://doi.org/10.1007/s11523-010-0144-7.

G. Pezzicoli, F. Ciciriello, V. Musci, F. Salonne, A. Ragno, M. Rizzo, Genomic profiling and molecular characterization of clear cell renal cell carcinoma, Curr.
Oncol. 30 (2023) 9276-9290, https://doi.org/10.3390/curroncol30100670.

G.L. Semenza, HIF-1 mediates metabolic responses to intratumoral hypoxia and oncogenic mutations, J. Clin. Invest. 123 (2013) 3664-3671, https://doi.org/
10.1172/JCI167230.

E. Jonasch, J. Gao, W.K. Rathmell, Renal cell carcinoma, BMJ 349 (2014), https://doi.org/10.1136/bmj.g4797 g4797-g4797.

W.G. Kaelin, The von Hippel-lindau tumor suppressor protein and clear cell renal carcinoma, Clin. Cancer Res. 13 (2007) 680s-684s, https://doi.org/10.1158/
1078-0432.CCR-06-1865.

N. Shenoy, L. Pagliaro, Sequential pathogenesis of metastatic VHL mutant clear cell renal cell carcinoma: putting it together with a translational perspective,
Ann. Oncol. 27 (2016) 1685-1695, https://doi.org/10.1093/annonc/mdw241.

B. Golijanin, K. Malshy, S. Khaleel, G. Lagos, A. Amin, L. Cheng, D. Golijanin, A. Mega, Evolution of the HIF targeted therapy in clear cell renal cell carcinoma,
Cancer Treat Rev. 121 (2023) 102645, https://doi.org/10.1016/j.ctrv.2023.102645.

W.M. Linehan, J.S. Rubin, D.P. Bottaro, VHL loss of function and its impact on oncogenic signaling networks in clear cell renal cell carcinoma, Int. J. Biochem.
Cell Biol. 41 (2009) 753-756, https://doi.org/10.1016/].biocel.2008.09.024.

W.G. Kaelin, Molecular basis of the VHL hereditary cancer syndrome, Nat. Rev. Cancer 2 (2002) 673-682, https://doi.org/10.1038/nrc885.

W.M. Linehan, P.A. Pinto, R. Srinivasan, M. Merino, P. Choyke, L. Choyke, J. Coleman, J. Toro, G. Glenn, C. Vocke, B. Zbar, L.S. Schmidt, D. Bottaro,

L. Neckers, Identification of the genes for kidney cancer: opportunity for disease-specific targeted therapeutics, Clin. Cancer Res. 13 (2007) 671s-679s, https://
doi.org/10.1158/1078-0432.CCR-06-1870.

P.E. Clark, The role of VHL in clear-cell renal cell carcinoma and its relation to targeted therapy, Kidney Int. 76 (2009) 939-945, https://doi.org/10.1038/
ki.2009.296.

M.M. Baldewijns, I.J. van Vlodrop, P.B. Vermeulen, P.M. Soetekouw, M. van Engeland, A.P. de Bruine, VHL and HIF signalling in renal cell carcinogenesis,
J. Pathol. 221 (2010) 125-138, https://doi.org/10.1002/path.2689.

D.A. Fruman, C. Rommel, PI3K and cancer: lessons, challenges and opportunities, Nat. Rev. Drug Discov. 13 (2014) 140-156, https://doi.org/10.1038/
nrd4204.

S.Z. Millis, S. Ikeda, S. Reddy, Z. Gatalica, R. Kurzrock, Landscape of phosphatidylinositol-3-kinase pathway alterations across 19 784 diverse solid tumors,
JAMA Oncol. 2 (2016) 1565, https://doi.org/10.1001/jamaoncol.2016.0891.

S. Stanciu, F. Ionita-Radu, C. Stefani, D. Miricescu, I.-I. Stanescu-Spinu, M. Greabu, A. Ripszky Totan, M. Jinga, Targeting PI3K/AKT/mTOR signaling pathway
in pancreatic cancer: from molecular to clinical aspects, IJMS 23 (2022) 10132, https://doi.org/10.3390/ijms231710132.

Y. Lai, F. Tang, Y. Huang, C. He, C. Chen, J. Zhao, W. Wu, Z. He, The tumour microenvironment and metabolism in renal cell carcinoma targeted or immune
therapy, J. Cell. Physiol. 236 (2021) 1616-1627, https://doi.org/10.1002/jcp.29969.

Y. Kou, L. Ji, H. Wang, W. Wang, H. Zheng, J. Zou, L. Liu, X. Qi, Z. Liu, B. Du, L. Lu, Connexin 43 upregulation by dioscin inhibits melanoma progression via
suppressing malignancy and inducing M1 polarization, Intl Journal of Cancer 141 (2017) 1690-1703, https://doi.org/10.1002/ijc.30872.

D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144 (2011) 646-674, https://doi.org/10.1016/j.cell.2011.02.013.

I. Heidegger, A. Pircher, R. Pichler, Targeting the tumor microenvironment in renal cell cancer biology and therapy, Front. Oncol. 9 (2019) 490, https://doi.
org/10.3389/fonc.2019.00490.

Y.G. Najjar, P. Rayman, X. Jia, P.G. Pavicic, B.I. Rini, C. Tannenbaum, J. Ko, S. Haywood, P. Cohen, T. Hamilton, C.M. Diaz-Montero, J. Finke, Myeloid-derived
suppressor cell subset accumulation in renal cell carcinoma parenchyma is associated with intratumoral expression of IL1p, IL8, CXCL5, and Mip-1a, Clin.
Cancer Res. 23 (2017) 2346-2355, https://doi.org/10.1158/1078-0432.CCR-15-1823.

17


https://doi.org/10.3322/caac.21660
https://doi.org/10.6004/jnccn.2022.0001
https://doi.org/10.1038/srep31852
https://doi.org/10.1016/j.biochi.2022.05.018
https://doi.org/10.1007/s00345-018-2355-y
https://doi.org/10.4103/0970-1591.65381
https://doi.org/10.1200/JCO.1995.13.3.688
https://doi.org/10.6004/jnccn.2011.0124
https://doi.org/10.6004/jnccn.2011.0124
https://doi.org/10.3892/or.2022.8405
https://doi.org/10.1002/cncr.32361
https://doi.org/10.1038/nrurol.2016.103
https://doi.org/10.1038/s41585-020-0282-3
https://doi.org/10.1038/s41585-020-0282-3
https://doi.org/10.1158/2326-6066.CIR-14-0193
https://doi.org/10.1080/14712598.2019.1628946
https://doi.org/10.1634/theoncologist.2016-0476
https://doi.org/10.1186/s40425-019-0813-8
https://doi.org/10.1016/j.pharmthera.2023.108499
https://doi.org/10.1007/s11523-010-0144-7
https://doi.org/10.3390/curroncol30100670
https://doi.org/10.1172/JCI67230
https://doi.org/10.1172/JCI67230
https://doi.org/10.1136/bmj.g4797
https://doi.org/10.1158/1078-0432.CCR-06-1865
https://doi.org/10.1158/1078-0432.CCR-06-1865
https://doi.org/10.1093/annonc/mdw241
https://doi.org/10.1016/j.ctrv.2023.102645
https://doi.org/10.1016/j.biocel.2008.09.024
https://doi.org/10.1038/nrc885
https://doi.org/10.1158/1078-0432.CCR-06-1870
https://doi.org/10.1158/1078-0432.CCR-06-1870
https://doi.org/10.1038/ki.2009.296
https://doi.org/10.1038/ki.2009.296
https://doi.org/10.1002/path.2689
https://doi.org/10.1038/nrd4204
https://doi.org/10.1038/nrd4204
https://doi.org/10.1001/jamaoncol.2016.0891
https://doi.org/10.3390/ijms231710132
https://doi.org/10.1002/jcp.29969
https://doi.org/10.1002/ijc.30872
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3389/fonc.2019.00490
https://doi.org/10.3389/fonc.2019.00490
https://doi.org/10.1158/1078-0432.CCR-15-1823

S. Yang et al. Heliyon 10 (2024) e29215

[38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]

[52]

[53]
[54]

[55]
[56]

[57]
[58]
[59]
[60]
[61]

[62]
[63]

[64]
[65]
[66]
[67]

[68]

[69]
[70]
[71]
[72]
[73]
[74]
[75]

[76]

[77]

S.-C. Han, H.-Q. Yin, T. Xu, [Immunotherapy based on tumor microenvironment in renal cell carcinoma], Zhongguo Yi Xue Ke Xue Yuan Xue Bao 44 (2022)
305-312, https://doi.org/10.3881/].issn.1000-503X.13013.

T.F. Gajewski, H. Schreiber, Y.-X. Fu, Innate and adaptive immune cells in the tumor microenvironment, Nat. Inmunol. 14 (2013) 1014-1022, https://doi.org/
10.1038/ni.2703.

D.M. Pardoll, The blockade of immune checkpoints in cancer immunotherapy, Nat. Rev. Cancer 12 (2012) 252-264, https://doi.org/10.1038/nrc3239.
P.G. Coulie, B.J. Van den Eynde, P. van der Bruggen, T. Boon, Tumour antigens recognized by T lymphocytes: at the core of cancer immunotherapy, Nat. Rev.
Cancer 14 (2014) 135-146, https://doi.org/10.1038/nrc3670.

Y. Yang, H. Huang, H. Liang, Transcriptome mapping of renal clear cell carcinoma revealed by machine learning algorithm based on enhanced computed
tomography images, J. Gene Med. 25 (2023) e3494, https://doi.org/10.1002/jgm.3494.

K. Shitara, H. Nishikawa, Regulatory T cells: a potential target in cancer immunotherapy: regulatory T cells in cancer immunity, Ann. N.Y. Acad. Sci. 1417
(2018) 104-115, https://doi.org/10.1111/nyas.13625.

C.M. Paluskievicz, X. Cao, R. Abdi, P. Zheng, Y. Liu, J.S. Bromberg, T regulatory cells and priming the suppressive tumor microenvironment, Front. Inmunol.
10 (2019) 2453, https://doi.org/10.3389/fimmu.2019.02453.

Y. Wang, A. Jia, Y. Bi, Y. Wang, G. Liu, Metabolic regulation of myeloid-derived suppressor cell function in cancer, Cells 9 (2020) 1011, https://doi.org/
10.3390/cells9041011.

L. Yang, L.M. DeBusk, K. Fukuda, B. Fingleton, B. Green-Jarvis, Y. Shyr, L.M. Matrisian, D.P. Carbone, P.C. Lin, Expansion of myeloid immune suppressor Gr+
CD11b+ cells in tumor-bearing host directly promotes tumor angiogenesis, Cancer Cell 6 (2004) 409-421, https://doi.org/10.1016/j.ccr.2004.08.031.

M. Rashid, T. Borin, R. Ara, R. Piranlioglu, B. Achyut, H. Korkaya, Y. Liu, A. Arbab, Critical immunosuppressive effect of MDSC-derived exosomes in the tumor
microenvironment, Oncol. Rep. 45 (2021) 1171-1181, https://doi.org/10.3892/0r.2021.7936.

0.V. Kovaleva, D.V. Samoilova, M.S. Shitova, A. Gratchev, Tumor associated macrophages in kidney cancer, Anal. Cell Pathol. 2016 (2016) 1-6, https://doi.
org/10.1155/2016/9307549.

0. Canli, A.M. Nicolas, J. Gupta, F. Finkelmeier, O. Goncharova, M. Pesic, T. Neumann, D. Horst, M. Léwer, U. Sahin, F.R. Greten, Myeloid cell-derived reactive
oxygen species induce epithelial mutagenesis, Cancer Cell 32 (2017) 869-883.e5, https://doi.org/10.1016/j.ccell.2017.11.004.

R.J. Moore, D.M. Owens, G. Stamp, C. Arnott, F. Burke, N. East, H. Holdsworth, L. Turner, B. Rollins, M. Pasparakis, G. Kollias, F. Balkwill, Mice deficient in
tumor necrosis factor-a are resistant to skin carcinogenesis, Nat Med 5 (1999) 828-831, https://doi.org/10.1038/10552.

J. Liu, N. Zhang, Q. Li, W. Zhang, F. Ke, Q. Leng, H. Wang, J. Chen, H. Wang, Tumor-associated macrophages recruit CCR6+ regulatory T cells and promote the
development of colorectal cancer via enhancing CCL20 production in mice, PLoS One 6 (2011) e19495, https://doi.org/10.1371/journal.pone.0019495.
M. Chittezhath, M.K. Dhillon, J.Y. Lim, D. Laoui, I.N. Shalova, Y.L. Teo, J. Chen, R. Kamaraj, L. Raman, J. Lum, T.P. Thamboo, E. Chiong, F. Zolezzi, H. Yang, J.
A. Van Ginderachter, M. Poidinger, A.S.C. Wong, S.K. Biswas, Molecular profiling reveals a tumor-promoting phenotype of monocytes and macrophages in
human cancer progression, Immunity 41 (2014) 815-829, https://doi.org/10.1016/j.immuni.2014.09.014.

A. Calon, D.V.F. Tauriello, E. Batlle, TGF-beta in CAF-mediated tumor growth and metastasis, Semin. Cancer Biol. 25 (2014) 15-22, https://doi.org/10.1016/j.
semcancer.2013.12.008.

A. Papait, J. Romoli, F.R. Stefani, P. Chiodelli, M.C. Montresor, L. Agoni, A.R. Silini, O. Parolini, Fight the cancer, hit the CAF, Cancers 14 (2022) 3570, https://
doi.org/10.3390/cancers14153570.

J.I. Lopez, Renal tumors with clear cells, A review, Pathology - Research and Practice 209 (2013) 137-146, https://doi.org/10.1016/j.prp.2013.01.007.

P. Errarte, G. Larrinaga, J.I. Lopez, The role of cancer-associated fibroblasts in renal cell carcinoma. An example of tumor modulation through tumor/non-
tumor cell interactions, J. Adv. Res. 21 (2020) 103-108, https://doi.org/10.1016/j.jare.2019.09.004.

S. Chen, G.A. Crabill, T.S. Pritchard, T.L. McMiller, P. Wei, D.M. Pardoll, F. Pan, S.L. Topalian, Mechanisms regulating PD-L1 expression on tumor and immune
cells, J. Immunotherapy Cancer. 7 (2019) 305, https://doi.org/10.1186/540425-019-0770-2.

N. Tannir, H. Hammers, A. Amin, First-line vascular endothelial growth factor targeted therapy in renal cell carcinoma: priming the tumor microenvironment
for immunotherapy, Curr. Med. Res. Opin. 34 (2018) 825-831, https://doi.org/10.1080/03007995.2018.1423960.

B. Alarcén, D. Mestre, N. Martinez-Martin, The immunological synapse: a cause or consequence of T-cell receptor triggering?: a phagocytic role for the centre
of the immunological synapse, Immunology 133 (2011) 420-425, https://doi.org/10.1111/j.1365-2567.2011.03458.x.

B. Bai, T. Li, J. Zhao, Y. Zhao, X. Zhang, T. Wang, N. Zhang, X. Wang, X. Ba, J. Xu, Y. Yu, B. Wang, The tyrosine phosphatase activity of PTPN22 is involved in T
cell development via the regulation of TCR expression, IJMS 24 (2023) 14505, https://doi.org/10.3390/ijms241914505.

S.L. Topalian, C.G. Drake, D.M. Pardoll, Immune checkpoint blockade: a common denominator approach to cancer therapy, Cancer Cell 27 (2015) 450-461,
https://doi.org/10.1016/j.ccell.2015.03.001.

L. Ardolino, A. Joshua, Immune checkpoint inhibitors in malignancy, Aust. Prescr. 42 (2019) 62, https://doi.org/10.18773/austprescr.2019.012.

K. Jomova, R. Raptova, S.Y. Alomar, S.H. Alwasel, E. Nepovimova, K. Kuca, M. Valko, Reactive oxygen species, toxicity, oxidative stress, and antioxidants:
chronic diseases and aging, Arch. Toxicol. 97 (2023) 2499-2574, https://doi.org/10.1007/500204-023-03562-9.

L. Chaiswing, T.D. Oberley, Extracellular/microenvironmental redox state, Antioxidants Redox Signal. 13 (2010) 449-465, https://doi.org/10.1089/
ars.2009.3020.

B. Perillo, M. Di Donato, A. Pezone, E. Di Zazzo, P. Giovannelli, G. Galasso, G. Castoria, A. Migliaccio, ROS in cancer therapy: the bright side of the moon, Exp.
Mol. Med. 52 (2020) 192-203, https://doi.org/10.1038/512276-020-0384-2.

J.S.K. Chan, M.J. Tan, M.K. Sng, Z. Teo, T. Phua, C.C. Choo, L. Li, P. Zhu, N.S. Tan, Cancer-associated fibroblasts enact field cancerization by promoting
extratumoral oxidative stress, Cell Death Dis. 8 (2017), https://doi.org/10.1038/cddis.2016.492 e2562-e2562.

J. WiBfeld, A. Werner, X. Yan, N. Ten Bosch, G. Cui, Metabolic regulation of immune responses to cancer, Cancer Biol Med (2022) 1-15, https://doi.org/
10.20892/j.issn.2095-3941.2022.0381.

C.-H. Chang, J. Qiu, D. O’Sullivan, M.D. Buck, T. Noguchi, J.D. Curtis, Q. Chen, M. Gindin, M.M. Gubin, G.J.W. van der Windt, E. Tonc, R.D. Schreiber, E.
J. Pearce, E.L. Pearce, Metabolic competition in the tumor microenvironment is a driver of cancer progression, Cell 162 (2015) 1229-1241, https://doi.org/
10.1016/j.cell.2015.08.016.

D.A. Braun, Z. Bakouny, L. Hirsch, R. Flippot, E.M. Van Allen, C.J. Wu, T.K. Choueiri, Beyond conventional immune-checkpoint inhibition — novel
immunotherapies for renal cell carcinoma, Nat. Rev. Clin. Oncol. 18 (2021) 199-214, https://doi.org/10.1038/541571-020-00455-z.

Y. Shiravand, F. Khodadadi, S.M.A. Kashani, S.R. Hosseini-Fard, S. Hosseini, H. Sadeghirad, R. Ladwa, K. O’Byrne, A. Kulasinghe, Inmune checkpoint
inhibitors in cancer therapy, Curr. Oncol. 29 (2022) 3044-3060, https://doi.org/10.3390/curroncol29050247.

B. Rowshanravan, N. Halliday, D.M. Sansom, CTLA-4: a moving target in immunotherapy, Blood 131 (2018) 58-67, https://doi.org/10.1182/blood-2017-06-
741033.

H.-T. Jin, R. Ahmed, T. Okazaki, Role of PD-1 in regulating T-cell immunity, in: R. Ahmed, T. Honjo (Eds.), Negative Co-receptors and Ligands, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2010, pp. 17-37, https://doi.org/10.1007/82_2010_116.

C.M. Diaz-Montero, B.I. Rini, J.H. Finke, The immunology of renal cell carcinoma, Nat. Rev. Nephrol. 16 (2020) 721-735, https://doi.org/10.1038/s41581-
020-0316-3.

H.O. Alsaab, S. Sau, R. Alzhrani, K. Tatiparti, K. Bhise, S.K. Kashaw, A.K. Iyer, PD-1 and PD-L1 checkpoint signaling inhibition for cancer immunotherapy:
mechanism, combinations, and clinical outcome, Front. Pharmacol. 8 (2017) 561, https://doi.org/10.3389/fphar.2017.00561.

Y. Jiang, M. Chen, H. Nie, Y. Yuan, PD-1 and PD-L1 in cancer immunotherapy: clinical implications and future considerations, Hum. Vaccines Inmunother. 15
(2019) 1111-1122, https://doi.org/10.1080/21645515.2019.1571892.

J.H. Yearley, C. Gibson, N. Yu, C. Moon, E. Murphy, J. Juco, J. Lunceford, J. Cheng, L.Q.M. Chow, T.Y. Seiwert, M. Handa, J.E. Tomassini, T. McClanahan, PD-
L2 expression in human tumors: relevance to anti-PD-1 therapy in cancer, Clin. Cancer Res. 23 (2017) 3158-3167, https://doi.org/10.1158/1078-0432.CCR-
16-1761.

C. Robert, A decade of immune-checkpoint inhibitors in cancer therapy, Nat. Commun. 11 (2020) 3801, https://doi.org/10.1038/s41467-020-17670-y.

18


https://doi.org/10.3881/j.issn.1000-503X.13013
https://doi.org/10.1038/ni.2703
https://doi.org/10.1038/ni.2703
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nrc3670
https://doi.org/10.1002/jgm.3494
https://doi.org/10.1111/nyas.13625
https://doi.org/10.3389/fimmu.2019.02453
https://doi.org/10.3390/cells9041011
https://doi.org/10.3390/cells9041011
https://doi.org/10.1016/j.ccr.2004.08.031
https://doi.org/10.3892/or.2021.7936
https://doi.org/10.1155/2016/9307549
https://doi.org/10.1155/2016/9307549
https://doi.org/10.1016/j.ccell.2017.11.004
https://doi.org/10.1038/10552
https://doi.org/10.1371/journal.pone.0019495
https://doi.org/10.1016/j.immuni.2014.09.014
https://doi.org/10.1016/j.semcancer.2013.12.008
https://doi.org/10.1016/j.semcancer.2013.12.008
https://doi.org/10.3390/cancers14153570
https://doi.org/10.3390/cancers14153570
https://doi.org/10.1016/j.prp.2013.01.007
https://doi.org/10.1016/j.jare.2019.09.004
https://doi.org/10.1186/s40425-019-0770-2
https://doi.org/10.1080/03007995.2018.1423960
https://doi.org/10.1111/j.1365-2567.2011.03458.x
https://doi.org/10.3390/ijms241914505
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.18773/austprescr.2019.012
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1089/ars.2009.3020
https://doi.org/10.1089/ars.2009.3020
https://doi.org/10.1038/s12276-020-0384-2
https://doi.org/10.1038/cddis.2016.492
https://doi.org/10.20892/j.issn.2095-3941.2022.0381
https://doi.org/10.20892/j.issn.2095-3941.2022.0381
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1038/s41571-020-00455-z
https://doi.org/10.3390/curroncol29050247
https://doi.org/10.1182/blood-2017-06-741033
https://doi.org/10.1182/blood-2017-06-741033
https://doi.org/10.1007/82_2010_116
https://doi.org/10.1038/s41581-020-0316-3
https://doi.org/10.1038/s41581-020-0316-3
https://doi.org/10.3389/fphar.2017.00561
https://doi.org/10.1080/21645515.2019.1571892
https://doi.org/10.1158/1078-0432.CCR-16-1761
https://doi.org/10.1158/1078-0432.CCR-16-1761
https://doi.org/10.1038/s41467-020-17670-y

S. Yang et al. Heliyon 10 (2024) e29215

[78]

[79]
[80]
[81]
[82]
[83]

[84]

[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]

[95]

[96]

[97]
[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]
[107]

[108]

[109]

W.K. Rathmell, R.B. Rumble, P.J. Van Veldhuizen, H. Al-Ahmadie, H. Emamekhoo, R.J. Hauke, A.V. Louie, M.I. Milowsky, A.M. Molina, T.L. Rose, S. Siva, N.
G. Zaorsky, T. Zhang, R. Qamar, T.M. Kungel, B. Lewis, E.A. Singer, Management of metastatic clear cell renal cell carcinoma: ASCO guideline, J. Clin. Orthod.
40 (2022) 2957-2995, https://doi.org/10.1200/JC0O.22.00868.

A.J. Schoenfeld, M.D. Hellmann, Acquired resistance to immune checkpoint inhibitors, Cancer Cell 37 (2020) 443-455, https://doi.org/10.1016/j.
ccell.2020.03.017.

M. Weinstock, D. McDermott, Targeting PD-1/PD-L1 in the treatment of metastatic renal cell carcinoma, Therapeutic Advances in Urology 7 (2015) 365-377,
https://doi.org/10.1177/1756287215597647.

C. Chung, From oxygen sensing to angiogenesis: targeting the hypoxia signaling pathway in metastatic kidney cancer, Am. J. Health Syst. Pharm. 77 (2020)
2064-2073, https://doi.org/10.1093/ajhp/zxaa308.

Q. Xu, Y. Liu, W. Sun, T. Song, X. Jiang, K. Zeng, S. Zeng, L. Chen, L. Yu, Blockade LAT1 mediates methionine metabolism to overcome oxaliplatin resistance
under hypoxia in renal cell carcinoma, Cancers 14 (2022) 2551, https://doi.org/10.3390/cancers14102551.

F. Hofmann, E.C. Hwang, T.B. Lam, A. Bex, Y. Yuan, L.S. Marconi, B. Ljungberg, Targeted therapy for metastatic renal cell carcinoma, Cochrane Database Syst.
Rev. 2020 (2020), https://doi.org/10.1002/14651858.CD012796.pub2.

R.J. Motzer, R. Banchereau, H. Hamidi, T. Powles, D. McDermott, M.B. Atkins, B. Escudier, L.-F. Liu, N. Leng, A.R. Abbas, J. Fan, H. Koeppen, J. Lin, S. Carroll,
K. Hashimoto, S. Mariathasan, M. Green, D. Tayama, P.S. Hegde, C. Schiff, M.A. Huseni, B. Rini, Molecular subsets in renal cancer determine outcome to
checkpoint and angiogenesis blockade, Cancer Cell 38 (2020) 803-817.e4, https://doi.org/10.1016/j.ccell.2020.10.011.

A. Al-Danakh, M. Safi, M. Alradhi, Q. Chen, S. Baldi, X. Zhu, D. Yang, Immune checkpoint inhibitor (ICI) genes and aging in clear cell renal cell carcinoma
(ccRCCQ): clinical and genomic study, Cells 11 (2022) 3641, https://doi.org/10.3390/cells11223641.

D. Garyfallos, G. Vassiliou, A. Bradley, Functional genomic studies of cancer immune evasion using in vitro and in vivo CRISPR/Cas9 genetic screens, Mol.
Immunol. 150 (2022) 31, https://doi.org/10.1016/j.molimm.2022.05.105.

J. Wang, T. Liu, T. Huang, M. Shang, X. Wang, The mechanisms on evasion of anti-tumor immune responses in gastric cancer, Front. Oncol. 12 (2022) 943806,
https://doi.org/10.3389/fonc.2022.943806.

S.L. Hu, A. Chang, M.A. Perazella, M.D. Okusa, E.A. Jaimes, R.H. Weiss, For the American society of nephrology onco-nephrology forum, the nephrologist’s
tumor: basic biology and management of renal cell carcinoma, JASN (J. Am. Soc. Nephrol.) 27 (2016) 2227-2237, https://doi.org/10.1681/ASN.2015121335.
W.G. Kaelin, Von Hippel-Lindau disease: insights into oxygen sensing, protein degradation, and cancer, J. Clin. Invest. 132 (2022) 162480, https://doi.org/
10.1172/JCI162480.

F. Massari, V.D. Nunno, V. Mollica, R. Montironi, L. Cheng, A. Cimadamore, A. Blanca, A. Lopez-Beltran, Inmunotherapy in renal cell carcinoma from poverty
to the spoiled of choice, Immunotherapy 11 (2019) 1507-1521, https://doi.org/10.2217/imt-2019-0115.

Hypoxia-inducible factor (HIF) in human tumorigenesis, Histol. Histopathol. (2007) 559-572, https://doi.org/10.14670/HH-22.559.

D. Pavlakis, S. Kampantais, K. Gkagkalidis, V. Gourvas, D. Memmos, A. Tsionga, G. Dimitriadis, I. Vakalopoulos, Hypoxia-inducible factor 2a expression is
positively correlated with gleason score in prostate cancer, Technol. Cancer Res. Treat. 20 (2021) 153303382199001, https://doi.org/10.1177/
1533033821990010.

J.J. Havel, D. Chowell, T.A. Chan, The evolving landscape of biomarkers for checkpoint inhibitor immunotherapy, Nat. Rev. Cancer 19 (2019) 133-150,
https://doi.org/10.1038/541568-019-0116-x.

M. Yarchoan, A. Hopkins, E.M. Jaffee, Tumor mutational burden and response rate to PD-1 inhibition, N. Engl. J. Med. 377 (2017) 2500-2501, https://doi.
org/10.1056/NEJMc1713444.

R.J. Motzer, P.B. Robbins, T. Powles, L. Albiges, J.B. Haanen, J. Larkin, X.J. Mu, K.A. Ching, M. Uemura, S.K. Pal, B. Alekseev, G. Gravis, M.T. Campbell,
K. Penkov, J.L. Lee, S. Hariharan, X. Wang, W. Zhang, J. Wang, A. Chudnovsky, A. di Pietro, A.C. Donahue, T.K. Choueiri, Avelumab plus axitinib versus
sunitinib in advanced renal cell carcinoma: biomarker analysis of the phase 3 JAVELIN Renal 101 trial, Nat Med 26 (2020) 1733-1741, https://doi.org/
10.1038/541591-020-1044-8.

D.F. McDermott, M.A. Huseni, M.B. Atkins, R.J. Motzer, B.I. Rini, B. Escudier, L. Fong, R.W. Joseph, S.K. Pal, J.A. Reeves, M. Sznol, J. Hainsworth, W.

K. Rathmell, W.M. Stadler, T. Hutson, M.E. Gore, A. Ravaud, S. Bracarda, C. Sudrez, R. Danielli, V. Gruenwald, T.K. Choueiri, D. Nickles, S. Jhunjhunwala,
E. Piault-Louis, A. Thobhani, J. Qiu, D.S. Chen, P.S. Hegde, C. Schiff, G.D. Fine, T. Powles, Clinical activity and molecular correlates of response to
atezolizumab alone or in combination with bevacizumab versus sunitinib in renal cell carcinoma, Nat Med 24 (2018) 749-757, https://doi.org/10.1038/
$41591-018-0053-3.

H. Aweys, D. Lewis, M. Sheriff, R.D. Rabbani, P. Lapitan, E. Sanchez, V. Papadopoulos, A. Ghose, S. Boussios, Renal cell cancer - insights in drug resistance
mechanisms, Anticancer Res. 43 (2023) 4781-4792, https://doi.org/10.21873/anticanres.16675.

A. Parvez, F. Choudhary, P. Mudgal, R. Khan, K.A. Qureshi, H. Farooqi, A. Aspatwar, PD-1 and PD-L1: architects of immune symphony and immunotherapy
breakthroughs in cancer treatment, Front. Immunol. 14 (2023) 1296341, https://doi.org/10.3389/fimmu.2023.1296341.

N. Furuya, M. Nishino, K. Wakuda, S. Ikeda, T. Sato, R. Ushio, S. Tanzawa, M. Sata, K. Ito, Real-world efficacy of atezolizumab in non-small cell lung cancer: a
multicenter cohort study focused on performance status and retreatment after failure of anti- PD -1 antibody, Thorac Cancer 12 (2021) 613-618, https://doi.
org/10.1111/1759-7714.13824.

L.J. Bayne, G.L. Beatty, N. Jhala, C.E. Clark, A.D. Rhim, B.Z. Stanger, R.H. Vonderheide, Tumor-derived granulocyte-macrophage colony-stimulating factor
regulates myeloid inflammation and T cell immunity in pancreatic cancer, Cancer Cell 21 (2012) 822-835, https://doi.org/10.1016/j.ccr.2012.04.025.

M. Golkaram, F. Kuo, S. Gupta, M.I. Carlo, M.L. Salmans, R. Vijayaraghavan, C. Tang, V. Makarov, P. Rappold, K.A. Blum, C. Zhao, R. Mehio, S. Zhang,

J. Godsey, T. Pawlowski, R.G. DiNatale, L.G.T. Morris, J. Durack, P. Russo, R.R. Kotecha, J. Coleman, Y.-B. Chen, V.E. Reuter, R.J. Motzer, M.H. Voss, L. Liu,
E. Reznik, T.A. Chan, A.A. Hakimi, Spatiotemporal evolution of the clear cell renal cell carcinoma microenvironment links intra-tumoral heterogeneity to
immune escape, Genome Med. 14 (2022) 143, https://doi.org/10.1186/513073-022-01146-3.

S. Mikami, R. Mizuno, T. Kosaka, N. Tanaka, N. Kuroda, Y. Nagashima, Y. Okada, M. Oya, Significance of tumor microenvironment in acquiring resistance to
vascular endothelial growth factor-tyrosine kinase inhibitor and recent advance of systemic treatment of clear cell renal cell carcinoma, Pathol. Int. 70 (2020)
712-723, https://doi.org/10.1111/pin.12984.

Y. Kobayashi, D. Yamada, T. Kawai, Y. Sato, T. Teshima, Y. Yamada, M. Nakamura, M. Suzuki, A. Matsumoto, T. Nakagawa, A. Hosoi, K. Nagaoka, T. Karasaki,
H. Matsushita, H. Kume, K. Kakimi, Different immunological effects of the molecular targeted agents sunitinib, everolimus and temsirolimus in patients with
renal cell carcinoma, Int. J. Oncol. (2020), https://doi.org/10.3892/1j0.2020.4975.

X.-D. Liu, A. Hoang, L. Zhou, S. Kalra, A. Yetil, M. Sun, Z. Ding, X. Zhang, S. Bai, P. German, P. Tamboli, P. Rao, J.A. Karam, C. Wood, S. Matin, A. Zurita,
A. Bex, A.W. Griffioen, J. Gao, P. Sharma, N. Tannir, K. Sircar, E. Jonasch, Resistance to antiangiogenic therapy is associated with an immunosuppressive
tumor microenvironment in metastatic renal cell carcinoma, Cancer Immunol. Res. 3 (2015) 1017-1029, https://doi.org/10.1158/2326-6066.CIR-14-0244.
O. Adotevi, H. Pere, P. Ravel, N. Haicheur, C. Badoual, N. Merillon, J. Medioni, S. Peyrard, S. Roncelin, V. Verkarre, A. Mejean, W.H. Fridman, S. Oudard,
E. Tartour, A decrease of regulatory T cells correlates with overall survival after sunitinib-based antiangiogenic therapy in metastatic renal cancer patients,
J. Immunother. 33 (2010) 991-998, https://doi.org/10.1097/CJ1.0b013e3181f4¢c208.

J. Jin, Y. Xie, J.-S. Zhang, J.-Q. Wang, S.-J. Dai, W. He, S.-Y. Li, C.R. Ashby, Z.-S. Chen, Q. He, Sunitinib resistance in renal cell carcinoma: from molecular
mechanisms to predictive biomarkers, Drug Resist. Updates 67 (2023) 100929, https://doi.org/10.1016/j.drup.2023.100929.

L. Guo, H. Zhang, B. Chen, Nivolumab as programmed death-1 (PD-1) inhibitor for targeted immunotherapy in tumor, J. Cancer 8 (2017) 410-416, https://doi.
org/10.7150/jca.17144.

Y. Adachi, H. Kamiyama, K. Ichikawa, S. Fukushima, Y. Ozawa, S. Yamaguchi, S. Goda, T. Kimura, K. Kodama, M. Matsuki, S.W. Miyano, A. Yokoi, Y. Kato,
Y. Funahashi, Inhibition of FGFR reactivates IFNy signaling in tumor cells to enhance the combined antitumor activity of lenvatinib with anti-PD-1 antibodies,
Cancer Res. 82 (2022) 292-306, https://doi.org/10.1158/0008-5472.CAN-20-2426.

D.I. Gabrilovich, S. Nagaraj, Myeloid-derived suppressor cells as regulators of the immune system, Nat. Rev. Immunol. 9 (2009) 162-174, https://doi.org/
10.1038/nri2506.

19


https://doi.org/10.1200/JCO.22.00868
https://doi.org/10.1016/j.ccell.2020.03.017
https://doi.org/10.1016/j.ccell.2020.03.017
https://doi.org/10.1177/1756287215597647
https://doi.org/10.1093/ajhp/zxaa308
https://doi.org/10.3390/cancers14102551
https://doi.org/10.1002/14651858.CD012796.pub2
https://doi.org/10.1016/j.ccell.2020.10.011
https://doi.org/10.3390/cells11223641
https://doi.org/10.1016/j.molimm.2022.05.105
https://doi.org/10.3389/fonc.2022.943806
https://doi.org/10.1681/ASN.2015121335
https://doi.org/10.1172/JCI162480
https://doi.org/10.1172/JCI162480
https://doi.org/10.2217/imt-2019-0115
https://doi.org/10.14670/HH-22.559
https://doi.org/10.1177/1533033821990010
https://doi.org/10.1177/1533033821990010
https://doi.org/10.1038/s41568-019-0116-x
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1038/s41591-020-1044-8
https://doi.org/10.1038/s41591-020-1044-8
https://doi.org/10.1038/s41591-018-0053-3
https://doi.org/10.1038/s41591-018-0053-3
https://doi.org/10.21873/anticanres.16675
https://doi.org/10.3389/fimmu.2023.1296341
https://doi.org/10.1111/1759-7714.13824
https://doi.org/10.1111/1759-7714.13824
https://doi.org/10.1016/j.ccr.2012.04.025
https://doi.org/10.1186/s13073-022-01146-3
https://doi.org/10.1111/pin.12984
https://doi.org/10.3892/ijo.2020.4975
https://doi.org/10.1158/2326-6066.CIR-14-0244
https://doi.org/10.1097/CJI.0b013e3181f4c208
https://doi.org/10.1016/j.drup.2023.100929
https://doi.org/10.7150/jca.17144
https://doi.org/10.7150/jca.17144
https://doi.org/10.1158/0008-5472.CAN-20-2426
https://doi.org/10.1038/nri2506
https://doi.org/10.1038/nri2506

S. Yang et al. Heliyon 10 (2024) e29215

[110]
[111]
[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]
[121]

[122]
[123]

[124]

[125]
[126]
[127]
[128]
[129]

[130]

[131]

[132]

[133]

[134]
[135]

[136]

[137]

[138]

[139]

[140]

[141]

1. Papafragkos, M. Grigoriou, L. Boon, A. Kloetgen, A. Hatzioannou, P. Verginis, Ablation of NLRP3 inflammasome rewires MDSC function and promotes tumor
regression, Front. Immunol. 13 (2022) 889075, https://doi.org/10.3389/fimmu.2022.889075.

F. Gao, C. Yang, Anti-VEGF/VEGFR2 monoclonal antibodies and their combinations with PD-1/PD-L1 inhibitors in clinic, CCDT 20 (2020) 3-18, https://doi.
org/10.2174/1568009619666191114110359.

D.S. Chen, H. Hurwitz, Combinations of bevacizumab with cancer immunotherapy, Cancer J. 24 (2018) 193-204, https://doi.org/10.1097/
PP0O.0000000000000327.

T. Voron, O. Colussi, E. Marcheteau, S. Pernot, M. Nizard, A.-L. Pointet, S. Latreche, S. Bergaya, N. Benhamouda, C. Tanchot, C. Stockmann, P. Combe,

A. Berger, F. Zinzindohoue, H. Yagita, E. Tartour, J. Taieb, M. Terme, VEGF-A modulates expression of inhibitory checkpoints on CD8+ T cells in tumors,
J. Exp. Med. 212 (2015) 139-148, https://doi.org/10.1084/jem.20140559.

Y. Lai, R. Wahyuningtyas, S. Aui, K. Chang, Autocrine VEGF signalling on M2 macrophages regulates PD- L1 expression for immunomodulation of T cells,
J Cellular Molecular Medi 23 (2019) 1257-1267, https://doi.org/10.1111/jemm.14027.

J.S. Ko, A.H. Zea, B.I. Rini, J.L. Ireland, P. Elson, P. Cohen, A. Golshayan, P.A. Rayman, L. Wood, J. Garcia, R. Dreicer, R. Bukowski, J.H. Finke, Sunitinib
mediates reversal of myeloid-derived suppressor cell accumulation in renal cell carcinoma patients, Clin. Cancer Res. 15 (2009) 2148-2157, https://doi.org/
10.1158/1078-0432.CCR-08-1332.

A. Rizzo, V. Mollica, M. Santoni, A.D. Ricci, M. Rosellini, A. Marchetti, R. Montironi, A. Ardizzoni, F. Massari, Impact of clinicopathological features on survival
in patients treated with first-line immune checkpoint inhibitors plus tyrosine kinase inhibitors for renal cell carcinoma: a meta-analysis of randomized clinical
trials, European Urology Focus 8 (2022) 514-521, https://doi.org/10.1016/j.euf.2021.03.001.

J.J. Wallin, J.C. Bendell, R. Funke, M. Sznol, K. Korski, S. Jones, G. Hernandez, J. Mier, X. He, F.S. Hodi, M. Denker, V. Leveque, M. Canamero, G. Babitski,
H. Koeppen, J. Ziai, N. Sharma, F. Gaire, D.S. Chen, D. Waterkamp, P.S. Hegde, D.F. McDermott, Atezolizumab in combination with bevacizumab enhances
antigen-specific T-cell migration in metastatic renal cell carcinoma, Nat. Commun. 7 (2016) 12624, https://doi.org/10.1038/ncomms12624.

A. Tonooka, R. Ohashi, Current trends in anti-cancer molecular targeted therapies: renal complications and their histological features, J. Nippon Med. Sch. 89
(2022) 128-138, https://doi.org/10.1272/jnms.JNMS.2022_89-221.

J. Da Silva Prade, R.S. De Souza, C.M. Da Silva D’Avila, T.C. Da Silva, I.C. Livinalli, A.C. Zanini Bertoncelli, F. Krapf Saccol, T. De Oliveira Mendes, L. Gindri
Wenning, T. Da Rosa Salles, C.R. Bohn Rhoden, F.C. Cadona, An overview of renal cell carcinoma hallmarks, drug resistance, and adjuvant therapies, CDP 3
(2023) 616-634, https://doi.org/10.21873/cdp.10264.

M. inézii, S.G. Ozlii, D. Ozyériik, S. Kiremitci, S. Gakmakei, B. Avel, S.I. Ozdemir, U.S. Bayrakei, Eculizumab for bevacizumab induced thrombotic
microangiopathy: a case report, Pediatric Hematology Oncology Journal 7 (2022) 169-172, https://doi.org/10.1016/j.phoj.2022.08.006.

M. Schmidinger, J. Bellmunt, Plethora of agents, plethora of targets, plethora of side effects in metastatic renal cell carcinoma, Cancer Treat Rev. 36 (2010)
416-424, https://doi.org/10.1016/j.ctrv.2010.01.003.

C. Battelli, D.C. Cho, mTOR inhibitors in renal cell carcinoma, Therapy 8 (2011) 359-367, https://doi.org/10.2217/thy.11.32.

A. Abbas, M.M. Mirza, A.K. Ganti, K. Tendulkar, Renal toxicities of targeted therapies, Targ Oncol 10 (2015) 487-499, https://doi.org/10.1007/s11523-015-
0368-7.

H. Izzedine, B. Escudier, C. Lhomme, P. Pautier, P. Rouvier, V. Gueutin, A. Baumelou, L. Derosa, R. Bahleda, A. Hollebecque, D. Sahali, J.C. Soria, Kidney
diseases associated with anti-vascular endothelial growth factor (VEGF): an 8-year observational study at a single center, Medicine 93 (2014) 333-339,
https://doi.org/10.1097/MD.0000000000000207.

E.M. Moss, M.A. Perazella, The role of kidney biopsy in immune checkpoint inhibitor nephrotoxicity, Front. Med. 9 (2022) 964335, https://doi.org/10.3389/
fmed.2022.964335.

N. Abdel-Wahab, M. Shah, M.E. Suarez-Almazor, Adverse events associated with immune checkpoint blockade in patients with cancer: a systematic review of
case reports, PLoS One 11 (2016) 0160221, https://doi.org/10.1371/journal.pone.0160221.

S. Jamal, M. Hudson, A. Fifi-Mah, C. Ye, Inmune-related adverse events associated with cancer immunotherapy: a review for the practicing rheumatologist,
J. Rheumatol. 47 (2020) 166-175, https://doi.org/10.3899/jrheum.190084.

M. Ramos-Casals, J.R. Brahmer, M.K. Callahan, A. Flores-Chavez, N. Keegan, M.A. Khamashta, O. Lambotte, X. Mariette, A. Prat, M.E. Sudrez-Almazor,
Immune-related adverse events of checkpoint inhibitors, Nat Rev Dis Primers 6 (2020) 38, https://doi.org/10.1038/s41572-020-0160-6.

L. Khoja, D. Day, T. Wei-Wu Chen, L.L. Siu, A.R. Hansen, Tumour- and class-specific patterns of immune-related adverse events of immune checkpoint
inhibitors: a systematic review, Ann. Oncol. 28 (2017) 2377-2385, https://doi.org/10.1093/annonc/mdx286.

S.J. Antonia, J.A. Lopez-Martin, J. Bendell, P.A. Ott, M. Taylor, J.P. Eder, D. Jager, M.C. Pietanza, D.T. Le, F. de Braud, M.A. Morse, P.A. Ascierto, L. Horn,
A. Amin, R.N. Pillai, J. Evans, I. Chau, P. Bono, A. Atmaca, P. Sharma, C.T. Harbison, C.-S. Lin, O. Christensen, E. Calvo, Nivolumab alone and nivolumab plus
ipilimumab in recurrent small-cell lung cancer (CheckMate 032): a multicentre, open-label, phase 1/2 trial, Lancet Oncol. 17 (2016) 883-895, https://doi.org/
10.1016/S1470-2045(16)30098-5.

A. Abudayyeh, L. Suo, H. Lin, O. Mamlouk, N. Abdel-Wahab, A. Tchakarov, Pathologic predictors of response to treatment of immune checkpoint
inhibitor-induced kidney injury, Cancers 14 (2022) 5267, https://doi.org/10.3390/cancers14215267.

F. Hu, Y. Zhai, L. Yuan, J. Liang, J. Xu, X. Guo, X. Zhou, Z. Lin, J. Sun, X. Ye, J. He, Renal toxicities in immune checkpoint inhibitors with or without
chemotherapy: an observational, retrospective, pharmacovigilance study leveraging US FARES database, Cancer Med. 10 (2021) 8754-8762, https://doi.org/
10.1002/cam4.4343.

on behalf of the Society for Inmunotherapy of Cancer Toxicity Management Working Group, 1. Puzanov, A. Diab, K. Abdallah, C.O. Bingham, C. Brogdon,
R. Dadu, L. Hamad, S. Kim, M.E. Lacouture, N.R. LeBoeuf, D. Lenihan, C. Onofrei, V. Shannon, R. Sharma, A.W. Silk, D. Skondra, M.E. Suarez-Almazor,

Y. Wang, K. Wiley, H.L. Kaufman, M.S. Ernstoff, Managing toxicities associated with immune checkpoint inhibitors: consensus recommendations from the
society for immunotherapy of cancer (SITC) toxicity management working group, J, Inmunotherapy Cancer. 5 (2017) 95, https://doi.org/10.1186/s40425-
017-0300-z.

A.L. Harris, Hypoxia — a key regulatory factor in tumour growth, Nat. Rev. Cancer 2 (2002) 38-47, https://doi.org/10.1038/nrc704.

Y. Lai, T. Zeng, X. Liang, W. Wu, F. Zhong, W. Wu, Cell death-related molecules and biomarkers for renal cell carcinoma targeted therapy, Cancer Cell Int. 19
(2019) 221, https://doi.org/10.1186/512935-019-0939-2.

C.-K. Tsao, B. Liaw, C. He, M.D. Galsky, J. Sfakianos, W.K. Oh, Moving beyond vascular endothelial growth factor-targeted therapy in renal cell cancer: latest
evidence and therapeutic implications, Ther Adv Med Oncol 9 (2017) 287-298, https://doi.org/10.1177/1758834016687261.

H. Van Der Wijngaart, R. Beekhof, J.C. Knol, A.A. Henneman, R. De Goeij-de Haas, S.R. Piersma, T.V. Pham, C.R. Jimenez, H.M.W. Verheul, M. Labots,
Candidate biomarkers for treatment benefit from sunitinib in patients with advanced renal cell carcinoma using mass spectrometry-based (phospho)
proteomics, Clin Proteom. 20 (2023) 49, https://doi.org/10.1186/512014-023-09437-6.

R.J. Motzer, T.E. Hutson, P. Tomczak, M.D. Michaelson, R.M. Bukowski, S. Oudard, S. Negrier, C. Szczylik, R. Pili, G.A. Bjarnason, X. Garcia-del-Muro, J.
A. Sosman, E. Solska, G. Wilding, J.A. Thompson, S.T. Kim, I. Chen, X. Huang, R.A. Figlin, Overall survival and updated results for sunitinib compared with
interferon Alfa in patients with metastatic renal cell carcinoma, J. Clin. Orthod. 27 (2009) 3584-3590, https://doi.org/10.1200/JC0O.2008.20.1293.

G. Velasco, A. Ruiz-Granados, O. Reig, F. Massari, M.A. Climent Duran, E. Verzoni, J. Graham, R. Llarena, M. De Tursi, F. Donskov, C. Iglesias, H.S. Pandha,
X. Garcia del Muro, G. Procopio, S. Oudard, D. Castellano, L. Albiges, Outcomes of systemic targeted therapy in recurrent renal cell carcinoma treated with
adjuvant sunitinib, BJU Int. 128 (2021) 254-261, https://doi.org/10.1111/bju.15356.

D. Queiroz Muniz, B. Ratto, H. Yang, J. Zhao, M. Jenkins, J. Signorovitch, L. Dezzani, P. Salman, M. Lema Medina, D. Lopera, G. Lerzo, C. del Castillo,

M. Chacon, A. Martin, S. Campos-Gomez, Real-world effectiveness and tolerability of pazopanib as first targeted therapy in metastatic renal cell carcinoma: a
retrospective chart review in Latin America, Adv. Ther. 36 (2019) 3446-3457, https://doi.org/10.1007/s12325-019-01109-y.

C.N. Sternberg, 1.D. Davis, J. Mardiak, C. Szczylik, E. Lee, J. Wagstaff, C.H. Barrios, P. Salman, O.A. Gladkov, A. Kavina, J.J. Zarbd, M. Chen, L. McCann,
L. Pandite, D.F. Roychowdhury, R.E. Hawkins, Pazopanib in locally advanced or metastatic renal cell carcinoma: results of a randomized phase III trial, J. Clin.
Orthod. 28 (2010) 1061-1068, https://doi.org/10.1200/JC0O.2009.23.9764.

20


https://doi.org/10.3389/fimmu.2022.889075
https://doi.org/10.2174/1568009619666191114110359
https://doi.org/10.2174/1568009619666191114110359
https://doi.org/10.1097/PPO.0000000000000327
https://doi.org/10.1097/PPO.0000000000000327
https://doi.org/10.1084/jem.20140559
https://doi.org/10.1111/jcmm.14027
https://doi.org/10.1158/1078-0432.CCR-08-1332
https://doi.org/10.1158/1078-0432.CCR-08-1332
https://doi.org/10.1016/j.euf.2021.03.001
https://doi.org/10.1038/ncomms12624
https://doi.org/10.1272/jnms.JNMS.2022_89-221
https://doi.org/10.21873/cdp.10264
https://doi.org/10.1016/j.phoj.2022.08.006
https://doi.org/10.1016/j.ctrv.2010.01.003
https://doi.org/10.2217/thy.11.32
https://doi.org/10.1007/s11523-015-0368-7
https://doi.org/10.1007/s11523-015-0368-7
https://doi.org/10.1097/MD.0000000000000207
https://doi.org/10.3389/fmed.2022.964335
https://doi.org/10.3389/fmed.2022.964335
https://doi.org/10.1371/journal.pone.0160221
https://doi.org/10.3899/jrheum.190084
https://doi.org/10.1038/s41572-020-0160-6
https://doi.org/10.1093/annonc/mdx286
https://doi.org/10.1016/S1470-2045(16)30098-5
https://doi.org/10.1016/S1470-2045(16)30098-5
https://doi.org/10.3390/cancers14215267
https://doi.org/10.1002/cam4.4343
https://doi.org/10.1002/cam4.4343
https://doi.org/10.1186/s40425-017-0300-z
https://doi.org/10.1186/s40425-017-0300-z
https://doi.org/10.1038/nrc704
https://doi.org/10.1186/s12935-019-0939-2
https://doi.org/10.1177/1758834016687261
https://doi.org/10.1186/s12014-023-09437-6
https://doi.org/10.1200/JCO.2008.20.1293
https://doi.org/10.1111/bju.15356
https://doi.org/10.1007/s12325-019-01109-y
https://doi.org/10.1200/JCO.2009.23.9764

S. Yang et al.

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]
[150]

[151]
[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]
[164]

[165]

[166]

Heliyon 10 (2024) e29215

C.N. Sternberg, R.E. Hawkins, J. Wagstaff, P. Salman, J. Mardiak, C.H. Barrios, J.J. Zarba, O.A. Gladkov, E. Lee, C. Szczylik, L. McCann, S.D. Rubin, M. Chen, I.
D. Davis, A randomised, double-blind phase III study of pazopanib in patients with advanced and/or metastatic renal cell carcinoma: final overall survival
results and safety update, Eur. J. Cancer 49 (2013) 1287-1296, https://doi.org/10.1016/j.ejca.2012.12.010.

D.F. McDermott, D.J. George, Bevacizumab as a treatment option in advanced renal cell carcinoma: an analysis and interpretation of clinical trial data, Cancer
Treat Rev. 36 (2010) 216-223, https://doi.org/10.1016/j.ctrv.2009.12.003.

J.C. Yang, L. Haworth, R.M. Sherry, P. Hwu, D.J. Schwartzentruber, S.L. Topalian, S.M. Steinberg, H.X. Chen, S.A. Rosenberg, A randomized trial of
bevacizumab, an anti-vascular endothelial growth factor antibody, for metastatic renal cancer, N. Engl. J. Med. 349 (2003) 427-434, https://doi.org/
10.1056/NEJMo0a021491.

B. Escudier, A. Pluzanska, P. Koralewski, A. Ravaud, S. Bracarda, C. Szczylik, C. Chevreau, M. Filipek, B. Melichar, E. Bajetta, V. Gorbunova, J.-O. Bay,

1. Bodrogi, A. Jagiello-Gruszfeld, N. Moore, Bevacizumab Plus Interferon Alfa-2a for Treatment of Metastatic Renal Cell Carcinoma: a Randomised, Double-
Blind Phase III Trial, 2007, p. 370.

B.I. Rini, S. Halabi, J.E. Rosenberg, W.M. Stadler, D.A. Vaena, S.-S. Ou, L. Archer, J.N. Atkins, J. Picus, P. Czaykowski, J. Dutcher, E.J. Small, Bevacizumab plus
interferon Alfa compared with interferon Alfa monotherapy in patients with metastatic renal cell carcinoma: CALGB 90206, J. Clin. Orthod. 26 (2008)
5422-5428, https://doi.org/10.1200/JC0O.2008.16.9847.

B. Escudier, J. Bellmunt, S. Négrier, E. Bajetta, B. Melichar, S. Bracarda, A. Ravaud, S. Golding, S. Jethwa, V. Sneller, Phase III trial of bevacizumab plus
interferon Alfa-2a in patients with metastatic renal cell carcinoma (AVOREN): final analysis of overall survival, J. Clin. Orthod. 28 (2010) 2144-2150, https://
doi.org/10.1200/JC0.2009.26.7849.

B.L Rini, S. Halabi, J.E. Rosenberg, W.M. Stadler, D.A. Vaena, L. Archer, J.N. Atkins, J. Picus, P. Czaykowski, J. Dutcher, E.J. Small, Phase III trial of
bevacizumab plus interferon Alfa versus interferon Alfa monotherapy in patients with metastatic renal cell carcinoma: final results of CALGB 90206, J. Clin.
Orthod. 28 (2010) 2137-2143, https://doi.org/10.1200/JC0O.2009.26.5561.

M.-A. Bjornsti, P.J. Houghton, The tor pathway: a target for cancer therapy, Nat. Rev. Cancer 4 (2004) 335-348, https://doi.org/10.1038/nrc1362.

R.J. Motzer, C.H. Barrios, T.M. Kim, S. Falcon, T. Cosgriff, W.G. Harker, V. Srimuninnimit, K. Pittman, R. Sabbatini, S.Y. Rha, T.W. Flaig, R. Page, S. Bavbek, J.
T. Beck, P. Patel, F. Cheung, S. Yadav, E.M. Schiff, X. Wang, J. Niolat, D. Sellami, O. Anak, J.J. Knox, Phase II randomized trial comparing sequential first-line
everolimus and second-line sunitinib versus first-line sunitinib and second-line everolimus in patients with metastatic renal cell carcinoma, J. Clin. Orthod. 32
(2014) 2765-2772, https://doi.org/10.1200/JC0O.2013.54.6911.

J.D. Hainsworth, D.R. Spigel, H.A. Burris, D. Waterhouse, B.L. Clark, R. Whorf, Phase I trial of bevacizumab and everolimus in patients with advanced renal
cell carcinoma, J. Clin. Orthod. 28 (2010) 2131-2136, https://doi.org/10.1200/JC0.2009.26.3152.

Bevacizumab in combination with interferon Alpha in metastatic renal cell carcinoma: the emerging evidence of its therapeutic value, Clin. Med. Rev. Oncol. 3
(2011) 59-69, https://doi.org/10.4137/CMRO.S3401.

D.R. Feldman, Y. Ged, C. Lee, A. Knezevic, A.M. Molina, Y. Chen, J. Chaim, D.T. Coskey, S. Murray, S.K. Tickoo, V.E. Reuter, S. Patil, H. Xiao, J. Aghalar, A.
J. Apollo, ML Carlo, R.J. Motzer, M.H. Voss, Everolimus plus bevacizumab is an effective first-line treatment for patients with advanced papillary variant renal
cell carcinoma: final results from a phase II trial, Cancer 126 (2020) 5247-5255, https://doi.org/10.1002/cncr.33148.

R.H. Thompson, S.M. Kuntz, B.C. Leibovich, H. Dong, C.M. Lohse, W.S. Webster, S. Sengupta, I. Frank, A.S. Parker, H. Zincke, M.L. Blute, T.J. Sebo, J.

C. Cheville, E.D. Kwon, Tumor B7-H1 is associated with poor prognosis in renal cell carcinoma patients with long-term follow-up, Cancer Res. 66 (2006)
3381-3385, https://doi.org/10.1158/0008-5472.CAN-05-4303.

R.J. Motzer, B. Escudier, D.F. McDermott, S. George, H.J. Hammers, S. Srinivas, S.S. Tykodi, J.A. Sosman, G. Procopio, E.R. Plimack, D. Castellano, T.

K. Choueiri, H. Gurney, F. Donskov, P. Bono, J. Wagstaff, T.C. Gauler, T. Ueda, Y. Tomita, F.A. Schutz, C. Kollmannsberger, J. Larkin, A. Ravaud, J.S. Simon, L.-
A. Xu, .M. Waxman, P. Sharma, Nivolumab versus everolimus in advanced renal-cell carcinoma, N. Engl. J. Med. 373 (2015) 1803-1813, https://doi.org/
10.1056/NEJMo0al510665.

R.J. Motzer, B. Escudier, S. George, H.J. Hammers, S. Srinivas, S.S. Tykodi, J.A. Sosman, E.R. Plimack, G. Procopio, D.F. McDermott, D. Castellano, T.

K. Choueiri, F. Donskov, H. Gurney, S. Oudard, M. Richardet, K. Peltola, A.S. Alva, M. Carducci, J. Wagstaff, C. Chevreau, S. Fukasawa, Y. Tomita, T.C. Gauler,
C.K. Kollmannsberger, F.A. Schutz, J. Larkin, D. Cella, M.B. McHenry, S.S. Saggi, N.M. Tannir, Nivolumab versus everolimus in patients with advanced renal
cell carcinoma: updated results with long-term follow-up of the randomized, open-label, phase 3 CheckMate 025 trial, Cancer 126 (2020) 4156-4167, https://
doi.org/10.1002/cncr.33033.

D.F. McDermott, J.A. Sosman, M. Sznol, C. Massard, M.S. Gordon, O. Hamid, J.D. Powderly, J.R. Infante, M. Fasso, Y.V. Wang, W. Zou, P.S. Hegde, G.D. Fine,
T. Powles, Atezolizumab, an anti-programmed death-ligand 1 antibody, Metastatic Renal Cell Carcinoma: Long-Term Safety, Clinical Activity, and Immune
Correlates From a Phase Ia Study, JCO 34 (2016) 833-842, https://doi.org/10.1200/JC0.2015.63.7421.

M. Jahangir, O. Yazdani, M.S. Kahrizi, S. Soltanzadeh, H. Javididashtbayaz, A. Mivefroshan, S. Ilkhani, R. Esbati, Clinical potential of PD-1/PD-L1 blockade
therapy for renal cell carcinoma (RCC): a rapidly evolving strategy, Cancer Cell Int. 22 (2022) 401, https://doi.org/10.1186/512935-022-02816-3.

R.J. Motzer, N.M. Tannir, D.F. McDermott, O. Arén Frontera, B. Melichar, T.K. Choueiri, E.R. Plimack, P. Barthélémy, C. Porta, S. George, T. Powles,

F. Donskov, V. Neiman, C.K. Kollmannsberger, P. Salman, H. Gurney, R. Hawkins, A. Ravaud, M.-O. Grimm, S. Bracarda, C.H. Barrios, Y. Tomita, D. Castellano,
B.IL Rini, A.C. Chen, S. Mekan, M.B. McHenry, M. Wind-Rotolo, J. Doan, P. Sharma, H.J. Hammers, B. Escudier, Nivolumab plus ipilimumab versus sunitinib in
advanced renal-cell carcinoma, N. Engl. J. Med. 378 (2018) 1277-1290, https://doi.org/10.1056/NEJMoal712126.

R.J. Motzer, B.I. Rini, D.F. McDermott, O. Arén Frontera, H.J. Hammers, M.A. Carducci, P. Salman, B. Escudier, B. Beuselinck, A. Amin, C. Porta, S. George,
V. Neiman, S. Bracarda, S.S. Tykodi, P. Barthélémy, R. Leibowitz-Amit, E.R. Plimack, S.F. Oosting, B. Redman, B. Melichar, T. Powles, P. Nathan, S. Oudard,
D. Pook, T.K. Choueiri, F. Donskov, M.-O. Grimm, H. Gurney, D.Y.C. Heng, C.K. Kollmannsberger, M.R. Harrison, Y. Tomita, I. Duran, V. Griinwald, M.

B. McHenry, S. Mekan, N.M. Tannir, Nivolumab plus ipilimumab versus sunitinib in first-line treatment for advanced renal cell carcinoma: extended follow-up
of efficacy and safety results from a randomised, controlled, phase 3 trial, Lancet Oncol. 20 (2019) 1370-1385, https://doi.org/10.1016/51470-2045(19)
30413-9.

T.K. Choueiri, H. Kluger, S. George, S.S. Tykodi, T.M. Kuzel, R. Perets, S. Nair, G. Procopio, M.A. Carducci, V. Castonguay, E. Folefac, C.-H. Lee, S.J. Hotte, W.
H. Miller, S.S. Saggi, C.-W. Lee, H. Desilva, P. Bhagavatheeswaran, R.J. Motzer, B. Escudier, FRACTION-RCC: nivolumab plus ipilimumab for advanced renal
cell carcinoma after progression on immuno-oncology therapy, J Immunother Cancer 10 (2022) e005780, https://doi.org/10.1136/jitc-2022-005780.
M.-O. Grimm, E. Esteban, P. Barthélémy, M. Schmidinger, J. Busch, B.P. Valderrama, N. Charnley, M. Schmitz, U. Schumacher, K. Leucht, S. Foller, G. Baretton,
1. Duran, G. De Velasco, F. Priou, P. Maroto, L. Albiges, C. Barone, D. Castellano, C. Chevreau, P. Gajate Borau, S. Gopalakrishnan, E. Grande, A. Hamid,
J. Heinzelbecker, M. Janssen, J. Kopecky, E. Kubala, W. Loidl, A. Lorch, B. Melichar, N. Lainez Milagro, G. Niegisch, C. Ohlmann, A. Sacré, N. Sarwar,

G. Schinzari, D. Schrijvers, S. Tartas, M. Wirth, P. Wolter, M. Zemanova, Tailored immunotherapy approach with nivolumab with or without nivolumab plus
ipilimumab as immunotherapeutic boost in patients with metastatic renal cell carcinoma (TITAN-RCC): a multicentre, single-arm, phase 2 trial, Lancet Oncol.
24 (2023) 1252-1265, https://doi.org/10.1016/51470-2045(23)00449-7.

R.R. McKay, K. Leucht, W. Xie, O. Jegede, D.A. Braun, M.B. Atkins, M.-O. Grimm, T.K. Choueiri, A pooled analysis of 3 phase II trials of salvage nivolumab/
ipilimumab after nivolumab in renal cell carcinoma, Oncol. (2023), https://doi.org/10.1093/oncolo/oyad298 oyad298.

V. Stiihler, S. Rausch, J.M. Maas, A. Stenzl, J. Bedke, Combination of immune checkpoint inhibitors and tyrosine kinase inhibitors for the treatment of renal cell
carcinoma, Expet Opin. Biol. Ther. 21 (2021) 1215-1226, https://doi.org/10.1080/14712598.2021.1890713.

B.I Rini, E.R. Plimack, V. Stus, R. Gafanov, R. Hawkins, D. Nosov, F. Pouliot, B. Alekseev, D. Soulieres, B. Melichar, I. Vynnychenko, A. Kryzhanivska,

1. Bondarenko, S.J. Azevedo, D. Borchiellini, C. Szczylik, M. Markus, R.S. McDermott, J. Bedke, S. Tartas, Y.-H. Chang, S. Tamada, Q. Shou, R.F. Perini,

M. Chen, M.B. Atkins, T. Powles, Pembrolizumab plus axitinib versus sunitinib for advanced renal-cell carcinoma, N. Engl. J. Med. 380 (2019) 1116-1127,
https://doi.org/10.1056/NEJMoal816714.

R. Motzer, B. Alekseev, S.-Y. Rha, C. Porta, M. Eto, T. Powles, V. Griinwald, T.E. Hutson, E. Kopyltsov, M.J. Méndez-Vidal, V. Kozlov, A. Alyasova, S.-H. Hong,
A. Kapoor, T. Alonso Gordoa, J.R. Merchan, E. Winquist, P. Maroto, J.C. Goh, M. Kim, H. Gurney, V. Patel, A. Peer, G. Procopio, T. Takagi, B. Melichar,

21


https://doi.org/10.1016/j.ejca.2012.12.010
https://doi.org/10.1016/j.ctrv.2009.12.003
https://doi.org/10.1056/NEJMoa021491
https://doi.org/10.1056/NEJMoa021491
http://refhub.elsevier.com/S2405-8440(24)05246-0/sref145
http://refhub.elsevier.com/S2405-8440(24)05246-0/sref145
http://refhub.elsevier.com/S2405-8440(24)05246-0/sref145
https://doi.org/10.1200/JCO.2008.16.9847
https://doi.org/10.1200/JCO.2009.26.7849
https://doi.org/10.1200/JCO.2009.26.7849
https://doi.org/10.1200/JCO.2009.26.5561
https://doi.org/10.1038/nrc1362
https://doi.org/10.1200/JCO.2013.54.6911
https://doi.org/10.1200/JCO.2009.26.3152
https://doi.org/10.4137/CMRO.S3401
https://doi.org/10.1002/cncr.33148
https://doi.org/10.1158/0008-5472.CAN-05-4303
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1002/cncr.33033
https://doi.org/10.1002/cncr.33033
https://doi.org/10.1200/JCO.2015.63.7421
https://doi.org/10.1186/s12935-022-02816-3
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1016/S1470-2045(19)30413-9
https://doi.org/10.1016/S1470-2045(19)30413-9
https://doi.org/10.1136/jitc-2022-005780
https://doi.org/10.1016/S1470-2045(23)00449-7
https://doi.org/10.1093/oncolo/oyad298
https://doi.org/10.1080/14712598.2021.1890713
https://doi.org/10.1056/NEJMoa1816714

S. Yang et al.

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]
[185]

[186]

[187]

Heliyon 10 (2024) e29215

F. Rolland, U. De Giorgi, S. Wong, J. Bedke, M. Schmidinger, C.E. Dutcus, A.D. Smith, L. Dutta, K. Mody, R.F. Perini, D. Xing, T.K. Choueiri, Lenvatinib plus
pembrolizumab or everolimus for advanced renal cell carcinoma, N. Engl. J. Med. 384 (2021) 1289-1300, https://doi.org/10.1056/NEJMo0a2035716.

R.J. Motzer, K. Penkov, J. Haanen, B. Rini, L. Albiges, M.T. Campbell, B. Venugopal, C. Kollmannsberger, S. Negrier, M. Uemura, J.L. Lee, A. Vasiliev, W.
H. Miller, H. Gurney, M. Schmidinger, J. Larkin, M.B. Atkins, J. Bedke, B. Alekseev, J. Wang, M. Mariani, P.B. Robbins, A. Chudnovsky, C. Fowst, S. Hariharan,
B. Huang, A. di Pietro, T.K. Choueiri, Avelumab plus axitinib versus sunitinib for advanced renal-cell carcinoma, N. Engl. J. Med. 380 (2019) 1103-1115,
https://doi.org/10.1056/NEJMo0al816047.

T.K. Choueiri, T. Powles, M. Burotto, B. Escudier, M.T. Bourlon, B. Zurawski, V.M. Oyervides Juarez, J.J. Hsieh, U. Basso, A.Y. Shah, C. Sudrez, A. Hamzaj, J.
C. Goh, C. Barrios, M. Richardet, C. Porta, R. Kowalyszyn, J.P. Feregrino, J. Zoinierek, D. Pook, E.R. Kessler, Y. Tomita, R. Mizuno, J. Bedke, J. Zhang, M.
A. Maurer, B. Simsek, F. Ejzykowicz, G.M. Schwab, A.B. Apolo, R.J. Motzer, Nivolumab plus cabozantinib versus sunitinib for advanced renal-cell carcinoma,
N. Engl. J. Med. 384 (2021) 829-841, https://doi.org/10.1056/NEJM0a2026982.

X.Q. Yan, M.J. Ye, Q. Zou, P. Chen, Z.S. He, B. Wu, D.L. He, C.H. He, X.Y. Xue, Z.G. Ji, H. Chen, S. Zhang, Y.P. Liu, X.D. Zhang, C. Fu, D.F. Xu, M.X. Qiu, J.J. Lv,
J. Huang, X.B. Ren, Y. Cheng, W.J. Qin, X. Zhang, F.J. Zhou, L.L. Ma, J.M. Guo, D.G. Ding, S.Z. Wei, Y. He, H.Q. Guo, B.K. Shi, L. Liu, F. Liu, Z.Q. Hu, X.M. Jin,
L. Yang, S.X. Zhu, J.H. Liu, Y.H. Huang, T. Xu, B. Liu, T. Sun, Z.J. Wang, H.W. Jiang, D.X. Yu, A.P. Zhou, J. Jiang, G.D. Luan, C.L. Jin, J. Xu, J.X. Hu, Y.
R. Huang, J. Guo, W. Zhai, X.N. Sheng, Toripalimab plus axitinib versus sunitinib as first-line treatment for advanced renal cell carcinoma: RENOTORCH, a
randomized, open-label, phase III study, Ann. Oncol. (2023) S0923753423040036, https://doi.org/10.1016/j.annonc.2023.09.3108.

S.K. Pal, L. Albiges, P. Tomczak, C. Suarez, M.H. Voss, G. De Velasco, J. Chahoud, A. Mochalova, G. Procopio, H. Mahammedi, F. Zengerling, C. Kim, T. Osawa,
M. Angel, S. Gupta, O. Khan, G. Bergthold, B. Liu, M. Kalaitzidou, M. Huseni, C. Scheffold, T. Powles, T.K. Choueiri, Atezolizumab plus cabozantinib versus
cabozantinib monotherapy for patients with renal cell carcinoma after progression with previous immune checkpoint inhibitor treatment (CONTACT-03): a
multicentre, randomised, open-label, phase 3 trial, Lancet 402 (2023) 185-195, https://doi.org/10.1016/50140-6736(23)00922-4.

B.L Rini, T. Powles, M.B. Atkins, B. Escudier, D.F. McDermott, C. Suarez, S. Bracarda, W.M. Stadler, F. Donskov, J.L. Lee, R. Hawkins, A. Ravaud, B. Alekseev,
M. Staehler, M. Uemura, U. De Giorgi, B. Mellado, C. Porta, B. Melichar, H. Gurney, J. Bedke, T.K. Choueiri, F. Parnis, T. Khaznadar, A. Thobhani, S. Li,
E. Piault-Louis, G. Frantz, M. Huseni, C. Schiff, M.C. Green, R.J. Motzer, Atezolizumab plus bevacizumab versus sunitinib in patients with previously untreated
metastatic renal cell carcinoma (IMmotion151): a multicentre, open-label, phase 3, randomised controlled trial, Lancet 393 (2019) 2404-2415, https://doi.
org/10.1016/50140-6736(19)30723-8.

M.B. Atkins, E.R. Plimack, I. Puzanov, M.N. Fishman, D.F. McDermott, D.C. Cho, U. Vaishampayan, S. George, T.E. Olencki, J.C. Tarazi, B. Rosbrook, K.

C. Fernandez, M. Lechuga, T.K. Choueiri, Axitinib in combination with pembrolizumab in patients with advanced renal cell cancer: a non-randomised, open-
label, dose-finding, and dose-expansion phase 1b trial, Lancet Oncol. 19 (2018) 405-415, https://doi.org/10.1016,/51470-2045(18)30081-0.

M.B. Atkins, E.R. Plimack, I. Puzanov, M.N. Fishman, D.F. McDermott, D.C. Cho, U. Vaishampayan, S. George, J.C. Tarazi, W. Duggan, R. Perini, M. Thakur, K.
C. Fernandez, T.K. Choueiri, Axitinib plus pembrolizumab in patients with advanced renal-cell carcinoma: long-term efficacy and safety from a phase Ib trial,
Eur. J. Cancer 145 (2021) 1-10, https://doi.org/10.1016/j.ejca.2020.12.009.

E.R. Plimack, T. Powles, V. Stus, R. Gafanov, D. Nosov, T. Waddell, B. Alekseev, F. Pouliot, B. Melichar, D. Souliéres, D. Borchiellini, R.S. McDermott,

1. Vynnychenko, Y.-H. Chang, S. Tamada, M.B. Atkins, C. Li, R. Perini, L.R. Molife, J. Bedke, B.I. Rini, Pembrolizumab plus axitinib versus sunitinib as first-line
treatment of advanced renal cell carcinoma: 43-month follow-up of the phase 3 KEYNOTE-426 study, Eur. Urol. 84 (2023) 449-454, https://doi.org/10.1016/
j-eururo.2023.06.006.

R. Motzer, C. Porta, B. Alekseev, S.Y. Rha, T.K. Choueiri, M.J. Mendez-Vidal, S.-H. Hong, A. Kapoor, J.C. Goh, M. Eto, L. Bennett, J. Wang, J.J. Pan, T.

L. Saretsky, R.F. Perini, C.S. He, K. Mody, D. Cella, Health-related quality-of-life outcomes in patients with advanced renal cell carcinoma treated with
lenvatinib plus pembrolizumab or everolimus versus sunitinib (CLEAR): a randomised, phase 3 study, Lancet Oncol. 23 (2022) 768-780, https://doi.org/
10.1016/5S1470-2045(22)00212-1.

T.K. Choueiri, M. Eto, R. Motzer, U. De Giorgi, T. Buchler, N.S. Basappa, M.J. Méndez-Vidal, S. Tjulandin, S. Hoon Park, B. Melichar, T. Hutson, C. Alemany,
B. McGregor, T. Powles, V. Griinwald, B. Alekseev, S.Y. Rha, E. Kopyltsov, A. Kapoor, T. Alonso Gordoa, J.C. Goh, M. Staehler, J.R. Merchan, R. Xie, R.F. Perini,
K. Mody, J. McKenzie, C.G. Porta, Lenvatinib plus pembrolizumab versus sunitinib as first-line treatment of patients with advanced renal cell carcinoma
(CLEAR): extended follow-up from the phase 3, randomised, open-label study, Lancet Oncol. 24 (2023) 228-238, https://doi.org/10.1016/51470-2045(23)
00049-9.

V. Griinwald, T. Powles, M. Eto, E. Kopyltsov, S.Y. Rha, C. Porta, R. Motzer, T.E. Hutson, M.J. Méndez-Vidal, S.-H. Hong, E. Winquist, J.C. Goh, P. Maroto,
T. Buchler, T. Takagi, J.E. Burgents, R. Perini, C. He, C.E. Okpara, J. McKenzie, T.K. Choueiri, Phase 3 CLEAR study in patients with advanced renal cell
carcinoma: outcomes in subgroups for the lenvatinib-plus-pembrolizumab and sunitinib arms, Front. Oncol. 13 (2023) 1223282, https://doi.org/10.3389/
fonc.2023.1223282.

V. Griinwald, T. Powles, E. Kopyltsov, V. Kozlov, T. Alonso-Gordoa, M. Eto, T. Hutson, R. Motzer, E. Winquist, P. Maroto, B. Keam, G. Procopio, S. Wong,
B. Melichar, F. Rolland, M. Oya, K. Rodriguez-Lopez, K. Saito, J. McKenzie, C. Porta, Survival by depth of response and efficacy by international metastatic
renal cell carcinoma database consortium subgroup with lenvatinib plus pembrolizumab versus sunitinib in advanced renal cell carcinoma: analysis of the
phase 3 randomized CLEAR study, European Urology Oncology 6 (2023) 437-446, https://doi.org/10.1016/j.e10.2023.01.010.

T.K. Choueiri, J. Larkin, M. Oya, F. Thistlethwaite, M. Martignoni, P. Nathan, T. Powles, D. McDermott, P.B. Robbins, D.D. Chism, D. Cho, M.B. Atkins, M.
S. Gordon, S. Gupta, H. Uemura, Y. Tomita, A. Compagnoni, C. Fowst, A. di Pietro, B.I. Rini, Preliminary results for avelumab plus axitinib as first-line therapy
in patients with advanced clear-cell renal-cell carcinoma (JAVELIN Renal 100): an open-label, dose-finding and dose-expansion, phase 1b trial, Lancet Oncol.
19 (2018) 451-460, https://doi.org/10.1016/51470-2045(18)30107-4.

Y. Tomita, R.J. Motzer, T.K. Choueiri, B.I. Rini, H. Miyake, H. Uemura, L. Albiges, Y. Fujii, Y. Umeyama, J. Wang, M. Mariani, M. Schmidinger, Efficacy and
safety of avelumab plus axitinib in elderly patients with advanced renal cell carcinoma: extended follow-up results from JAVELIN Renal 101, ESMO Open 7
(2022) 100450, https://doi.org/10.1016/j.esmoop.2022.100450.

J.B.A.G. Haanen, J. Larkin, T.K. Choueiri, L. Albiges, B.I. Rini, M.B. Atkins, M. Schmidinger, K. Penkov, E. Michelon, J. Wang, M. Mariani, A. Di Pietro, R.
J. Motzer, Extended follow-up from JAVELIN Renal 101: subgroup analysis of avelumab plus axitinib versus sunitinib by the International Metastatic Renal
Cell Carcinoma Database Consortium risk group in patients with advanced renal cell carcinoma, ESMO Open 8 (2023) 101210, https://doi.org/10.1016/j.
esmoop.2023.101210.

R.J. Motzer, T. Powles, M. Burotto, B. Escudier, M.T. Bourlon, A.Y. Shah, C. Sudrez, A. Hamzaj, C. Porta, C.M. Hocking, E.R. Kessler, H. Gurney, Y. Tomita,
J. Bedke, J. Zhang, B. Simsek, C. Scheffold, A.B. Apolo, T.K. Choueiri, Nivolumab plus cabozantinib versus sunitinib in first-line treatment for advanced renal
cell carcinoma (CheckMate 9ER): long-term follow-up results from an open-label, randomised, phase 3 trial, Lancet Oncol. 23 (2022) 888-898, https://doi.
org/10.1016/51470-2045(22)00290-X.

D. Cella, R.J. Motzer, C. Suarez, S.I. Blum, F. Ejzykowicz, M. Hamilton, J.F. Wallace, B. Simsek, J. Zhang, C. Ivanescu, A.B. Apolo, T.K. Choueiri, Patient-
reported outcomes with first-line nivolumab plus cabozantinib versus sunitinib in patients with advanced renal cell carcinoma treated in CheckMate 9ER: an
open-label, randomised, phase 3 trial, Lancet Oncol. 23 (2022) 292-303, https://doi.org/10.1016/51470-2045(21)00693-8.

P. Barthélémy, P. Dutailly, B. Qvick, V. Perrot, E. Verzoni, CaboCombo: a prospective, phase IV study of first-line cabozantinib + nivolumab for advanced renal
cell carcinoma, Future Oncol. (2023), https://doi.org/10.2217/fon-2023-0353 fon-2023-0353.

J. Huang, G. Shi, Y. Wang, P. Wang, J. Zhang, W. Kong, Y. Huang, S. Wang, W. Xue, Second-line treatment with axitinib plus toripalimab in metastatic renal
cell carcinoma: a retrospective multicenter study, Future Oncol. 18 (2022) 1461-1471, https://doi.org/10.2217/fon-2021-1267.

S.K. Pal, B. McGregor, C. Suarez, C.-K. Tsao, W. Kelly, U. Vaishampayan, L. Pagliaro, B.L. Maughan, Y. Loriot, D. Castellano, S. Srinivas, R.R. McKay, R. Dreicer,
T. Hutson, S. Dubey, S. Werneke, A. Panneerselvam, D. Curran, C. Scheffold, T.K. Choueiri, N. Agarwal, Cabozantinib in combination with atezolizumab for
advanced renal cell carcinoma: results from the COSMIC-021 study, J. Clin. Orthod. 39 (2021) 3725-3736, https://doi.org/10.1200/JC0.21.00939.

X. Lu, W. Gu, G. Shi, D. Ye, Pazopanib together with 6-8 cycles of sintilimab followed by single use of pazopanib in the second-line treatment of advanced renal
cell carcinoma, Transl. Androl. Urol. 10 (2021) 2078-2083, https://doi.org/10.21037/tau-21-338.

22


https://doi.org/10.1056/NEJMoa2035716
https://doi.org/10.1056/NEJMoa1816047
https://doi.org/10.1056/NEJMoa2026982
https://doi.org/10.1016/j.annonc.2023.09.3108
https://doi.org/10.1016/S0140-6736(23)00922-4
https://doi.org/10.1016/S0140-6736(19)30723-8
https://doi.org/10.1016/S0140-6736(19)30723-8
https://doi.org/10.1016/S1470-2045(18)30081-0
https://doi.org/10.1016/j.ejca.2020.12.009
https://doi.org/10.1016/j.eururo.2023.06.006
https://doi.org/10.1016/j.eururo.2023.06.006
https://doi.org/10.1016/S1470-2045(22)00212-1
https://doi.org/10.1016/S1470-2045(22)00212-1
https://doi.org/10.1016/S1470-2045(23)00049-9
https://doi.org/10.1016/S1470-2045(23)00049-9
https://doi.org/10.3389/fonc.2023.1223282
https://doi.org/10.3389/fonc.2023.1223282
https://doi.org/10.1016/j.euo.2023.01.010
https://doi.org/10.1016/S1470-2045(18)30107-4
https://doi.org/10.1016/j.esmoop.2022.100450
https://doi.org/10.1016/j.esmoop.2023.101210
https://doi.org/10.1016/j.esmoop.2023.101210
https://doi.org/10.1016/S1470-2045(22)00290-X
https://doi.org/10.1016/S1470-2045(22)00290-X
https://doi.org/10.1016/S1470-2045(21)00693-8
https://doi.org/10.2217/fon-2023-0353
https://doi.org/10.2217/fon-2021-1267
https://doi.org/10.1200/JCO.21.00939
https://doi.org/10.21037/tau-21-338

S. Yang et al.

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]
[199]

[200]

[201]

[202]

[203]

[204]

[205]
[206]

[207]

[208]

[209]
[210]
[211]

[212]

Heliyon 10 (2024) e29215

L. Albiges, P. Barthélémy, M. Gross-Goupil, S. Negrier, M.N. Needle, B. Escudier, TiNivo: safety and efficacy of tivozanib-nivolumab combination therapy in
patients with metastatic renal cell carcinoma, Ann. Oncol. 32 (2021) 97-102, https://doi.org/10.1016/j.annonc.2020.09.021.

A. Amin, E.R. Plimack, M.S. Ernstoff, L.D. Lewis, T.M. Bauer, D.F. McDermott, M. Carducci, C. Kollmannsberger, B.I. Rini, D.Y.C. Heng, J. Knox, M.H. Voss,
J. Spratlin, E. Berghorn, L. Yang, H.J. Hammers, Safety and efficacy of nivolumab in combination with sunitinib or pazopanib in advanced or metastatic renal
cell carcinoma: the CheckMate 016 study, J. Inmunotherapy Cancer. 6 (2018) 109, https://doi.org/10.1186/540425-018-0420-0.

M.B. Atkins, B.I. Rini, R.J. Motzer, T. Powles, D.F. McDermott, C. Suarez, S. Bracarda, W.M. Stadler, F. Donskov, H. Gurney, S. Oudard, M. Uemura, E.T. Lam,
C. Griillich, C. Quach, S. Carroll, B. Ding, Q. Cindy, Zhu, E. Piault-Louis, C. Schiff, B. Escudier, Patient-reported outcomes from the phase III randomized
IMmotion151 trial: atezolizumab + bevacizumab versus sunitinib in treatment-naive metastatic renal cell carcinoma, Clin. Cancer Res. 26 (2020) 2506-2514,
https://doi.org/10.1158/1078-0432.CCR-19-2838.

S. Astore, G. Baciarello, L. Cerbone, F. Calabro, Primary and acquired resistance to first-line therapy for clear cell renal cell carcinoma, Cancer Drug Resist
(2023) 517-546, https://doi.org/10.20517/cdr.2023.33.

H. Zhang, J. Chen, X. Zhang, X. Zhu, Z. Wang, G. Sun, J. Liang, Y. Chen, Y. Shen, J. Liu, X. Li, Q. Wei, Z. Liu, H. Zeng, P. Shen, Efficacy of second-line ICIs
combined with TKIs among patients with metastatic renal cell carcinoma: a real-world study, Immunotherapy 14 (2022) 309-320, https://doi.org/10.2217/
imt-2021-0108.

T. Huang, J. Wang, R. Liu, W. Wei, Y. Liu, Z. Zhang, S. Guo, H. Han, F. Zhou, L. He, P. Dong, Safety and efficacy of second-line TKI plus anti-PD1 in metastatic
non-clear cell renal cell carcinoma: a real-world study, Clin. Genitourin. Cancer (2023), https://doi.org/10.1016/j.clgc.2023.11.007. S1558767323002537.
C. Vauchier, E. Auclin, P. Barthélémy, L. Carril-Ajuria, T. Ryckewaert, D. Borchiellini, Z. Castel-Ajgal, M. Bennamoun, L. Campedel, A. Thiery-Vuillemin,
E. Coquan, L. Crouzet, J.-F. Berdah, C. Chevreau, R. Ratta, A. Fléchon, F. Lefort, L. Albiges, M. Gross-Goupil, Y.-A. Vano, C. Thibault, S. Oudard, REchallenge of
NIVOlumab (RENIVO) or nivolumab-ipilimumab in metastatic renal cell carcinoma: an ambispective multicenter study, Journal of Oncology 2022 (2022)
1-12, https://doi.org/10.1155/2022/3449660.

X. Liu, Y. Zhao, CRISPR/Cas9 genome editing: fueling the revolution in cancer immunotherapy, Current Research in Translational Medicine 66 (2018) 39-42,
https://doi.org/10.1016/j.retram.2018.04.003.

E.A. Stadtmauer, J.A. Fraietta, M.M. Davis, A.D. Cohen, K.L. Weber, E. Lancaster, P.A. Mangan, I. Kulikovskaya, M. Gupta, F. Chen, L. Tian, V.E. Gonzalez,
J. Xu, I. Jung, J.J. Melenhorst, G. Plesa, J. Shea, T. Matlawski, A. Cervini, A.L. Gaymon, S. Desjardins, A. Lamontagne, J. Salas-Mckee, A. Fesnak, D.L. Siegel, B.
L. Levine, J.K. Jadlowsky, R.M. Young, A. Chew, W.-T. Hwang, E.O. Hexner, B.M. Carreno, C.L. Nobles, F.D. Bushman, K.R. Parker, Y. Qi, A.T. Satpathy, H.
Y. Chang, Y. Zhao, S.F. Lacey, C.H. June, CRISPR-engineered T cells in patients with refractory cancer, Science 367 (2020) eaba7365, https://doi.org/
10.1126/science.aba7365.

G. Schepisi, V. Conteduca, C. Casadei, G. Gurioli, L. Rossi, V. Galla, M.C. Cursano, N. Brighi, C. Lolli, C. Menna, A. Farolfi, S.L. Burgio, A. Altavilla,

G. Martinelli, U. De Giorgi, Potential application of chimeric antigen receptor (CAR)-T cell therapy in renal cell tumors, Front. Oncol. 10 (2020) 565857,
https://doi.org/10.3389/fonc.2020.565857.

C.H.J. Lamers, Y. Klaver, J.W. Gratama, S. Sleijfer, R. Debets, Treatment of metastatic renal cell carcinoma (mRCC) with CAIX CAR-engineered T-cells-a
completed study overview, Biochem. Soc. Trans. 44 (2016) 951-959, https://doi.org/10.1042/BST20160037.

0. Adotévi, J. Galaine, Antitumor CAR T-cell screening platform: many are called, but few are chosen, Cancer Res. 82 (2022) 2517-2519, https://doi.org/
10.1158/0008-5472.CAN-22-1739.

S.H. Panowski, S. Srinivasan, N. Tan, S.K. Tacheva-Grigorova, B. Smith, Y.S.L. Mak, H. Ning, J. Villanueva, D. Wijewarnasuriya, S. Lang, Z. Melton, A. Ghosh,
M. Dusseaux, R. Galetto, J.R. Heyen, T. Sai, T. Van Blarcom, J. Chaparro-Riggers, B.J. Sasu, Preclinical development and evaluation of allogeneic CAR T cells
targeting CD70 for the treatment of renal cell carcinoma, Cancer Res. 82 (2022) 2610-2624, https://doi.org/10.1158/0008-5472.CAN-21-2931.

M. Sharma, H. Khong, F. Fa’ak, S.-E. Bentebibel, L.M.E. Janssen, B.C. Chesson, C.A. Creasy, M.-A. Forget, L.M.S. Kahn, B. Pazdrak, B. Karki, Y. Hailemichael,
M. Singh, C. Vianden, S. Vennam, U. Bharadwaj, D.J. Tweardy, C. Haymaker, C. Bernatchez, S. Huang, K. Rajapakshe, C. Coarfa, M.E. Hurwitz, M. Sznol,
P. Hwu, U. Hoch, M. Addepalli, D.H. Charych, J. Zalevsky, A. Diab, W.W. Overwijk, Bempegaldesleukin selectively depletes intratumoral Tregs and potentiates
T cell-mediated cancer therapy, Nat. Commun. 11 (2020) 661, https://doi.org/10.1038/541467-020-14471-1.

N.M. Tannir, D.C. Cho, A. Diab, M. Sznol, M.A. Bilen, A.V. Balar, G. Grignani, E. Puente, L. Tang, D. Chien, U. Hoch, A. Choudhury, D. Yu, S.L. Currie, M.
A. Tagliaferri, J. Zalevsky, A.O. Siefker-Radtke, M.E. Hurwitz, Bempegaldesleukin plus nivolumab in first-line renal cell carcinoma: results from the PIVOT-02
study, J Immunother Cancer 10 (2022) e004419, https://doi.org/10.1136/jitc-2021-004419.

Nektar and Bristol Myers Squibb Announce Update on Clinical Development Program for Bempegaldesleukin (BEMPEG) in Combination with Opdivo
(nivolumab), (n.d.). https://news.bms.com/news/details/2022/Nektar-and-Bristol-Myers-Squibb-Announce-Update-on-Clinical-Development-Program-for-
Bempegaldesleukin-BEMPEG-in-Combination-with-Opdivo-nivolumab/default.aspx (accessed December 14, 2023).

A.S. Feils, A.K. Erbe, J. Birstler, K. Kim, U. Hoch, S.L. Currie, T. Nguyen, D. Yu, A.O. Siefker-Radtke, N. Tannir, S.M. Tolaney, A. Diab, P.M. Sondel, Associations
between KIR/KIR-ligand genotypes and clinical outcome for patients with advanced solid tumors receiving BEMPEG plus nivolumab combination therapy in
the PIVOT-02 trial, Cancer Immunol. Immunother. 72 (2023) 2099-2111, https://doi.org/10.1007/500262-023-03383-w.

A. Jang, J.N. Lichterman, J.Y. Zhong, J.E. Shoag, J.A. Garcia, T. Zhang, P.C. Barata, Inmune approaches beyond traditional immune checkpoint inhibitors for
advanced renal cell carcinoma, Hum. Vaccines Immunother. 19 (2023) 2276629, https://doi.org/10.1080/21645515.2023.2276629.

T.K. Choueiri, W.G. Kaelin, Targeting the HIF2-VEGF axis in renal cell carcinoma, Nat Med 26 (2020) 1519-1530, https://doi.org/10.1038/541591-020-1093-
Z.

T.K. Choueiri, T.M. Bauer, K.P. Papadopoulos, E.R. Plimack, J.R. Merchan, D.F. McDermott, M.D. Michaelson, L.J. Appleman, S. Thamake, R.F. Perini, N.
J. Zojwalla, E. Jonasch, Inhibition of hypoxia-inducible factor-2«a in renal cell carcinoma with belzutifan: a phase 1 trial and biomarker analysis, Nat Med 27
(2021) 802-805, https://doi.org/10.1038/s41591-021-01324-7.

E. Jonasch, T.M. Bauer, K.P. Papadopoulos, E.R. Plimack, J.R. Merchan, D.F. McDermott, M. Dror Michaelson, L.J. Appleman, A. Roy, R.F. Perini, Y. Liu, T.
K. Choueiri, Phase I LITESPARK-001 study of belzutifan for advanced solid tumors: extended 41-month follow-up in the clear cell renal cell carcinoma cohort,
Eur. J. Cancer 196 (2024) 113434, https://doi.org/10.1016/j.ejca.2023.113434.

C. Sudrez, M. Vieito, A. Valdivia, M. Gonzalez, J. Carles, Selective HIF2A inhibitors in the management of clear cell renal cancer and von hippel-lindau-disease-
associated tumors, Med. Sci. 11 (2023) 46, https://doi.org/10.3390/medscil1030046.

B.-Y. Yang, F.-Z. Zhao, X.-H. Li, M.-S. Zhao, J.-C. Lv, M.-J. Shi, J. Li, Z.-Y. Zhou, J.-J. Wang, J. Song, Alteration of pro-carcinogenic gut microbiota is associated
with clear cell renal cell carcinoma tumorigenesis, Front. Microbiol. 14 (2023) 1133782, https://doi.org/10.3389/fmicb.2023.1133782.

G. Dai, X. Chen, Y. He, The gut microbiota activates AhR through the tryptophan metabolite Kyn to mediate renal cell carcinoma metastasis, Front. Nutr. 8
(2021) 712327, https://doi.org/10.3389/fnut.2021.712327.

J. Yang, S. Wan, K. Li, S.-Y. Chen, L. Yang, Gut and urinary microbiota: the causes and potential treatment measures of renal cell carcinoma, Front. Immunol.
14 (2023) 1188520, https://doi.org/10.3389/fimmu.2023.1188520.

23


https://doi.org/10.1016/j.annonc.2020.09.021
https://doi.org/10.1186/s40425-018-0420-0
https://doi.org/10.1158/1078-0432.CCR-19-2838
https://doi.org/10.20517/cdr.2023.33
https://doi.org/10.2217/imt-2021-0108
https://doi.org/10.2217/imt-2021-0108
https://doi.org/10.1016/j.clgc.2023.11.007
https://doi.org/10.1155/2022/3449660
https://doi.org/10.1016/j.retram.2018.04.003
https://doi.org/10.1126/science.aba7365
https://doi.org/10.1126/science.aba7365
https://doi.org/10.3389/fonc.2020.565857
https://doi.org/10.1042/BST20160037
https://doi.org/10.1158/0008-5472.CAN-22-1739
https://doi.org/10.1158/0008-5472.CAN-22-1739
https://doi.org/10.1158/0008-5472.CAN-21-2931
https://doi.org/10.1038/s41467-020-14471-1
https://doi.org/10.1136/jitc-2021-004419
https://news.bms.com/news/details/2022/Nektar-and-Bristol-Myers-Squibb-Announce-Update-on-Clinical-Development-Program-for-Bempegaldesleukin-BEMPEG-in-Combination-with-Opdivo-nivolumab/default.aspx
https://news.bms.com/news/details/2022/Nektar-and-Bristol-Myers-Squibb-Announce-Update-on-Clinical-Development-Program-for-Bempegaldesleukin-BEMPEG-in-Combination-with-Opdivo-nivolumab/default.aspx
https://doi.org/10.1007/s00262-023-03383-w
https://doi.org/10.1080/21645515.2023.2276629
https://doi.org/10.1038/s41591-020-1093-z
https://doi.org/10.1038/s41591-020-1093-z
https://doi.org/10.1038/s41591-021-01324-7
https://doi.org/10.1016/j.ejca.2023.113434
https://doi.org/10.3390/medsci11030046
https://doi.org/10.3389/fmicb.2023.1133782
https://doi.org/10.3389/fnut.2021.712327
https://doi.org/10.3389/fimmu.2023.1188520

	Rationale for immune checkpoint inhibitors plus targeted therapy for advanced renal cell carcinoma
	1 Introduction
	2 Molecular basis of targeted therapy and ICI therapy
	2.1 Targeted therapy
	2.2 ICI therapy
	2.2.1 Tumor microenvironment in RCC
	2.2.2 T cell activation
	2.2.3 Immune checkpoints


	3 Biological rationale for combined ICIs and targeted therapy
	3.1 Resistance to ICIs
	3.2 Feasibility of combined medication
	3.3 Side effects
	3.3.1 Targeted drugs
	3.3.2 ICIs and immune-related AEs


	4 Emerging drugs for the treatment of RCC
	4.1 Targeted inhibitors
	4.1.1 Sunitinib and pazopanib
	4.1.2 Bevacizumab
	4.1.3 Everolimus

	4.2 ICIs
	4.2.1 Nivolumab
	4.2.2 Atezolizumab
	4.2.3 Nivolumab ​+ ​ipilimumab

	4.3 ICIs combined with targeted therapies
	4.3.1 ICIs combined with TKIs
	4.3.1.1 Pembrolizumab ​+ ​axitinib
	4.3.1.2 Pembrolizumab/everolimus ​+ ​lenvatinib
	4.3.1.3 Avelumab ​+ ​axitinib
	4.3.1.4 Nivolumab ​+ ​cabozantinib
	4.3.1.5 Toripalimab ​+ ​axitinib
	4.3.1.6 Atezolizumab ​+ ​cabozantinib
	4.3.1.7 Sintilimab ​+ ​pazopanib
	4.3.1.8 Nivolumab ​+ ​tivozanib
	4.3.1.9 Nivolumab ​+ ​sunitinib/pazopanib

	4.3.2 ICIs combined with anti-VEGF monoclonal antibody
	4.3.2.1 Atezolizumab ​+ ​bevacizumab



	5 Future for aRCC therapy
	5.1 Treatment after progress
	5.2 New treatment methods
	5.2.1 Genome editing

	5.3 Cytokine therapy
	5.3.1 HIF inhibitor
	5.3.2 Gut microbiome


	6 Conclusion
	Data availability statement
	Ethics declarations
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Abbrebations
	References


