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Preface to ”Advances in the Treatment of Renal Cell

Carcinoma”

Renal cell carcinoma (RCC) represents 90% of kidney cancers and around 3% of all malignancies

worldwide. Established risk factors for RCC include increasing age, smoking, obesity, and

hypertension. The incidence of RCC is rising, partly due to changes in the above risk factors

and partly due to the increased detection of asymptomatic RCC by the widespread use of modern

abdominal imaging techniques. While there has been a decrease in the number of patients presenting

with advanced metastatic RCC, compared to early disease presentation, there remains the significant

issue of clinical resistance to current therapies, and drug resistance remains a significant health

burden.

This Special Issue focuses on new advances in the treatment of renal cell carcinoma, both surgical

and pharmacological (and combinations of these), and novel approaches to tackle treatment resistance

and improve our understanding of this phenomenon.

Grant D Stewart, Paul Reynolds

Editors
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Simple Summary: In recent years, the therapeutic armamentarium of mccRCC has changed dramat-
ically with the emergence of targeted therapy and immune checkpoint inhibitors, used alone or as
a combination. However, mccRCC still have a poor prognosis and a significant portion of patients
experience primary or secondary resistance. The tumor microenvironment plays a major role in
promoting tumor resistances. This review aims (i) to provide an overview of the components of the
RCC tumor microenvironment, (ii) to discuss their role in disease progression and resistance to ICI,
(iii) to highlight the current and future ICI predictive biomarkers assessed in mcccRCC.

Abstract: Renal cell carcinoma (RCC) is the seventh most frequently diagnosed malignancy with
an increasing incidence in developed countries. Despite a greater understanding of the cancer
biology, which has led to an increase of therapeutic options, metastatic clear cell renal cell carcinoma
(mccRCC) still have a poor prognosis with a median five-years survival rate lower than 10%. The
standard of care for mccRCC has changed dramatically over the past decades with the emergence of
new treatments: anti-VEGFR tyrosine kinase inhibitors, mTOR Inhibitors and immune checkpoint
inhibitors (ICI) such as anti-Programmed cell-Death 1 (PD-1) and anti-anti-Programmed Death
Ligand-1 (PD-L1) used as monotherapy or as a combination with anti CTLA-4 or anti angiogenic
therapies. In the face of these rising therapeutic options, the question of the therapeutic sequences is
crucial. Predictive biomarkers are urgently required to provide a personalized treatment for each
patient. Disappointingly, the usual ICI biomarkers, PD-L1 expression and Tumor Mutational Burden,
approved in melanoma or non-small cell lung cancer (NSCLC) have failed to distinguish good
and poor mccRCC responders to ICI. The tumor microenvironment is known to be involved in ICI
response. Innovative technologies can be used to explore the immune contexture of tumors and to find
predictive and prognostic biomarkers. Recent comprehensive molecular characterization of RCC has
led to the development of robust genomic signatures, which could be used as predictive biomarkers.
This review will provide an overview of the components of the RCC tumor microenvironment and
discuss their role in disease progression and resistance to ICI. We will then highlight the current and
future ICI predictive biomarkers assessed in mccRCC with a major focus on immunohistochemistry
markers and genomic signatures.

Keywords: clear cell renal cell carcinoma; immune checkpoint inhibitors; biomarker; genomic signature;
transcriptomic analysis
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1. Introduction

Kidney cancer accounts for 3 to 5% of all malignancies, with an increasing incidence in
developed countries. In 2018, about 330,000 new cases were diagnosed and 120,000 patients
died from kidney cancers [1]. A greater understanding of the molecular and immune tumor
characteristics led to a rising of therapeutic options. Until the 2000s, therapeutic options
were limited, based on cytokine therapies: interleukine-2 (IL-2) and interferon alpha (IFN-a).
Objective response rates were low (5–20%), and the safety profile was often limiting because
of cardiac and respiratory toxic effects. Interferon alpha gave an improvement in one-
year survival of 12% and in median survival of 2.5 months versus medroxyprogesterone
acetate [2–4]. During the 2000s, new techniques of genomic and phenotypic analysis
allowed a greater understanding of clear cell renal cell carcinoma (ccRCC) biology. VEGFR
(Vascular Endothelial Growth Factor Receptor) and PI3K/AKT/mTOR (Phosphatidyl-
Inositol-3′-Kinase/Protein Kinase B/Mammalian Target Of Rapamycin) emerged as two
major pathways involved in ccRCC carcinogenesis.

Consequently, during the 2000s, anti-VEGFR TKI and mTOR inhibitors emerged as the
new standards of care for metastatic clear cell renal cell carcinoma (mccRCC). Sunitinib [5]
and pazopanib [6] were approved for the untreated Memorial Sloan Kettering Cancer
Center (MSKCC) favorable and intermediate group. Temsirolimus and everolimus [7]
were approved for first-line MSKCC intermediate and poor risk mccRCC patients and
after anti-VEGFR TKI failure. Compared with the placebo or interferon, sunitinib and pa-
zopanib provided a survival benefit with a median overall survival of 29.3 and 28.4 months,
respectively [8].

In the last few years, the standard of care for mccRCC has changed dramatically with
the emergence of immune checkpoint inhibitors (ICI) anti-Programmed cell-Death 1 (PD-1)
and anti-Programmed Death Ligand-1 (PD-L1) used as monotherapy or as a combination
with anti-cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) or antiangiogenic.

According to the last ESMO guidelines update, mccRCC front-line therapeutic options
remain guided by the International Metastatic RCC Database consortium (IMDC) Risk
Score. The combination of pembrolizumab plus axitinib is recommended irrespective
of the IMDC prognostic subgroups and PD-L1 biomarker status, while the combination
of nivolumab plus ipilimumab is restricted to patients with intermediate and poor-risk
disease. The VEGFR tyrosine kinase inhibitor (TKI) is now only recommended in case of
contraindication to the above-mentioned combinations [9]. Survival benefits offered with
these new combinations will be extensively described in Section 4.

Although ICI combinations have changed the prognostic of mccRCC with impressive
overall response rates (ORR) (respectively, 55% with pembrolizumab-axitinib [10] and
42% with nivolumab-ipilimumab [11]), many patients do not respond to immunotherapy,
reflecting a primary resistance to ICI. Durable responses remain scarce, and secondary
resistance rates approach 100%. Factors contributing to primary or acquired resistance are
manifold, including patient-intrinsic factors and tumor cell and tumor microenvironment-
intrinsic factors. In this review, we will describe the Tim-3 Expression (TME) composition in
renal cell carcinoma, focusing on the vascular, the stromal and the immune compartments.
We will make a particular focus on the potentiality of the TME to induce resistance to ICI
and highlight the current and future ICI predictive biomarkers assessed in mccRCC.

2. Tumor Microenvironment: Definition and Available Study Methods

2.1. Definition

The TME is a spatially organized and dynamic network composed both of tumor cells,
immune cells, endothelial cells, structural molecules, extra cellular matrix and many other
cells as neuroendocrine cells, adipose cells or stromal cells [12]. This ecosystem modulates
all aspects of tumor development, tumor progression and therapy resistance [13]. In 2017,
applying mass cytometry for the high-dimensional single-cell analysis of kidney primary
tumors, Chevrier et al. depicted an in-depth Immune Atlas of Clear Cell Renal Cell
Carcinoma [14]. T cells were the main immune cells population (almost 50%). Mean
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frequencies of the myeloid cells, natural killer cells (NK cells) and B cells were 31%, 9% and
4%. Only a few granulocytes and plasma cells were identified [14].

2.2. Study Methods

2.2.1. Immunohistochemistry (IHC) and Scoring

An immunoscore is used to decipher the TME IHC on a tumor section using analysis
software allowing the estimation of immune cells densities in the center of the tumor and in
the invasive margin. Densities of CD3+ and CD8+ cells are calculated for both regions. The
evaluation of an immunoscore is based on the obtention of a score between 0 (I0), indicating
a low density of the two immune cells populations in both cores, to 4 (I4), reflecting a high
density of the two types in both cores [15]. The correlation between the immunoscore and
survival outcomes was first validated in colorectal cancer [15,16]. In a recent study focusing
on ccRCC, a favorable immunoscore was associated with improved survival outcomes [17].

One of the major limitations of IHC analysis is the limited number of markers using
bright field IHC. Solutions are available to increase the number of markers assessed on
one slide using fluorescent based multiplex, extending the number of markers up to
eight [18,19]. Antibody DNA barcoding (InSituPlex® Technology by ULTIVUE for 12-plex
or CODEX® by AKOYA Bioscience for a 29-plex maximum) is a new method of cancer
cell profiling using DNA-conjugated antibodies. The DNA-conjugated antibodies contain
a photo-cleavable linker that enables their release after exposure to ultraviolet light. The
transmitted signal is then measured and translated to protein expression. It enables to
increase the number of available markers. For RCC, IHC remains the gold standard to
categorize the diverse subtype of renal tumors and to assess the expression of immune
checkpoints such as PD1, PDL1, lymphocyte-activation gene 3 (LAG3) or Tim-3. The
predictive and prognostic values of these biomarkers will be discussed later in this review.

2.2.2. Flow Cytometry

Cytometry allows a larger set of analysis but does not provide spatial information.
Flow cytometry based on the use of fluorescent coupled antibodies can go up to sixteen
markers. The overlap of the signals is a major limitation of this tool. The high-dimensional
mass cytometry (CyTOF cytometry by time-of-flight) involving rare earth metal-coupled
antibodies is a new promising TME study method. The CyTOF allows to analyze more than
50 markers on a single cell. Recently, mass cytometry application has produced impressive
results when coupled to single cell RNAseq, resulting in atlases, as demonstrated in
ccRCC by Chevrier et al. [14]. Such methods may enable to investigate the expression of
immunotherapeutic targets on peripheral immune blood cells. It should be noticed that
they require large amounts of fresh tissue, which remains a major limitation.

2.2.3. Transcriptomic Data and Deconvolution Tools

The Microenvironment Cell Population counter (MCP counter) is a software that uses
transcriptomic data and deconvolution tools to “decipher the contribution of different cell
populations to the overall transcriptomic signal of heterogeneous tissue samples” [20].
Deconvolution is an algorithm-based method used to deduce the abundance of cell types
and cell expression into an heterogeneous sample using gene expression data [20]. MCP
counter allows the quantification of the absolute abundance of 10 distinct populations
(eight immune cell types, including T cells, CD8+ T cells, NK cells, cytotoxic lymphocytes,
B cell lineage, monocytic lineage cells, myeloid dendritic cells and neutrophils, and two
nonimmune stromal populations, including endothelial cells and fibroblasts [20].

MCP counter allows inter-sample comparisons of immune and stromal cells and has
been used for ccRCC analysis [21]. Those signatures have been used with the Gene Set
Enrichment Analysis (GSEA), allowing the definition of the “immunophenoscore” in asso-
ciation with immunotherapies response in ccRCC, melanoma and pan-cancer. For example,
Senbabaoglu et al. used a gene expression-based computational method to characterize
the infiltration levels of 24 immune cell populations (by interrogating expression levels
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of genes) in 19 cancer types. Three groups of ccRCC were identified: T cell-enriched
(15.7%), heterogeneously infiltrated (61.9%) and noninfiltrated (22.4%). CcRCC was the
most highly T cell-infiltrated tumor type. Focusing on a small sample of patients (n = 6), the
major histocompatibility complex (MHC) class I antigen presenting machinery expression
and T-cell infiltration were elevated in patients with a partial or complete response to
nivolumab [22,23].

In the last 15 years, many new “omics” technologies have been permitted to obtain
high-resolution data and unprecedented views of the biological and cancer systems. This
has led to the development of predictive genomic signatures. In their review, Sung et al.
summarized the concept of molecular signature as “ a set of biomolecular features (DNA
sequence, DNA copy number, protein...) together with a predefined computational proce-
dure (using supervised or unsupervised classification) that applies those features to predict
a phenotype of clinical interest ” [24]

Some genomic signatures are used in routine practice, such as the Oncotype Dx
signature in breast cancer [25,26]. Genomic signatures may play such an important role in
other malignancy, especially mccRCC.

The main characteristics, the strengths and the weaknesses of the TME study methods,
are summarized in Figure 1 [27–31].

 

Figure 1. Technical characteristics of the main study methods of the tumor microenvironment. FFPE: Formalin-Fixed
Paraffin-Embedded and RNA: ribonucleic acid.

3. TME Components as Predictors of Systemic Treatment Efficacy

Major cross-talks between the vascular, the immune and the stromal compartments
are summarized in Figure 2.

3.1. Vascular Compartment

Endothelial Cells and Hypoxia

RCC is one of the most hyper-vascularized tumors, composed of disorganized vessels.
Due to this disorganization, nutrients and oxygen intakes are insufficient, leading to hy-
poxia and a lower pH tumor, which both contribute to tumor progression [32]. Hypoxia
induces the upregulation of different genes involved in glucose metabolism, cell angiogen-
esis, cell proliferation, the polarization of macrophages into tumor-associated macrophages
(TAM) and regulatory T cells (T-regs) recruitment and infiltration of myeloid-derived sup-
pressive cells (MDSCs), leading to the inhibition of CD3+ T cells and cytotoxic functions of
CD8+ T cells [33]. Consequently, the release of hypoxia-induced factor 1a and 2a (HIF-1a
and HIF-2a) induces an increasing expression of PD-L1 in tumor cells [34,35].

The high levels of HIF-1 and HIF-2 mediate the generation of vascular endothelial
growth factor (VEGF), explaining the high vascularization of RCC. VEGF acts as an escape
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pathway to immunosurveillance by increasing immune checkpoints as CTLA-4, T-cell im-
munoglobulin and mucin domain-containing protein-3 (TIM3) and lymphocyte-activation
gene 3 (LAG3) on T-cell surfaces and PD-L1 on dendritic cells [36]. VEGF also promotes the
recruitment of Treg cells and MDSCs and suppresses the maturation of dendritic cells [37].
Hypoxic tissue also demonstrates adenosine deposit generated by the CD39-CD37 system
and acting as an immune escape pathway by suppressing the effector effect of T cells [37].
Hypoxia modifies the intra cellular concentration of lactate, turning the macrophage phe-
notype into type 2 polarization. It also increases the expression of survival and migration
genes in tumor cells and the production of molecules inhibiting natural killers T cells
(NK), dendritic cells (DC) and T-cell cytotoxicity [37]. Altogether, these compelling data
demonstrated that hypoxia induced by disorganized vessels is involved in the antitumor
immune response, which is the basis of the rationale to combine antiangiogenic therapies
and ICI.

、

 

Major cross-talks between the mesenchymal, the immune and the vascular compartments in renal cell carcinoma. Abbreviations: B-reg: B regulatory

γ γ

β α

β

Figure 2. Major cross-talks between the mesenchymal, the immune and the vascular compartments in renal cell carcinoma.
Abbreviations: B-reg: B regulatory cells, CD8: cluster of differentiation 8, CXCL2: chemokine (C-X-C motif), EGF: epidermal
growth factor, FAP: fibroblast activation protein, FGF: fibroblast growth factor, HIF-1/HIF-2: hypoxia-induced factor-
1/hypoxia)-induced factor 2, IDO: indoleamine 2,3-dioxygenase, IFN-γ: interferon γ, IL: interleukin, LAG3: lymphocyte-
activation gene 3, MHC: major histocompatibility complex, MDSC: myeloid-derived suppressive cells, NK: natural killer,
NO: nitric oxide, PDGF: platelet-derived growth factor, ROS: reactive oxygen species, TGF-β: transforming growth factor
beta, TNF-α: tumor necrosis factor alpha, T-reg: T-regulatory cells and VEGF: vascular endothelial growth factor. Legend:
The tumor microenvironment is a complex and dynamic network composed both of tumor cells, adaptive and immune
cells, endothelial cells and mesenchymal cells as adipocytes and cancer-associated fibroblasts. Structural molecules and
extra cellular matrix shape this network. This illustration is not intended to be comprehensive but, rather, to highlight key
cross-talks between the immune, the vascular and the mesenchymal compartments. Adipocytes favor tumor progression by
inhibiting CD8+ T cells via the leptin release and by stimulating angiogenesis via the release of IL-6, Il-10, TGFB, VEGF or
TNF-a. By secreting IDO, IL-6, FAP, TGF-β and IDO, the fibroblasts stimulate MDSC and inhibit CD8 + T cells and NK
cells. They also stimulate angiogenesis. The VEGF released by the vascular compartment of renal cell carcinoma has an
immunosuppressive effect by inhibiting CD8+ T cells. The interactions between the immune cells are manifold. Basically,
FoxP3+ T cells inhibit NK cells, CD8+ T cells and favor macrophage type 2 polarization. B-reg cells stimulate FoxP3+ T cells
and inhibit CD8+ T cells. Depending on their polarization, tumor-associated macrophages have pro- or antitumor effects.
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As described above, renal cell carcinoma is associated with a hyper angiogenic state
related to an overexpression of VEGF and other angiogenic-related genes, such as ESM1,
PECAM1 or FLT1. Using transcriptomic analysis and computational procedure, the expres-
sion of theses angiogenesis-related genes was assessed both in adjuvant and metastatic
settings. The main results of these mRNA analyses will be discussed within this review.

3.2. Immune Compartment

3.2.1. CD8+ T Cells

Fridman et al. recently reviewed the role of CD8+ T cells in cancer prognosis and
treatment. Although the density of CD8+ T cells in tumors is associated with a good
prognosis in most cancer types, including breast, hepatocellular, colorectal, melanoma,
bladder, lung and head and neck cancers, CD8+ T cell infiltration is associated with a worse
prognosis for RCC, follicular lymphoma, Hodgkin lymphoma and prostate cancers [38].
Focusing on RCC, this negative correlation could be explained in part by the high levels of
CTLA and PD-1 expression on T cells [23]. In 2015, Giraldo et al. identified two groups
of ccRCC tumors with high CD8+ T-cell infiltrates and opposite survival outcomes. The
first group was associated with good prognosis and characterized by a high expression
of immune checkpoints and the absence of mature dendritic cells. The second group was
associated with a worse prognosis and was characterized by a low expression of immune
checkpoints and the presence of mature peritumoral dendritic cells. One hypothesis to
explain this observation may be that CD8+ T cells are often exhausted in ccRCC and that
CD8+ T cells could only be educated in presence of a high density of mature dendritic cells
located in tertiary lymphoid structures. Both immune checkpoints and dendritic cell (DC)
localization in the tumor microenvironment modulate the clinical impact of CD8+ T cells
in ccRCC. The increased angiogenesis level observed in RCC could result in a low density
of tertiary lymphoid structures (TLS) and high number of immature DC located outside
the TLS, leading to immature CD8+ T cells without cytotoxic capacity [39].

Besides the CD8+ T-cell density, the activated or inhibited status is a key predictor of
treatment efficacy. Focusing on a cohort of 40 RCC patients, three dominant immune pro-
files were identified: (i) immune-regulated, characterized by polyclonal/poorly cytotoxic
CD8+PD-1+Tim-3+Lag-3+Tumor-Infiltrated-Lymphocytes (TILs) and CD4+ICOS+ cells
with a T-reg phenotype (CD25+CD1 27-Fox+3+/Helios+GITR+), (ii) immune-activated, en-
riched in oligoclonal/cytotoxic CD8+PD-1+Tim-3+TILs and (iii) immune-silent, enriched in
TILs exhibiting the Renal-Infiltrated-Lymphocyte (RIL)-like phenotype. Immune-regulated
tumors with a CD8+PD-1+Tim-3+ and CD4+ICOS+ PBL phenotypic signature displayed
aggressive histologic features and a high risk of disease progression. These findings
support that patients with immune-regulated tumors infiltrated with exhausted CD8+PD-
1+Tim-3+Lag-3+ TILs could benefit from ICI alone or in combination and closer clinical
follow-up [30].

LAG-3 is an immune checkpoint identified on exhausted CD8 T cells [30]. As an inten-
sively studied biomarker through several clinical trials [40], it could also be an ICI target in
mccRCC. A phase I study assessed IMP321, a recombinant soluble LAG-3-immunoglobulin
fusion protein that agonizes MHC II driven dendritic cell activation and shows accept-
able toxicity in patients with advanced RCC. Seven of eight evaluable patients treated
at the higher doses experienced a stable disease at three months. No objective response
was reported in this study [41]. FRACTION-RCC is an ongoing phase II trial testing
various treatments for advanced RCC, including Relatlimab, an anti-LAG-3 antibody
(NCT02996110).

TIM-3, another inhibitory co-stimulation molecule, could be a promising predictive
biomarker in mccRCC. Granier et al. showed that the co-expression of TIM-3 and PD-1
on CD8 T cells was correlated with a higher TNM stage, larger tumor size and lower
progression-free survival (PFS) in mccRCC [42]. This observation was confirmed by Ficial
et al. in the last ASCO 2020 Virtual Annual Meeting [43]. By analyzing tumor tissue from
the checkmate 025 study, they revealed that the high density of CD8+PD1+TIM3-LAG3-
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tumor infiltrating cells (TIC) was associated with better survival outcomes for patients
receiving nivolumab: ORR (45.8% versus 19.6%, p = 0.01), clinical benefit (33.3% versus
14.1%, p = 0.03) and longer median PFS (9.6 months versus 3.7 months, p = 0.03) for an
optimized cutoff. Such an association was not observed in the control everolimus arm.
High levels of CD8+ PD1+ TIM3- LAG3- TIC were associated with an activation of the
inflammatory response. Interestingly, the combination of PD-L1 expression on tumor
cells with the density of CD8+ PD1+ TIM3- LAG3- TIC improved the predictive value,
confirming previous results from Pignon et al. [43,44].

This would support a therapeutic strategy targeting TIM-3 alone or in combination
with anti-PD-1/PD-L1. Several studies evaluating an anti-TIM-3 antibody are ongoing
in different tumor types, such as Sym023, TSR-022 and MBG453, for patients with ad-
vanced solid tumor and/or hematologic malignancies (NCT 03489343, NCT 02817633,
NCT02608268, NCT03066648, NCT03680508 and NCT03961971). Yet, there is no clinical
trial focusing on mccRCC.

3.2.2. Tumor-Associated Macrophage (TAM)

Macrophages are among the most abundant cells in the TME and are present at all
stages of tumor progression. They mostly adopt a protumor phenotype in vivo both in
primary and metastatic sites [45]. They can be divided into two main types: M1 type pro-
ducing inflammatory cytokines: IL-12, IL-23 and IL-6 and M2 type expressing PD-1 ligands
and producing anti-inflammatory cytokines: IL-10, TGF-β and IL-23. M2 macrophages
also induce T-reg proliferation. Although TAM have been extensively studied in the last
years, the question of their origin remains controversial. They are not solely derived
from bone marrow has known before. To the last knowledges, they arise from yolk sac
progenitors [46].

Focusing on RCC, the presence of extensive TAMs infiltration in the TME contributes
to cancer progression and metastasis by stimulating angiogenesis, tumor growth, cellular
migration and invasion, as well as recruitment of T-reg cells to the tumor site by secreting
CCL20 or CCL22 [47]. Therapeutics strategies have been proposed to suppress TAM
recruitment, to deplete their number, to switch TAMs into antitumor M1 phenotype and
to inhibit TAM-associated molecules [48]. Moreover, TAM isolated from RCC induce the
expression of CTLA4 and Foxp3 in CD4+ T cells [49], suggesting a possible therapeutic
combination on TAM inhibition or TAM repolarization via CSF1R inhibitors and ICI [50]. A
phase I clinical trial achieved a partial response rate of 30% and disease control of 100% with
the anti-VEGFR, PDFGR and CSF1R tyrosine kinase inhibitor CM082 (X-82) in combination
with everolimus for the treatment of metastatic RCC [51].

It should be noted that Martin Voss et al. reported recently that M2 macrophages,
which were the most abundant infiltrating cell types, were associated with durable clin-
ical benefit from anti-PD-1 therapy (p < 0.001). No association was found with TKI (
p = 0.15) [52]. In the Nivoren ancillary cohort, CD163 (M2 macrophages) with higher
density in the invasive margin was associated with better PFS (hazard ratio (HR) = 0.69, p
= 0.016) but not overall survival (OS) (p = 0.5) in patients treated with nivolumab.

3.2.3. Regulatory T Cells (Tregs)

T-regs are an immunosuppressive subset of CD4+ T cells characterized by the expres-
sion of Forkhead box protein P3 (FoxP3) [53]. They have both deleterious and beneficial
effects. They regulate the immune system activity and maintain peripheral self-tolerance
on the one hand and limit anticancer immunity in the other hand.

T-regs exert their immunosuppressive functions through various cellular and hor-
monal mechanisms. Vignali et al. summarized the main T-reg-suppressive mechanisms as
follows: “suppression by inhibitory cytokines IL-10, TGF-β, IL-35, suppression by cytol-
ysis (via granzyme A, granzyme B and perforine); suppression by metabolic disruption
and suppression by modulation of dendritic-cell maturation or function (via indoleamine
2,3-dioxygenase (IDO) release and LAG3 binding to MHC class II molecules)” [54].
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With regard to the RCC, the analysis of the immune infiltration in RCC from TCGA
showed a higher proportion of Tregs in patients with a worse outcome [55].

From a therapeutic standpoint, the combination of everolimus and low-dose cy-
clophosphamide was evaluated in a phase I clinical trial in mccRCC patients. Cyclophos-
phamide, an alkylating drug, is known to deplete T-regs. Everolimus, an mTOR inhibitor,
is known to control the expression of FoxP3 and, thus, to regulate T-regs. The primary
objective was to evaluate the immune-modulating effects of different dosages of this
combination, with the goal to achieve selective T-reg depletion. The combination of cy-
clophosphamide (50 mg once-daily) and a standard dose of everolimus (10mg once-daily)
led to a reduction of T-regs and myeloid-derived suppressor cells. The combination ther-
apy is evaluated in a phase II clinical trial [56], but the recent approval of new IO-based
(immuno-oncology) combinations, as well as new TKI such as cabozantinib, lowered the
interest of any everolimus-based combinations.

3.2.4. B cells and Tertiary Lymphoid Structures (TLS)

After a period without breakthroughs of B cells in the immuno-oncology field, the
importance and predictive role of B cells are now well-known. B cells are multifaceted
cells, as both anti- and protumor roles have been reported, depending on their location
in mature or immature tertiary lymphoid structures (TLS). In a recent review, Bruno et al.
hypothesized that, in immature TLS, B cells release inhibitory factors, whereas, in mature
TLS, they release antibodies and activate T cells [57].

Some activated B cells are characterized by a strong memory response again tumor-
associated antigens (TAAs) and can release antibodies against tumor cells, leading to
antibody-dependent cell death (ADCC). They are also required for T-cell activation [57–59].
However, B cells can act as paracrine mediators of solid tumor development by regulating
diverse T lymphocyte responses through the release of several protumorigenic cytokines,
such as IL-6, IL10, TNF-a or granulocyte monocyte-colony-stimulating factor (GM-CSF) [60].
In 2015, a particular subpopulation of B cells was designated as “B cells with a regulatory
role” (B-regs), characterized as immunosuppressive cells secreting IL-10, IL-35 and TGF-
β, triggering T-cell differentiation into T-regs to support immunological tolerance and
inhibiting DC, CD8+ T cells and Th1 and Th17 lymphocytes. The differentiation of B-reg
cells could be induced by a proinflammatory tumor environment [59,61,62].

The MCP counter analysis of tumor samples showed higher B cell-related genes in
responder as compared to nonresponder patients in melanoma and ccRCC [62,63]. In sar-
coma, patient clusters (SIC E) characterized by a high plasma cell signatures demonstrated
an improved prognosis when treated with ICI anti-PD-1 [64]. In both of these previous
studies published in Nature in 2020, the presence of B cells in tumors among TLS was
associated with a favorable ICI response [57]. TLS appear as predictive biomarker of the
ICI response.

TLS can be described as ectopic lymphoid formations localized in inflamed, infected or
tumoral tissues. They constitute lymph node-like structures with a T-cell zone with mature
dendritic cells and a follicular zone enriched in B cells proliferating and differentiating in
the germinal center. These structures are associated with a good prognostic in patients with
non-small cell lung carcinoma (NSCLC), colorectal cancer, breast, head and neck, pancreatic
or gastric cancers, RCC or melanomas [38,65,66]. To focus on the clinical implications,
therapeutics to enhance B-cell responses and TLS formations could be considered as a new
combination therapy with ICI [57].
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3.3. Stromal Compartment

3.3.1. Myeloid-Derived Suppressor Cells (MDSCs)

The term “MDSCs” was first introduced in the scientific literature ten years ago. This
heterogenous group of cells is made the of pathologic state of activation of monocyte and
immature neutrophils. Basically, MDSCs consist of two major groups of cells: granulocytic
or polymorphonuclear (PMN-MDSC) and monocytic (M-MDSC). MDSCs have pleiotropic
effects. Focusing on cancer, the MDSC immunosuppressive role has been extensively
studied. Faced with a weak and long duration activation signal, such as cancer, pathologic
myeloid cell activation occurs, being mediated by soluble factors such as IL-6, IL-10, IL-1b,
IFN-gamma and damage-associated molecular pattern (DAMP). This activation leads to
the alteration of phagocytosis activity, to the release of reactive oxygen species (ROS), nitric
oxide (NO), Prostaglandin E2 (PGE2), arginase I and anti-inflammatory cytokines. This
results in the inhibition of the adaptive immunity and the promotion of tumor progression
and metastasis. MDSCs inhibit antitumor activities of T and NK cells and stimulate T-
regs [67–71]. Positive correlations have been reported between MDSC numbers in the
peripheral blood and cancer stage in many types of cancers, including RCC [72]. Focusing
on RCC, a positive correlation was observed between peripheral PMN-MDSC and tumor
grade, suggesting a prognostic value [73]. In vitro studies have reported that the histone
deacetylase inhibitor (HDACi) may influence MDSCs to a more differentiated status of
macrophage or dendritic cells [74,75]. Using syngeneic mouse models of lung and renal
cells, Orilliion et al. observed that the HDACi entinostat improves the antitumor effects of
anti-PD1 in both mouse tumor models. The tumor growth was reduced, and survival was
increased. The analysis of the MDSC response to entinostat showed a significant reduction
of arginase-1, NOS level and protumorigenic cytokines, suggesting a modulation of the
immunosuppressive TME [76]. Faced with these promising results, phase I/II clinical trials
were initiated. One of them, an ongoing trial (NCT03024437), is assessing the safety and
efficacy of atezolizumab in combination with entinostat and bevacizumab in patients with
advanced RCC.

3.3.2. Cancer-Associated Fibroblasts (CAFs)

The main function of the stromal compartment is to provide a functionally supportive
tissue to epithelial cells and organs consisting of connective tissues and blood vessels. CAFs
are the major component of this compartment. CAFS are a subpopulation of fibroblasts
with a myofibroblastic phenotypes and are characterized by carcinogenic processes and
fibrotic disorders [77]. They can be activated by growth factors released by tumor cells
and differ from normal fibroblasts by an increase collagen and matrix protein production,
an increase release of protumor factors and the expression of CAFs markers, including
alpha-smooth muscle actin (a-SMA) and fibroblast activation protein (FAP) [12,78–80].

Among their functions, CAFs are able to stimulate the angiogenesis and promote
tumor growth by releasing growth factors such as VEGF, platelet-derived growth factor
(PDGF), transforming growth factor β (TGF-β), platelet epidermal growth factor (EGF)
and fibroblast growth factor (FGF) [12]. The secretion of immunosuppressive substances
such as interleukine-6 (IL-6) or indoleamine 2,3-dioxygenase (IDO) favor immune escape
by promoting MDSCs M2-TAMs [81]. Among the growth factors secreted by CAFs, TGF-β
plays a major role with pleiotropic protumorigenic effects. It promotes M2-TAM polar-
ization, proinflammatory N2 neutrophils and proinflammatory platelet production and
inhibits natural killers cells and CD8+ T cell production [82,83].

CAF-derived cytokines and CAF-remodeling enzymes lysyl-oxidase (LOX) and metal-
loproteinases (MMPs) regulate tumor immune evasion, promote growth and metastasis
and can modify the tumor prognosis. In renal cancer, CAF-derived enzymes MMP 1, 9, 11
and 19 and LOXL 2 and 3 are associated with unfavorable prognostics [81].

A recent study focusing on 208 ccRCC demonstrated that a positive cytoplasmic
immunostaining of FAP in the stromal fibroblasts was associated with a large tumor
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diameter (≥4 cm), high-grade (G3/4) tumors and high-stage (≥pT3) tumors. Patients
FAP-positive had significantly shorter survival after 5, 10 and 15 years of follow-up [84].

Nowadays, no anticancer drug specifically targets CAFs, even if most of VEGFR
TKI are also inhibitors of the platelet-derived growth factor (PDFG) receptor, known to
regulate CAFs.

3.3.3. Cancer-Associated Adipocytes (CAAs)

Being located in the retroperitoneum, kidneys are located close to fat pads. Inside the
fat pads, the cancer-associated adipocytes (CAAs) are players of tumor growth. CAAs act
as physical protectors of the tumor. They also contribute to the thermal factors involved in
the insulation, the energy storage and the secretion of tumor invasion [85]. CAAs secrete
molecules such as MMPs, collagens, fibronectin or cathepsin, which remodulate the extra
cellular matrix (ECM). They are also able to induce neovascularization via the secretion of
angiogenic factors such as vascular endothelial growth factor (VEGF), leptin, hepatocyte
growth factor (HGF) or TGF-β. Moreover, adipose tissue is often associated with hypoxia,
resulting in an upregulation of the proangiogenic signaling pathways [86–88]. Among the
released factors, leptin is mainly known for its role in energy homeostasis but also plays
an important role for the T cell-adaptive immune response [89]. In a recent publication,
Campo-Verde-Arbocco et al. demonstrated that leptin released by human adipose tissue
from renal cell carcinoma located near the tumor could enhance the invasive potential of
renal epithelial cell lines [90].

3.4. PD-L1

PD-L1 can be expressed by tumor cells (TC) but, also, immune cells (IC), including
myeloid cells and lymphocytes. Although the PD-L1 status is recognized as a predic-
tive marker of response to ICI in some tumor types (notably, non-small cell lung car-
cinoma) [91], it does not appear to be a relevant predictive biomarker in mccRCC. In
the KEYNOTE 426 [10] and the Checkmate 214 [11] studies, patients treated with ICI
(Pembrolizumab+Axitinib and Nivolumab+Ipilimumab, respectively) had better overall
survival (OS) compared to patients of the Sunitinib group, regardless of the PD-L1 status
(PD-L1 combined a positive score superior or inferior to 1 in KEYNOTE 426 and PD-L1
expression superior or inferior to 1% in Checkmate 214). Furthermore, in the JAVELIN
RENAL 101 study [92], no difference in terms of the PFS was demonstrated according to
the PD-L1 status concerning patients treated with avelumab+axitinib (13.8 months for the
PD-L1 expression ≥1% group and the overall population).

This may be partly explained by the difficulty to find a score reflecting the PD-L1
expression. First, it can be obtained via several scores, considering different cell types
(TC or IC), each of the previously mentioned studies using its own counting method or
threshold. Then, the expression of PD-L1 is heterogeneous according to the analyzed
site (primary tumor or metastasis) and even within the same tumor [93]. All these data
raise questions about the robustness and reproducibility of such a marker. In conclusion,
there are several anti-human PD-L1 clones (most used: 22C3, 28–8 and SP142), as well as
different positivity thresholds for each of the ICI studied. These different issues limit the
interpretation of the PD-L1 status as a marker in response to ICI and highlight the need for
a standardization of practices.

The prognostic and predictive values of the major TME components in RCC are
summarized in Table 1.
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Table 1. Prognostic and predictive value of the major TME components in RCC.

TME Element Status
Associated Prognostic

in RCC
Predictive Value for

Response to ICI in ccRCC

Cells
CD8+ T cells [37,38]. High density Poor Insufficient data

Regulatory CD4+ T cells [54] High density Poor No
Tumor-associated Macrophages [50] High density Poor Insufficient data

B cells [61] High density Good Insufficient data
Tertiary Lymphoid Structure [56,61] High density Good Insufficient data

Immune checkpoints
LAG3 [42,43] Overexpression Poor Insufficient data
TIM3 [42,43] Overexpression Poor * Insufficient data

PD-L1 [9,10,91,94,95] Overexpression Poor No **

Legends: * Tim-3 Expression was associated with poor clinical outcome in RCC when co-expressed with PD-1+ and CD8+ on T Cells.
** Discordant data have been identified in Checkmate 214: PD-L1 expression ≥ 1% was associated with a better outcomes with nivolumab-
ipilimumab but superiority of this combination over sunitinib is maintained in PD-L1 < 1%. Abbreviations: ICI: Immune Checkpoint
Inhibitors. ccRCC: clear cell renal cell carcinoma. LAG3: lymphocyte-activation gene 3. TIM3: T-cell immunoglobulin and mucin
domain-containing protein-3.

4. TME-Related mRNA Signatures to Predict Systemic Treatment Efficacy

As mentioned above, PD-L1 expression is insufficient to assess safely which mccRCC
patient would respond to ICI. The current clinical, biological and histological markers
as an International Metastatic RCC Database Consortium (IMDC) score, Fuhrman grade,
necrosis, vascular emboli or performance status are also imperfect to guide our therapeutic
choice. The MSKCC risk score was developed during the cytokine era and the IMDC risk
score during the targeted therapy era, and their accuracy may be compromised in the
ICI era.

Applying the CIT (Carted Identité des Tumeurs) classification, Beuselinck et al. [96]
demonstrated that favorable IMDC patients mainly belong to the ccrcc2 group, whereas
intermediate and unfavorable IMDC patients were very heterogeneous. This molecular
heterogeneity could explain the different patterns in response to the ICI observed among
the same IMDC prognostic group. Briefly, the CIT program uses a 35-gene expression
mRNA signature and is based on the unsupervised clustering of transcriptomic data from
frozen tumor samples; patients with metastatic ccRCC were classified in four groups with
distinct biological features: ccrcc1 = “c-myc-up”, ccrcc2 = “classical”, ccrcc3 = “normal-like”
and ccrcc4 = “c-myc-up and immune-up”, representing, respectively, 33%, 41%, 11% and
15% of patients. A minimal 35-genes signature was built to classify mccRCC patients
according to these four groups.

Figure 3 summarizes in a simplified way the molecular grouping according to the
classifier described by Beuselinck et al. [96].

Figure 3. Simplified view of T-cell signatures according to the ccRCC molecular subgroup, adapted from The Human
Tumor Microenvironment, Vano et al. Oncoimmunology 2018 [95]. Legend: ccrcc molecular subgroups have different gene
expression immune profiles. Ccrcc 1 are immune-desert, ccrcc 4 are immune-high, ccrcc3 are immune-competent and ccrcc 2
immune-mixed. Light grey means Underexpression; Dark grey means Overexpression.
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Molecular signatures using transcriptomic analysis and computational procedure with
unsupervised or supervised cluster analysis are emerging as a new promising predictive
biomarker in response to ICI in mccRCC.

In a metastatic context, three main genomic signatures were developed: IMmotion
signature, JAVELIN Renal signature and CIT signature. They basically identified three
mRNA profiles: (i) angiogenic (angio), (ii) T-effector (Teff) and the myeloid profile.

4.1. Angiogenesis Signature (IMmotion)

The phase II clinical trial IMmotion 150 compared atezolizumab 1200 mg every three
weeks versus sunitinib (50 mg) orally once-daily for four weeks (six-week cycles) versus the
combination of atezolizumab 1200 mg every three weeks and bevacizumab 15 mg/kg every
three weeks in first-line mccRCC [97]. The coprimary endpoints were the PFS among the
intention to treat the population and among the PD-L1+ population. The intent-to-treat PFS
hazard ratios for atezolizumab+bevacizumab or atezolizumab monotherapy versus sunitinib
were 1.0 (95% CI = 0.69–1.45) and 1.19 (95% CI = 0.82–1.71), respectively, and the PD-L1+ PFS
hazard ratios were 0.64 (95% CI, 0.38–1.08) and 1.03 (95% CI, 0.63–1.67), respectively.

This study included an elegant exploratory biomarkers analysis to evaluate the puta-
tive predictive values of the TME. Three biological axes (the angiogenesis, the pre-existing
immunity determined by the T-cell effective response, IFN gamma response, ICI expres-
sion and antigenic presentation and the immunosuppressive myeloid inflammation) were
interrogated to build a predictive genomic signature. A high angiogenic (Angiohigh) sig-
nature was associated with a high vascular density, whereas a high T-effector (Teffhigh)
signature was characterized by high CD8+ T cell infiltration linked with a pre-existing
adaptive immunity.

Among patients receiving sunitinib, an Angiohigh signature was associated with an
objective response rate (ORR) of 46% versus 9% for an Angiolow signature. For patients
harboring an Angiolow signature, PFS were, respectively, 11.4 and 3.7 months with the
atezolizumab-bevacizumab combination and sunitinib. For patients harboring an Angiohigh

signature, PFS was numerically improved with sunitinib with a median PFS of 19.5 months
versus 11.4 for atezolizumab-bevacizumab. No significant difference was identified be-
tween the sunitinib arm and atezolizumab-bevacizumab arm, suggesting that VEGFR TKI
could remain a reasonable treatment in this selected population [97].

The phase III clinical trial IMmotion 151 [98] confirmed the prognostic and predictive
values of the previously described angiogenic and T-effector signatures [99]. Eight hundred
and fifty-one patients were randomized between atezolizumab 1200 mg every three weeks
plus bevacizumab 15 mg/kg every three weeks and sunitinib (50 mg) orally once-daily
for four weeks (six-week cycle). Within the sunitinib arm, an Angiohigh signature was
associated with an improved PFS: 10.12 months versus 5.95 months for patients with
an Angiolow signature, HR = 0.59 (CI (confidence interval) 95% = 0.47–0.75). Within
this treatment arm, the survival outcomes were not improved by the combination of
atezolizumab and sunitinib (HR = 0.95, CI 95% = 0.76–1.19). On the opposite, within the
Angiolow population, the PFS was significantly improved by the combination: 8.94 months
versus 5.95 months with sunitinib monotherapy (HR = 0.68 (CI 95% = 0.52–0.88).

To summarize, an Angiohigh signature is associated with a good prognostic without a
significant survival difference between the sunitinib and atezolizumab-bevacizumab arms.
This is in accordance with Hakimi’s data [100]. In the case of an Angiolow signature, the
combination arm should be preferred.

4.2. Immune Signatures

4.2.1. T-Effector and Myeloid Signatures (IMmotion and Javelin Renal)

Within IMmotion 150, patients receiving the atezolizumab-bevacizumab combination
and harboring a Teffhigh signature experienced improved survival outcomes compared to
those harboring a Tefflow signature. The ORR were, respectively, 49% and 16%. The PFS
were, respectively, 21.6 and 5.6 months. A high myeloid signature was associated with a
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pejorative PFS across all treatment arms. For patients with a high Teff and high myeloid sig-
natures, PFS was improved with the atezolizumab-bevacizumab combination: 25 months
versus seven months with sunitinib and two months with atezolizumab monotherapy,
suggesting that this combination could overcome the primary resistance induced by an
immunosuppressive and inflammatory TME [97].

Within IMmotion 151, the Teffhigh population experienced a significantly improved
PFS with the atezolizumab-bevacizumab versus sunitinib monotherapy with, respectively,
median PFS of 12.45 versus 8.34 months (HR = 0.76 CI 95% = 0.59–0.99). No difference was
observed within the Tefflow population [99].

In the case of a Teffhigh signature, the combination arm should also be preferred. It
should be noted that, in this phase III, no data related to the myeloid signature were
reported to date.

The JAVELIN Renal study, a phase III trial, compared avelumab 10 mg/kg intra-
venously every two weeks plus axitinib (5 mg) orally twice-daily versus sunitinib (50 mg)
orally once-daily for four weeks (six-week cycle) for advanced RCC. The PFS was signifi-
cantly longer with avelumab plus axitinib than with sunitinib with, respectively, a median
PFS of 13.8 months and 8.4 months (HR = 0.69, 95% CI = 0.56–0.84, p < 0.001) [92].

Recent outcomes from the biomarker analysis on the tumor samples from JAVELIN
Renal 101 were reported by Choueiri et al. at the ASCO 2019 [101]. The transcriptomic
analyses enabled the validation of a new genomic signature based on the expression of
26 genes. This innovative immune-related signature incorporates pathway indicators for
TCR (T Cell Receptor) signalization, T-cell activation, proliferation and differentiation, NK-
cells cytotoxicity and other immune responses, such as IFN-γ signaling. In the avelumab
plus axitinib arm, a high level of expression of this signature was associated with an
improved PFS: 15.2 months versus 9.8 months, p = 0.0019. No difference was observed in
the sunitinib arm.

Very interestingly, the IMmotion signatures were evaluated in the JAVELIN Renal 101
population. An Angiohigh signature was statistically associated with an improved PFS in
the sunitinib arm. A Teffhigh signature was numerically associated with an improved PFS
in the avelumab-axitinib arm versus the sunitinib one, but statistical significance was not
reached (HR = 0.79, CI 95% = 0.58–1.08 p = 0.14). The myeloid signature was associated
with the pejorative survival outcomes, but statistical significance was not reached [101].

4.2.2. Post-Hoc Analysis from the Phase III Checkmate 214

The JAVELIN renal 101, IMmotion 150 Teff and IMmotion 150 myeloid signatures were
applied to the Checkmate 214 patients. For patients receiving sunitinib, a high IMmotion
150 angiogenesis score was associated with a better PFS (p = 0.02), but this did not extend to
the OS. No association between the immune signature, myeloid signature and survival was
identified. We need to be mindful that these signatures were developed in patients treated
with anti-PD (L)-1 and antiangiogenic therapy, which may limit their applicability in the
Checkmate 214 context. A gene set enrichment was applied to compare patients at the
relative extreme of responses. Genes related to TNF-a signaling, epithelial mesenchymal
transition, KRAS (Kirsten vrat sarcoma viral oncogene homolog) signaling, inflammatory
response, angiogenesis, heme metabolism, TGF-β signaling and myogenesis were enriched
in patients receiving the nivolumab-ipilimumab combination and harboring a PFS >18
months. On the opposite, genes related to the IFN-a response, oxidative phosphorylation,
IFN gamma response, DNA repair, reactive oxygen species pathway, MYC (MYC pathway),
fatty acid metabolism, adipogenesis and coagulation were enriched in patients harboring a
PFS < 18 months and in patients receiving the nivolumab-ipilimumab combination [102].

The technical characteristics and predictive values of the signatures described above
are summarized in Table 2.
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Table 2. Main technical characteristics and predictive values of the responses of the three major signatures evaluated in metastatic renal cell carcinoma. RT-qPCR: reverse-transcriptase
quantitative PCR, IL: interleukin, TGF-β: transforming growth factor β, PFS: progression-free survival and FFPE: Formalin-Fixed Paraffin-Embedded.

Signatures Study Design Number of Patients
Genes Involved in

the Signature Treatments
Biological Material

Needed
Study Method

Predictive Value of Response

TKI ICI

CIT: classification
ccrcc 1-2-3-4

Beuselinck et al. [93]
Retrospective study

53 (exploratory
cohort)

47 (validation
cohort)

Inflammation,
myeloid activation,

myeloid cells
migration, Th1/ Th2
polarization, T cell,
CMH I, TGFb, IL10,

IL17

Sunitinib Frozen samples

micro-array
(exploratory cohort)
RT-qPCR (validation

cohort)

YES
improved ORR, PFS

and OS for ccrcc2 et 3
groups

On going (BIONIKK
phase II clinical trial

NCT 02960906)

IMmotion 150
McDermott et al.

[62]
IMmotion 151
Rini et al. [103]

Randomized phase II
and phase III

prospective studies

300 (IMmotion 150)
851 (IMmotion 151)

Angiogenesis,
immune response,

IFNg, inflammation,
myeloid cells

Atezolizumab-
bevacizumab vs

sunitinib
(Atezolizumab-
bevacizumab vs

atezolizumab pour la
phase II)

FFPE samples RNAseq

YES
Improved PFS with

sunitinib for
Angiohigh

YES
Improved PFS with

atezolizumab-
bevacizumab for

Angiolow et Teffhigh

JAVELIN Renal 101
Choueiri et al. [96]

Randomized phase
III prospective study 886

Immune response
(TcR signalisation,

activation-
proliferation and T

cells differentiation),
chimiokines, NK

Avelumab-axitinib
vs sunitinib FFPE samples RNAseq NO

YES
Improved PFS with
avelumab-axitinib
for pts with high

expression
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4.3. Strengths and Weaknesses of Genomic Signatures

The genomic signatures offer promising perspectives, both in the adjuvant and
metastatic settings. In the adjuvant setting, the aim is to identify patients with a high
risk of recurrence for whom an adjuvant treatment may be beneficial. Oncotype Dx®,
Mammaprint® and Prosigna® are three genomic signatures currently used in breast cancer
to assess the survival benefit of an adjuvant chemotherapy in RH+ HER2-node (Human
Epidermal Growth Factor Receptor-2) negative breast cancer. Disappointingly, until today,
no trial has used the predictive and prognostic values of genomic signatures in RCC to
identify the patients having the highest risk of recurrence and, thus, being subjected to
the benefits from an anti-VEGFR TKI adjuvant treatment [104,105]. In the recent phase III
randomized clinical trial KEYNOTE 564 (NCT03142334), assessing pembrolizumab versus
a placebo in the ccRCC adjuvant setting, no genomic signature was used to screen the
eligible patients.

Even if the genomic signatures described above seem to be the most robust predictive
tool to guide our therapeutic choices, this enthusiasm should be tempered because of
technical limitations. In clinical practice, tissue biopsies are classically Formalin-Fixed
and Paraffin-Embedded (FFPE), which can cause cytosine deamination and artefacts.
The BIONIKK study aimed to evaluate the feasibility of transcriptomic analyses of FFPE
samples. Moreover, the accessibility and the reproducibility of these techniques remains a
major challenge in the current practice. The intratumor heterogeneity (ITH) is also a major
limitation. Using whole-exome sequencing and phylogenetic reconstruction, Swanton
and Gerlinger highlighted an intratumoral heterogeneity within the primary tumor and
metastatic sites and a branched evolutionary tumor growth with potential new driver
mutations identified in the metastatic sites. They also reported that a single biopsy is not
representative of the entire tumor bulk, as a single biopsy revealed approximately 55% of
all mutations detected in the corresponding tumor. Epigenetic events may contribute to the
differences in gene expression between primary and metastatic sites [106,107]. Whether this
mutational profile heterogeneity led to gene expression signature heterogeneity is unknown.
According to a recent study of the Mayo Clinic, genomic signature clear cell types A and
B (ccA/ccB) were discordant 43% between the primary and metastatic sites. Briefly, the
ccA/ccB signature, based on transcriptomic data and unsupervised clustering, was thus
built by Brannon and colleagues. Two clusters were identified: one characterized by a
high expression of genes involved in angiogenesis, beta oxidation, pyruvate and organic
acid metabolism and the other characterized by a high expression of genes involved in cell
differentiation, cell cycle, the TGF-β pathway, the Wnt-β catenin pathway and epithelial-
to-mesenchymal transition. Improved progression-free survival (PFS) and overall survival
were observed among the ccA subgroup [108].

A genomic signature based only on the primary tumor site is insufficient to obtain a
comprehensive description of the tumor biology. The number of required biopsies remains
controversial. Single-cell analysis and mass cytometry with an extensive antibody panel
are other emerging study methods offering promising results. Using high-dimensional
single-cell mass cytometry and the bioinformatics pipeline, Krieg et al. demonstrated that
the frequency of CD14+CD16−HLA-DRhi monocytes was predictive of PFS and OS for
melanoma patients receiving anti-PD-1. They postulated that the frequency of monocytes
may be used to support the therapeutic choice [109]. In their kidney cancer immune atlas,
Chevrier et al. identified several dozen immune cell populations among the 17 TAM
phenotypes and 22 T cell phenotypes. CD38+CD204+CD206− TAM was identified as a
poor prognosis factor in this series of primary tumors [14].

5. Perspectives: The BIONIKK Trial as an Example of Integrative TME Analyses

BIONIKK (NCT02960906) was the first prospective clinical trial studying the personal-
ization of treatments according to tumor molecular characteristics in mccRCC [110,111].
Molecular characteristics are assessed by the CIT classification, described in Section 4.
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Interestingly, the CIT signature was able to strongly predict the response to a first-line
VEGFR TKI. On the whole population, nonresponders mainly belonged to the ccrcc1 and
four groups: 22% of progressive disease (PD) in the ccrcc1 group and 27% in the ccrcc4
group versus, respectively, 3% and 2% in the ccrcc2 and -3 groups. Responders mainly
belonged to the ccrcc2 and -3 groups (respectively, 53% and 70% of the partial response
(PR) and complete response (CR) versus, respectively, 41% and 21% of the PR and CR in
the ccrcc1 and -4 groups, p = 0.005). Similar results were observed regarding the OS and
the PFS. The OS were, respectively, 24, 14, 35 and 50 months (p = 0.001) in ccrcc 1, -4, -2
and -3. The PFS were, respectively, 13, 8, 19 and 24 months (p = 0.001) in ccrcc1, -4, -2
and -3. Interestingly, in the multivariate analysis, the CIT signature was the only factor
significantly associated with the survival outcomes.

Those results could be explained by a heterogenous composition of the TME between
the four subgroups: ccrcc4 are characterized by a strong inflammatory Th1-oriented but
immunologically suppressed microenvironment, whereas ccrcc1 tumors are characterized
by a very low T-cell infiltration and could be summarized as “cold” tumors or “immune
desert” tumors. The ccrcc2 subtype was not characterized by specific pathways and showed
an intermediate expression signature between the ccrcc3 and ccrcc1/crcc4-related profiles.
It seemed associated with a high angiogenic signature [111].

Based on these results, we launched the BIONIKK trial with the following hypotheses:
ccrcc4 tumors should respond well to nivolumab alone given their high T-cell infiltration,
whereas ccrcc1 tumors may need the addition of ipilimumab or nivolumab to prime and to
attract effector T cells in the core of the tumor. As ccrcc2 and -3 tumors were responsive to
sunitinib, we hypothesized that TKI would be very efficient in a prospective trial.

BIONIKK was a French multicentric molecular-driven randomized phase 2 trial
(NCT02960906) where mccRCC patients were randomized to receive the first-line treatment
according to their molecular group defined by the 35-gene classifier. Patients in groups 1
and 4 were randomized to receive nivolumab alone (arms 1A and 4A) or nivolumab plus
ipilimumab for four injections followed by nivolumab alone (arms 1B and 4B). Patients
in groups 2 and 3 were randomized to receive nivolumab plus ipilimumab followed by
nivolumab alone (arms 2B and 3B) or a tyrosine kinase inhibitor (sunitinib or pazopanib at
the investigator’s choice (arms 2C and 3C)). The main objective was the overall response
rates by the treatment arm and molecular group. The main results were reported at the
last ESMO (virtual) meeting and confirmed the hypotheses describe above: nivolumab
provided a comparable ORR to nivolumab-ipilimumab in ccrcc4 but not in ccrcc1, whereas
the ORR were comparable between the TKI and nivolumab-ipilimumab in ccrcc2 [110]. A
huge biomarker program is ongoing, including the evaluation of the mRNA signatures
described earlier in this review.

6. Conclusions

Within a few years, the therapeutic armamentarium of mccRCC has changed dramati-
cally with the emergence of targeted therapy (especially anti-VEGFR TKI) and ICI, used
alone or as a combination either with other ICI or with anti-VEGFR TKI. This was made
possible by a greater understanding of the tumor biology, supported by the development
of innovative TME study methods, such as multiplex IHC, flow cytometry, transcriptomic
data and deconvolution tools. Despite these major technical and therapeutic advances,
mccRCC still have a poor prognosis, with a median five-year survival rate lower than 10%,
and a significant portion of patients experience primary or secondary resistance. Current
clinical and biological markers, such as PD-L1 expression, tumor mutational burden or
MSKCC scores, fail to predict ICI and ICI-antiangiogenic combination efficacy. Among the
new predictive markers, mRNA signatures appear the most promising. In this context, the
first results of the molecular-driven phase 2 trial BIONIKK show that prospective molecular
selection is feasible and enables to enrich the response rate in patients treated with TKI or
ICI alone or in combination. The ancillary program from the BIONIKK trial could inform
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more precisely on the optimal biomarkers to use to adapt treatments in the first-line setting
of mccRCC.
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Simple Summary: In recent years, a number of new, effective treatments have become available for
advanced renal (kidney) cancer. However, with more drugs available it has become more difficult to
decide which drugs to choose for particular patients, and in which order to use them. In addition,
the new treatments do not work for all patients and they can have troublesome side effects. At the
moment, these choices are made according to factors including the type of renal carcinoma from a
biopsy, the extent of cancer for that patient, their previous health and their current fitness. The options
are summarized in guidelines although these do not make recommendations for individual patients.
It is hoped that ongoing research will uncover new tests that allow these decisions to be made more
accurately in a “personalized” manner. This article describes how the process is undertaken at present
and how it may change in the future.

Abstract: Therapeutic options for treating advanced renal cell cancer (RCC) are rapidly evolving.
Vascular endothelial growth factor (VEGF)-directed therapy, predominantly VEGF receptor (VEGFr)
tyrosine kinase inhibitors (TKIs) had been the most effective first line treatment since 2005
irrespective of International Metastatic RCC Database Consortium (IMDC) risk stratification.
However, immune checkpoint inhibitors (ICI) have recently changed the treatment paradigm
for advanced RCC particularly as the first-line systemic treatment modality. The combination of
Ipilimumab and Nivolumab provides better disease control and long-term outcomes compared with
the anti-VEGFr TKI Sunitinib for IMDC intermediate- to poor-risk patients and we now have the option
of using ICI with TKI upfront for all IMDC risk groups. This poses a challenge for physicians, both to
select the most suitable first line regimen and the most suitable subsequent therapy given the lack of
data about sequencing in this setting. This treatment landscape is expected to become more complex
with the emerging treatment options. Moreover, these therapeutic options cannot be generalized as
significant variability exists between individual’s disease biologies and their physiologies for handling
treatment adverse effects. Notable efforts are being made to identify promising predictive biomarkers
ranging from neo-antigen load to gene expression profiling. These biomarkers need prospective
validation to justify their utility in clinical practice and in treatment decision making. This review
article discusses various clinicopathological characteristics that should be carefully evaluated to help
select appropriate treatment and discusses the current status of biomarker-based selection.

Keywords: renal cell cancer; immune checkpoint inhibitors; tyrosine kinase inhibitors;
biomarkers; individualization

23



Cancers 2020, 12, 3750

1. Introduction

Renal cell carcinoma (RCC) is the most common type of kidney cancer with increasing incidence
worldwide in recent years [1]. The subtypes of RCC differ in their morphological and histological
features as well as in the biology and molecular pathways that drive cancer growth. The most common
subtype of RCC is clear cell RCC (ccRCC) which accounts for 75–85% of cases [2]. Other sub-types are
sometimes collectively termed “non-clear cell” for convenience but are biologically and genetically
distinct. These include papillary (15–20%), chromophobe (5%), collecting duct, medullary and
translocation RCC [3,4]. Papillary RCC (PRCC) is further subdivided into type 1 and 2 PRCC based on
certain genetic alterations.

RCC is one of the few solid organ malignancies in which it has long been recognized that the
immune system plays a significant role. RCC does not carry a high mutation burden but nevertheless
is responsive to immune modulation. Spontaneous regression is a well observed phenomenon in
RCC and therefore, immune modulating agents like Interferon (IFN) and Interleukin-2 (IL-2) were
commonly used treatments before the advent of TKIs [5–7]. Although durable, complete responses
were seen with IL-2 in particular, that was achieved in fewer than 10% of patients and the effectiveness
was further limited by a high rate of treatment-related toxicity.

Vascular endothelial growth factor (VEGF)-directed therapies, including anti-VEGF receptor
(anti-VEGFr) TKIs became the new standard of care in 2005 following enhanced understanding of
RCC biology. Their effectiveness is well established in ccRCC on the basis of randomized phase III
registration studies [8–11]. These agents are also widely used in non-ccRCC on the basis of open
label phase two trials, and reported off trial experience, but lack level one evidence. Over the last five
years, immune checkpoint inhibitors (ICI) have further transformed the treatment of advanced RCC.
These drugs work particularly well for cancers with increased mutational load and highly expressed
neo-antigens. Nivolumab was the first anti-Programmed cell death (anti-PD-1) drug approved in
the second line setting for advanced RCC in 2015 based on the results of the Checkmate 025 phase
III trial [12]. Since then, ICI have been trialed in the first line setting and we now have a plethora of
first line treatment options for individual IMDC risk categories ranging from ICI-based combinations
and new generation TKIs which add to and now have largely superseded earlier generation TKIs.
The updated treatment algorithms of European Society for Medical Oncology (ESMO) as well as
National Comprehensive Cancer Network (NCCN) have incorporated all but the most recently
presented of these data [13,14].

2. Selection of Treatment

As the number of approved systemic options to treat advanced RCC patients continues to increase,
it has become increasingly challenging to select between them. Treatment algorithms provide general
guidance (Figure 1) but data that clearly guide selection and sequencing at a personalized level in
the first line setting and beyond are lacking. In this review article we will discuss how demographic,
prognostic, clinical, and increasingly biomarker information can be used to individualize the treatment
for the advanced RCC patients.

2.1. IMDC Risk-Based Treatment Selection

It has been recognized for some time that patients with advanced RCC can be categorized by
clinical criteria into differing risk groups that have variable prognostic outcomes. The most commonly
used model for risk assessment in current use is the International Metastatic RCC Database Consortium
(IMDC) classification. In this model, patients are grouped as favorable (score 0), intermediate (score 1–2),
and poor risk (score 3–6) based on their Karnofsky performance status, time from the diagnosis to
initiate systemic treatment, hemoglobin level, neutrophil and platelet count and serum calcium level.
Some reported clinical trials have utilized these risk criteria in defining the eligible trial population,
and almost all current trials report efficacy outcomes stratified by IMDC risk category. Furthermore,
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the approvals of some treatments are restricted by risk category (Figure 1). Thus, the risk category of
individual patients can help guide therapy choices.

 

Figure 1. Treatment algorithm for International Metastatic Renal Cell Cancer Database Consortium
(IMDC) risk categories [13]. * Based on 1st line treatment. TKI: Tyrosine kinase inhibitors.

There are now various management options to treat favorable risk patients including active
surveillance, single agent TKI, or most recently the option of using ICI upfront in combination with
a TKI. Anti-VEGFr TKI monotherapy has been the treatment of choice for treating advanced RCC
patients with IMDC favorable risk disease since the mid 2000s. Both Sunitinib and Pazopanib are first
generation multi-targeted TKIs and the efficacy benefits of each were seen across risk groups, including
the favorable risk cohort. Tivozanib is a second generation TKI that was compared against Sorafenib
as initial or second-line therapy for patients with advanced RCC in the TIVO-1 open label, randomized
phase III trial. The majority of patients had favorable or intermediate risk disease. This trial showed a
statistically significant PFS benefit for Tivozanib overall, with PFS of 16.7 months for Tivozanib versus
10.8 months for Sorafenib favorable risk patients (HR 0.59; CI 0.37–0.92; p = 0.018) [15]. Despite positive
results for TIVO-1, Tivozanib has, as yet, failed to get regulatory approval from the Food and Drug
Administration (FDA) but is being used in Europe and United Kingdom (UK) since its approval by the
European Medical Agency (EMA) in 2017 [15].

The combinations of Pembrolizumab with Axitinib, and Avelumab with Axitinib, have recently
been added to the list of FDA and EMA-approved first line treatment options. Both combinations are
approved for all IMDC risk groups. The Pembrolizumab and Axitinib combination demonstrated
significant improvement for OS at 12 months versus Sunitinib (89.9% vs. 78.3%) as well as longer
median progression free survival (PFS), (15.1 months vs. 11.1 months, HR 0.69; 95% CI, 0.57– 0.84;
p < 0.001). Similarly, in JAVELIN Renal 101, the Avelumab and Axitinib combination showed better
PFS than Sunitinib although no OS advantage has been observed to date [16]. Both trials included
more IMDC intermediate- and poor-risk than favorable-risk patients, however sub-group analysis
demonstrated clinical benefit across all IMDC risk groups, specifically including the favorable risk
cohort. CheckMate 9ER also looked at ICI/TKI combination for all IMDC risk groups and initial results
presented at ESMO 2020 favored combination of Nivolumab and Cabozantinib over Sunitinib with
manageable toxicities. Median PFS was doubled with combination Nivolumab and Cabozantinib
(16.6 months) versus Sunitinib (8.3 months), (HR 0.51; 95% CI, 0.41–0.64; p < 0.0001) and OS also
favored the Nivolumab/Cabozantinib combination (HR 0.60; 98.89 CI 0.40–0.89); p = 0.0010) [17].
There are two other options that have recently been approved for intermediate and poor risk patients;
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the combination of Nivolumab and Ipilimumab, and single agent Cabozantinib. However, neither
has demonstrated efficacy advantages over Sunitinib for favorable risk patients and as such are not
considered appropriate options at this time.

Active surveillance is also considered to be an appropriate option for some favorable risk
patients if they have asymptomatic low volume disease and the trajectory of the progression is
relatively slow [18,19]. Rini et al. performed a prospective phase II trial evaluating active surveillance
for advanced RCC and reported PFS of 17.0% and 11.0% for the entire cohort at 24 and 36 months
respectively [18]. In this trial, the number of involved organs and IMDC risk factors were independently
associated with shorter PFS. This approach is certainly feasible for patients with indolent disease where
it can help to preserve quality of life for a longer period of time seemingly without compromising future
outcomes. Although with increasing numbers of increasingly effective options, its use is becoming
more selective.

In summary, for patients with favorable risk disease who have met a threshold for requiring
active systemic anti-cancer therapy, a combination of ICI and TKI is now considered the standard first
line regimen where available, given the demonstrated superior efficacy of these combinations over
Sunitinib. However single agent TKIs have long-proven efficacy and are still appropriate in a subset of
patients, particularly when the risk ICI-induced toxicity is a concern.

ICI have a prominent role to play in the treatment of intermediate- and poor-risk patients
based on the published data. Historically, Sunitinib and Pazopanib were widely used in these
patients, as was Temsirolimus particularly in the mid 2000s, on the basis of data showing a survival
advantage for Temsirolimus over IFN-a in poor risk patients as defined in the trial criteria [20].
However, in the last couple of years those options have been superseded. Current recommended
options to treat these subgroups are combinations of Ipilimumab/Nivolumab, Pembrolizumab/Axitinib
and Avelumab/Axitinib, or single agent Cabozantinib.

The Ipilimumab and Nivolumab combination had statistically superior efficacy compared to
Sunitinib in intermediate- and poor-risk subgroups, most notably for the primary end point of OS.
In CheckMate 214, Ipilimumab and Nivolumab produced an objective response rate (ORR) of 42.0% and
a striking complete response rate (CR) of 11.0% in intermediate- and poor-risk patients (Table 1) [20–26].
Updated data presented at ASCO GU 2020 reported median OS of 47 months with Ipilimumab and
Nivolumab versus 26.6 months with Sunitinib (HR 0.66; 95% CI 0.55–0.90; p < 0.0001) with median
follow up of 42.0 months. The durability of benefit was confirmed in this update as median duration of
response (DOR) was still not reached for the responders. The Pembrolizumab and Axitinib combination
demonstrated a CR rate of 5.8% in Keynote 426. Subgroup analyses showed 12-month OS and PFS of
91.4% and 70.3% in Pembrolizumab and Axitinib arm for intermediate- and poor-risk patients versus
76.7% and 45.2% with Sunitinib respectively.

Table 1. Summary of studies evaluating individualized treatment based on clinicopathological characteristics.

Study Study Type
Treatment

Individualization
Treatment

Treatment
Setting

Outcomes

Hudes et al. [20]
Prospective,
randomized

phase III

Clinical risk category based
(Trial protocol defined poor

risk group RCC)

Temsirolimus
vs. IFN-a vs.

Temsirolimus +
IFN-a

First line

OS 10.9 vs.
7.3 vs. 8.4
months

(p = 0.008)

Checkmate 214 [21]
Prospective,
randomized

phase III

Clinical risk category based
(IMDC intermediate- and

poor-risk groups RCC)

Nivolumab +
Ipilimumab vs.

Sunitinib
First line

OS of 47.0
vs. 26.6
months

(p < 0.0001)

CABOSUN [22]
Prospective,
randomized

phase II

Clinical risk category based
(IMDC intermediate- and

poor-risk groups RCC)

Cabozantinib
vs. Sunitinib First line

PFS of 8.6
vs. 5.3
months

(p = 0.0008)
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Table 1. Cont.

Study Study Type
Treatment

Individualization
Treatment

Treatment
Setting

Outcomes

RESTORE [23]
Prospective,
randomized

phase II
Toxicity based

Standard
Sunitinib

schedule (4/2)
vs. altered
Sunitinib

schedule (2/1)

First line TKI

6-month
FFS 44.0%
vs. 63.0%
(p = 0.029)

Bjarnason et al. [24] Prospective
phase II Toxicity based

Individualized
Sunitinib dose
and scheduled

First line
PFS 12.5
months

(p < 0.001)

PISCES [25]
Prospective,
randomized

phase II
Patient preference based Pazopanib vs.

Sunitinib First line

70% of
patients
favoured

Pazopanib

Gravis et al. [26] Retrospective

Disease distribution based
(Glandular metastasis vs.

Non-glandular metastasis at
first presentation)

Any systemic
treatment

First line and
beyond

OS 61.5 vs.
37.4 months
(p < 0.001)

Abbreviations: IMDC, International Metastatic RCC Database Consortium; OS, overall survival; PFS, progression
free survival.

Cabozantinib is a second generation multi-targeted TKI which was granted accelerated approval
by the FDA for the first line therapy for IMDC intermediate- and poor-risk RCC patients based on
the CABOSUN trial; a randomized phase II trial compared with Sunitinib [22]. An update of the trial
was published in 2018 which confirmed the preliminary results [27]. This trial reported median PFS of
8.6 months with Cabozantinib compared with 5.3 months with Sunitinib (HR 0.48; 95% CI 0.31–0.74;
p = 0.0008) with one patient achieving CR.

There are no available direct comparisons of the above-mentioned treatment options and trial
populations differ between the studies although of note each used the same standard comparator of
Sunitinib. The benefits of these newer regimens over Sunitinib, based on the data described, are now
reflected in current international guidelines with the exception of the very recently presented data
for Nivolumab/Cabozantanib which has not yet been evaluated for approval [13,14]. At present the
combination of Ipilimumab and Nivolumab has the longest follow-up and therefore the most mature
data for durability of response at this time. In addition, a recent update showed that anti-VEGFr
TKIs in the second-line setting post Ipilimumab and Nivolumab do seem to retain their efficacy [28].
The data for Keynote 426 and JAVELIN Renal 101 are not yet as mature; time will demonstrate their
effectiveness for long term disease control. Cabozantinib monotherapy does have good efficacy in
this setting, however this was a randomized phase II rather than a phase III trial, evidence of durable
benefit is lacking, and as such its use should be restricted to situations where ICI-containing regimens
are not appropriate or unavailable.

2.2. Histology-Based Treatment Selection

Knowledge of the histological sub-type of mRCC can be used to guide treatment. At a patient
level, it is determined by sampling the original nephrectomy specimen if available, or from a biopsy
taken at the time of relapse or of diagnosis of metastatic disease. ccRCC accounts for over 80.0% of
all cases of RCC [2], meaning that the vast majority of data arise from clinical trials conducted in this
histological sub-type. Non-ccRCC is recognized as a collection of separate entities, with clinical and
morphological characteristics that differ from ccRCC and from each other. This is important because
RCCs with differing histologies are associated with distinct genomic alterations, clinical features,
and manifestations. It is therefore to be expected that these histologies confer differing responses to
and outcomes with available regimens.
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Systemic anticancer agents approved for treatment of ccRCC are often used in patients with
non-ccRCC. However, the described ORR, durations of response, and OS in patients with non-ccRCC
are typically inferior in the literature. However, the non-ccRCC histological sub-types are frequently
excluded from larger randomized phase III trials thus most existing data in these groups are derived
from fairly small prospective phase II trials or subgroup analyses. In fact, despite collectively
representing up to a quarter of all RCC histological subtypes, there are currently no specific FDA and
EMA approved treatment options for non-ccRCC alone [29]. This section will focus on the benefit of
determining histology to guide treatment, particularly in the non-ccRCC histology subtypes in which
appropriate choices are less apparent from guidelines due to their relative rarity and consequent lack
of robust randomized trial data.

One trial that did allow inclusion of differing histological sub-types of mRCC was the randomized
phase II RECORD-3 trial. This trial compared first-line Sunitinib followed by Everolimus at progression,
with first-line Everolimus followed by Sunitinib at progression in patients with metastatic RCC of
whom 86% had ccRCC and 14% had non-ccRCC [30]. In the trial as a whole, the results favored use of
Sunitinib over Everolimus first-line (PFS of 10.7 vs. 7.9 months; HR 1.43; 95% CI 1.15–1.77). When the
ccRCC group was sub-analyzed, although there was no statistical difference in OS between the two
arms there was a notable numerical difference. Median OS was 23.9 months for Everolimus followed
by Sunitinib (n = 207) and 30.2 months for Sunitinib followed by Everolimus (n = 197) (HR 1.1; 95% CI
0.9–1.4). Thus, the results favored selecting anti-VEGFr TKIs in preference to mTOR inhibitors in the
first line setting in ccRCC. This is reflected in guidelines for treatment of metastatic RCC worldwide.
In contrast, the differences in PFS and OS seen in the two different sequences were not replicated
in the non-ccRCC cohort. Median OS in the non-ccRCC subgroup was 16.2 months for sequential
Everolimus and Sunitinib (n = 29) and 16.8 months for sequential Sunitinib and Everolimus (n = 35)
(HR 1.0; 95% CI 0.6–1.8). Clearly, the OS from both agents was lower in the non-ccRCC cohort but
not noticeably different from each other. This lack of observed difference could be in part due to the
smaller numbers in this cohort, or it could indicate a much lower responsiveness to Sunitinib and/or
that Everolimus does have some activity against non-ccRCC.

The use of anti-VEGFr-TKIs in non-ccRCC has also been investigated in a number of dedicated
trials. One small retrospective phase II study of 53 patients did show a benefit for Sunitinib over
Sorafenib in PRCC, with an increased PFS (11.9 vs. 5.1 months, p < 0.001) (Table 2) [31–37]. The same
study did not show any statistically significant difference in the PFS between Sunitinib and Sorafenib
in a small number (n = 11) of chromophobe RCC (ChRCC). Similarly, mTOR inhibitors were first
studied over a decade ago across all RCC subtypes; the subgroup analysis in the phase III ARCC
trial supported the use of Temsirolimus over IFN-α in non-ccRCC, with an improved OS (8.2 vs. 4.3
months; HR 0.49; 95% CI 0.29–0.85). Although this was a retrospective analysis, it led to the option of
using mTOR inhibitors in the treatment of non-ccRCC, and subsequently its use as one of the arms in
later non-ccRCC trials. Subsequently two notable trials in non-ccRCC were developed that compared
Sunitinib and Everolimus. Both showed activity for these drugs, although the efficacy seemed less
than that previously seen in ccRCC [38,39]. In the ASPEN Trial, Sunitinib improved PFS compared
with Everolimus across the whole cohort of 108 patients Sunitinib (8.3 months 80% CI 5.8–11.4 versus
5.6 months 80% CI 5.5–6.0; HR 1.41 80% CI 1.03–1.92; p = 0.16). However, this was not consistent and
in the small number of patients (n = 16) with ChRCC the PFS numerically favored Everolimus [39].
However, the number of ChRCC patients were too low to reach statistical significance. The randomized
phase II ESPN trial similarly demonstrated that both agents had modest efficacy with a small numerical
but non-statistically superior efficacy advantage for Sunitinib [38].

The efficacy of immunotherapy-based regimens is also being investigated in non-ccRCC subtypes
in both retrospective and prospective studies. One retrospective multicenter analysis of 43 patients
with metastatic non-ccRCC who had had a variety of PD-1- or PD-L-1-targeting agents found that ORR,
the primary endpoint of the study, was 19.0% in this heterogenous group. This included responses
in patients with papillary non-ccRCC and those whose cancers had sarcomatoid differentiation [34].
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Two prospective studies have also shown efficacy of immunotherapy in treating non-ccRCC. In the
phase IIIb/IV CheckMate 374 study, the ORR in 44 patients treated with Nivolumab was 13.6% at a
median follow-up of 11 months [40]. Most subtypes of non-ccRCC were all fairly well-represented
in this study, with one patient with ChRCC showing a complete response to Nivolumab. In the
single-arm phase II Keynote 427 study which looked at Pembrolizumab as a first-line treatment option,
the preliminary data show an ORR of 25.0% for PRCC, 9.5% for ChRCC, and 35.0% for unclassified RCC,
with a median follow-up of 11 months [35]. There have been several studies looking at immunotherapy
in combination with other agents, such as MET inhibitors, other immunotherapy agents, and VEGF
inhibitors. For example, the combination of Durvalumab and Savolitinib was looked at in 42 patients
with PRCC, with an ORR of 29.0% [41]. The combination of Nivolumab and Ipilimumab showed an
ORR of 28.0% when studied in 18 patients with various types of non-ccRCC [36]. Atezolizumab and
Bevacizumab was also studied in 60 patients with various types of RCC, with an ORR of 26.0% across
the cohort of non-ccRCC [42].

Table 2. Select list of studies for non-clear cell renal cell cancer (non-ccRCC) histologies.

Study Study Type Histology Treatment Outcomes

Choueiri et al [31] Retrospective
analysis PRCC Sunitinib vs.

Sorafenib
PFS of 11.9 vs. 5.1 months

(p < 0.001)

Dutcher et al. [32] Retrospective
analysis Non-ccRCC Temsirolimus vs.

IFN-a
OS of 11.6 vs. 4.3 months

(HR 0.49; 95% CI 0.29–0.85)

KEYNOTE 426 [33]
Prospective, randomized

phase III
(sub-group analysis)

RCC with
sarcomatoid

differentiation

Pembrolizumab +
Axitinib vs.
Sunitinib

PFS not reached vs.
8.4 months

(HR 0.54; 95% CI 0.29–1.00)

McKay et al. [34] Retrospective
analysis Non-ccRCC

Monotherapy or
combination
PD-1/PD-L1

inhibitor

ORR
28% for PRCC

33% for translocation
43% for

sarcomatoid/rhabdoid
differentiation

KEYNOTE 427 [35] Prospective,
open-label phase II Non-ccRCC Pembrolizumab

ORR
25.4% for PRCC
9.5% for ChRCC

34.6% for unclassified RCC

CheckMate 214 [36]
Prospective, randomized

phase III
(post-hoc analyses)

RCC with
sarcomatoid

differentiation

Ipilimumab +
Nivolumab vs.

Sunitinib
ORR of 56.7% vs. 19.2%

Oudard et al. [37] Prospective, open-label
phase II CDCs Cisplatin and

Gemcitabine
ORR 26.0%

OS of 11.0 months

Abbreviations: CDCs, collecting duct carcinomas; ChRCC, chromophobe renal cell cancers; non-ccRCC, non-clear
cell renal cell cancer; ORR, objective response rate; OS, overall survival; PFS, progression free survival; PRCC,
papillary renal cell cancer; RCC, renal cell cancer.

Renal cell cancers with sarcomatoid differentiation are not recognized as a separate entity (as per the
2016 WHO criteria) but deserve recognition as they are generally associated with a poorer outcome [43].
Immunotherapy has been a treatment of interest in RCC with sarcomatoid differentiation. Research has
suggested that sarcomatoid tumors have a high degree of inflammation, and often have poor-risk
features, and so may be sensitive to ICI as indicated in the retrospective analysis described above [34].
This has been further supported by three recent prospective trials looking at immunotherapy to
treat RCC in ccRCC with sub-analyses focusing on tumors that including sarcomatoid differentiation.
The Keynote 426 trial which compared Axitinib/Pembrolizumab to Sunitinib included 105 patients
with sarcomatoid features [33]. The results heavily favored the combination treatment arm with PFS
not reached, against 8.4 months in the Sunitinib arm (HR 0.54; 95% CI 0.29–1.00), and with an ORR of
58.8%. Similarly, in the ImMotion 151 trial which compared Atezolizumab/Bevacizumab with Sunitinib,
there were 142 patients analysed that had tumors with sarcomatoid differentiation [44]. Although this
combination is not currently being further developed in RCC, the findings are relevant regarding
the efficacy in the sarcomatoid subgroup. There was strong evidence favoring the combination arm,
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with improved PFS in the intention to treat (ITT) population (HR 0.56; 95% CI 0.38–0.83). An update
from the CheckMate 214 study was recently published, looking specifically at subgroup analyses
including tumors with sarcomatoid differentiation [45]. The PFS achieved with Ipilimumab/Nivolumab
was superior to Sunitinib with HR 0.61 (95% CI 0.38–0.97), further demonstrating the efficacy of
immunotherapy combinations in RCC with sarcomatoid differentiation.

Translocation renal cell carcinoma (TRCC) constitutes only 1–4% of adult RCCs and typically
responds poorly to conventional ccRCC therapies. It is associated with TFE3, TFEB, or MITF gene
fusions, with various associated targetable signaling pathways. An example is the presence of an
SFPQ-TFE fusion [t(X;1) (p11.2; p34)] resulting in “Xp11.2 translocation carcinoma”, in which TFE3
chromatin immunoprecipitation followed by deep sequencing analysis indicated a strong enrichment
for the PI3K/AKT/mTOR pathway [46]. This led to the concept of targeting both the PI3K/AKT
and mTOR pathways simultaneously, and while no agent has yet made it to a large-scale clinical
trial, there have been some promising results in smaller studies. The novel inhibitor SN202, a dual
inhibitor of PI3K and mTOR pathways, has been studied in vitro and in mice, with a decrease in
the phosphorylation of PI3K downstream signaling molecules AKT and S6K in renal cancer cells
seen [47]. Similarly, miR-205-5p is a negative regulator of both PI3K/AKT and mTOR pathways which
has also been shown to decrease the production of renal cancer cells in vitro and in mice, through both
direct targeting of vascular endothelial growth factor A and promotion of apoptosis and inhibition of
epithelial to mesenchymal transition in renal cancer cells, leading to reduced cell proliferation, invasion
and migration of ccRCC [48]. Although at present these tumors are treated according to algorithms
for ccRCC or for other non-ccRCC sub-types, it is hoped these results will yield other approaches for
possible future therapies for TRCC.

Renal medullary carcinoma (RMC) is an aggressive subtype of RCC, with up to 94% of patients
presenting with stage IV disease [49]. RMC makes up <0.5% of all RCCs, and frequently affects
young adults with haemoglobinopathies such as sickle cell trait [50]. For many years, the mainstay
of treatment has been cytotoxic chemotherapy, most commonly with platinum-containing doublet
regimens [51]. However durable benefit is rare and the search for more effective therapeutic strategies
is ongoing. Case reports have described responses to ICIs in RMC with one reporting a CR in one
of three patients with RMC treated with Nivolumab [51]. Three clinical trials of ICIs alone or in
combination are now recruiting in RMC.

Chemotherapy has a place in the treatment of a small group of non-ccRCC, despite a relative paucity
of evidence. Oudard et al. conducted an open-label phase II trial of 23 patients with collecting duct
RCC where ORR of 26.0% were achieved Cisplatin and Gemcitabine with median OS of approximately
11 months [37]. Conventional RCC-type approaches also lead to responses in some patients with
collecting duct RCC. Combining these approaches, it was found that the addition of Bevacizumab
to chemotherapy produced improved PFS and OS in collecting duct carcinomas (CDCs) (15.1 and
27.8 months, respectively) [52]. Although this was a small study, the results suggested Bevacizumab
plus chemotherapy may be a feasible treatment option in this otherwise morbid tumor subtype.

2.3. Toxicity-Driven Treatment Selection and Modification

All delivered treatments confer toxicities that differ both between regimens and patients.
Their presence or absence, and severity, can be usefully employed to individualize treatment regimens
for patients. There is considerable research effort to identify and utilize biomarkers for toxicity but
none are in routine practice in RCC at this time; toxicities are more often used to adjust treatment
than to select it. Strategies used to modify treatment in response to toxicity are dose reduction,
dose interruption, schedule modification, and regimen change and in all cases should be accompanied
by supportive therapies for toxicity management.

Based on considerable experience with Sunitinib in particular, there is now evidence that modified
dosing and scheduling of TKIs can be effectively used for treatment individualization. All phase III
trials of Sunitinib used the standard, licensed dosing schedule of four weeks on treatment followed
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by a two week break from treatment (4/2). However, we know that there is inter-patient variability
in tolerating the standard schedule (SS). A number of studies have been conducted to compare the
standard dosing schedule with altered schedules (AS) to evaluate whether AS could deliver improved
tolerability whilst retaining drug efficacy. RESTORE was a prospective phase II randomized trial which
compared 4/2 schedule with two weeks on, one week off (2/1) schedule. In this trial, failure free survival
(FFS) was defined as treatment discontinuation due to disease progression or treatment toxicities.
The alternate “two weeks on, one week off” (2/1) Sunitinib schedule was associated with 63.0% FFS at
6 months as compared to 44.0% with the standard 4/2 schedule. Median time to treatment failure (TTF)
was also statistically better with 7.6 months for the 2/1 schedule versus 6.0 months for 4/2 schedule
(p = 0.029) [23]. Another prospective phase II trial evaluated the efficacy and safety of Sunitinib in
the first line setting utilizing an individualized approach. Patients had the dose of Sunitinib, and the
number of days on treatment, adjusted according to reported rates of toxicity with an aim that toxicities
remained ≤ grade II intensity. This trial reported PFS of 12.5 months (p < 0.001) and clinical benefit
rate of 84.6% with the individualized approached [24]. A number of retrospective analyses have also
shown that alternate dosing schedules, particularly the 2/1 schedule, can deliver good efficacy with
acceptable tolerability [53,54]. Whilst the design of these studies varies, and they were not powered to
demonstrate superiority of AS for efficacy, collectively they suggest that Sunitinib schedule and the
dose can be personalized according to adverse effects without losing its efficacy.

The earlier generation VEGFr-TKIs differ slightly in their side effect profiles but have broadly
similar and overlapping toxicities. However interestingly, individual patients can develop different
side effects to each of these TKIs therefore switching between TKIs to another can improve tolerability
whilst retaining efficacy and cancer control. PISCES was a phase IIIb randomized, double blind,
cross-over trial evaluating patients’ preference for Pazopanib versus Sunitinib. Patient preference
was assessed by questionnaire at the end of the two treatment periods and the results overall favored
Pazopanib but not in all patents (Table 1) [25]. Therefore, adjusting on an individual patient basis
and being prepared to switch regimen is an important principle that remains relevant despite these
treatments themselves now being largely superseded.

While the data for the altered dosing of Sunitinib comes from phase II trials and retrospective
studies, Axitinib dose escalation and de-escalation strategies have been evaluated prospectively in
phase III trials. In a pharmacokinetic and pharmacodynamic study of Axitinib, a clear association
was found between circulating drug levels and efficacy of Axitinib; higher ORR was seen with higher
drug exposure [55]. The same study demonstrated that the presence of Axitinib-induced hypertension,
an “on-target” toxicity, could be used to guide Axitinib dose in order to optimize efficacy. It showed
that amongst patients who developed diastolic blood pressure (dBP) of ≥90 mmHg in response to
Axitinib median PFS was 14.6 months as compared to 7.8 months in the cohort in whom dBP remained
<90 mmHg whilst on Axitinib.

Patients develop specific toxicities from ICI known as immune-related adverse events.
However, there is overlap with those toxicities caused by TKIs, e.g., diarrhea, elevated liver enzymes,
and skin rashes. The emergence of ICI and TKI in combination as a treatment strategy, poses a new
challenge to identify the cause of emergent toxicities and to adjust treatment accordingly. The consensus
statement from The Society for Immunotherapy of Cancer, described differing possible approaches for
overlapping toxicities. The majority of the committee recommended stopping the TKI for 2–3 days as a
first step given the shorter half-life of TKIs, particularly Axitinib, which is used as a backbone in two
of these regimens. Others recommended holding both drugs with or without steroids, or continuing
Axitinib but holding ICI and treat with steroids [56]. Ultimately the choice depends on the specific
toxicity, its grade and physician judgement.

2.4. Consideration of Comorbidities in Treatment Selection

As with any disease, patients with more significant comorbidities and worse performance status
may have a poorer outcome than those with fewer comorbidities and good performance status.
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The effect of comorbidities (including age) were studied in a retrospective analysis, with data coming
from the Surveillance Epidemiology and End Results (SEER) database in the United States [57].
The Charlson Comorbidity Index (CCI) was used, with a higher score indicating the presence of more
severe comorbidities. It was found that patients with a higher CCI had decreasing probabilities of
receiving systemic treatment versus no treatment, when all patients with RCC were studied (OR 0.86;
95% CI 0.77–0.96). For all patients who were alive at the landmark six month point of analysis, there was
a statistically non-significant swing towards those who had received some form of systemic treatment
(OR 1.04; 95% CI 0.87–1.23). This could be explained by the fact that those who are alive at six months
were more likely to have a better performance status and/or higher pre-treatment estimate of longer
OS, thus were more suitable for active therapy. Also, a study looking at comorbidities as prognostic
markers showed that while the investigated co-morbidities could induce pathophysiological changes
that predisposed to tumor progression, none were independent prognostic factors in patients with
RCC [58].

It is often appropriate for severely comorbid patients with advanced RCC not to receive any
systemic anti-cancer therapy, with more of a focus on symptomatic relief and improved quality of
life. However active, treatment should be considered in stage IV RCC and can be deliverable to many
patients by adapting choices with knowledge of their specific comorbidities. This is especially relevant
in the present paradigm, given the range of systemic treatment options with manageable tolerability [59].
One example is selecting immunotherapy or mTOR inhibitors in patients with advanced RCC who
have existing significant circulatory disease, to avoid VEGFr-TKI-driven increase in the risk of vascular
events. Conversely, patients who have inflammatory-driven pathologies (e.g., inflammatory bowel
disease, autoimmune diseases) are at higher risk of adverse effects from immunotherapy and according
to the severity, may be more suited to a targeted therapy option. Although there are few situations where
individual therapies are absolutely contraindicated, the knowledge of comorbidities and expected
toxicities can guide preferences to limit the risk of exacerbating established comorbidities.

2.5. Assessment of Disease Distribution to Guide Treatment

Consideration of the sites and extent of RCC metastases can also be helpful in driving treatment
selection. For example, it has long been standard practice to utilize local treatment modalities for
patients with a limited metastatic burden. In such cases, surgical resection (metastasectomy) and/or
stereotactic radiosurgery can lead to excellent disease control whilst avoiding the duration of exposure
to, and toxicities from, systemic anticancer treatments [60,61]. In addition, the location of metastases
and overall tumor burden, can also have relevance for individualizing treatment.

One example is the choice of initial surveillance for a subset of RCC patients with low metastatic
burden that is not amenable to a local therapy option [18]. A real-world study showed that stage
IV RCC patients with lung (HR 1.27; 95% CI 1.06–1.53), liver (HR 1.42; 95% CI 1.10–1.84), and bone
(HR 1.37; 95% CI 1.13–1.66) metastases respectively had shorter OS than those without these sites
of disease [62]. Other studies have analyzed the effectiveness of treatment regimens according to
locations of metastases. A sub-analysis of the METEOR trial focused on outcomes in patients with
bone metastases. This showed that for patients with bone metastases at baseline, treatment with
Cabozantinib versus Everolimus, led to a significant improvement in PFS (7.4 months vs. 2.7 months;
HR 0.33, 95% CI 0.21–0.51), OS (20.1 months v 12.1 months; HR 0.54, 95% CI 0.34–0.84) and ORR
(17.0% vs. 0%), as well as improved response on bone scan (20.0% vs. 10.0%) [63]. The CABOSUN
trial also demonstrated that the degree of benefit for Cabozantinib over Sunitinib was greater for
patients with metastatic bone disease. The median PFS in patients with bone disease was almost
double with 6.1 months for Cabozantinib as compared to 3.3 months for Sunitinib with an impressive
HR of 0.54 [22]. Cabozantinib has become widely recognized as an appropriate TKI for RCC patients
with bone metastases.

A further example is the observation that the presence of metastases to endocrine (or “glandular”)
organs is associated with relatively favorable outcomes in patients with advanced ccRCC [26]. At first
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presentation of metastatic RCC, patients with at least one glandular metastasis compared to those
without glandular metastases were more likely to have favorable risk disease (37.2% vs. 18.0%),
less likely to have poor-risk disease (10.7% vs. 27.0%), and had considerably longer OS (61.5 months
vs. 37.4 months, HR 1.70; 95% CI 1.30–2.20, p < 0.001) (Table 1). Interestingly, these findings were
irrespective of the presence or absence of bone or liver metastases, suggesting that the potential
for improved OS must be recognized when determining management of patients with advanced
ccRCC and glandular metastases. This is relevant, as it may affect treatment choice in this subgroup,
particularly in those with limited sites of metastatic disease in whom a radical treatment approach
should be adopted where possible. If a radical approach is not deemed possible, it is reasonable to
adopt a period of initial surveillance to avoid the toxicities of systemic therapy, as the disease may
remain indolent for a long period of time and potentially for a number of years.

Conversely, brain metastases confer a relatively poor prognosis, which is often less than 12 months
from the time of diagnosis [64]. While this is frequently still the case, patients are receiving more
aggressive intervention for brain metastases such as the increased use of stereotactic brain radiosurgery.
This has led to improved local control of intracranial metastases particularly for those with a solitary
brain deposits. For example, Suarez-Sarmiento Jr et al. showed that relapse free survival (RFS) in RCC
patients with brain metastases was correlated with the number of brain lesions; RFS was 27.5 months
for those with only one lesion, but 12 months for those with more than one lesion (p = 0.0026) [64].
This supports a more aggressive approach to limited brain metastases in patients with RCC.

A further factor that may influence treatment selection is whether there is any clinical benefit
in achieving tumor shrinkage, as opposed to stability, in order to improve cancer-related symptoms.
This is particularly relevant in anatomical sites where tumor growth may lead to adverse consequences,
such as metastases affecting the spinal canal, and mediastinum disease. In such cases, the likelihood of
inducing meaningful disease response, and the time to achieve response can be relevant in guiding
therapy choice. Regimens that have achieved relatively short time to treatment response (TTR),
in addition to meeting their survival endpoints, include Nivolumab plus Ipilimumab in CheckMate
214, Pembrolizumab plus Axitinib in KEYNOTE 426 and most recently Nivolumab plus Cabozantanib
in Checkmate 9-ER. In these trials, ORR with Nivolumab plus Ipilimumab was 42%, and was 56% with
both Pembrolizumab plus Axitinib and Nivolumab plus Cabozantanib. It is also worth noting that the
progressive disease rate was higher with Nivolumab plus Ipilimumab at 27%, compared to 14.6% for
Pembrolizumab plus Axitinib and 13.7% with Nivolumab plus Cabozantanib. Acknowledging the
limitations of cross trial comparisons, this suggests that in cases where a rapid response is desirable,
a reasonable strategy is to select a TKI–containing regimen, ideally as a TKI + ICI combination.

2.6. Role of Genomic Markers and Biomarkers in Treatment Selection

Potential benefits of comprehensive genomic analyses of renal cancers include the identification of
biomarkers for prognosis and/or prediction of treatment benefit, and in identifying pathways suitable
for targeted therapies. Each subtype of RCC has a unique pathophysiology that may be appropriate
for separate therapeutic development [29,65]. Furthermore, many genetic/familial syndromes are
strongly associated with specific gene mutations and the presence of RCC subtypes. Numerous active
therapeutic trials have been designed in utilizing this paradigm, evaluating treatments in both ccRCC
and non-ccRCC.

ccRCC is characterized by the inactivation of Von Hippel-Lindau (VHL) tumor suppressor
protein and subsequent VHL mutation in essentially all cases, which results in the accumulation of
hypoxia-inducible factor (HIF) and subsequent downstream activation of pathways involved in cell
metabolism, proliferation and angiogenesis. Several ongoing studies are addressing the development
of HIF-targeted therapeutic approaches. The CXC-chemokine receptor-4 (CXCR4) inhibitor X4P-001,
which has been shown to downregulate HIF-2α, is being studied in combination with Axitinib, with the
intent of overcoming or delaying resistance to VEGFr TKIs (Table 3) [66–79]. PT2385 is a direct
HIF-2α antagonist that is being evaluated in patients with ccRCC in a world-first study [67], with the
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preliminary results showing a favorable safety profile and activity in patients with heavily pre-treated
ccRCC. Recently the HIF-2α antagonist MK-6482 was studied in a small group of patients with ccRCC,
with PFS at 12 months of 98% (95% CI 89–100%), and DOR) in confirmed responders not reached
(range 12–62 weeks) [68].

Table 3. Summary of studies using mutations and biomarkers to individualize treatment.

Study Tumour Subtype Study Type Marker Results, Comments

Atkins et al. [66] ccRCC Phase I/II study HIF2α
CXCR4 + Axitinib delaying ±

overcoming resistance to
VEGFr inhibitors.

Courtney et al. [67] ccRCC Phase I/II study HIF-2α
PT2385 shows favourable safety

profile and activity in patients with
heavily pre-treated ccRCC.

Srinivasan et al. [68] ccRCC Phase II study HIF-2α
Improved PFS (98% at 12 months);
DOR in confirmed responses NR

(range 12–62 months).

Hakimi et al. [69] ccRCC Single institution
cohort study

PBRM1, SETD2,
BAP1, KDM5C

Mutations in all genes are
asssociated with advanced stage,
grade, and possibly worse CSS

Voss et al. [70] Advanced/
metastatic RCC

Retrospective
cohort study

(COMPARZ and
RECORD-3)

PBRM1, BAP1,
TP53

Loss of PBRM1, gain of BAP1 and/or
TP53 associated with improved PFS

and OS in stage IV setting

Hsieh et al. [71] ccRCC
Retrospective

analysis
(RECORD-3)

PBRM1, BAP1,
KDM5C

PBRM1 and BAP1 mutations
associated with longer and shorter
PFS with 1L Everolimus in stage IV

setting; KDM5C mutation
assocaited with longer PFS with

1L Sunitinib.

IMmotion 150 [72] Treatment-naïve
stage IV RCC

Randomized,
phase II study

TMB, angiogenic
gene signature

TMB and neoantigen burden not
associated with PFS; angiogenesis
and T-effector response strongly

associated with PFS

CREATE [73] Type 1 PRCC

Multicentre,
non-randomized,

open-label
phase II study

MET

Crizotinib improved PFS in MET
positive/ amplified arm compared
to MET negative/ non-amplified
arm (80% v 22%); OS similar in

both arms.

Voss et al. [74] Advanced/
metastatic RCC

Randomized,
phase II study PTEN

Loss of PTEN IHC expression had
improved PFS when treated with
Everolimus, compared to retained

PTEN IHC expression (10.5 months
v 5.3 months).

Iacovelli et al. [75]
Thompson et al. [76]

Advanced/
metastatic RCC

Systematic review/
meta-analysis PD-L1

Limited utility of PD-L1 as a
predictive biomarker due to the lack

of negative predictive value.

Choueiri et al. [77] Metastatic ccRCC
Randomized,

phase III study
(COMPARZ)

PD-L1

Increased PD-L1 was associated
with shorter survival in patients
with metastatic RCC receiving

VEGFr inhibitor agents.

IMmotion 151 [78] Treatment-naïve
stage IV RCC

Randomized,
phase III study

Angiogenic gene
signature,

T-effector gene
signature

Confirmation of angiogenesis and
T-effector response strongly

associating with PFS; also finding
associations between angiogenesis

and T-effector response,
tissue subtypes, and treatment

options.

Pal et al. [79] Stage IV RCC Retrospective
analysis

ctDNA: TP53, VHL,
NF1, EGFR,

PIK3CA, ARID1A

Disparity in genomic alteration
frequencies in post first-line vs.
first-line were in TP53 (49% vs.

24%), VHL (29% vs. 18%),
NF1 (20% vs. 3%), EGFR (15% vs.

8%), and PIK3CA (17% vs. 8%)

Abbreviations: 1L, first line; ctDNA, circulating tumor DNA; ccRCC, clear cell renal cell cancer; CSS, cancer specific
survival; CXCR4, CXC-chemokine receptor-4; DOR, duration of response; HIF-2a, hypoxia-inducible factor-2a;
NR, not reported; OS, overall survival; PFS, progression free survival; PD-L1, programmed death-ligand 1;
TMB, tumor mutational burden; VEGFr, vascular endothelial growth factor receptor.
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In patients with ccRCC, PBRM1 is the second most commonly altered gene, with up to 40% of
these cancers having somatic loss-of-function mutations [50]. In the localized disease setting, loss of
PBRM1 is associated with unfavorable clinical outcomes, with these patients more likely to have stage
III disease at presentation, as well as more aggressive pathology, and a higher likelihood of developing
stage IV disease in the future [69]. There have been other histone modifying and chromatin remodeling
genes in ccRCC studied (SETD2, BAP1, KDM5C), all of which are associated with advanced stage,
grade, and possibly worse cancer-specific survival [69]. In the metastatic setting, however, loss of
PBRM1 is associated with both improved PFS and OS [70], and may be explained by tumors harboring
PBRM1 mutations being strongly angiogenic, resulting in the upregulation of targets of VEGF-directed
therapies (e.g., HIF) [80]. The favorable outcome associated with loss of PBRM1 is also found in the
RECORD-3 and ImMotion150 trials, irrespective of treatment choice in each trial [71,72].

PRCC has a long list of associated genetic mutations [81]. Type 1 PRCC has been associated
with both alterations in the MET gene and a gain in chromosome 7 (where the MET gene is located).
There have been some promising results in recent studies looking at treatment of type 1 PRCC with
MET inhibitors. Crizotinib is a small-molecule TKI that inhibits MET as well as anaplastic lymphoma
kinase (ALK) and ROS proto-oncogene 1 receptor tyrosine kinase (ROS1), which has been shown
to be effective in Type 1 PRCC. The effect of Crizotinib in type 1 PRCC patients was studied in
tumors with MET-positivity and/or MET-amplification, against those that were MET-negative and not
MET-amplified [73]. PFS at one year was 80.0% (95% CI 20.4–96.9) in the MET-positive/amplified arm,
against 22.0% (95% CI 5.4–45.6) in the MET-negative/non-amplified arm. The OS was relatively similar
in each arm, and the numbers in this study were quite small (23 evaluable subjects), but nevertheless
it may provide us with a potential treatment option for type 1 PRCC and is currently being trialed
in larger studies. Furthermore, two respective phase II trials looking at Foretinib and Savolitinib,
both multi-kinase inhibitors targeting MET, demonstrated significant response rates in patients with
MET-driven papillary RCC’s [82,83]. Foretinib had a 50.0% response rate among patients with a
germline MET mutation, and Savolitinib had a 18.0% ORR in MET-driven tumors (compared to
0% ORR in non-MET driven tumors) with a median PFS of 6.2 months against 1.4 months in the
respective arms (HR 0.33, 95% CI 0.20–0.52). There is an ongoing phase II randomized controlled
trial which was designed to compare Crizotinib, Savolitinib, Cabozantinib, and Sunitinib in patients
with PRCC [84]. The Crizotinib and Savolitinib arms were closed in mid-2018 for futility after an
interim analysis, leaving the efficacy of Cabozantinib and Sunitinib to be studied in both MET mutated
and MET expressing tumors. However, none of the trials has yet yielded results that translate into
mutation-driven selection in clinical practice. At present, appropriate first line choices for MET-positive
non-ccRCC on a biological basis could be Sunitinib or Cabozantinib. Cabozantinib has activity against
MET as well as other signaling pathways but lacks clinical trial evidence in phase III clinical trials in
non-ccRCC. Sunitinib, conversely, is listed as the default option in many clinical guidelines, based on
the trial results described previously. Type 2 PRCC has been linked to mutations in CDKN2A, SETD2,
BAP1, PBRM1, TERT, NF2, FH, and NRF2-ARE pathway genes (among others), as well as a CpG
island methylator phenotype [85]. Various mutations in CDK2NA have also been seen frequently in
CDCs although it is unclear whether and how this knowledge may be harnessed in future therapy
selection [86].

The chromophobic and oncocytic subtypes have a correlation with Birt-Hogg-Dubé syndrome.
Various types of non-ccRCC have been associated with Tuberous Sclerosis Complex (TSC) with
one study showing a high incidence of both papillary and chromophobe/oncocytic subtypes [87].
Apart from MET-mutated PRCC, there is no strong evidence for other mutations due to a lack of
adequately sized cohorts, although the trials are ongoing. As an example, given the known association,
the presence of FH may lead to the use of treatment regimens efficacious in patients with hereditary
leiomyomata and renal cell cancer (HLRCC) or PRCC [50].

An association between mutation status for TSC1/TSC2/mTOR and therapeutic outcome with
Everolimus was tested, but not confirmed. Clinically meaningful differences in PFS, however, were seen
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based on PTEN expression by IHC, which was lost in >50% of patients [74]. A loss of PTEN IHC
expression led to favorable outcomes in patients treated with Everolimus when compared to retained
PTEN IHC expression (median PFS 10.5 vs. 5.3 months, HR 2.5, p < 0.001). Such differences were not
seen with Sunitinib, suggesting that TKIs may be a preferred therapeutic option in those with retained
PTEN IHC expression.

For ICI across all tumor types as well as in RCC, PD-L1 expression is the most thoroughly
researched biomarker. Its expression has an association with aggressive disease biology in RCC,
including high nuclear grade, lymph node involvement, and distant metastases; however, its utility
as a predictive biomarker is limited as it lacks negative predictive value [75,76]. Though treatment
efficacy is greater in PD-L1 positive patients, it has been repeatedly demonstrated that ICI also
provide clinical benefit to PD-L1 negative patients [16,33,44]. Hence, PD-L1 expression does not help
segregate responders from non-responders. The proposed explanations of this inconsistency as a
biomarker are variable expression of PD-L1 on fresh versus archival tissue, intra-tumoral heterogeneity,
and heterogenous expression of PD-L1 on primary versus metastatic sites, as well as lack of using a
uniform assay [88]. Interestingly however, an association with high PD-L1 and poor outcome when
treated with VEGFr inhibitors has been shown [77].

Tumor mutational burden (TMB) is perhaps the most promising biomarker for ICI in recent
times for tumor types with high mutational loads such as melanoma and urothelial cancer.
However, the mutational load in RCC is usually very low and as yet, it is not in routine clinical
use as a predictive biomarker in any setting. The generation of tumor neoantigens may come
from higher frequencies of frameshift insertion and deletion mutations [89], and the ongoing
TRACERx Renal study has shown secondary mutations and chromosomal changes involved in
tumor evolution, outlining their clinical relevance [90]. In the IMmotion 150 trial, exploratory
biomarker analysis was conducted evaluating TMB and neo-antigen burden but found no association
with PFS [72]. Strongly angiogenic tumors are more responsive to anti-VEGF TKI as compared to
ICI. Gene expression profiling can identify RCC into high and low angiogenic tumors. As mentioned
previously, tumors harboring PBRM1 mutations tend to be strongly angiogenic while BAP1 mutation
is associated with poorly angiogenic tumors. These genetic signatures were integrated prospectively
in phase III study (IMmotion 151), with the data recently validating both angiogenesis and T-effector
gene signatures as predictors of outcome [44,90]. Patients with favorable risk RCC are characterized
by an angiogenesisHigh gene signature. In renal tumors with T-effectorHigh and angiogenesisLow

signatures, Atezolizumab/Bevacizumab improved PFS compared to Sunitinib. Patients with an
angiogenesisHigh gene signature had improved PFS compared to angiogenesisLow group in the
Sunitinib arm. Supporting the data mentioned previously on tumors with sarcomatoid differentiation,
sarcomatoid RCCs were shown to be characterized by angiogenesisLow and T-effectorHigh gene
signatures, with higher PD-L1 expression, and hence greater benefit with immunotherapy [78].
This may be a significant step in the understanding of the biology of RCC, and the subsequent
information obtained to direct therapy.

Circulating tumor DNA (ctDNA) is the most widely used blood-based test for assessment of
cancer biomarkers. It is a means of assessing for tumor-based material less invasively, and its use as
a predictive and prognostic biomarker has been validated across multiple solid tumor types [91,92].
The use of ctDNA in RCC is still under investigation, although the rationale is very much justified.
Multiple genomic alterations including those in VHL, TP53, EGFR, and NF1 have been identified in
ctDNA, with the same report showing genomic alterations in any gene detected in 78.6% of patients
with metastatic RCC [79]. The ctDNA count to assess tumor response to treatment has been studied
since, with a positive correlation between detectable ctDNA and radiographic burden of disease
found [93]. Although the limitations of many studies include a lack of power (due to small sample
sizes), more specific genomic analyses would likely benefit further from ctDNA analysis in terms of
prognostication, an example being MET-deficient RCC [94].
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A new area of focus these days is gut microbiota where pre-clinical studies have shown that certain
micro-organisms may predict positive or negative responses from ICI [95]. Exposure to antibiotics and
dietary habits impact our gut microbiome and further research is being carried out to segregate the
groups of micro-organisms which are consistent with ICI related outcomes.

The available published data for predictive biomarkers is not sufficiently strong to change current
clinical practice. Most of the literature is based on retrospective analysis on archival tissues but there are
many ongoing studies which are prospectively evaluating various biomarkers. The current evidence to
use biomarkers in treatment decision is lacking and needs validation before it can be used for clinical
decision making.

3. Selection of Second-Line Treatment and beyond

The treatment landscape beyond the first line setting has changed considerably in the last few
years, and has been further complicated since several agents previously used in the second and third
line settings are now indicated first line, either alone or in combination. In fact, only five years ago the
standard of care for second-line treatment was limited to Axitinib or Everolimus for patients who had
received a TKI as their first-line treatment for metastatic RCC [96].

The same principles apply in choosing subsequent lines of treatment in advanced RCC to those
adopted in choosing initial therapy. There is evidence that patients exposed to ICI upfront can respond
well to VEGF-targeting TKIs on progression [28]. This was reported in a follow-on observational
study in 33 patients who had progressed on upfront ICI therapy in the Checkmate 214 trial and who
subsequently received a VEGFr-TKI. The reported ORR was 36.0% with a median PFS of 7.0–8.0 months
achieved with the VEGFr-TKIs Sunitinib, Pazopanib, Cabozantinib, and Axitinib. This was particularly
respectable given that the trial population had predominantly intermediate and poor risk disease.
These four VEGFr-TKIs together with Tivozanib, and Sorafenib can all be appropriately considered
after first-line VEGFr-TKIs on the basis of randomized trial data [97–109].

There is continuing research into the benefit of immunotherapy in advanced RCC in second
and later lines of therapy after a variety of initial treatments. The phase III CheckMate 025 study
evaluated efficacy outcomes from Nivolumab and Everolimus in patients who had progressed after
one or two prior TKIs. It demonstrated a statistically significant improvement in ORR, PFS, and OS
with Nivolumab, compared to Everolimus [12]. No other checkpoint inhibitor therapy agent is yet
indicated for use in second-line treatment and beyond in advanced ccRCC although other trials are
recruiting including using different ICI-containing regimens in those exposed to upfront ICI therapy.

It has long been known that mTOR inhibitors are also beneficial in treating advanced RCC beyond
first-line therapy. Everolimus showed an improved PFS when compared to placebo [110]. With the
advance of TKI treatment options, and subsequent randomized trial data showing superiority of
both Nivolumab and Cabozantinib over Everolimus, mTOR inhibitors are less-frequently used as
monotherapy if other options are available [12,101]. However, the use of Everolimus in combination
with the VEGFr-TKI Lenvatinib is approved and in routine use. In a randomized phase II study
of 150 patients, the combination of Lenvatinib and Everolimus showed PFS and OS benefit over
Everolimus monotherapy [111].

Therapy with IL-2 is now uncommon for treatment of ccRCC. It is FDA-approved for
treatment of metastatic RCC but is only available at select institutions world-wide for patients
with low-volume disease. ORR are 14.0–20.0%, but patients who have a complete response may enter
a long-term remission [6,112]. Toxicity may be profound, and treatment-associated deaths have been
reported. Its use has largely been superseded by the advent of the plethora of ICI-based and other
treatment regimens.

Selecting the most suitable treatment option for second-line and beyond in advanced RCC is
heavily dependent on the regimen given in the first-line setting, in addition to consideration of
those factors used to select first line treatment such as efficacy data, local availability, comorbidities,
physician/patient preference, and, to a lesser extent, histological subtype. Despite the many therapeutic
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advancements made in the last few years, there is a lack of well-validated prognostic and predictive
biomarkers to further personalize the management of advanced RCC, although this means a very active
research field. Based on the efficacy and strength of data, the most widely recommended second-line
treatment options for advanced ccRCC are Cabozantinib and Nivolumab although Lenvatinib with
Everolimus of merit and is increasingly used [12,100,101]. Beyond this, the options include any
of the other approved treatments and of course recruitment to clinical trials is to be encouraged
where available.

4. Conclusions

Over the last decade, there has been a major shift in the treatment of advanced RCC. The progress
of medicine has led to improved survival, making the management of complex disease processes as
important as ever. The evolution of both immunotherapy and targeted therapy treatment options,
along with the significant advances in research into personalized medicine, have led to greatly improved
survival and quality of life in this previously morbid tumor group. Treatment choice is primarily selected
utilizing internationally-recognized, evidence-based consensus guidelines. However, choice between
treatments that are regarded to have broadly equivalent efficacy is often required and, to date,
has been driven by clinico-pathological features including RCC risk category, histological sub-type,
patient fitness, and comorbidities. However, the development of these treatment options has been
accompanied by enormous advances in understanding of the molecular and genomic basis of RCC. It is
therefore hoped that the continuing development of validated tumor genomic markers and biomarkers,
together with new ways of predicting and prognosticating outcome, will eventually allow for more
educated, accurate and tailored treatment individualization.
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Abbreviations

ALK anaplastic lymphoma kinase
CCI Charlson comorbidity index
ccRCC clear cell renal cell cancer
CDCs collecting duct carcinomas
ChRCC chromophobe renal cell cancer
CR complete response
ctDNA circulating tumor DNA
CXCR4 CXC-chemokine receptor-4
dBP diastolic blood pressure
DOR duration of response
EMA European medical agency
ESMO European society for medical oncology
FDA food and drug administration
FFS failure free survival
HIF hypoxia-inducible factor
HLRCC hereditary leiomyomata and renal cell cancer
ICI immune checkpoint inhibitors
IFN interferon
IL-2 interleukin-2
IMDC International Metastatic RCC Database Consortium
ITT intention to treat
NCCN national comprehensive cancer network

38



Cancers 2020, 12, 3750

ORR objective response rate
OS overall survival
PD-1 programmed cell death-1
PD-L1 programmed cell death-ligand 1
PFS progression free survival
PRCC papillary renal cell cancer
RCC renal cell cancer
RFS relapse free survival;
RMC renal medullary carcinoma
ROS1, ROS proto-oncogene 1 receptor tyrosine kinase
SEER surveillance epidemiology and end results
TKIs tyrosine kinase inhibitors
TMB tumor mutational burden
TRCC translocation renal cell carcinoma
TSC tuberous sclerosis complex
TTF time to treatment failure
TTR time to treatment response
VEGFr vascular endothelial growth factor receptor
VHL Von Hippel-Lindau
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Simple Summary: The management of metastatic renal cell carcinoma (mRCC) represents a clinical
challenge. Progression or toxicity may occur during first-line treatments and many patients require a
second-line option. Given the expanding options for second-line therapies clinicians are faced with
the challenge to individualize treatment. We performed a systematic review in order to summarize
available evidences about the clinicopathological profile of mRCC patients who receive a second-line
therapy. We identified twenty-nine studies enrolling 7650 patients. Discontinuation of first-line
therapy was due to progression in the majority of patients with 77.8% patients harboring ≥2 metastatic
sites. Most patients had a good performance status, their age ranged from 55 to 70 years and their
prognostic profile revealed a good or intermediate disease in most cases. Tailoring of second-line
treatment strategies based on these features is strongly advocated.

Abstract: A high percentage of patients with metastatic renal cell carcinoma (mRCC) require a
second-line option. We aimed to summarize available evidences about the clinicopathological profile
of mRCC patients who receive a second-line therapy. A systematic review was performed in August
2020. We included papers that met the following criteria: original research; English language; human
studies; enrolling mRCC patients entering a second-line therapy. Twenty-nine studies enrolling
7650 patients (73.5% male, mean age: 55 to 70 years) were included. Clear cell histology was reported
in 74.4% to 100% of cases. Tyrosine kinase inhibitors, immunotherapy, bevacizumab, mTOR inhibitors,
and chemotherapy were adopted as first line option in 68.5%, 29.2%, 2.9%, 0.6%, and 0.2% of patients,
respectively. Discontinuation of first-line therapy was due to progression and toxicity in 18.4% to 100%
and in 17% to 48.8% of patients, respectively. Eastern Cooperative Oncology Group performance status
score was 0 or 1 in most cases. Most prevalent prognostic categories according to the International
Metastatic RCC Database Consortium and Memorial Sloan–Kettering Cancer Centre score were
intermediate and good. About 77.8% of patients harboured ≥2 metastatic sites. In conclusion, patients
who enter a second-line therapy are heterogeneous in terms of a clinical-pathological profile. Tailoring
of second-line treatment strategies is strongly advocated.
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1. Introduction

Renal cell carcinoma (RCC) accounts for about 3% of all cancers, with the highest incidence
occurring in Western countries [1–3]. Approximately 25% of patients with RCC present with
metastatic disease at diagnosis and up to 20% of those treated for early-stage disease will experience
recurrence [1–3]. The overall incidence of metastatic RCC (mRCC) continues to rise by 2% per year.
The landscape of therapy for patients with mRCC, has evolved dramatically over the past decade [2].
Prior to 2005, immunotherapy with interleukin-2 (IL-2) and interferon-α (IFN-α) represented the
mainstay of therapy and median overall survival was about 1 year [2]. In 2005, the Food and
Drug Administration approved sorafenib, the first vascular endothelial growth factor receptor
(VEGFR)-targeted tyrosine kinase inhibitor (TKI) for RCC. The approval was closely followed by the
introduction of several additional agents for advanced mRCC including other VEGFR-TKIs as well as
mammalian target of rapamycin (mTOR) inhibitor therapies. These agents improved median survival
estimates to approximately 2.5–3 years [2]. However, the management of mRCC still represents a
clinical challenge [3]. Indeed, progression during first-line treatments may occur due to biological
resistance mechanisms, and up to 60% of patients with mRCC require a second-line option with
different mechanisms of action [3,4]. Moreover, treatment might be interrupted in some patients due to
toxicity. In the second-line setting, treatment strategies have initially focused on vascular endothelial
growth (VEGF) inhibition or switching toward inhibition of mechanistic target of mTOR [3]. Traditional
second-line approaches include the mTOR inhibitor everolimus and axitinib, a selective VEGFR TKI [3].
Since 2015, three new second-line treatments have become available: cabozantinib, a TKI, nivolumab,
an immuniocheckpoint inhibitor (ICI), and lenvatinib, a TKI used in combination with everolimus [3].
Given the expanding options for second-line therapies clinicians are facing with the challenge to
individualize treatment [3]. Indeed, no conclusive data exist with respect to potential sequencing.
The knowledge of demographic and clinical profile of patients with mRCC who enter a second-line
therapy is considered of benefit for researchers involved in the identification of novel pharmacological
strategies and for clinicians who are asked to personalize treatment strategies [5]. Currently, despite
several evidences about molecular mechanisms involved in drug resistance to first-line therapy and
clinical efficacy of second-line options in patients with mRCC, there are few evidences describing their
demographic and clinical profile of mRCC patients who need a second-line regimen. The present
systematic review aims to summarize available evidences about the clinicopathological profile of
mRCC patients undergoing a second-line therapy.

2. Evidence Acquisition

This analysis was conducted and reported according to the general guidelines recommended
by the Primary Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement [6].
On August 2020 we performed a literature review to search for published studies demographic and
clinical-pathological profile of mRCC patients who receive a second-line regimen. The search was
performed in the Medline (US National Library of Medicine, Bethesda, MD, USA), Scopus (Elsevier,
Amsterdam, The Netherlands) databases, and Web of Science Core Collection (Thomson Reuters,
Toronto, ON, Canada). The following terms were combined to capture relevant publications: renal cell
carcinoma (RCC), metastatic, resistant, toxicity, second line. We included full papers published in the
last 15 years that met the following criteria: reporting original research; English language; human
studies; enrolling mRCC patients who enter a second-line therapy. Reference lists in relevant articles and
reviews were also screened for additional studies. Abstracts (with no subsequent full-text publications)
and unpublished studies were not considered. Two authors (GC, CCR) reviewed the records separately
and individually to select relevant publications, with any discrepancies resolved by a third author
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(NL). The following data were extracted from the studies included: first author, year of publication,
enrollment period, sample size, ethnic origin, age, gender, tumor histology, tumor stage and grade,
prior nephrectomy, first-line regimen, first-line progression free survival, first-line objective response
rate, reasons for discontinuation, Eastern Cooperative Oncology Group performance status (ECOG PS)
score, Memorial Sloan-Kettering Cancer Centre (MSKCC) score, International Metastatic Renal Cell
Carcinoma Database Consortium (IMDC) score, number and site of metastatic sites, second line regimen.
The quality of included studies was assessed using the Methodological Index for Non-Randomized
Studies (MINORS) and the Jadad scores for non-randomized and randomized studies, respectively [7,8].
Ethical approval and patients’ consent were not required for the present study.

3. Evidence Synthesis

The search strategy revealed a total of 745 results. The screening of the titles and the abstracts
defined 75 papers eligible for inclusion. Further assessment of eligibility, based on the study of the
full-text papers, led to the exclusion of 46 papers. Twenty-nine studies were then included in the final
analysis [9–37] (Figure 1).

 

 

Figure 1. Flow diagram of the systematic review.

Specifically, seven studies were randomized control trials (RCT) with Jadad score ranging from 1
to 5, six were prospective and 16 were retrospective, with methodological index for non-randomized
studies (MINORS) score ranging from 8 to 18 (Table 1).
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Table 1. Patients’ demographics and tumor characteristics.

Author
(Year)

Study
Design

Study
Period

Jadad
Score

MINOR
Score

Sample
Size (n)

Ethnic Origin (n)

Age at
Progression

Mean
(Range)

Male:Female
Histology of

Primary Tumour
(%)

T-Stage
(%)

Fuhrman or
WHO/ISUP
Grade (%)

Nephrectomy
n (%)

Suzuki
(2020) (a)

[10] R 2016–2019 - 14
41 n/a 70 (46–88) 33:8 Clear Cell (82.9)

Other (17.1) n/a n/a 34 (82.9)

Suzuki
(2020) (b)

[10]
39 67 (39–87) 29:10 Clear Cell (74.4)

Other (25.6) 34 (87.2)

Tomita
(2020) [11] P 2017–2020 - - 35 n/a 63 (42–84) 24:11 Clear Cell (100) n/a n/a 34 (97.1)

Hamieh
(2020) [12] P n/a–2019 - - 7 Caucasian (7) 57 (39–63) 7:0 Clear Cell (100) n/a n/a 6 (86.0)

Yoshida
(2019) [13] R n/a–2018 - 8 6 n/a 65.2 (49–83) 5:1

Clear Cell (83.3)
Acquried cystic

disease associated
RCC (16.7)

T1b (16.6)
T2 (16.6)

T3a (66.6)
n/a 6 (100)

Shah
(2019) [14] R 2015–2018 11 70 n/a 59 (44–75) 50:20 Clear Cell (100) n/a n/a 60 (86.0)

Bersanelli
(2019) [15] R 2005–2011 - 12 150 n/a n/a 115:35

Clear Cell (77.0)
Papillary (13.5)

Pure sarcomatoid
(5.4)

Sarcomatoid
component (13.0)

Others (4.0)

T1 (6.0)
T2 (14.0)
T3 (58.0)
T4 (8.7)

n/a 129 (86.0)

Hasanov
(2019) [16] P 2013–2019 - - 9

White or
Caucasian (8)
Hispanic or
Latino (1)

59 (53–73) 5:4 Clear Cell (100) n/a n/a 8 (89.0)
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Table 1. Cont.

Author
(Year)

Study
Design

Study
Period

Jadad
Score

MINOR
Score

Sample
Size (n)

Ethnic Origin (n)

Age at
Progression

Mean
(Range)

Male:Female
Histology of

Primary Tumour
(%)

T-Stage
(%)

Fuhrman or
WHO/ISUP
Grade (%)

Nephrectomy
n (%)

Semrad
(2018) (a)

[17] RCT 2012–2018 3 - 17

White (9)
American

Indian/Alaska
native (2)
Black (2)

Hispanic (4)

64 (49–76) 13:4 Clear Cell (100) n/a n/a n/a

Semrad
(2018) (b)

[17]
18

White (12)
Asian/Pacific
Islander (1)

Black (1)
Hispanic (4)

59 (46–74) 14:4

Auvray
(2018) [18] R 2015–2018 12 33 n/a 61 (40–77) 23:10 Clear Cell (100) n/a n 25 (76.0)

Ishihara
(2017) [19] R 2007–2016 - 9 60 n/a n/a 42:18 Clear Cell (76.7)

Other (23.3) n/a n/a n/a

Lakomy
(2017) [20] R 2014–2016 - 13 1029 n/a 59 (33–81) 740:248

Clear Cell (94.1)
Papillary (4.85)

Other (1.05)
n/a n/a 849 (85.9)

Eggers
(2017) [9] R 2005–2012 - 10 105 n/a n/a 74:31

Clear Cell (83.2)
Papillary (4.3)

Other (4.4)

T1 (15.2)
T2 (21.0)
T3 (40.0)
T4 (3.8)

G1 (8.6)
G2/3: (80.9) n/a

Davis
(2016) [21] R 2003–2015 10 1516 n/a n/a 1110:406

Clear Cell (89.0)
Other (11.0)
Sarcomatoid

component (11.0)

n/a n/a 1256 (83.0)
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Table 1. Cont.

Author
(Year)

Study
Design

Study
Period

Jadad
Score

MINOR
Score

Sample
Size (n)

Ethnic Origin (n)

Age at
Progression

Mean
(Range)

Male:Female
Histology of

Primary Tumour
(%)

T-Stage
(%)

Fuhrman or
WHO/ISUP
Grade (%)

Nephrectomy
n (%)

D’Aniello
(2016) [22] R 2014–2016 - 8 62 n/a 62 (36–86) * 55:7 Clear Cell (94.2)

Other (4.8) n/a n/a 54 (87.1)

Motzer
(2015) (a)

[23] RCT 2012–2013 4 -
51

n/a
61 (44–79) 35:16

Clear Cell (100) n/a n/a
44 (86.0)

Motzer
(2015) (b)

[23]
52 64 (41–79) 39:13 43 (83.0)

Motzer
(2015) (c)

[23]
50 59 (37–77) 38:12 48 (96.0)

Choueiri
(2015) (a)

[24] RCT 2013–2014 3 - 330

White (269)
Asian (21)
Black (6)

Other (19)
Not reported (15)

Missing (0)

63 (32–86) 253:77 n/a n/a n/a
284 (86.0)

Choueiri
(2015) (b)

[24]
328

White (263)
Asian (26)
Black (3)

Other (13)
Not reported (22)

Missing (1)

62 (31–84) 241:86 280 (85.0)

Bergmann
(2015) [25] P 2009–2013 - - 334 n/a 68 (22–89) 250:84

Clear Cell (88.0)
Non-Clear Cell (7.0)

Missing (5.0)
n/a n/a 300 (90.0)
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Table 1. Cont.

Author
(Year)

Study
Design

Study
Period

Jadad
Score

MINOR
Score

Sample
Size (n)

Ethnic Origin (n)

Age at
Progression

Mean
(Range)

Male:Female
Histology of

Primary Tumour
(%)

T-Stage
(%)

Fuhrman or
WHO/ISUP
Grade (%)

Nephrectomy
n (%)

Hutson
(2014) (a)

[26] RCT 2007–2011 4 - 259
White (178)
Asian (38)
Other (43)

60 (19–82) 193:66
Clear Cell (83.0)
Non-Clear Cell

(17.0) n/a n/a 223 (86.0)

Hutson
(2014) (b)

[26]
253

White (163)
Asian (50)
Other (40)

61 (21–80) 192:61
Clear Cell (82.0)
Non-Clear Cell

(18.0)
219 (87.0)

Signorovitch
(2014) [27] R 2019–2012 - 12 281 n/a n/a 182:99

Clear Cell (84.0)
Non-Clear Cell

(16.0)
n/a n/a 130 (46.3)

Wong
(2014) [28] R 2011 - 13 534 White (421)

Others (113) 64 (34–88) 376:158
Clear Cell (89.0)
Non-Clear Cell

(11.0)
n/a n/a 89 (16.7)

Park
(2012) [29] R 2005–2011 14 83 n/a 55 (26–84) 61:22

Clear Cell (78.0)
Non-Clear Cell

(22.0)
n/a n/a 67 (81.0)

Busch
(2013) [30] R 2005–2011 - 18 103 n/a n/a 67:36

Clear Cell (86.0)
Non-Clear Cell

(10.0)
Unknown (7.0)

n/a n/a 100 (97.0)

Trask
(2011) [31] RCT 2006 1 - 62

White (60)
Asian (1)
Other (1)

n/a 42:20 Clear Cell (82.2)
Other (17.8)

T4 (95.1)
Other
(4.9)

n/a 62 (100)

Rini (2011)
(a) [32] RCT 2008–2010 4 - 361

White (278)
Black (1)

Asian (77)
Other (5)

61 (20–82) 265:96 Clear Cell (100) n/a n/a n/a

Rini (2011)
(b) [32] 362

White (278)
Black (1)

Asian (77)
Other (5)

61 (22–80) 258:104

Zimmerman
(2009) [33] R 2005–2006 - 12 22 n/a 61 (39–78) 16:6 Clear Cell (100) n/a n/a 12 (54.5)
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Table 1. Cont.

Author
(Year)

Study
Design

Study
Period

Jadad
Score

MINOR
Score

Sample
Size (n)

Ethnic Origin (n)

Age at
Progression

Mean
(Range)

Male:Female
Histology of

Primary Tumour
(%)

T-Stage
(%)

Fuhrman or
WHO/ISUP
Grade (%)

Nephrectomy
n (%)

Di
Lorenzo

(2009) [34]
P 2006–2008 - - 52 n/a 60 (40–78) 35:17

Clear Cell (86.5)
Papillary (9.6)

Sarcomatoid (3.8)
n/a n/a 49 (94.2)

Tamaskar
(2008) [35] R n/a - 12 30 n/a 62 (42–77) 24:6

Clear Cell (93.3)
Papillary + Clear

Cell (6.6)
n/a n/a 30 (100)

Motzer
(2006) [36] P 2003 - - 63 n/a 60 (24–87) 43:20

Clear Cell (87.0)
Papillary (6.0)
Sarcomatoid
variant (2.0)

Unknown (5.0)

n/a n/a 58 (92.0)

Escudier
(2004) (a)

[37] RCT 2003–2005 5 - 451 n/a 58 (19–86) 315:58 Clear Cell (100) n/a n/a 422 (94.0)

Escudier
(2004) (b)

[37]
452 59 (29–84) 340:59 Clear Cell (100) 421 (93.0)

MINORS: Methodological Index for Non-Randomized Studies; P: prospective; R: retrospective, RCT: randomized controlled trial; RCC: renal cell carcinoma; n/a: not available;
*: median (IQR).
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3.1. Patients’ Demographics and Tumor Characteristics

A total of 7650 patients who received second line therapy from 2003 to 2019 were included in the
final analysis. Davis et al. [21] recorded the largest sample size (n = 1516), while Yoshida et al. [13]
the smallest (n = 6). The patients’ demographics and characteristics of the tumour was not fully
reported for all 7650 patients included and are summarized in Table 1. Mean age ranged from 55
to 70 years (range 19–89). Most of the patients included were white (n = 1671 out of 2143 reported
(77.9%)), male (n = 5604, 73.5%) and with clear cell histology (ranged from 74.4% to 100%). Fuhrman or
WHO/ISUP grade was only reported by one author [9]. Most patients (40.0% to 95.1%) had a ≥T3 stage
disease. A total of 5371 (79.0% of 6793 reported) underwent nephrectomy. The percentage of patients
who underwent prior nephrectomy ranged from 16.7% to 100%. Included studies failed to provide
data about the type (radical vs. cytoreductive) and timing (upfront vs. delayed) of nephrectomy.

3.2. Treatment History

Details about first-line treatment history are described in Table 2.

3.2.1. First Line Therapy

All the studies, except one [9], reported the first-line therapy drugs and the relative number of
patients (n = 9027). Of those, 6187 patients (68.5%) received TKI (Sunitinib: 4528 (73.1%), Sorafenib:
880 (14.2%), Pazopanib: 637 (10.3%), Axitinib: 134 (2.1%), Tivozanib: 7 (0.1%), Cabozanitinib:
1 (0.01%)). Immunotherapy was administrated in 2637 (29.2%) patients (Interleukin and/or Interferon
(1462, 55.4%), non-specified cytokine (1026, 38.9%), ICIs (149, 5.6%)). Moreover, 262 (2.9%) patients
received Bevacizumab. In 59 patients (0.6%) mTOR inhibitors (Temsirolimus: 53 (89.8%), Everolimus:
6 (10.2%)) were administrated. Finally, 17 (0.2%) patients received chemotherapy (Thalidomide:
6 (35.3%), Lenalidomide: 5 (29.4%), Capecitabine: 3 (17.6%), Gemcitabine: 3 (17.6%)).

3.2.2. Progression Free Survival (PFS) and Objective Response Rates

Median PFS under first-line therapy was reported in 10 studies and ranged from 1.5 to 13.3 months.
First-line response rate was reported in 5 studies (419 patients). In details, complete response (CR),
partial response (PR), stable disease (SD) and progression disease (PD) was reported in 3 (0.7%),
94 (22.4%), 199 (47.5%) and 123 (29.3%) patients, respectively.

3.2.3. Reason for Discontinuation

Reasons for discontinuation of first-line therapy were reported in 6 studies (262 patients).
Specifically, 51 (19.4%) and 211 (80.6%) discontinued first line therapy because of toxicity and disease
progression, respectively.

3.3. Disease Characteristics at Initiation of Second Line Therapy

Details about disease characteristics before starting second line therapy are described in Table 2.
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Table 2. Treatment history and disease characteristics at initiation of second line therapy.

Author (Year)
First Line

Regimen (n)

Reason for
Discontinuation n

(%)

First-line PFS
(Months) Mean

(Range)

First-Line
Response
Rate (%)

ECOG PS
Score (n)

Prognostic Category n (%) Metastatic
Sites (n)

Involved
Metastatic

Sites (n)

Second Line Regimen
(%)

Toxicity Progression
Favorable
/Good

Intermediate Poor

Suzuki (2020)
(a) [10]

Sunitinib (18)
Pazopanib (19)
Sorafenib (2)

Temsirolimus (2)

20 (48.8) 21 (51.2) 12.7(6.2–45.1) n/a n/a 3 (7.3) # 24 (58.5) # 14 (34.2) # 1 (23)
≥2 (18) n/a

Axitinib
41 (100)

Suzuki (2020)
(b) [10]

Sunitinib (20)
Pazopanib (18)
Sorafenib (1)

11 (28.2) 28 (71.8) 13.3
(7.1 -16.9) n/a 2 (25.1) # 23 (59.0) # 14 (35.9) # 1 (21)

≥2 (18)
Nivolumab

39 (100)

Tomita (2020)
[11]

Sunitinib (24)
Axitinib (18)

Pazopanib (7)
Nivolumab (11)
Avelumab (3)

Pembrolizumab (1)

n/a n/a n/a n/a n/a 11 (31.4) ◦ 19 (62.9) ◦ 5 (14.3)
1 (6)

2 (11)
≥3 (3)

Bone (8)
Lung (21)
Liver (9)

Lung or liver,
and bone (25)
Lymph node

(11)
Other (15)

Cabozantinib 35 (100)

Hamieh (2020)
[12]

Sunitinib (2)
Pazopanib (1)
Ipilimumab +
Nivolumab (3)

Cabozantinib (1)

n/a n/a 1.5 (0.8 -3.0) n/a n/a 0 (0) # 4 (57.1) # 3 (42.8) # n/a

Lung (6)
Bone (3)
Brain (4)
Liver (1)

Lenvatinib +
Everolisimus

7 (100)

Yoshida (2019)
[13]

Sorafenib (2)
Sunitinib (3)

IL2 (1)
+ Nivolumab

n/a n/a n/a n/a n/a 0 (0) # 6 (100) # 0 (0) #
1 (2)
2 (3)
3 (1)

Lung (n/a)
Lymph node

(n/a)
Right adrenal

gland (n/a)

Axitinib
6 (100)

Shah (2019) [14]

Anti-PD-(L)1 single
agent (12)

PD-1 + CTLA-4
blockade (33)

PD-(L)1 +
anti-VEGF therapy

(25)

12 (17.0) 58 (83.0) n/a n/a n/a 8 (11.0) # 48 (69.0) # 14 (20.0) # n/a

Lung (61)
Bone (35)
Liver (12)

Lymph node
(48)

Adrenal
gland (22)

Pazopanib 19 (27)
Sunitinib 6 (9)

Axitinib 25 (36)
Cabozantinib 20 (28)
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First Line

Regimen (n)
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(%)
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ECOG PS
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Second Line Regimen
(%)

Toxicity Progression
Favorable
/Good

Intermediate Poor

Bersanelli
(2019) [15] Sunitinib (150) n/a

(26.3)
n/a

(61.7) n/a n/a n/a 16 (10.7) ◦ 95 (63.7) ◦ 28 (18.9) ◦
1 (19)
2 (33)
≥3 (48)

Lung (70)
Lymph node

(59)
Bone (31)
Liver (25)
Brain (11)

Renal bed (9)

VEGF -TKI (n/a)
mTORI (n/a)

Hasanov (2019)
[16]

Sunitinib (7)
Everolimus (6)
Pazopanib (6)

Temsirolimus (4)
Capecitabine (3)
Gemcitabine (3)

Axitinib (2)
Bevacizumab (1)

Sorafenib (1)
Tivozanib (1)

n/a n/a 1.8 (0.8–3.6) n/a
0 (6)
1 (2)
2 (1)

1 (11.0) ◦ 6 (67) ◦ 2 (22) ◦

1 (1)
2 (3)
3 (1)
4 (2)
6 (1)

10 (1)

Lung (8)
Mediastinum

(4)
Liver (3)

Lymph node
(2)

Chest wall (1)

Carfilzomib 9 (100)

Semrad (2018)
(a)

[17]

Bevacizumab (5)
Pazopanib (6)
Sorafenib (2)
Sunitinib (4)

n/a n/a n/a n/a

0 (12)
1 (5)

n/a n/a n/a

Trebabanib
17 (48.5)

Semrad (2018)
(b) [17]

Bevacizumab (10)
Pazopanib (5)
Sorafenib (2)
Sunitinib (1)

0 11)
1 (7)

Trebabanib + anti
VEGF

18 (51.5)

Auvray (2018)
[18]

Nivolumab
-ipilimumab (33) 8 (24.2) 25 (75.8) 8.0

(5.0–13.0) n/a n/a 4 (12.1) # 23 (69.7) # 6 (18.2) # n/a n/a

Sunitinib 17 (51.5)
Axitinib 8 (24.2)

Pazopanib 6 (18.2)
Cabozantinib 2 (6.1)

Ishihara (2017)
[19]

Sunitinib (37)
Sorafenib (21)
Pazopanib (2)

0 (0) 60 (100) n/a n/a n/a 9 (15.0) ◦ 44 (73.3) ◦ 7 (11.7) ◦ 1 (18)
≥2 (42)

Lung (50)
Liver (10)
Bone (12)

Lymph node
(19)

Sunitinib13 (21.6)
Sorafenib 2 (3.69)
Axitinib 30 (50)
Pazopanib 3 (5)

Temsirolimus 4 (6.7)
Everolimus 8 (13.3)

57



Cancers 2020, 12, 3634

Table 2. Cont.

Author (Year)
First Line

Regimen (n)

Reason for
Discontinuation n

(%)
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(%)

Toxicity Progression
Favorable
/Good

Intermediate Poor

Lakomy (2017)
[20]

Bevacizumab +
interferon-alpha

(35)
Sorafenib (232)
Sunitinib (655)

Temsirolimus (23)
Pazopanib (84)

n/a n/a 10 (n/a) n/a

0 (182)
1 (487)
2 (46)
3 (1)

Unknown
(272)

361 (36.5) ◦ 573 (58.0) ◦ 54 (5.46) ◦ n/a n/a

Everolimus 520 (50.5)
Sorafenib 240 (23.3)
Sunitinib 228 (22.1)

Axitinib 29 (2.8)
Pazopanib 10 (0.97)

Temsirolimus 1 (0.09)
Bevacizumab +

interferon-alpha 1
(0.09)

Eggers (2017)
[9]

Sunitinib (n/a)
Sorafenib (n/a)
Axitinib (n/a)

Pazopanib (n/a)
Cytokine (n/a)

n/a n/a n/a n/a
0 (75)
≥1 (8)

n/a (22)
8 (7.6) ◦ 30 (28.6) ◦ 2 (1.9) ◦

1 (44)
>1 (41)
n/a (20)

n/a n/a

Davis (2016)
[21]

Sunitinib (1068)
Sorafenib (279)

Axitinib (4)
Bevacizumab (55)
Pazopanib (110)

n/a n/a 8.1
(3.9-16.0) n/a n/a 329 (22) ◦ 902 (60) ◦ 285 (19) ◦ n/a n/a

Sunitinib 278 (18.0)
Sorafenib 325 (21.0)

Axitinib 107 (7.1)
Pazopanib 120 (7.9)

Cabozantinib 16 (1.1)
Bevacizumab 28 (1.8)

Temsirolimus 133 (8.8)
Everolimus 403 (27.0)

INF/IL-2 13 (0.9)
Clinical trial drugs 93

(6.1)

D’Aniello (2016)
[22] Sunitinib (62) n/a n/a 7.18

(4.04-13.4) n/a
0 (42)
1 (18)
2 (2)

15 (24.2) ◦ 43 (69.4) ◦ 4 (6.5) ◦ n/a

Lung: (29)
Bone: (8)
Liver: (4)

Lymph-node:
(9)

Other: (12)

Axitinib
62 (100)
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Prognostic Category n (%) Metastatic
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Metastatic

Sites (n)

Second Line Regimen
(%)

Toxicity Progression
Favorable
/Good

Intermediate Poor

Motzer (2015)
(a) [23]

Axitinib (1)
Bevacizumab (0)

Pazopanib (9)
Sorafenib (1)
Sunitinib (36)
Tivozanib (3)

Other (1)

n/a n/a n/a

CR 1 (2)
PR 14 (28)
SD 20 (39)
PD 7 (14)
n/a 9 (18)

0 (27)
1 (24) 12 (24.0) ◦ 19 (37.0) ◦ 20 (39.0) ◦

1 (18)
2 (15)
≥3 (18)

Bone (12)
Liver (10)
Lung (27)

Lymph nodes
(25)

Lenvatinib +
Everolimus

51 (100)

Motzer (2015)
(b) [23]

Axitinib (2)
Bevacizumab (1)
Pazopanib (13)
Sorafenib (0)
Sunitinib (35)
Tivozanib (1)

Other (0)

PR 10 (19)
SD 28 (54)
PD 10 (19)
n/a 4 (8)

0 (29)
1 (23) 11 (21.0) ◦ 18 (35.0) ◦ 23 (44.0) ◦

1 (9)
2 (15)
≥3 (28)

Bone (13)
Liver (14)
Lung (35)

Lymph nodes
(31)

Single agent Lenvatinib
52 (100)

Motzer (2015)
(c) [23]

Axitinib (0)
Bevacizumab (4)
Pazopanib (13)
Sorafenib (2)
Sunitinib (28)
Tivozanib (2)

Other (1)

PR 10 (20)
SD 21 (42)
PD 15 (30)
n/a 9 (8)

0 (28)
1 (22) 12 (24.0) ◦ 19 (38.0) ◦ 19 (38.0) ◦

1 (5)
2 (15)
≥3 (30)

Bone (16)
Liver (13)
Lung (35)

Lymph nodes
(33)

Single agent
Everolimus

50 (100)

Choueiri (2015)
(a)

[24]

Sunitinib (210)
Pazopanib (144)

Axitinib (52)
Sorafenib (21)

Bevacizumab (5)
IL-2 (20)

Interferon alfa (19)
Nivolumab (17)

n/a n/a n/a n/a
0 (226)
1 (104) 150 (45.0) ◦ 137 (42.0) ◦ 43 (13.0) ◦ n/a n/a

Cabozantinib
330 (50.1)
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Choueiri (2015)
(b)

[24]

Sunitinib (205)
Pazopanib (136)

Axitinib (55)
Sorafenib (31)

Bevacizumab (11)
IL-2 (29)

Interferon alfa (24)
Nivolumab (14)

0 (217)
1 (111) 150 (46.0) ◦ 135 (41.0) ◦ 43 (13.0) ◦ Everolimus

328 (49.9)

Bergmann
(2015) [25]

Sunitinib (260)
Sorafenib (68)
Pazopanib (12)

Bevacizumab (41)
Cytokines (33)

n/a n/a n/a n/a n/a 84 (35.0) ◦ 134 (56.0) ◦ 20 (8.0) ◦ n/a

Lung (226)
Lymph node

(145)
Bone (125)
Liver (87)
Adrenal

gland (47)

Everolimus
334 (100)

Hutson (2014)
(a) [26] Sunitinib (259)

n/a n/a n/a n/a

0 (103)
1 (150)

Other (6)
50 (19.0) ◦ 178 (69.0) ◦ 31 (12.0) ◦

n/a n/a

Temsirolsimus
259 (100)

Hutson (2014)
(b)

[26]
Sunitinib (253)

0 (113)
1 (139)

Other (1)
44 (17.0) ◦ 177 (70.0) ◦ 32 (13.0) ◦ Sorafenib

253 (100)

Signorovitch
(2014) [27]

Sunitinib (206)
Sorafenib (49)

Pazopanib (26)
n/a n/a n/a n/a 0 (40)

≥1 (234) 67 (23.8) ◦ 138 (49.1) ◦ 30 (10.7) ◦ n/a

Lung (232)
Lymph nodes

(152)
Bone (148)
Liver (76)
Adrenal

gland (35)
Soft tissue (49)

Central
nervous

system (13)
Other (6)

Everolimus 138 (49.1)
Temsirolimus 64 (22.8)

Sorafenib 20 (7.1)
Sunitinib 16 (5.7)

Pazopanib 35 (12.5)
Axitinib 8 (2.8)

60



Cancers 2020, 12, 3634

Table 2. Cont.

Author (Year)
First Line

Regimen (n)

Reason for
Discontinuation n

(%)

First-line PFS
(Months) Mean

(Range)

First-Line
Response
Rate (%)

ECOG PS
Score (n)

Prognostic Category n (%) Metastatic
Sites (n)

Involved
Metastatic

Sites (n)

Second Line Regimen
(%)

Toxicity Progression
Favorable
/Good
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Wong (2014)
[28]

Sunitinib (459)
Sorafenib (50)

Pazopanib (25)
n/a n/a n/a n/a n/a n/a n/a

Lung (379)
Lymph nodes

(146)
Bone (262)
Liver (164)

Adrenal
gland (77)

Soft tissue (49)
Central
nervous

system (16)

Everolimus 233 (43.6)
Temsirolsimus 178

(33.3)
Sorafenib 123 (23.0)

Park (2012) [29]
Sunitinib (60)
Sorafenib (16)
Pazotinib (7)

n/a 0 n/a
≥ SD 66 (79.0)
PD 14 (17.0)
n/a 4 (5.0)

n/a n/a ≤2 (44)
≥3 (39) n/a VEGF TKI 41 (49.4)

mTORI: 42 (50.6)

Busch (2013)
[30]

Sunitinib (20)
Sorafenib (12)

Bevacizumab (3)
Pazopanib (1)

n/a 19 (18.4) 9.1 (6.8–11.5)

CR 1 (1.9)
PR 22 (21.4)
SD 42 (40.8)
PD 47 (40.8)

0 (69)
1 (10)
2 (1)

n/a 1 (46)
≥3 (46)

Bone (23)
Liver (23)

Sunitinib 21 (20.4)
Sorafenib 39 (37.4)

Everolimus 35 (34.0)
Temsirolimus 5 (4.9)

Other 9 (8.7)

Trask (2011)
[31] Sorafenib (62) n/a n/a 7.4

(6.7–11.0) n/a 0 (21)
1 (41) n/a n/a

Lung (44)
Node (30)
Liver (20)

Soft Tissue
(11)

Bone (8)
Other (30)

Axitinib
62 (100)

Rini (2011) (a)
[32]

Sunitinib (194)
Cytokines (126)

Bevacizumab (29)
Temsirolimus (12)

n/a n/a n/a n/a

0 (195)
1 (162)
≥1 (1)

100 (28.0) ◦ 134 (37.0) ◦ 118 (33.0) ◦

n/a n/a

Axitinib
361 (100)

Rini (2011) (b)
[32]

Sunitinib (195)
Cytokines (125)

Bevacizumab (30)
Temsirolimus (12)

0 (200)
1 (160)
≥1 (0)

101 (28.0) ◦ 130 (36.0) ◦ 120 (33.0) ◦ Sorafenib
362 (100)
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Zimmerman
(2009) [33] Sorafenib (22) n/a n/a 12.5 (n/a) PR 7 (31.8%)

SD 15 (68.2%) n/a 10 (45.5) ◦ 12 (54.5) ◦ 0 (0) ◦
1 (3)
2 (1)
≥ 3 (18)

Lung (16)
Liver (11)

Lymph nodes
(11)

Bone (10)
Brain (5)

Sunitinib
22 (100)

Di Lorenzo
(2009) [34]

Interferon- alfa (5)
IL-2 (4)

Sunitinib (50)
Sunitinib +

Interferon (2)

n/a n/a n/a

CR 1 (1.9)
PR 21 (40.4)
SD 7 (13.5)

PD 23 (44.2)

0 (33)
1 (15)
2 (4)

40 (76.9) ◦ 9 (17.3) ◦ 3 (5.78) ◦
1 (24)
2 (18)
≥3 (10)

Lung (38)
Liver (12)

Lymph nodes
(12)

Adrenal (5)
Bone (4)

Kidney (3)
Soft tissue (2)

Sorafenib
52 (100)

Tamaskar (2008)
[35]

Thalidomide (6)
Lenalidomide (5)
Volociximab (6)
Bevacizumab (7)

AG13736 (2)
Sunitinib (5)
Sorafenib (4)

n/a n/a n/a n/a n/a n/a n/a

Lung (21)
Lymph node

(18)
Bone (13)
Liver (11)

Soft tissue (22)
Brain (5)

Sunitinib
and/or Sorafenib (n/a)

Motzer (2006)
[36]

Interferon–apha
(35)

IL-2 (19)
Interferon-alpha +

IL-2 (9)

n/a n/a n/a 6% 0 (34)
1(29) 34 (54.0) ◦ 29 (46.0) ◦ 0 (0) ◦ 1 (8)

≥ 2 (55)

Lung (52)
Liver (10)
Bone (32)

Sunitinib
63 (100)
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Escudier (2004)
(a) [37]

Cytokine-based
(374)

IL (191)
Interferon (307)
Both IL-2 and

interferon (124) n/a n/a n/a n/a

0 (219)
1 (223)

2 (7)
Unknown

(2)

233 (52.0) ◦ 218 (48.0) ◦ 0 (0) ◦

1 (62)
2 (131)
>2 (256)

Unknown
(2)

Lung (348)
Liver (116)

Sorafenib
451 (100)

Escudier (2004)
(b)

[37]

Cytokine-based
(368)

IL (189)
Interferon (314)
Both IL-2 and

interferon (135)

0 (210)
1 (236)

2 (4)
Unknown

(2)

228 (50.0) ◦ 223 (50) ◦ 0 (0) ◦
1 (63)
2 (129)
>2 (258)

Lung (348)
Liver (117)

Placebo
452 (100)

CR: Complete Response; ECOG PS: Eastern Cooperative Oncology Group Performance Status; L: Interleukin; PD: progressive disease; PD-1: programmed death-1; PFS: Progression-free
survival; PR: Partial response; R: Retrospective; RCT: Randomized Controlled Trial; SD: Stable disease; EGFR-TKI: vascular endothelial growth factor receptor tyrosine kinase inhibitor;
n/a: not available; #: International Metastatic Renal Cell Carcinoma Database Consortium score; ◦: Memorial Sloan–Kettering Cancer Centre score; PFS: Progression Free Survival;
n/a: not available.
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3.3.1. Eastern Cooperative Oncology Group Performance Status (ECOG PS) Score

ECOG PS score at initiation of second-line therapy was reported in 15 studies enrolling a total of
4303 patients. Of those, 2092 patients (48.6%) showed an ECOG PS score of 0 whereas 2211 (52.4%)
showed the ECOG PS score at progression ≥1.

3.3.2. Prognostic Scores

Prognostic score before starting second-line therapy was reported in 23 studies enrolling
6583 patients. In details, MSKCC and the IMDC were used in 18 and 5 studies, respectively.
The percentage of patients showing a favorable, intermediate, and poor prognostic score according to
the MSKCC and IMDC scores were 31.8%, 53.9%, 14.3% and 8.7%, 65.3%, and 26%, respectively.

3.3.3. Number of Metastasis and Metastatic Sites

The number of metastatic sites at progression was reported in 14 studies enrolling 1680 patients.
One metastatic site was recorded in 372 (22.1%) patients. Conversely, in 1308 patients (77.8%) ≥2 sites
were involved. Eighteen studies involving 4726 patients described the number of specific metastatic
sites. The most frequent metastatic sites were lung, bones, lymph nodes and liver. Specifically,
the number of patients harbouring lung, bone, lymph node and liver metastases were 1976 (41.8%),
763 (16.1%), 751 (15.9%) and 748 (15.8%), respectively. Less frequent metastatic sites were adrenal gland
(n = 186, 3.9%), soft tissue (n = 133, 2.8%), central nervous system (n = 29, 0.6%), brain (n = 25, 0.5%),
kidney (n = 12, 0.2%), mediastinum (n = 4, 0.1%) and chest wall (n = 1, 0.01%).

3.4. Second Line Therapy

Details about the type of second-line therapy were reported in 26 studies involving 5634 patients.
Specifically, 2793 patients (49.6%) received mTOR inhibitors (Everolimus: 2107 (76.4%), Temsirolimus:
644 (23.0%), not specified: 42 (1.5%)). Tyrosin kinase inhibitors were administrated in 2170 patients
(38.5%) (Axitinib: 739 (34.0%), Sunitinib: 664 (30.6%), Cabozanitinib: 423 (19.5%), Pazopanib: 193 (8.9%),
Lenvatinib:110 (5.0%), not specified: 41 (1.9%)). Immunotherapy was given to 53 patients (0.9%)
(Interleukin and/or Interferon (14, 26.4%), ICIs (39, 73.6%)). Moreover, 29 patients (0.5%) received
Bevacizumab. Unspecified clinical trial drugs were administrated in 93 patients (1.6%) and 452 patients
(8.0%) received placebo. Finally, 9 patients received Carfilzomib (0.1%) and 35 patients (0.6%) received
Trebabanib. Detailed clinical and pathological prophile of mRCC patients according to second-line
therapy was only possible in 18 studies [10–13,16,17,22–26,31–34,36,37]. Table 3 describes the available
clinical and pathological features of mRCC patients stratified according the following second-line
therapies: axitinib, cabozantinib, nivolumab, everolimus plus levatinib. The features of patients
undergoing therapy with VEGF-targeted therapy in combination with immunotherapy could not be
extracted. Mean age of patients when entering these second-line therapies was <65 years in all cases.
The percentage of patients who underwent prior nephrectomy was lower among patients receiving
axitinib (29.3%) and higher among those receiving nivolumab (87.2%). The percentage of patients with
a good/intermediate prognostic profile was hugher among patients receiving cabozantinib (86.8%)
and lower among those breceiving everolimus plus levatinib (60.4%).
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Table 3. Clinical and pathological characteristics according to second line treatment regimens.

Characteristic Axitinib (n = 532) Cabozantinib (n = 365) Nivolumab (n = 39)
Everolimus +

Levatinib (n = 58)

Male:Female 400:132 277:88 29:10 42:16

Age at progression,
years (mean) 64.5 63.0 63.0 59.0

Histology of Primary Tumor, n (%)

Clear cell
carcinoma 510 (95.9) 35 (9.5) 29 (74.4) 58 (100)

Non-Clear cell
carcinoma 22 (4.1) 0 (0) 10 (25.6) -

Not specified 0 (0) 330 (90.6) 0 (0) -

T-Stage, n (%)

T1 1 (0.2) n/a n/a n/a

T2 1 (0.2) n/a n/a n/a

T3 4 (0.7) n/a n/a n/a

T4 59 (11.1) n/a n/a n/a

Not specified 467 (87.8) n/a n/a n/a

Fuhrman or
WHO/ISUP Grade,

n (%)
n/a n/a n/a n/a

Prior nephrectomy,
n (%) 156 (29.3) 268 (73.4) 34 (87.2) 50 (86.2)

Reason for Discontinuation, n (%)

Progression 21 (3.9) n/a 28 (71.8) n/a

Toxicity 20 (3.7) n/a 11 (28.2) n/a

Not specified 491 (92.2) n/a 0 (0) n/a

ECOG PS Score, n (%)

0 258 (48.5) 226 (61.9) n/a 27 (46.5)

1 221 (41.5) 104 (28.5) n/a 24 (41.4)

2 3 (0.6) 0 (0) n/a 0 (0)

Not specified 50 (9.4) 35 (9.6) n/a 7 (12.1)

Prognostic Category, n (%)

Favorable/Good 118 (22.2) 161 (44.1) 2 (5.1) 12 (20.8)

Intermediate 207 (38.9) 156 (42.7) 23 (59.0) 23 (39.6)

Poor 136 (25.6) 48 (13.2) 14 (35.9) 23 (39.6)

Not specified 71 (13.3) 0 (0) 0 (0) -

Metastatic sites, n (%)

1 25 (4.7) 6 (1.6) 21 (53.8) 18 (31.0)

≥2 22 (4.1) 14 (3.8) 18 (46.2) 33 (56.9)

Not specified 485 (91.2) 345 (94.6) 0 (0) 7 (12.1)

Involved Metastatic Sites, n (%)

Lung 73 (13.7) 21 (5.7) n/a 33 (56.9)

Liver 24 (4.5) 9 (2.5) n/a 11 (18.9)

Lymph node 39 (7.3) 11 (3.0) n/a 25 (43.1)

Bone 16 (3.0) 8 (2.2) n/a 15 (25.9)

Other 53 (9.9) 15 (4.1) n/a 4 (6.9)

Not specified 408 (77.7) 330 (90.4) n/a 0 (0)

Percentage are calculated on the total number of patients treated with the specific second-line regimen.
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4. Discussion

RCC incidence is rising at an average of 1.1% each year with 16% of the cases being metastatic at
the time of presentation [5,38]. mRCC poses one of the great therapeutic challenges in oncology. Indeed,
it is typically refractory to traditional cytotoxic chemotherapies, and until recently management options
were limited to immunotherapy or palliative options. The paradigm of treatment and the prognosis
of patients with mRCC has significantly changed in recent years thanks to the development and
widespread use of molecular targeted agents, including VEGF pathway inhibitors, mammalian target of
rapamycin pathway inhibitors, immune checkpoint inhibitors (ICIs). Since 2005, new‘first-line regimens
have significantly improved the survival of mRCC patients. However, treatment discontinuation is
often necessary due to disease progression, therapy-limiting toxicity, or patient request [9]. Thanks to
recent improvements in targeted therapies clinicians have the opportunity to offer patients several lines
of therapy. Nowadays, near half of patients with mRCC receive a second-line therapy [5]. The current
European Association of Urology guidelines strongly recommend offering either nivolumab or
cabozantinib for ICIs-naive VEGFr-refractory clear-cell mRCC and to offer any VEGF-targeted therapy
that has not been previously used in combination with immunotherapy as second-line therapy for
patients refractory to ICIs (strength of rating: weak) [39]. The National Comprehensive Cancer
Network Guidelines recommend Cabozantinib, Nivolumab, Axitinib, and Lenvatinib plus Everolimus
as category 1 after TKI treatment [40].

Nivolumab is an ICI antibody that disrupts the interaction of the PD-1 receptor with its
ligands PD-L1 and PD-L2 [41]. It suppresses tumor growth by inducing the proliferation of
cancer antigen-specific T cells and enhancing cytotoxic activity [41]. Axitinib is a potent, selective,
second-generation inhibitor of vascular endothelial growth factor receptor (VEGFR)1, 2 and 3 [42].
Cabozantinib is a multitargeted receptor tyrosine kinase inhibitor with activity against hepatocyte
growth factor receptor (tyrosine-protein kinase Met), vascular endothelial growth factor receptor 2
(VEGFR-2) and protoncogene tyrosine-protein kinase receptor Ret [43]. Lenvatinib is a small-molecule
TKI that inhibits VEGFR1-3, fibroblast growth factor receptor (FGFR1-4), platelet-derived growth factor
receptor α (PDGFRα), stem cell factor receptor (KIT), and rearranged during transfection (RET) [44].
Novel second-line treatment strategies have shown overall survival benefit up to 25 months compared
to everolimus. However, the field of RCC treatments is evolving at a rapid and unprecedented pace
that makes it difficult for researcher and clinicians to keep up with the latest evidence and derive
the best recommendations and decisions. In the era of personalized medicine, we face the concrete
difficulty of “targeting” available target therapies mainly due to the lack of reliable predictive factors,
that are urgently needed. Beside molecular predictive factors, a detailed clinical-pathological picture
of specific subsets of patients to treat is often required. Indeed, although guidelines are useful in the
general population setting, clinicians are challenged with selecting treatments for individual patients.
In this context, they have to consider a range of factors from the clinical-pathological profile, and prior
therapy to less obvious but central issues in the daily life of patients [3]. To our knowledge, this is the
first systematic review summarizing the demographic and clinicopathologic profile of mRCC patients
who enter a second-line therapy. Our results provide the basis for many hypotheses that need to be
tested in future investigations. Demographic features have relevant clinical implications for mRCC
patients. Racial/ethnic and gender disparities have been described in terms of RCC incidence and
survival. Black patients have been reported to have a significantly higher incidence rate and lower
relative survival rate than all other races/ethnicities, whereas Asians/Pacific Islanders show an opposite
trend [45].

A higher predominance in men over women has been described (1.5:1), together with a slightly
lower relative survival rate [45]. Our results demonstrate that the majority of mRCC patients who
receive a second-line therapy enrolled in clinical studies of captured in real-world databases have a
Caucasian/White ethnic origin and are male. The relevance of ethnicity in terms of mRCC response
to first-line therapies is widely under-investigated and deserves future evaluations. Rose et al.
demonstrated that both Caucasian and African American patients with mRCC had a significant
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increase in rates of systemic treatment with an accompanying improvement in survival since the
introduction of targeted therapies [46]. However, African American patients showed a survival
disadvantage compared to Caucasians independent of treatment received, probably due to tumour
biology, comorbidities, or disease burden [46]. The authors hypothesized that the racial disparity in
survival may be related to factors unaffected by the implementation of therapies and that treatment
bias does not explain the survival disparity [46]. Although gene polymorphism may explain the
disparity of response and tolerability in mRCC patients receiving targeted therapy, further studies
about the exact mechanism are required. Interestingly, the male to female ratio we observed when
describing the population of mRCC is higher than the 1.5:1 incidence ratio. This finding leads to
hypothesize a gender difference in terms of tumor progression and/or drug toxicity. Gender influences
epidemiology, histology, surgical treatment, complications, response to medical therapy, and long-term
oncological and functional outcomes in RCC [47,48]. In detail, the male gender has been associated
with worse RCC clinical features and prognosis. The reason of such discrepancy should be further
evaluated, as it could be related either to the immune-related genes of the X chromosome or to the
hormonal sex influences on cancer susceptibility or both [47]. Furthermore, a gender selection bias
should also be considered as a potential explanation for this observation. Indeed, as recently reported
by Mancini et al., men are included in clinical trials and prospective studies on genitourinary cancers
more often than women [48,49]. A better clarification of gender-related mechanisms can lead to the
possibility of including gender factors in risk-predictive nomograms and allow the possibility for
personalized gender-oriented treatment options [48,49].

Mean patient ages range from 57 to 70 years. Currently, uncertainties exist about the prognostic
effect of age on RCC. Some authors have pointed out that older age is correlated with a higher stage and
pathological grade, suggesting an adverse association with prognosis [50]. In their study, Zhang et al.
found that younger patients with mRCC receiving targeted therapy had a poorer prognosis compared
with older patients [50]. Interestingly, the mean age of patients receiving axitinib, cabozantinib,
nivolumab, and the combination of everolimus plus levatinib was < 65 years. Of note, younger patients
also have theoretically a low comorbidity status and can better tolerate further lines of treatment.
The age profile emphasizes the need to improve the accessibility to second lines of treatment. Moreover,
this evidence points out the need for further studies assessing the outcomes of second-line therapies in
older patients.

Each kidney cancer histology has unique genomic and clinical features that should be taken into
account when planning appropriate targeted therapies [51]. Clear cell RCC represents approximately
75% of renal cancers. As expected, clear-cell histology is highly prevalent among the mRCC population
captured by our review. However, non-clear cell histology is reported in up to 25.6% of these patients.
Unfortunately, non-clear cell kidney cancer still represents an unmet need from a therapeutic point of
view and available treatments have demonstrated limited efficacy in this subset of patients [51].

The majority of patients entering a second-line therapy discontinued first-line drugs due to
disease progression. However, a non-negligible percentage of them (up to 48.8%) discontinued it due
to toxicity. This finding has relevant clinical implications. Although demonstrated only for mRCC
patients who discontinue VEGF-targeted therapies, it has been reported that patients who discontinue
first-line therapy because of toxicity have better outcomes than patients who stop it because of disease
progression [51]. Whether the former subset of patients should receive different consideration when
starting next line of therapy still remains a controversial issue [52].

The number and typology of metastatic sites have a relevant prognostic role in mRCC patients.
Patients with only one metastatic site have been reported to have a better prognosis when compared
to patients with multiple sites involved [53]. Although most patients entering a second line therapy
have more than one metastatic site, there is a considerable percentage of patients with only one site
involved. Several authors demonstrated variable outcomes depending on the patterns of metastasis.
Although the lung is the most frequently involved metastatic site in patients undergoing a second-line
therapy, our analysis points out a heterogeneous distribution of metastatic sites. Typically, bone and
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brain metastases represent significant therapeutic dilemmas as they are poorly responsive to medical
therapy [2]. Bone is involved in a significant number of mRCC patients entering a second-line therapy.
Published data have pointed to the potential utility of cabozantinib in patients with bone metastasis,
thus providing a potential rationale to personalize second-line therapies according to the metastatic
sites [2].

Although most mRCC patients receiving second-line therapy had a prior nephrectomy, a significant
percentage of them (up to 83.3% in some series) did not receive surgery. The role of cytoreductive
nephrectomy (CN) has profoundly changed in recent years along with the evolution of medical
therapy [53]. The theoretical benefits of CN include facilitation of spontaneous regression, reduction
of de novo metastases, and palliation of symptoms [54]. However, these potential benefits must be
considered in the context of perioperative morbidity and the delayed receipt of systemic treatments.
In the cytokine era, CN provided a crystal-clear benefit in terms of overall survival and it was considered
the standard of care [54]. More recently, based on the results of the CARMENA and SURTIME trials,
patients with MSKCC intermediate- and poor-risk are deemed not suitable for upfront CN as this will
delay the beginning of target therapy thus potentially decreasing the overall survival [54]. Therefore,
although CN still remains an important tool in the multimodality management of mRCC, careful
patient selection is of paramount importance and discussion in multidisciplinary teams is required.
To date, the role of CN in the setting of ICI remains largely undefined and future trials are required to
provide insight on patient selection and optimal timing of CN in this clinical scenario [54]. Stratification
of mRCC according to prognostic models has relevant clinical implications and guidelines recommend
tailoring first-line therapies accordingly. Most patients receiving a second-line therapy belong to the
favorable/intermediate prognostic categories with the latter being the most represented in most series.
Future investigations are required to explore the role of second-line agents’ selection according to the
prognostic risk category.

The potential limitations of this review must be acknowledged: available studies often provide
incomplete and heterogeneously reported clinicopathologic data. In most cases, patients enrolled in
the included studies are selected on the basis of predefined inclusion and exclusion criteria thus being
not completely representative of patients found in everyday clinical practice. Finally, this study simply
describes the characteristics of patients who receive a second-line regimen while future studies are
needed to depict the profile of the entire population of patients who discontinue a first line regimen.

5. Conclusions

Based on data from both clinical trials and real-life observational registries, patients who are
submitted to second-line therapy represent a heterogeneous group. Most of the reported cases, however,
show a good performance status, are younger than 70 years and have a good/intermediate prognostic
profile. Future studies are needed to better characterize profiles and subtypes of patients submitted to
second-line treatments.
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Simple Summary: In contrast to organismal evolution, human cancers are subjected to similar initial
conditions and follow a limited range of possible evolutionary trajectories. Therefore, the repetitive
nature of cancer evolution may prove to be its greatest weakness. Evolutionary trajectories of clear cell
renal cell carcinoma (ccRCC) have been recently described. In this review, we will discuss the relevance
of estimating the trajectory of ccRCC evolution as a readout for a response to therapy. Next, we will
propose strategies to take advantage of the evolving nature of these tumors for patients’ benefit.

Abstract: The emergence of clinical resistance to currently available systemic therapies forces us
to rethink our approach to clear cell renal cell carcinoma (ccRCC). The ability to influence ccRCC
evolution by inhibiting processes that propel it or manipulating its course may be an adequate
strategy. There are seven deterministic evolutionary trajectories of ccRCC, which correlate with
clinical phenotypes. We suspect that each trajectory has its own unique weaknesses that could be
exploited. In this review, we have summarized recent advances in the treatment of ccRCC and
demonstrated how to improve systemic therapies from the evolutionary perspective. Since there are
only a few evolutionary trajectories in ccRCC, it appears feasible to use them as potential biomarkers
for guiding intervention and surveillance. We believe that the presented patient stratification could
help predict future steps of malignant progression, thereby informing optimal and personalized
clinical decisions.

Keywords: clear cell renal cell carcinoma; ccRCC; RCC; kidney cancer; evolution; evolutionary
trajectory; biomarker

1. Introduction

Renal cell carcinoma (RCC) is the eighth most commonly diagnosed cancer in the United States,
with an estimated incidence of 74,000 new cases in 2020 [1]. The classic triad of flank pain, flank mass,
and hematuria occurs only in 10% of cases [2]. Due to the ability of the kidney for functional
compensation when part of it is destroyed, early detection from loss of function is usually impossible.
As a result, RCC remains clinically occult for most of its course, and around one-third of patients
present with metastatic disease at the time of diagnosis. Those with localized tumors have up to
40% risk of recurrence following complete resection [3,4]. Remarkable advances over the last decade
contributed to the development of targeted therapies and immunotherapies that today represent a
standard for unresectable RCC. Despite relatively high response rates to these agents, the vast majority
of patients eventually experience cancer progression. The emergence of clinical resistance to currently
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available systemic therapies represents a significant challenge and forces us to rethink our approach
to RCC.

The best-studied histological subtype is clear cell renal cell carcinoma (ccRCC), which is
derived from the proximal convoluted tubule and accounts for approximately 70% of all cases [5].
A series of next-generation sequencing studies led to a better understanding of the genetic
background of ccRCC [6–10]. The results of these studies uncovered a near-universal inactivation of
the von Hippel-Lindau disease (VHL) tumor suppressor gene. Other frequent alterations involve
histone-modifying genes, SWI/SNF complex, and PI3K/AKT/mTOR pathway. Moreover, an integrated,
genome-wide analysis of copy-number changes and gene expression profiles in ccRCC identified
7 chromosomal regions of recurrent arm level or focal amplifications (1q, 2q, 5q, 7q, 8q, 12p, and 20q)
and 7 regions of losses (1p, 3p, 4q, 6q, 8p, 9p, and 14q) [8].

The evolutionary landscape in ccRCC is dominated by intratumor heterogeneity (ITH) at
a genetic, transcriptomic, and functional level [9]. The exome sequencing performed on multiple,
spatially separate ccRCC samples revealed that that two-thirds of the somatic mutations are not shared
between all the primary tumor regions [10]. Hence, single-biopsy analysis is likely to miss the key
genetic events or misclassify them as clonal. Apart from the direct impact on diagnostic procedures
and biomarkers development, ITH has significantly hindered our understanding of ccRCC evolution.

In comparison to other malignancies, ccRCC is characterized by a high prevalence of somatic copy
number alterations (SCNAs) and a low burden of somatic substitutions [6,8,11,12]. The integrative
analysis of the genetic and clinical data led to the identification of certain alterations with
prognostic value, such as mutually exclusive mutations of BAP1 and PBRM1 [13–15]. These studies,
although conducted on large cohorts of patients, did not determine the prognostic values of genetic
alterations according to whether they were clonal or subclonal. Huang et al. were among the first
to demonstrate the possibility of genomic subtyping of ccRCC [13]. Recently, Turajlic and colleagues
provided a comprehensive model of ccRCC evolution [14], which might lay the foundation for the
development of precision clinical management.

Cancer cells continuously undergo adaptive changes, and insensitivity to drugs arises due to
genetic and epigenetic alterations that offer a survival advantage. While there is a number of pathways
and networks a cancer cell has at its disposal, targeting individual components is likely to prove
inadequate [15]. Instead, the ability to influence cancer evolution itself by inhibiting processes that
propel it or manipulating its course might potentially put an end to cancer as a major health concern.

In this review, we will discuss the relevance of estimating the trajectory of ccRCC evolution as a
readout for a response to therapy. Next, we will propose strategies to take advantage of the evolving
nature of these tumors for patients’ benefit.

2. The Origin, Evolution, and Routes to Metastasis of Clear Cell Renal Cell Carcinoma

2.1. The Origin of Clear Cell Renal Cell Carcinoma

Loss of the short arm of chromosome 3 is a nearly universal driver of ccRCC [16]. It occurs in
childhood or adolescence, predominantly through chromothripsis. The deleted region encompasses
at least four tumor suppressor genes, including VHL, PBRM1, BAP1, and SETD2. This earliest event
produces a pool of a few hundred cells, which after decades of modest clonal expansion, acquire the
necessary additional genetic alterations [17]. Chromosomal copies of deleted suppressor genes are
often affected afterward, with inactivation of the second allele of VHL being the most common (65–80%
of patients) [7,8,10]. In some cases, there are different driver mutations on the trunk of the phylogenetic
tree, which, in contrast to 3p loss and VHL inactivation, trigger a substantial expansion [11,18].

2.2. The Evolutionary Trajectories of Clear Cell Renal Cell Carcinoma

On the basis of mutational ordering, timing, and co-occurrence, ccRCCs are classified into seven
distinct evolutionary subtypes, or four groups, which correlate with clinical phenotypes [17,19].
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These groups are distinguished by four features—variations in chromosomal complexity, ITH, model of
tumor evolution, and metastatic potential. The variations in chromosomal complexity are measured as
the fraction of the genome affected by SCNAs and expressed as a weighted genome instability index
(wGII). ITH is measured as the ratio of subclonal drivers to clonal drivers [20].

Group 1 consists of primary tumors with VHL alteration as the sole driver event. They evolve
in a “linear” fashion and are characterized by low both wGII and ITH. This mode of evolution is
associated with indolent growth and low metastatic potential. Group 2 includes tumors in which early
PBRM1 mutation and subsequent SETD2 mutation or PI3K pathway mutation or acquisition of SCNAs
result in a “branched” evolutionary pattern. These are heterogeneous neoplasms with oligometastatic
potential and attenuated progression. Clonal acquisition of multiple driver mutations (VHL plus
≥2 BAP1, PBRM1, SETD2, or PTEN) or the parallel BAP1 mutation results in “punctuated” evolution.
These tumors are characterized by high wGII but low ITH and belong to group 3. Punctuated evolution,
driven mostly by high wGII, leads to rapid dissemination and is also observed among VHL wild-type
tumors, which constitute the fourth group [14].

2.3. The Routes to Metastasis of Clear Cell Renal Cell Carcinoma

Metastasis competence is afforded by chromosome-level alterations that simultaneously affect
the expression of hundreds of genes. These alterations provide a permissive genomic background
for the selection of hallmark drivers of ccRCC metastasis and the loss of 9p and 14q [20]. Linear and
branched evolution modes are analogous to Darwin’s phyletic gradualism. On the other hand,
punctuated evolution, as in punctuated equilibrium, is associated with rapid speciation events and
considerable evolutionary changes. Thus, the acquisition of metastatic competence is far more likely
through punctuated evolution.

3. Current Systemic Therapies for Renal Cell Carcinoma

Immunotherapy and/or tyrosine kinase inhibitors (TKI) constitute the standard of care for relapse
or stage IV RCC. Appropriate clinical management depends on disease activity, according to the
National Comprehensive Cancer Network (NCCN) Guidelines for Kidney Cancer. In favorable-risk
patients, first-line treatments include a combination of axitinib plus pembrolizumab or monotherapy
with pazopanib or sunitinib. For patients with poor- and intermediate-risk disease, the preferred
regimen is ipilimumab with nivolumab or axitinib with pembrolizumab. Moreover, cabozantinib may
be considered in a first-line setting, especially in cases with osseous metastatic RCC. Because of the
significant toxicity of systemic therapies, a subset of asymptomatic patients with metastatic RCC may
benefit from active surveillance.

A major advantage of immunotherapy is its potential to produce complete and durable responses
in a subset of patients with advanced cancer, even after discontinuation of the drug. Indeed, despite the
non-curative nature of systemic therapy in RCC, up to 9% of poor- and intermediate-risk patients may
achieve a complete response, according to the results of subgroup analysis of CheckMate 214 clinical
trial [18]. This rate could be further increased by introducing novel treatment modalities as well as
better patient selection algorithms.

4. Strategies to Overcome the Evolution of Renal Cell Carcinoma

In the face of selective pressures, subpopulations of tumor cells with adaptive phenotypes emerge
at the expense of others. The ability to predict the alterations in ITH along the temporal axis seems
invaluable for the development of personalized therapy. In this section, we will provide a summary of
recent strategies against RCC which, when contextualized within an evolutionary framework, could be
significantly more effective.
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4.1. Cytoreductive Nephrectomy

In select patients with metastatic RCC, primary nephrectomy is performed with cytoreductive
intent. Apart from the alleviation of symptoms associated with larger masses, such intervention
eliminates the reservoir of phenotypic tumor-cell diversity, minimizing the risk of further metastatic
seeding from an evolving primary tumor [19]. While cytoreductive nephrectomy (CN) is associated
with a significant risk of perioperative mortality (0–13%) and major complications (3–36%) [21], there is
a great need to avoid unnecessary surgery in nonresponders.

Heng et al. examined the role of CN in metastatic RCC patients receiving targeted therapies
in a retrospective study of data from the International Metastatic Renal Cell Carcinoma Database
Consortium (IMDC). They found that patients with estimated overall survival (OS) of <12 months
and those exhibiting fewer than 4 IMDC prognostic factors are not likely to benefit from CN [22].
From that time, several other observational studies demonstrated analogous results [23]. This data,
however, must be treated with caution given the significant risk of selection bias inherent to their study
designs, which potentially leads to misclassification of patients [24].

The role of CN continues to change amid a rapidly increasing armamentarium of systemic
therapies. In the modern immuno-oncology era, CN is still a viable option, but careful patient selection
is of paramount importance. The ongoing clinical trials are evaluating the use of deferred CN in patients
receiving nivolumab and ipilimumab alone or alongside radiotherapy (NCT03977571, NCT04090710).
These studies may help determine the most appropriate indications for CN.

4.2. Adaptive Therapy

In the case of disseminated cancer with no significant probability of cure, patient survival can
be maximized if adaptive therapy is introduced. This strategy originates from mathematical models
and aims at maintaining a stable tumor burden [25]. When drugs are administered sparingly and in a
temporally dynamic fashion, a significant population of treatment-sensitive cells survives. These, due to
their competitive advantage, suppress the proliferation of treatment-resistant populations under normal
tumor conditions.

Adaptive therapy may play a role in metastatic RCC. Findings from a prospective phase II
trial demonstrate active surveillance to be a viable initial strategy in patients with few adverse
prognostic features [26]. Results from the SURTIME study, a randomized clinical trial comparing
immediate vs deferred CN, revealed that deferred CN is a valid option for patients with the
intermediate-risk disease and with general clinical conditions at baseline amenable to undergo
surgery [27]. “Treatment-for-stability” may also be represented by an alternative schedule of sunitinib.
The standard dosing schedule of sunitinib is 50 mg daily for 4 weeks, followed by 2 weeks off drug
(schedule 4/2). However, according to a recent meta-analysis, the administration of sunitinib for
2 weeks followed by 1 week off (schedule 2/1) exhibited lower toxicity and lower rates of treatment
discontinuation while maintaining comparable responses [28].

The full potential of adaptive therapy is yet to be witnessed. Frequency-dependent game-theoretic
models of tumor evolution have enabled the introduction of three concepts to consider in the pursuit
of designing a multi-drug adaptive approach [29]. These ideas focus on entrapping tumor evolution in
periodic loops, limiting the evolutionary “absorbing region” reachable by the tumor and determining
the optimal timing of drug administration. Each may contribute to the generation of new treatment
schedules and comparisons to standards.

4.3. Targeting Trunk Mutations

The ability to target alteration present in all tumor cells is expected to diminish the odds of
the escape of clonal branches. As previously described, inactivation of VHL constitutes the trunk
event in ccRCC development while most of the other driver aberrations are subclonal. Apart from
large chromosomal aberrations as in the cytogenetic 3p abnormalities, VHL inactivation may be
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caused by small deletions affecting the locus, or promoter methylation and epigenetic silencing [30].
pVHL, a VHL gene product, is essential in the cell’s normal response to ischemic stress. Decreased
expression of VHL results in the accumulation of hypoxia-inducible factor alpha (HIFα). Among the
three known HIFα subunits, HIF2α is thought to be the core ccRCC driver since it upregulates a series of
hypoxia-responsive genes [31–33]. The net effect is the activation of various kinase-dependent signaling
pathways, such as MAPK/ERK and PI3K/AKT/mTOR [34]. While the most significant targets of VHL

loss are the production of VEGF and PDGF, HIF2α has been regarded as undruggable for years [35,36].
Eventually, a structure-based design approach led to the identification of PT2385, a first-in-class HIF2α
antagonist [37]. In a phase I dose-escalation clinical trial, PT2385 was found to be well-tolerated and
demonstrated clinical activity in extensively pretreated ccRCC patients [38]. Its efficacy and safety are
currently being evaluated in a phase II trial (NCT03108066). The primary objective of this trial is to
assess the overall response rate in patients with VHL disease-associated ccRCC.

According to the mathematical model presented by Bozic et al., in the case of metastatic disease,
monotherapy with a targeted agent offers no hope for recovery. Instead, combinations of two or more
agents given simultaneously offer a small chance of cure, especially in the absence of cross-resistance
mutations [39].

It is worth noting that the aforementioned drugs are directed against downstream effectors of
VHL, hence, from an evolutionary point of view, there is a potential to better define the molecular
target. Nicholson et al. found that inhibiting the cyclin-dependent kinases CDK4 and CDK6 impaired
tumor growth in VHL-deficient ccRCC regardless of HIF2α dependency [40]. Abemaciclib, a CDK4/6
and PIM1 kinase inhibitor is currently being tested in phase I trial in combination with sunitinib in
metastatic RCC (NCT03905889). Another compound that could represent a paradigm shift in targeted
treatment is STF-62247. It has been shown to induce potent cytotoxic effects in VHL-deficient ccRCC
cells, compared to their VHL wild-type counterparts [41]. The STF-62247-stimulated synthetic lethality
occurs in a HIF-independent manner through autophagy; however, the mechanistic links between
VHL and autophagy are incompletely understood [42].

4.4. Targeting Cancer Immune Evasion

Tumor cells interact with the immune system in a process called immunoediting, which consists
of three phases: elimination, equilibrium, and escape [43]. Most of the tumor cells are destroyed
in the first phase. Cells that cannot be eliminated enter the equilibrium in which they are selected
through immune cell exhaustion and resistance to immune detection [44]. It is the longest of the three
phases and, in ccRCC, manifests as a modest clonal expansion right after the 3p loss. The evolutionary
pressure of immune predation may eventually lead to the development of mechanisms to escape
immune responses. From that moment, malignant growth proceeds unrestrained. The ultimate goal of
immunotherapy is to permanently reverse immune evasion strategies.

Recent phase III clinical trials led to the use of three immunotherapy-based combinations,
including pembrolizumab, ipilimumab, and nivolumab, as a front-line for ccRCC [45]. These agents
are highly effective, with a few patients achieving a durable complete response. The ongoing phase
III clinical trials are currently testing different combinations of a checkpoint inhibitor plus a tyrosine
kinase inhibitor (NCT02811861, NCT03937219) or IL-2 derivate (NCT03729245). Earlier phase studies
are evaluating the potential of combining PD-1/PD-L1 inhibitors and antibodies directed against
LAG-3 (NCT02996110, NCT03849469), TIM-3 (NCT02608268), or ICOS (NCT03693612, NCT03829501).
An alternative approach is represented by the use of different cytokines (NCT02799095, NCT03063762)
or personalized cancer vaccines (NCT03633110, NCT02950766).

ITH plays an essential role in shaping antitumor immune responses [43,44]. The highly
heterogeneous tumors presumably escape immune surveillance because the reactive neoantigens
undergo ‘dilution’ within the tumor, thereby leading to weaker antitumor immunity.

How do specific genomic features of ccRCC influence the clinical benefit from immunotherapy is
under investigation. While tumor mutational burden (TMB) potentially increases ITH [46], a small
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study on 25 metastatic ccRCCs failed to confirm the association between TMB and response to
immunotherapeutics [47]. Miao and colleagues found that truncating mutations in PBRM1 were
associated with significantly extended progression-free survival (PFS) and OS of patients with
metastatic ccRCC treated with immune checkpoint inhibitors [48]. The underlying mechanism is
probably related to increased sensitivity to T-cell-mediated cytotoxicity of PBRM1-mutant tumor
cells [49]. This association was confirmed in an independent ccRCC cohort by a post hoc analysis of
the CheckMate 025 randomized phase III study [50]. On the other hand, the exploratory analyses
from JAVELIN Renal 101 and CheckMate 214 do not support this hypothesis [51,52]. The discrepant
results are presumably due to the different populations studied, such as treatment-naïve versus
VEGF-refractory [53].

4.5. Modulating Genomic Instability

Genomic instability of cancer cells drives genetic diversity required for the natural selection of
adaptive traits, but there is a threshold beyond which cells cannot replicate successfully [54]. Hence, it is
tempting to alter (increase or decrease) the frequency of mutations within the cancer genome.

RCC is characterized by a moderate level of genomic instability and the absence of mutations
in canonical DNA damage response (DDR) genes, such as RAD9, BRCA1, or TP53 [6,49]. As a result,
RCC patients are commonly unresponsive to DNA-damaging therapies, such as chemo- or radiotherapy.
For that reason, reducing genetic instability could be a more suitable approach. It can be achieved,
among others, by constitutive activation of the transforming growth factor β (TGF-β) axis. TGF-β has
been shown to inhibit DNA double-strand breaks (DSB) repair mechanisms to heighten the genetic
diversity and adaptability of cancer cells [55]. In ccRCC cell cultures, TGF-β enhances proliferative
capacity and promotes metastatic growth [56]. Early phase Ib clinical trial (NCT00356460) investigated
the use of a monoclonal antibody against TGF-β fresolimumab in RCC patients and showed preliminary
evidence of antitumor activity [57].

On the contrary, particular ccRCC driver genes do influence DDR and there is preclinical
evidence to support the poly(ADP)-ribose polymerase (PARP) inhibition in VHL- or BAP1-mutated
ccRCC [54,58,59]. Moreover, cells harboring SETD2 mutation undergo synthetic lethal interaction with
WEE1 blockade due to the depletion of nucleotide pools [60]. AZD1775, an experimental inhibitor
of WEE1, is currently being evaluated for patients with SETD2-deficient tumors, including RCC
(NCT03284385).

4.6. Evolutionary Herding

The tumor is less likely to be resistant to multiple drugs simultaneously, hence the combination
therapy allows for the extermination of resistant cells before the emergence of further adaptive
mechanisms. However, the use of two or more drugs simultaneously is strictly limited by the toxicity
to normal tissues.

While checkpoint inhibitor and the antiangiogenic combination is a standard of care for metastatic
ccRCC, there is a significant overlap in the toxicity profile of these drugs, with diarrhea, hypertension,
and hepatotoxicity being among the most commonly presented [55,61]. These and other adverse effects
may all contribute to treatment discontinuation or dose reduction. Moreover, there is frequently a
need for additional medications, such as loperamide secondary to axitinib or high-dose corticosteroids
for autoimmune colitis and hepatitis in case of checkpoint inhibitors. Then, drug–drug interactions
become even harder to predict. Despite the toxicity issue, in most cases, cancer cells eventually develop
multidrug resistance.

Any biological adaptation often involves trade-offs. In cancers, the cost of one resistance
mechanism is likely to induce a population to be sensitive to an alternative therapy [62]. Evolutionary
herding exploits this weakness by administering a combination of drugs in a particular order which
enables to control the tumor cell population. When a second drug is administered, the clonal structure
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of the population is different from the start, and this may lead to enhanced sensitivity, or even complete
tumor regression [63].

Since evolutionary herding alters the cellular composition of the tumor microenvironment,
collateral drug sensitivity is likely to be persistent. Furthermore, this strategy is hardly influenced
by stochastic perturbations and cell plasticity [64]. Acar et al. recently designed an experimental
approach, in which evolution can be tightly controlled, monitored, and altered using drugs. It allows
estimating evolutionary trade-offs and evaluating the effectiveness of patient-specific evolutionary
herding strategies [65]. The suitability of evolutionary herding in RCC has not been tested yet.

5. Therapeutic Implications

As previously described, seven evolutionary trajectories can be distributed into four groups
depending on the tumor’s genomic characteristics, evolution mode, and clinical course. We suspect
that each group has its own unique weaknesses that could be exploited. In Figure 1, we demonstrate
the predicted effectiveness of evolution-targeted strategies against particular evolutionary trajectories
of ccRCC.

 

Figure 1. Predicted effectiveness of evolution-targeted strategies against particular evolutionary
trajectories of clear cell renal cell carcinoma (ccRCC). Seven deterministic evolutionary trajectories are
classified into four groups in terms of tumor’s genomic characteristics, evolution mode, and clinical
course. Loss of 9p or 14q represents the acquisition of metastatic competence. There are conflicting
results regarding PBRM1 mutation as a predictive biomarker of response to immunotherapy. The figure
is based on assumptions about tumor biology and therapeutic options. ccRCC, clear cell renal cell
carcinoma; wGII, weighted genome integrity index; ITH, intratumor heterogeneity.

While the benefit of upfront CN strictly depends on life expectancy, this procedure should be
considered especially for Group 1 and, to a lesser extent, Group 2. Similarly, adaptive therapy that
aims to enforce a stable tumor burden is expected to be highly effective against indolent cancers.
Tumors from Group 1, in which VHL mutation is the sole driver event, are the best candidates for
targeting trunk mutations. In Group 2, there is a limited number of trunk mutations, and this approach
is still reasonable. As a general rule, ITH diminishes immune responses but tumors harboring PBRM1

mutations (Group 2) could be highly vulnerable to immunotherapeutic agents. The predictive value
of PBRM1 mutation, however, is under debate and requires further investigation. Finally, decreased
wGII is an indicator of a favorable response to immunotherapy, supporting its use in Group 1.
In Figure 2, we illustrate how modulating genomic instability may affect ccRCC fitness. We suggest
decreasing genomic instability before the loss of 9p or 14q, which represents the acquisition of metastatic
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competence. This approach is particularly attractive in Group 1, characterized by low wGII. In contrast,
Groups 3 and 4, due to high wGII and a punctuated evolution pattern, are expected to respond to
increasing genomic instability. Modulating genomic instability in Group 2 could be unsuitable because
of high wGII and branched mode of evolution. Evolutionary herding aims to decrease ITH with each
subsequent therapy. Hence, it should be considered in Groups 1 and 3. This strategy may also be
adequate in Group 2 due to its indolent nature in comparison to Group 4.

 

Figure 2. Modulating genomic instability to reduce ccRCC fitness. ccRCC fitness (vertical axis) is
plotted against genomic instability (horizontal axis). There is an optimum range of genomic instability,
in which ccRCC evolves. 9p or 14q loss represents the acquisition of metastatic competence and is a
point of no return. Before this point is reached, decreasing genomic instability slows down cancer
evolution. Once 9p or 14q is lost, increasing genome instability triggers extensive DNA damage and
cell death.

6. Future Directions

Sequencing data obtained from spatial biopsies enable one to infer the phylogenetic tree structure
and, in ccRCC, estimate the evolution trajectory. As a general rule, trunk alterations are found in
all tumor cells and represent an ancestral event, while other modifications constitute the branches.
The more regions sampled, the more branches will be found. In low-ITH cases, four biopsies would
reflect the subclonal alteration with 75% accuracy. The gain in driver detection per additional
sampling declines after eight, which is usually still not enough in cases with PBRM1 mutation [14].
While molecular profiling of multiple specimens is not practical in the setting of clinical practice,
the analysis of circulating tumor DNA (ctDNA) obtained from liquid biopsy represents a feasible
alternative. Analysis of ctDNA enables identification of both clonal and subclonal tumor-specific
mutations with high sensitivity and specificity, with detection rates comparable with those of traditional
biopsies [61–66]. Furthermore, ctDNA has a relatively short half-life (approximately 2 h), allowing
for the evaluation of tumor changes in real-time [67]. Finally, as minimally invasive, liquid biopsy
eliminates the morbidity associated with the serial sampling of tumors. While qualitative and
quantitative analyses of ctDNA have been extensively performed in RCC patients [68], liquid biopsy
has not yet been used to capture RCC evolutionary trajectories.

The discovery of alternative evolutionary trajectories of RCC will provide a better insight into
the underlying mechanisms of drug resistance. Some of these mechanisms may be closely related
to geographic and environmental factors since patients from different regions have different genetic
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backgrounds and are exposed to different carcinogens. Huang et al. identified mutational signatures
and SCNAs specific to Chinese or Japanese ccRCC patients [13]. In the first group, the alterations could
be due to exposure to aristolochic acid, a common ingredient in many Chinese herbs [69]. The cause of
unique genetic alterations in the Japanese cohort remains unexplained.

Novel techniques to perform an in-depth analysis of datasets, as well as larger-scale studies,
will greatly expand our knowledge on the development of RCC. Recently, an original computational
method, CONETT (CONserved Evolutionary Trajectories in Tumors), enabled the detection of three
additional directions of evolution among ccRCCs [70]. Two of them terminate with a sequence alteration
in gene KDM5C and one in TSC1. The clinical significance of these findings is yet to be determined.

Identification of hidden evolutionary patterns is made possible by artificial intelligence (AI).
Caravagna and colleagues devised a machine-learning method called repeated evolution in cancer
(REVOLVER), which allows to overcome the stochastic effects of cancer evolution and information
noise [71]. This technique uses transfer learning (TL) to achieve reproducible disease prognosis based
on next-generation sequencing (NGS) count data [70–73]. As a result, it is possible to classify patients
on the basis of how their tumor evolved, with implications for the anticipation of disease progression.

According to the NCCN Guidelines for Kidney Cancer, molecular profiling does not influence
decision-making. The ongoing phase 2 clinical trials, A-PREDICT (NCT01693822) and ADAPTeR
(NCT02446860), incorporate a multiregional sampling of metastatic RCC prior to and during therapy
to evaluate biomarkers of treatment response. Whether evolutionary trajectories could reflect the
effectiveness of a particular anti-RCC strategy, remains to be elucidated.

7. Conclusions

Many diseases are intimately tied to our evolutionary and genetic heritage. With our better
understanding of these conditions, we gradually acquire the evolutionary perspective, which turns
out necessary for both prevention and treatment [74,75]. In contrast to organismal evolution, human
cancers are subjected to similar initial conditions and follow a limited range of possible evolutionary
trajectories. Therefore, the repetitive nature of cancer evolution may prove to be its greatest weakness.

Genomic characterization is currently paving the way for clinical decision-making in RCC.
The problem of exceptional ITH could be minimized by multiregion biopsy or liquid biopsy. These
tools not only provide insights into cancer genetic architecture but also allow the measurement of
clonal evolution. Recent studies resolved the evolutionary features and subtypes underpinning the
diverse clinical phenotypes of ccRCC. In this review, we have summarized recent advances in the
treatment of ccRCC and demonstrated how each strategy could be improved from the evolutionary
perspective. Since there are only a few deterministic evolutionary trajectories in ccRCC, it appears
feasible to use them as potential biomarkers for guiding intervention and surveillance. We believe
that the presented patient stratification could help predict future steps of malignant progression,
thereby informing optimal and personalized clinical decisions.
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Simple Summary: Renal cell carcinoma (RCC) is the most common kidney malignancy. Due to
development of therapy resistance, efficacy of conventional drugs such as sunitinib is limited.
Artesunate (ART), a drug originating from Traditional Chinese Medicine, has exhibited anti-tumor
effects in several non-urologic tumors. ART inhibited growth, reduced metastatic properties,
and curtailed metabolism in sunitinib-sensitive and sunitinib–resistant RCC cells. In three of
four tested cell lines, ART’s growth inhibitory effects were accompanied by cell cycle arrest and
modulation of cell cycle regulating proteins. In a fourth cell line, KTCTL-26, ART evoked ferroptosis,
an iron-dependent cell death, and exhibited stronger anti-tumor effects than in the other cell lines.
The regulatory protein, p53, was only detectable in the KTCTL-26 cells, possibly making p53 a
predictive marker of cancer that may respond better to ART. ART, therefore, may hold promise as an
additive therapy option for selected patients with advanced or therapy-resistant RCC.

Abstract: Although innovative therapeutic concepts have led to better treatment of advanced renal
cell carcinoma (RCC), efficacy is still limited due to the tumor developing resistance to applied
drugs. Artesunate (ART) has demonstrated anti-tumor effects in different tumor entities. This study
was designed to investigate the impact of ART (1–100 µM) on the sunitinib-resistant RCC cell lines,
Caki-1, 786-O, KTCTL26, and A-498. Therapy-sensitive (parental) and untreated cells served as
controls. ART’s impact on tumor cell growth, proliferation, clonogenic growth, apoptosis, necrosis,
ferroptosis, and metabolic activity was evaluated. Cell cycle distribution, the expression of cell cycle
regulating proteins, p53, and the occurrence of reactive oxygen species (ROS) were investigated.
ART significantly increased cytotoxicity and inhibited proliferation and clonogenic growth in both
parental and sunitinib-resistant RCC cells. In Caki-1, 786-O, and A-498 cell lines growth inhibition
was associated with G0/G1 phase arrest and distinct modulation of cell cycle regulating proteins.
KTCTL-26 cells were mainly affected by ART through ROS generation, ferroptosis, and decreased
metabolism. p53 exclusively appeared in the KTCTL-26 cells, indicating that p53 might be predictive
for ART-dependent ferroptosis. Thus, ART may hold promise for treating selected patients with
advanced and even therapy-resistant RCC.

Keywords: renal cell carcinoma (RCC); sunitib resistance; artesunate (ART); Traditional Chinese
Medicine (TCM); growth inhibition; ferroptosis; reactive oxygen species (ROS)
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1. Introduction

Accounting for ~85% of cases, renal cell carcinoma (RCC) is the most common kidney cancer and
one of the most aggressive urologic cancers [1]. At initial diagnosis, RCC patients often present at an
advanced stage with an accordingly poor prognosis [2]. Better understanding of the molecular modes
of action underlying RCC led to the development of targeted therapies affecting angiogenic activity
and immune checkpoint inhibitors. However, due to the development of resistance, the efficacy of
even these targeted treatments is limited. Since RCC is an angiogenic disease, a promising avenue
of treatment is to block angiogenesis, thereby suppressing the supply of oxygen and nutrients to the
tumor. Initially, the anti-angiogenic activity of the tyrosine kinase inhibitor (TKI) sunitinib extends
the progression-free survival of patients [3], but resistance occurs during treatment [4]. Thus, therapy
resistance is one, if not the main, problem, in treating advanced RCC. Novel treatment strategies
combining targeted therapy and immunotherapy have been introduced [5–7]. However, even with
combined drug application resistance occurs and adverse side effects are common [5,8,9].

Certainly, in part due to the long-term curative failure of conventional therapy, the demand for
traditional and alternative medicine is growing worldwide [10,11]. Patients hope that complementary
therapeutic approaches would increase effectiveness and/or reduce side effects [12,13], and 40–50%
of European cancer patients indeed use complementary and alternative therapies [14–16]. However,
solid and reliable studies with regard to natural substances and their derivatives are sparse and the
lack of proven efficacy coupled with uncoordinated self-treatment is perilous. Contraindications as
well as adverse side effects of herbal compounds combined with conventional therapy also cannot be
ignored [17].

Some studies have been carried out indicating anti-tumor effects of natural compounds and
their derivatives, especially if applied together with established therapies or by counteracting
therapy resistance [18–21]. Artemisinin from the annual mugwort (Artemisia annua) has been used
in Traditional Chinese Medicine for over 2000 years, particularly in treating malaria [22] and is
still in use. An anti-tumor effect of the artemisinin derivative, artesunate (ART), was reported in
2001 [23]. Subsequently, anti-tumor effects of ART in vitro and in vivo were reported in different tumor
entities, including therapy-resistant tumors, with fewer side effects in combination with conventional
therapy [23–27]. ART, a semi-synthetic water-soluble derivative of artemisinin, exhibits hydrophilic
properties in contrast to the natural substance, and has better bioavailability and anti-tumor activity
than artemisinin [28,29]. In therapy-sensitive and doxorubicin-resistant T-leukemia cells, ART induced
apoptosis and displayed a synergistic effect in combination with doxorubicin [30]. ART’s anti-tumor
effect had also been demonstrated in gastrointestinal [31] and breast cancer [32]. Here, ART specifically
affected neoplastic tissue and spares healthy tissue [33].

The mode of action of ART is not yet fully understood. Both in the malaria pathogen and in tumor
cells, high cellular iron content seems to play a role in the response to ART (and artemisinin) [34].
A high iron content facilitates ferroptosis, an iron-dependent cell death caused by reactive oxygen
species (ROS) formation [34–38]. Iron has been identified as central player in cancer progression [39].
This could explain why artemisinin and ART specifically affect tumor cells but not normal cells
with lower iron content [33]. Correspondingly, RCC cells express significantly more iron-regulated
genes [40]. Furthermore, RCC tissue, particularly clear cell RCC tissue, compared to healthy tissue,
exhibits significant higher transferrin receptor 1 (TfR1) expression, which is responsible for iron uptake
and associated with worse survival outcomes [41]. Moreover, artemisinin and its derivatives inhibit
angiogenesis [42–45]. ART reduced the expression of angiogenic proteins in hemangioendothelioma
cells, and thus has been postulated to be a therapeutic option for angiogenic cancers [46], including
RCC. Indeed, ART exerted potent, selective cytotoxicity in therapy-sensitive RCC [47] and inhibited
invasiveness in vitro and in vivo. It induced ferroptosis in therapy-sensitive RCC cells [48] and
enhanced the anti-tumor effect of the TKI sorafenib [47].

Investigations exploring the effect of ART on therapy-sensitive RCC are scant and unavailable
in regard to therapy-resistant RCC. Thus, the present study was designed to evaluate ART’s impact
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on sensitive and more importantly sunitinib-resistant RCC cells, by evaluating the effect of this drug
on tumor growth and underlying molecular mechanisms. The intent of this study was to implement
rationale for a founded treatment option with a compound of natural origin for patients with advanced
and/or therapy-resistant RCC.

2. Results

2.1. Confirmation of Sunitinib Resistance in RCC Cells

Sunitinib-sensitive and sunitinib-resistant RCC cell lines, Caki-1, 786-O, KTCTL-26, and A-498,
were employed with the sunitinib-sensitive (parental) RCC sub-lines serving as controls. Cells
were designated sunitinib-resistant if the IC50 under escalating sunitinib dosage (0.1–100 µM) was
approximately twice as high as the IC50 of the sunitinib-sensitive counterpart. Even though the A-498
cells barely reached the designated IC50 (IC50 of 19.30 µM in the resistant cells compared to 10.43 µM
in their parental counterparts), all four cell lines fulfilled this specification (Table 1). Here, with an IC50
of 10.43 µM, parental A-498 revealed the weakest sunitinib response, compared to the other three RCC
cell lines. The most prominent difference in IC50 was found in Caki-1 cells with an IC50 of 2.58 µM in
parental and 19.13 µM in resistant cells, indicating that initial high sensitivity may lead to stronger
resistance development in RCC cells. The differences in IC50 for the parental and resistant 786-O and
KTCTL-26 cell lines lay between those of the A-498 and Caki-1cells. The IC50 of parental 786-O of
3.97 µM elevated in the resistant 786-O to an IC50 of 11.16 µM. In KTCTL-26 cells, IC50 of 6.37 µM in
the parental cells increased to an IC50 of 13.31 µM in the resistant counterparts.

Table 1. Verification of sunitinib resistance: IC50 values of parental and sunitinib-resistant renal cell
carcinoma (RCC) cells following 72 h application of 0.1–100 µM sunitinib n = 5.

Cell Line Parental Resistant Unit

Caki-1 2.58 19.13 µM
786-O 3.97 11.16 µM

KTCTL-26 6.37 13.31 µM
A-498 10.43 19.30 µM

2.2. Artesunate Inhibits Cell Growth of Parental and Sunitinib-Resistant RCC Cells

ART induced a dose- and time-dependent growth inhibition in all parental and resistant RCC cell
lines, compared to the untreated controls (Figure 1), with comparable IC50 values for corresponding
parental and resistant sub-lines. A significant growth reduction of parental Caki-1 cells with an
IC50 of 10.41 µM ART after 72 h was apparent (Figure 1a). The sunitinib-resistant Caki-1 cells were
similarly inhibited with an IC50 of 11.69 µM ART after 72 h treatment (Figure 1b). In both parental
and sunitinib-resistant Caki-1 cells, significant growth inhibition was first reached with 5 µM ART
(Figure 1a,b). Parental and sunitinib-resistant A-498 cells also first showed significant growth inhibition
at a concentration of 5 µM ART, with an IC50 of 12.51 µM ART for the parental and 12.08 µM ART
for the sunitinib-resistant cells (Figure 1g,h). The most prominent growth inhibition was found in
the 786-O cell lines, with an IC50 of 1.62 µM ART in the parental and an IC50 of 1.99 µM ART in
the resistant 786-O cells (Figure 1c,d). In 786-O cells, exposure to 1 µM ART already resulted in
significant growth inhibition that further increased with ascending concentration (Figure 1c,d). In all
three of the abovementioned RCC cell lines, tumor cell growth was arrested but not reduced below the
initially seeded basal cell count, even at the highest concentration of 100 µM ART (Figure 1a–d,g,h).
In KTCTL-26 a significant decrease in parental and sunitinib-resistant cells, below the initial seeding
cell count (Figure 1e,f), did take place. ART’s IC50 values for the KTCTL-26 cell lines were higher
(parental: IC50 = 17.02 µM, sunitinib-resistant: IC50 = 17.79 µM) than those of the other cell lines.
Comparable to Caki-1 and A-498 cells, the first significant inhibitory response in regard to KTCTL-26
growth was detected after exposure to 5 µM ART (Figure 1e,f). In summary, ART treatment significantly
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suppressed tumor cell growth in all four RCC cell lines, but only in the KTCTL-26 cell line did growth
reduction result in a decrease of cell counts below the number of initially seeded cells.
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Figure 1. Tumor cell growth after exposure to artesunate (ART): Tumor cell growth of parental (par)
and sunitinib-resistant (res) Caki-1 (a,b), 786-O (c,d), KTCTL-26 (e,f), A-498 (g,h) cells after 24, 48,
and 72 h treatment with ascending ART concentrations (1–100 µM). Cell number set to 100% after 24 h
incubation. The IC50 of ART after 72 h treatment is specified. Error bars indicate standard deviation
(SD). Significant difference to untreated control: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns = not significant.
n = 5.

2.3. Artesunate Impairs RCC Cell Proliferation

Exposure to ART for 72 h contributed to significant dose-dependent inhibition of RCC cell
proliferation (Figure 2). The proliferation of parental and sunitinib-resistant Caki-1 and 786-O cells
was already significantly reduced after treatment with 10 µM ART, compared to the untreated controls
(Figure 2a,b). Parental KTCTL-26 cells revealed a significant proliferation inhibition after exposure
to 20 µM ART, while resistant KTCTL-26 cells were significantly inhibited at 30 µM ART (Figure 2c).
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A-498 cells behaved differently in respect to the inhibiting concentration of ART. Proliferation of the
resistant A-498 cells was already significantly reduced after treatment with 20 µM ART, whereas a
concentration of 30 µM ART was necessary to significantly decrease proliferation in parental A-498
cells (Figure 2d).
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Figure 2. Cell proliferation: Tumor cell proliferation of parental (par) and sunitinib-resistant Caki-1 (a),
786-O (b), KTCTL-26 (c), and A-498 (d) RCC cells incubated for 72 h with ART (10–50 µM). Untreated
controls were set to 100%. Error bars indicate standard deviation (SD). Significant difference to untreated
control: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns = not significant. n = 5.

2.4. Artesunate Reduces Clonogenic Growth of the RCC Cell Lines

In all RCC cell lines, ART induced a significant dose-dependent reduction in clone colonies after
10 days incubation (Figure 3). Ten µM ART contributed to significant inhibition of the clonogenic
growth of the RCC cells, compared to the untreated controls. In parental and resistant Caki-1 cells,
the administration of 50 µM ART diminished the clonogenic growth by more than 90% (Figure 3a).
Microscopically, parental Caki-1 cells formed larger colonies, compared to the sunitinib-resistant
Caki-1 cells (Figure 3a). Treatment of 786-O cells with 10 µM ART resulted in an approximately 50%
decrease in clone colonies (Figure 3b). 786-O cells exposed to 50 µM ART completely inhibited colony
formation in the parental and resulted in only a few colonies in the resistant cell line. In parental and
sunitinib-resistant KTCTL-26 and A-498 cells, 10 µM ART significantly diminished the clonogenic
growth by more than 50% (Figure 3c,d). KTCTL-26 colonies were no longer formed after exposure to
30 µM ART in parental and exposure to 50 µM ART in resistant cells (Figure 3c). Neither parental nor
resistant A-498 colonies were detectable after exposure to 40 and 50 µM ART (Figure 3d). Microscopic
comparison showed that both parental and resistant A-498 cells exhibited a lower potential to develop
colonies, compared to the other RCC cell lines (Figure 3d).
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Figure 3. Clonogenic growth of RCC cells: Clonogenic growth of parental and resistant Caki-1 (a),
786-O (b), KTCTL-26 (c), and A-498 (d) cells treated with ART (10–50 µM) for 10 days. Untreated cells
served as controls (set to 100%). Error bars indicate standard deviation (SD). Significant difference to
untreated control: ** p ≤ 0.01, *** p ≤ 0.001. n = 5.

2.5. Artesunate Induces Cell Cycle Arrest in Both Parental and Sunitinib-Resistant RCC Cells

Diminished growth behavior in the parental and sunitinib-resistant RCC cell lines Caki-1, 786-O,
and A-498 was accompanied by a significant G0/G1 phase arrest after exposure to ART, compared
to the untreated controls (Figure 4a,b,d). Concomitantly, the number of S and G2/M phase cells
significantly decreased, except in the parental 786-O cells, exhibiting only a significant reduction in the
S phase (Figure 4b). In KTCTL-26 ART induced a significant G0/G1 phase arrest in the resistant cells,
but no changes were apparent in the parental counterpart (Figure 4c). Overall, the effect of ART on
KTCTL-26 regarding induction of cell cycle arrest was less pronounced than in the other RCC cell lines.
To explore the influence of ART on cell cycle regulating protein levels, Caki-1 and 786-O were utilized
as exemplary cell lines.
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Figure 4. Distribution of cell cycle phases: Proportion of parental and sunitinib-resistant RCC cells,
Caki-1 (a), 786-O (b), KTCTL-26 (c), and A-498 (d), in the G0/G1, S, and G2/M phases after 48 h treatment
with ART (20 µM). Untreated cells served as controls (dotted line; set to 100%). Error bars indicate
standard deviation (SD). Significant difference to untreated control: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,
ns = not significant. n = 5.

92



Cancers 2020, 12, 3150

2.6. Artesunate-Induced Cell Cycle Arrest was Accompanied by Alterations in the Expression and Activity of
Cell Cycle Regulating Proteins

Alterations in the cell cycle phases of Caki-1 and 786-O after administration of ART were associated
with distinct modulation in cell cycle regulating proteins (Figure 5, Figure 6, Figure 7). The treatment
of parental and sunitinib-resistant Caki-1 and 786-O cells with 20 µM ART led to a significant reduction
of the cell cycle activating proteins cyclin A, cyclin B, and CDK1, as well as to deactivation of CDK1
(pCDK1), all of which are proteins involved in S and G2/M phase progression. In addition, CDK2,
which associates with cyclin A during the S phase, significantly decreased in parental Caki-1 cells after
exposure to ART, compared to the untreated controls (Figures 5 and 6g, Figure S1g). The expression
of the tumor suppressor p27 significantly increased in parental and resistant Caki-1 cells with ART
application (Figures 5 and 6b, Figure S1b). However, in 786-O cells, p27 expression significantly
decreased after ART application (Figures 5 and 7b, Figure S2b). Protein expression of p21 was not
significantly altered in Caki-1 cells (Figures 5 and 6a, Figure S1a) but tended to increase in parental
786-O cells and was significantly increased in resistant 786-O cells (Figures 5 and 7a, Figure S2a).
Activity of CDK2 (pCDK2) was not detectable in Caki-1 and 786-O cells.

Figure 5. Protein expression profile of cell cycle regulating proteins: Representative Western blot
analysis of cell cycle regulating proteins in parental (par) and sunitinib-resistant (res) Caki-1 (left panel)
and 786-O (right panel) cells after 48 h exposure to ART (20 µM).
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Figure 6. Protein expression profile of cell cycle regulating proteins: Pixel density analysis (Western
blot) of the cell cycle regulating proteins p21 (a), p27 (b), cyclin A (c), cyclin B (d), CDK1 (e), pCDK1
(f), and CDK2 (g) in parental and resistant Caki-1 cells after 48 h exposure to ART (20 µM), compared
to untreated controls (set to 100%). Each protein analysis was accompanied and normalized by a
housekeeping protein. Error bars indicate standard deviation (SD). Significant difference to untreated
control: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns = not significant. n = 4. For detailed information
regarding the Western blots see Figure S1a–g.
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Figure 7. Protein expression profile of cell cycle regulating proteins: Pixel density analysis (Western
blot) of the cell cycle regulating proteins p21 (a), p27 (b), cyclin A (c), cyclin B (d), CDK1 (e), pCDK1
(f), and CDK2 (g) in parental and resistant 786-O cells after 48 h exposure to ART (20 µM), compared
to untreated controls (set to 100%). Each protein analysis was accompanied and normalized by a
housekeeping protein. Error bars indicate standard deviation (SD). Significant difference to untreated
control: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns = not significant. n = 4. For detailed information
regarding the Western blots see Figure S2a–g.

2.7. Artesunate Only Slightly Contributes to Apoptosis

To investigate whether the growth inhibitory effect of ART was associated with cell death events,
apoptosis was assessed (Figure 8). The only significant increase in apoptotic cells in parental or
sunitinib-resistant RCC cells after exposure to ART occurred in resistant Caki-1 cells (Figure 8a).
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Figure 8. Apoptotic events: Parental and resistant Caki-1 (a), 786-O (b), KTCTL-26 (c), and A-498 (d)
cells treated for 48 h with ART (20 µM). Untreated cells served as controls (set to 100%). Error bars
indicate standard deviation (SD). Significant difference to untreated control: * p ≤ 0.05, *** p ≤ 0.001,
ns = not significant. n = 5.

2.8. Artesunate Results in Ferroptosis Induction in KTCTL-26 Cells

Since ART has been shown to induce the iron-dependent cell death termed ferroptosis [35,36,38],
this type of cell death was investigated by utilizing ferrostatin-1, a ferroptosis inhibitor. Proliferation
inhibition observed under ART exposure in parental and sunitinib-resistant KTCTL-26 cells was
significantly reversed following the combined administration of ART with the ferroptosis inhibitor
ferrostatin-1 (Figure 9a,b). This cancellation of ART’s inhibitory effect caused proliferation rates
to return to those of the untreated control cells. Application of ferrostatin-1 did not cancel ART’s
proliferation inhibition in parental or sunitinib-resistant Caki-1, 786-O, and A-498 cells. Thus, only the
KTCTL-26 cell lines were investigated in further detail.

An essential process during ferroptosis is ROS generation. To investigate whether ART in fact
generates ROS, Trolox, an antioxidant was used to intercept free radicals and thus prevent ferroptosis.
ART in combination with Trolox significantly abrogated the proliferation inhibition observed with
ART treatment alone, so that the proliferation rate of the KTCTL-26 cells was comparable to that
of the untreated controls (Figure 9c,d). To further corroborate the results of the aforementioned
experiments, glutathione (GSH) expression, a part of the anti-oxidative protective system of the cells,
was evaluated. GSH significantly decreased in KTCTL-26 cells after treatment with 50 µM ART,
compared to the untreated controls (Figure 9e), indicating ROS generation and GSH consumption.
The GSH content was more strongly reduced in parental than in resistant KTCTL-26 cells. In both
parental and sunitinib-resistant KTCTL-26 cells, the inhibitory effect significantly increased when ART
was combined with iron (Figure 9e). Since GPX4 is essential for anti-oxidative protection and designated
as a ferroptosis related protein, GPX4 expression was also assessed. Application of 50 µM ART resulted
in a significant reduction of GPX4 in both parental and resistant KTCTL-26 cells (Figures 9f,g and S3).

p53 has been described as a ferroptosis indicator [49,50]. Thus, the expression of p53 in parental
and sunitinib-resistant RCC cells was investigated. Expression of p53 was not detectable in the parental
and sunitinib-resistant Caki-1, 786-O, and A-498 cells (Figures 9h and S4). Notably, in KTCTL-26 cells,
the only cells where ART did induce ferroptosis, distinct p53 expression in parental and even stronger
p53 expression in the resistant cells was detected (Figures 9h,i and S4).
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Figure 9. Artesunate induced ferroptosis by reactive oxygen species (ROS) formation in p53-positive
KTCTL-26 cells: Ferroptosis induction (a,b) Proliferation of parental (a) and sunitinib-resistant
KTCTL-26 cells (b) treated for 48 h with ART (20, 50 µM) and ferrostatin-1 (Fer-1) (20 µM). Untreated
(100%) and ART mono-treated cells served as controls. Error bars indicate standard deviation (SD).
Significant difference compared to untreated controls, except for asterisk brackets indicating significant
difference between ferrostatin-1 untreated and treated cells: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001,
ns = not significant. n = 5. Indications of ROS generation (c–g): Proliferation of parental (c) and
sunitinib-resistant KTCTL-26 cells (d) treated for 48 h with ART (20, 50 µM) and Trolox (0.5 mM).
Untreated cells served as controls (100%). n = 5. GSH level (%) of parental (par) and resistant (res)
KTCTL-26 cells after 24 h incubation with ART (50 µM) and holo-transferrin (Fe) (e). Untreated controls
served as controls (100%). n = 5. GPX4 expression: Representative Western blot of GPX4 expression in
parental (par) and sunitinib-resistant (res) KTCTL-26 cells after 48 h exposure to ART (50 µM) (f). Pixel
density analysis of GPX4 level (%) after 48 h exposure to ART (50 µM) in parental (par) and resistant
(res) KTCTL-26 cells (g). Untreated cells served as controls (100%). β-actin served as internal control.
n = 5. Protein expression of p53 (h,i) Representative Western blot analysis of p53 in parental (par) and
resistant (res) Caki-1, 786-O, KTCTL-26, and A-498 cells (h). Pixel density analysis of p53 expression in
parental (100%) and resistant KTCTL-26 cells (i) p53 protein analysis was accompanied and normalized
by a total protein control. n = 3. Error bars indicate standard deviation (SD). Significant difference
indicated by: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns = not significant. For detailed information regarding
the Western blots of (f) and (h) see Figures S3 and S4.
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2.9. Artesunate Influences the Metabolism of RCC Cells

The ART-induced ferroptosis in KTCTL-26 cells was accompanied by a significant increase in
ROS. Since ferroptosis is associated with a high iron content and accelerated metabolism, ART’s
impact on the oxygen consumption rate (OCR) of the KTCTL-26 cells, expressed by basal respiration,
adenosine triphosphate (ATP) production-coupled respiration, maximum and reserve capacities,
and non-mitochondrial respiration, was assessed (Figure 10). Exposure to ART significantly inhibited
the spare respiratory capacity, representing the ability of cells to enhance respiration in response to
physiological or pharmacological stress, in resistant KTCTL-26 cells (Figure 10e). Decreased spare
respiration capacity in the resistant KTCTL-26 cells was accompanied by diminished ATP production
(Figure 10f). Also, in parental RCC cells, ATP production significantly decreased after exposure to
ART (Figure 10f). ART exerted no significant effect on basal or maximum respiration in either parental
or resistant cells (Figure 10c,d). No alteration in the extracellular acidification rate connected with
anaerobic glycolytic activity was observed after exposure to ART in the KTCTL-26 cells, thus indicating
no shift towards compensatory glycolysis.
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Figure 10. Mitochondrial respiration: Representative mitochondrial respiration in parental (a) and
resistant (b) KTCTL-26 cells after 24 h treatment with 20 µM ART (=treated). Untreated cells served
as controls. Data pertaining to the oxygen consumption rate (OCR) were normalized to total basal
respiration (set to 100%) consisting of mitochondrial and non-mitochondrial respiration. Extracted
values for mitochondrial basal oxygen consumption rate (OCR) (c), maximal OCR (d), respiratory
reserve capacity (e), and adenosine triphosphate (ATP) production (f) after 24 h ART application (ART).
MFI =mean fluorescence intensity. Error bars indicate standard deviation (SD). Significant difference
to untreated control: * p ≤ 0.05, ** p ≤ 0.01, ns = not significant. n = 4.
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3. Discussion

Although current therapeutic approaches have improved progression-free survival of advanced
RCC patients, the disease at this stage ultimately remains incurable due to the inevitable development
of resistance to treatment. Interestingly, in the current study RCC cells exhibiting a more sensitive initial
response to sunitinib developed strong resistance in the course of chronic treatment. Sunitinib-resistant
Caki-1 cells were nearly 10-fold less sensitive than their parental counterparts, which initially could be
held in check by a relatively low sunitinib dose. Overcoming this resistance is therefore of primary
importance. Since adding ART to conventional anti-cancer therapy has been shown to overcome
resistance during treatment of other tumor entities, the impact of ART on a panel of sunitinib-sensitive
and sunitinib-resistant RCC cell lines was investigated.

Exposure to ART resulted in a significant inhibition of tumor cell growth and proliferation in
all tested parental and sunitinib-resistant RCC cells, indicating an anti-tumor potential in highly
heterogenic types of cancer. KTCTL-26 cells displayed the highest sensitivity to ART. The IC50 for ART
in the RCC cells was in the lower one- to two-digit µM range (2 to 18 µM). In good accordance with other
investigators, ART has been shown to inhibit cell growth of therapy-sensitive RCC cells in the two-digit
µM range, up to 50 µM [47]. Combined administration of ART with sorafenib, a first-generation TKI
akin to sunitinib, even further reduced cell growth [47]. Several studies on non-urological tumor
entities have also demonstrated growth inhibition after ART application. In hemangioendothelioma
cells, ART time- and dose-dependently reduced tumor cell growth, concomitantly decreasing the
expression of VEGF-A, VEGFR1, VEGFR2, and HIF-1α [46]. Thus, it has been postulated that ART may
hold promise in treating vascular tumors, of which RCC is a member. Moreover, significant growth
inhibition was observed in a mouse model of hemangioendothelioma carcinoma cells following ART
treatment, with significantly reduced tumor size [46]. In different gastric cancer cell lines, ART exposure
has also resulted in a significant growth reduction [51]. In bone tumor cell lines, ART also impacted
tumor cell growth [52]. In the present investigation, the growth of KTCTL-26 cells, a bone tumor cell
line, was even diminished to below zero after ART treatment. This was accompanied by an increased
number of annexin V positive cells, indicating apoptosis induction by ART. Other investigators
have reported an anti-proliferative effect of ART in ovarian carcinoma cells in vitro [53] as well as
in chemotherapy-sensitive and -resistant thyroid cancer cells [54]. In patients with colorectal cancer,
ART application reduced disease progression through anti-proliferative action [31]. Artemisinin,
the native lead compound, also inhibited proliferation in gastric cancer cell lines by up-regulating
p53 [55]. Nevertheless, ART inhibits tumor cells by both p53-dependent and also -independent
mechanisms [56,57].

Clonogenic growth provides information about the growth of single tumor cells at metastatic sites
and advanced RCC is characterized by its ability to spread and survive at these sites. A prolonged 10µM
ART exposure of up to 10 days contributed to a significant reduction of clone colonies in all parental and
respective sunitinib-resistant RCC cell lines. KTCTL-26, but also A-498 cells displayed a high sensitivity
towards ART with regard to clone colony formation, followed by 786-O and Caki-1. In good accordance
with Jeong et al., a significant decrease in clonogenic growth in therapy-sensitive Caki-1 and 786-O
cells has been shown [47]. Not only ART, but also artemisinin significantly diminished clonogenic
growth in therapy-sensitive RCC cells by down-regulating AKT, a survival protein, and up-regulating
E-cadherin, an epithelial differentiation marker [58]. E-cadherin loss is associated with poor prognosis
and continued spread of disease [59]. Since AKT up-regulation and loss of E-cadherin have previously
been demonstrated in therapy-resistant RCC cells [60–64], it is conceivable that these proteins are also
affected by ART in the sunitinib-resistant RCC cells.

Reduced cell growth and proliferation in response to ART were associated with impaired cell cycle
progression. Parental and resistant Caki-1, 786-O, and A-498 cells displayed a significant G0/G1 phase
arrest after exposure to 20 µM ART. Accumulation of the cells in G0/G1 correlated with a significant
reduction of the cells in the S and G2/M phase. However, parental KTCTL-26 cells were not affected,
and their sunitinib-resistant counterparts were only moderately affected. Concordant with the present
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investigation, ART and other derivatives of artemisinin have been shown to promote cell cycle arrest
in the G0/G1 phase in several tumor entities [65,66]. Application of ART in epidermoid carcinoma cells
has been shown to halt cells in the G0/G1 phase [65]. Artemisinin application has resulted in a similar
effect in cell cultures from endometrial tumors [66]. In therapy-sensitive RCC cells, Caki-1, and 786-O,
50 µM ART has been shown to induce a G2/M phase arrest [47], whereas the G0/G1 cell cycle arrest
observed in the present investigation was induced with 20 µM ART. These differences in cell cycle
arrest could be due to the different ART concentrations. Depending on dose, other investigators have
demonstrated a ROS-dependent cell cycle arrest induced by ART in both the G0/G1 and G2/M phases
in breast cancer cells [67].

Cell cycle progression is controlled by alternating CDK-cyclin complexes. In good accordance
with the G0/G1 cell cycle arrest induced by ART, the cell cycle activating proteins CDK 1/2 and cyclin
A/B, responsible for S and G2/M phase progression, were down-regulated, whereas the cell cycle
inhibiting proteins, p21 in 786-O cells, and p27 in Caki-1 cells, were elevated. The CDK2-cyclin A
complex mediates DNA replication in the S phase [68]. The CDK1-cyclin A complex promotes S phase
transition, and CDK1-cyclin B complex drives transition from the G2 to M phase [69]. Hence, there
is strong evidence that CDK1, CDK2, cyclin A, and B down-regulation by ART evokes the G0/G1
phase arrest, inhibiting growth of the RCC cells. Indeed, blocking CDK1/2 or cyclin A/B by small
interfering RNA has been shown to significantly reduce cell growth in Caki-1, KTCTL-26, and A-498
cells [18,19]. Increased p21 and p27 after ART application are also indicative of cell cycle arrest, as both
proteins mediate cell cycle arrest in the G0/G1 phase [70,71]. In epidermoid cancer cells, administration
of ART resulted in a G0/G1 phase arrest and concomitant p27 increase [65]. Consistent with the
current investigation, cell cycle arrest of the epidermoid cancer cells after ART treatment correlated
with down-regulation of cyclin A1, cyclin B, and CDK2 [65]. However, in 786-O cells the expression
of p27 was already high and significantly diminished after ART exposure. Studies on bone cancer
have demonstrated that p27 in addition to its anti-tumor function can play a role in oncogenesis [72].
In line with this, for some renal cell carcinomas, increased p27 expression was associated with worse
prognosis [73]. This may hold true for the 786-O cell lines but remains speculative and requires
further investigation. Thus, ART seems to act cell type-dependently, attributable to the initial protein
content and/or stage of disease. This might also be clinically important with regard to the intra-tumor
heterogeneity of RCC [74], since RCC is a tumor entity harboring varying molecular signatures with
different sensitivity to treatment [75].

Evidence has been presented showing that cell death may also be responsible for growth inhibition
by ART [47,51]. However, in the current study, only in sunitinib-resistant Caki-1 cells were significant
apoptotic effects apparent after ART treatment. Based on the dose–response curves and the fact that
KTCTL-26 cells reveal no or just slight effects on cell cycle progression, it might be assumed that ART
enables cell death in the KTCTL-26 cell line. However, ART did not induce apoptosis in the KTCTL-26
cells. Furthermore, 786-O and A-498 cell lines also displayed no apoptosis induction under ART
treatment. Other investigators have shown that ART induced apoptosis in tumor cells, but often only
after application of higher ART concentrations than used in the current study. In stomach tumors,
apoptotic events were detected in vitro with concentrations upwards of 50 µM ART [51]. Similarly,
induction of apoptosis was apparent after 48 h exposure to 50 µM ART in therapy-sensitive Caki-1 and
786-O cells [47]. Since the tumor cell growth of Caki-1, 786-O, and A-498 cell lines was also not reduced
below the initial cell count at seeding, even with the higher 50 µM ART concentration, apoptosis
induction by ART can only play a minor role in controlling RCC. This leaves the question open as
to how to explain the reduction in the KTCTL-26 cells below that of the initial seeding count after
exposure to ART.

One explanation of the magnitude of this ART-induced growth inhibitory effect might be induction
of ferroptosis. Indeed, parental and sunitinib-resistant KTCTL-26 demonstrated a significant reversion
in ART’s growth inhibitory effect after additional application of the ferroptosis inhibitor ferrostatin-1,
indicating that ART does induce ferroptosis. Accordingly, ferroptotic effects have been demonstrated
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in cell cultures of head and neck cancer after ART treatment [25]. In pancreatic cancer cells, ART
also triggered ferroptosis [36], and sorafenib combined with ART induced ferroptosis in liver cancer
cells [76].

Caki-1, 786-O, and A-498 cells did not show any response to ferrostatin-1, indicating that ferroptosis
does not take place in these cell lines. The ART-induced growth inhibition in these cells must therefore
mainly act through cell cycle arrest.

Since ART induced ROS generation during ferroptosis [48], Trolox, a vitamin E derivative and
anti-oxidant that neutralizes ROS [32], was applied to investigate whether the inhibitory effect of ART
could be canceled. In both parental and sunitinib-resistant KTCTL-26 cells, the inhibitory effect of ART
was significantly reversed, showing that ART can act through ROS generation. Glutathione (GSH),
a key regulator of excessive ROS levels [77], was also significantly reduced after ART administration.
ART evoked a stronger GSH reduction in parental KTCTL-26 cells than in resistant cells, which might
mean that these resistant RCC cells have a higher basal ROS tolerance. Support for this thesis is
provided by a proteomic study, showing that glutathione metabolism in sunitinib-resistant 786-O
RCC cells was increased 4–5 times compared to parental cells [78]. Hence, adding ART to sunitinib
treatment might counteract ROS tolerance in therapy-resistant cells, and facilitate ferroptosis. In the
current investigation, combining ART with iron further potentiated the decrease of GSH in both
parental and sunitinib-resistant KTCTL-26 cell lines. ART in combination with lysosomal iron led to
the development of ROS and ultimately induces apoptosis via the intrinsic pathway [32]. Increased
efficacy of ART in the presence of iron has been shown in pancreatic [36] and in breast cancer cell
lines [32]. A high iron content within the tumor cells therefore seems to augment ART’s efficacy,
and tumor cells with increased iron metabolism could be selectively targeted, including RCC [79].

Phospholipid-hydroxy peroxide-glutathione peroxidase (PHGPx, gene: GPX4) is another key
protein involved in augmented ROS generation. Substances containing an endoperoxid group, such as
ART, directly inhibit GPX4, first sensitizing “GPX4 tumors” to ferroptosis [80] and ultimately leading
to ferroptosis [81]. GPX4 was significantly reduced in parental and resistant KTCTL-26 cells after ART
treatment. Over-expression of GPX4 prevented ferroptosis in colorectal cancer in in vitro studies [82].
Consequently, this might also be the case for the KTCTL-26 cell lines.

p53 has been described as a possible ferroptosis enhancer [49,50]. Interestingly, p53 was
exclusively expressed in the parental and sunitinib-resistant KTCTL-26 cell lines, the only RCC
cell lines demonstrating ferroptosis induction after exposure to ART. p53 inhibited cysteine influx
and thus disrupted GSH metabolism [83]. Furthermore, and consistent with our results, ferroptosis
could not be induced in p53-defective cells. Hence, p53 expression may impact GSH metabolism
and might be a predictor for ferroptosis induction in parental and sunitinib-resistant RCC cells. Still,
this is speculative and requires further investigation. In tumor cells inducing apoptosis, cell death is
regulated by both p53-dependent and -independent pathways [56,57].

Along with induction of ferroptosis, ART exposure resulted in significantly diminished ATP
production and spare reserve capacity in both parental and sunitinib-resistant KTCTL-26 cells, throttling
the energy supply necessary for tumor cell progression. Consistent with this, ART administration in
B-cell lymphoma cells and prolactinoma cells led to reduced ATP production [84,85].

The results presented here show that ART induced significant growth inhibitory effects in parental
and, more importantly, sunitinib-resistant RCC cells. Although all four RCC cell lines responded to
ART, cell type-specific responses were evident. This might give an insight on how ART may act in
heterogeneous tumors. In parental and resistant Caki-1, 786-O, and A-498 cells, growth inhibitory
effects were accompanied by cell cycle arrest in the G0/G1 phase and respective modulation of the
cell cycle regulating proteins. It may therefore be assumed that ART led to growth and proliferation
inhibition, but not to tumor cell death. In contrast, parental and sunitinib-resistant KTCTL-26 cells
were mainly affected by ART through ferroptosis and decreased metabolism, leading to both growth
inhibition and tumor cell death. Notably, p53 was only evident in the KTCTL-26 cells, indicating that
p53 might be predicative for ART-dependent ferroptosis and induce a more effective drug response,
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which could be clinically relevant. The in vitro data give a first insight into the anti-tumor activity
of ART in RCC cells that might in its strength and the respective mechanism depend on the initial
protein profile of the tumor cells and therewith aspects of the intra-tumor heterogeneity. However,
since in vitro data reveal an isolated tumor cell system, further investigations are necessary to verify
our postulates and in vivo studies need to clarify whether ART shows similar anti-tumor effects under
physical conditions in parental and sunitinib-resistant RCC.

4. Materials and Methods

4.1. Cell Cultures

Renal cell carcinoma cell lines Caki-1, 786-O, KTCTL-26, and A-498 were kindly provided by Prof.
Dr. Roman Blaheta (Department of Urology, University Hospital Frankfurt, Goethe-University, GER),
initially purchased from Promocell (LGC Promochem, Wesel, Germany). Caki-1 cells were grown
and sub-cultured in Iscove Basal medium (Biochrom GmbH, Berlin, Germany), 786-O, KTCTL-26,
and A-498 were grown in RPMI-1640 medium (Gibco, Thermo Fisher Scientific, Darmstadt, Germany).
Media were supplemented with 10% fetal calf serum (FCS) (Gibco, Thermo Fisher Scientific, Darmstadt,
Germany), 1% glutamax (Gibco, Thermo Fisher Scientific, Darmstadt, Germany), and 1% Anti/Anti
(Gibco, Thermo Fisher Scientific, Darmstadt, Germany). Twenty mM HEPES-buffer (Sigma-Aldrich,
Darmstadt, Germany) was added to the RPMI-1640 medium. Tumor cells were cultivated in a
humidified, 5% CO2 incubator.

4.2. Resistance Induction and Application of Sunitinib and Artesunate

Resistance to sunitinib was induced by chronic exposure to ascending sunitinib (free Base,
Massachusetts LC Laboratories, Woburn, MA, USA) concentrations from 0.1–1 µM until the cells
survived and adapted to the highest dosage. Sunitinib resistance in the RCC cells occurred in average
10 weeks after starting application. Thereafter, they were maintained with 1 µM sunitinib applied
three times a week. The IC50 (half-maximal inhibitory concentration) of sunitinib was investigated to
verify drug resistance. After starving chronically sunitinib-treated RCC cells for 3 days 0.1–100 µM
sunitinib was applied for 72 h. Therapy-sensitive (parental) RCC subcell lines served as controls.
RCC cells were designated as sunitinib-resistant when the IC50 under 72 h sunitinib application was
approximately doubled.

Artesunate (ART) (Sigma-Aldrich, Darmstadt, Germany) was applied at a concentration of
1–100 µM. Controls (parental and sunitinib-resistant) remained ART-untreated. The IC50 of ART in
parental and sunitinib-resistant RCC cells was evaluated analog to sunitinib using the 72 h growth
data at a concentration of 1–100 µM ART. To evaluate possible toxic effects of sunitinib and/or ART,
cell viability was determined in parallel to experimentation by testing aliquoted cells with trypan blue
(Sigma-Aldrich, Darmstadt, Germany). Only viable cells were employed.

4.3. Tumor Cell Growth

Cell growth was assessed using 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide
(MTT) dye. RCC cells (50 µL, 1 × 105 cells/mL) were seeded onto 96-well-plates. After 24, 48, and 72 h,
10 µL MTT (0.5 mg/mL) (Sigma-Aldrich, Darmstadt, Germany) was added for 4 h. Cells were then
lysed in 100 µL solubilization buffer containing 10% SDS in 0.01 M HCl. The 96-well-plates were
subsequently incubated overnight at 37 ◦C, 5% CO2. Absorbance at 570 nm was determined for
each well using a multi-mode microplate-reader (Tecan, Spark 10 M, Crailsheim, Germany). After
subtracting background absorbance and offsetting with a standard curve, results were expressed as
mean cell number. To illustrate dose-response kinetics, mean cell number after 24 h incubation was set
to 100%. Each experiment was done in triplicate.
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4.4. Proliferation

Cell proliferation was measured using a BrdU (Bromodeoxyuridine / 5-bromo-2′-deoxyuridine)
cell proliferation enzyme-linked immunosorbent assay (ELISA) kit (Calbiochem/Merck Biosciences,
Darmstadt, Germany). Tumor cells (50 µL, 1× 105 cells/mL), seeded onto 96-well-plates, were incubated
with 20 µL BrdU-labeling solution per well for 24 h, fixed and stained using anti-BrdU mAb
according to the manufacturer’s protocol. Absorbance was measured at 450 nm using a multi-mode
microplate-reader (Tecan, Spark 10 M, Crailsheim, Germany). Values were presented as percentage
compared to untreated controls set to 100%.

4.5. Clonogenic Assay

The clonogenic recovery potential gives insight into the capability of the cells to form a new tumor
(metastasis). Therefore, 500 cells/well were seeded on a 6-well-plate and treated for 10 days with ART.
Untreated cells served as controls. RCC cells were subsequently fixed with 85% MeOH/15% AcOH
and stained with Coomassie (0.5 g Coomassie Blue G250 (Sigma-Aldrich, Darmstadt, Germany), 75 mL
AcOH, 200 mL MeOH, 725 mL distilled water). Amount and size of cell clone colonies were measured
with a biomolecular imager (Sapphire, Azure Biosystems, Biozym, Hess. Oldendorf, Germany). Colony
forming efficiency was evaluated by ImageJ analysis. A colony was defined as consisting of at least
50 cells with an area of 50.8 µm2. Untreated controls were set to 100%.

4.6. Cell Cycle Phase Distribution

For cell cycle analysis cell cultures were grown to sub-confluency. A total of 1 × 106 cells
was stained with propidium iodide (50 µg/mL) (Invitrogen, Thermo Fisher Scientific, Darmstadt,
Germany) and then subjected to flow cytometry (Fortessa X20, BD Biosciences, Heidelberg, Germany).
Ten thousand events were collected from each sample. Data acquisition was carried out using DIVA
software (BD Biosciences, Heidelberg, Germany), and cell cycle distribution was analyzed by ModFit
LT 5.0 software (Verity Software House, Topsham, ME, USA). The number of cells in the G0/G1, S,
or G2/M phases was expressed as a percentage.

4.7. Western Blot Analysis of Cell Cycle Regulating Proteins, GPX4 and p53

To explore the expression and activity of cell cycle and cell death regulating proteins, western blot
analysis was performed. Tumor cell lysates (50 µg) were applied to 10% or 12% polyacrylamide gel
and separated for 10 min at 80 V and 1 h at 120 V. The protein was then transferred to nitrocellulose
membranes (1 h, 100 V). After blocking with 10% non-fat dry milk for 1 h, the membranes were
incubated overnight with the following primary antibodies directed against cell cycle proteins: p21
(Rabbit IgG, clone 12D1, Cell Signaling, Frankfurt am Main, Germany), p27 (Mouse IgG1, clone 57/Kip1,
BD Biosciences, Heidelberg, Germany), Cyclin A (Mouse IgG1, clone 25, BD Biosciences, Heidelberg,
Germany), Cyclin B (Mouse IgG1, clone 18, BD Biosciences, Heidelberg, Germany), CDK1 (Mouse
IgG1, clone 2, BD Biosciences, Heidelberg, Germany), pCDK1 (Rabbit, clone 10A11, Cell Signaling,
Frankfurt am Main, Germany), CDK2 (Mouse IgG2a, clone 55, BD Biosciences, Heidelberg, Germany).

To indicate lipid peroxidation and ferroptosis related proteins the following primary antibodies
were used: GPX4 (Rabbit IgG, ab41787, Abcam, Berlin, Germany), p53 (Rabbit, clone 7F5, Cell Signaling,
Frankfurt am Main, Germany). HRP-conjugated rabbit-anti-mouse IgG or goat-anti-rabbit IgG served
as secondary antibodies (IgG, both: dilution 1:1000, Dako, Glosturp, Denmark). The membranes were
incubated with ECL detection reagent (AC2204, Azure Biosystems, Munich, Germany) to visualize proteins
with a Sapphire Imager (Azure Biosystems, Munich, Germany). β-actin (clone AC-1; Sigma Aldrich,
Taufenkirchen, Germany) served as the internal control, except for p53, which was normalized to total
protein. To quantify total protein all membranes were stained by Coomassie brilliant blue and measured
by Sapphire Imager. AlphaView software (ProteinSimple, San Jose, CA, USA) was used for pixel density
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analysis of the protein bands. The ratio of protein intensity/β-actin intensity or whole protein intensity was
calculated and expressed in percentage, related to the untreated controls, set to 100%.

4.8. Apoptosis and Ferroptosis

To investigate apoptotic and necrotic events, the FITC-Annexin V Apoptosis Detection kit
(BD Biosciences, Heidelberg, Germany) was used to quantify binding of Annexin V/propidium iodide
(PI). After washing tumor cells twice with PBS, 1 × 105 cells were suspended in 500 µL of 1 × binding
buffer and incubated with 5 µL Annexin V-FITC and (or) 5 µL PI in the dark for 15 min. Staining was
measured by flow cytometer (Fortessa X20, BD Biosciences, Heidelberg, Germany). Ten thousand
events were collected from each sample. The percentage of apoptotic and necrotic cells in each quadrant
was calculated using DIVA software (BD Biosciences, Heidelberg, Germany). Further analysis was
done by FlowJo software (BD Biosciences, Heidelberg, Germany).

A BrdU cell proliferation enzyme-linked immunosorbent assay (ELISA) kit (Calbiochem/Merck
Biosciences, Darmstadt, Germany) was used to evaluate ferroptosis and ROS generation. To evaluate
ferroptosis, tumor cells were treated for 48 h with 20, 50, and 100 µM ART or ART combined with
20 µM ferrostatin-1 (Sigma-Aldrich, Darmstadt, Germany), a ferroptosis inhibitor. ROS generation
during ferroptosis was verified by treating the RCC cells for 48 h with 20, 50, and 100 µM ART in
combination with 0.5 mM Trolox (Sigma-Aldrich, Taufkirchen, Germany), an antioxidant. For more
details see “Proliferation” (4.4), as described above.

4.9. GSH-Assay

The GSH level was evaluated with the GSH-Glo™ Glutathione Assay (Promega Corporation,
Madison, Wisconsin, USA). Five thousand cells/well were seeded onto a 96-well-plate and incubated for
24 h with 50µM ART or ART combined with 20µg/mL holo-Transferrin (Fe; Sigma-Aldrich, Taufkirchen,
Germany). Experiments were performed according to the manufacturer’s protocol. Luminescence was
measured using a multi-mode microplate-reader (Tecan, Spark 10 M, Tecan, Grödig, Austria).

4.10. Evaluation of Mitochondrial Respiration and Anaerobic Glycolytic Activity

Mitochondrial respiration (OCR = oxygen consumption rate) and anaerobic glycolytic activity
(EACR = extracellular acidification rate) were assessed in real time by the Seahorse XFp Extracellular
Flux Analyzer using the Seahorse XF Cell Mito Stress Test Kit (both: Agilent Technologies,
Waldbronn, Germany). The EACR indicating anaerobic glycolytic activity was used to determine
compensatory glycolysis. OCR was obtained by multiple parameters, including basal respiration,
ATP production-coupled respiration, maximal and reserve capacities, and non-mitochondrial
respiration. Cells stained with CellTracker Green CMFDA (Thermo Fisher Scientific, Darmstadt,
Germany) were plated at a density of 2 × 104 cells/well and media was replaced with XF Assay media
the following day 1h prior to the assay and incubated without CO2. Five measurements of OCR and
ECAR were taken at baseline and after each injection of the following mitochondrial modulators:
Oligomycin (1.5µM, Inhibitor of ATP synthase), carbonylcyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) (1 µM, proton gradient uncoupler), and rotenone/actinomycin A (0.5 µM, inhibitors of complex
I/Complex III). Data were normalized by using Wave 2.6.1 (Agilent Technologies, Waldbronn, Germany)
desktop software to the mean fluorescent intensity of cells in the area of measurement in each well.
Data pertaining to the OCR were normalized to total basal respiration (set to 100%) consisting of
mitochondrial and non-mitochondrial respiration. Basal and maximal respiration were calculated by
subtracting non-mitochondrial OCR. Respiratory reserve capacity was calculated as the difference
between maximal and basal OCR. ATP-linked OCR was estimated as the difference between basal and
rotenone/actinomycin A inhibited OCR.
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4.11. Statistical Analysis

All experiments were performed at least three times. The evaluation and generation of mean
values, the associated standard deviation, and normalization in percent were done by Microsoft Excel.
Statistical significance was calculated with GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA,
USA): Two-sided T-test (Western blot, apoptosis, cell cycle), one-way ANOVA test (BrdU), and two-way
ANOVA test (MTT). Correction for multiple comparisons was done using the conservative Bonferroni
method. Differences were considered statistically significant at a p-value ≤ 0.05.

5. Conclusions

ART induced cell-type specific anti-tumor effects in both parental and sunitinib-resistant RCC
cells. In three of the four tested cell lines, Caki-1, 786-O, and A-498, ART induced a strong G0/G1
phase arrest. In the KTCTL-26 cell line, the phase arrest was not as pronounced, but ART exposure
additionally induced ferroptosis. In this cell line, the anti-tumor activity of ART was much stronger
than in the other three cell lines where ferroptosis was not induced by ART. p53 was only detectable in
the KTCTL-26 cells, possibly making it a predictive marker for ferroptosis and a better response to ART.
Since RCC exhibits intra-tumor heterogeneity, this might be a clinically relevant aspect. The results
presented here suggest that ART may hold promise as a new additive therapy option for selected
patients with advanced and even sunitinib-resistant RCC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3150/s1,
Figure S1: Detailed information about Figure 6—Protein expression profile of cell cycle regulating proteins in
parental and resistant Caki-1, Figure S2: Detailed information about Figure 7—Protein expression profile of cell
cycle regulating proteins in parental and resistant 786-O, Figure S3: Detailed information about Figure 9f—GPX4
expression in parental and sunitinib-resistant KTCTL-26, Figure S4: Detailed information about Figure 9h—Protein
expression of p53 in parental and resistant Caki-1, 786-O, KTCTL-26, and A-498 cells.
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Simple Summary: Immunotherapy-based treatment options have become standard of care in
metastatic renal cell carcinoma. Despite significant improvement in overall survival with these
therapies, the tumors of many patients will eventually progress. This review highlights the ongoing
efforts to develop biomarkers to help predict which patients are most likely to benefit from treatment
with immunotherapy.

Abstract: Immunotherapy-based combinations, driven by PD-1, PD-L1, and CTLA-4 inhibitors,
has altered the treatment landscape for metastatic renal cell carcinoma (RCC). Despite significant
improvements in clinical outcomes, many patients do not experience deep or lasting benefits.
Recent efforts to determine which patients are most likely to benefit from immunotherapy and
immunotherapy-based combinations have shown promise but have not yet affected clinical practice.
PD-L1 expression via immunohistochemistry (IHC) has shown promise in a few clinical trials,
although variations in the IHC assays as well as the use of different values for positivity presents
unique challenges for this potential biomarker. Several other candidate biomarkers were investigated
including tumor mutational burden, gene expression signatures, single gene mutations, human
endogenous retroviruses, the gastrointestinal microbiome, and peripheral blood laboratory markers.
While individually these biomarkers have yet to explain the heterogeneity of treatment response to
immunotherapy, using aggregate information from these biomarkers may inform clinically useful
predictive biomarkers.

Keywords: biomarkers; immunotherapy; renal cell carcinoma; PD-L1

1. Introduction

An estimated 400,000 new renal cancers are diagnosed annually world-wide leading to over
175,000 deaths [1]. Early systemic therapies designed to target the immunogenicity of metastatic
renal cell carcinoma (mRCC), such as interferon-alpha and high-dose IL-2, were effective in only
a small percentage of patients [2,3]. While subsequent therapies designed against angiogenesis
including tyrosine kinase inhibitors (TKI) targeting vascular endothelial growth factor (VEGF) and its
receptor (VEGFR) improved response rates and progression-free survival, nearly all patients developed
resistance [4].

The implementation of monoclonal antibodies against the immune checkpoint proteins
programmed cell death 1 (PD-1), programmed death-ligand 1 (PD-L1), and anti-cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4) has dramatically changed the treatment paradigm
for mRCC [5]. After demonstrating improved overall survival (OS) compared to the mammalian target
of rapamycin (mTOR) inhibitor everolimus in the post-VEGF-R inhibitor setting, nivolumab (anti PD-1)
became the first immune checkpoint inhibitor to gain FDA approval for advanced RCC in November of
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2015 [6,7]. Subsequently, in April 2018, the immunotherapy combination nivolumab plus ipilimumab
(anti-CTLA-4) gained approval in the first-line setting after demonstrating improved OS versus
sunitinib [8]. In April and May of 2019, two additional immunotherapy-based combinations were
approved in the first-line setting: pembrolizumab (anti-PD-1) plus the anti-VEGFR agent axitinib and
avelumab (anti-PD-L1) plus axitinib [9–11]. Despite these advances, only a minority of patients treated
with immunotherapy will have a durable response, prompting the search for predictive biomarkers.
Since the early phases of development of immunotherapy in mRCC, tremendous efforts have been
made towards understanding the biology of the tumor microenvironment (TME) to help identify
candidate biomarkers, such as immunohistochemistry (IHC) expression of PD-L1, tumor mutational
burden (TMB), polybromo-1 gene (PBRM1) mutations, human endogenous retroviruses (hERVs),
gastrointestinal microbiota, sarcomatoid histology, and the neutrophil to lymphocyte ratio (NLR).

2. Programmed Death-Ligand 1

Expression of PD-L1 (historically denoted as B7 homolog 1) on tumor cells and tumor-infiltrating
lymphocytes was initially shown to be a poor prognostic marker for patients with renal cell carcinoma
based on IHC analyses performed in 2004 [12,13]. Furthermore, in 2006 Thompson et al. performed
a retrospective analysis of over 300 patients with mRCC and found that the 5-year cancer-specific
survival rate was 42% for patients expressing PD-L1 versus 83% for patients who were negative [14].
Subsequently, a post-hoc analysis of the phase III trial COMPARZ, comparing efficacy of pazopanib to
sunitinib, found that patients treated with either agent had significantly worse OS and progression-free
survival (PFS) if they were PD-L1+ compared to those who were PD-L1− [15]. Thus, tumor PD-L1
expression is a negative prognostic factor in RCC and predicts against response to anti-VEGFR therapy.

Early phase clinical trials with anti-PD-1 monotherapy showed potential for the use of PD-L1
expression as a predictive biomarker for immunotherapy in mRCC [16,17]. The phase III clinical trial
CheckMate 025 demonstrated improved efficacy of nivolumab over everolimus regardless of PD-L1
status, i.e., the marker was prognostic but not predictive [6]. Interestingly, the prior association of
worse prognosis was observed in both groups, as patients who were PD-L1+ had numerically lower
OS compared with PD-L1- patients. PD-L1 expression has been evaluated in several randomized
clinical trials (Table 1).

In the phase III CheckMate 214 trial, evaluating nivolumab in combination with ipilimumab
versus sunitinib, 91% (1002/1096) of patients in the intention-to-treat (ITT) population had quantifiable
tumor tissue available for PD-L1 testing [8]. Tumors were positive if they had tumor cells (from baseline
tumor samples prior to therapy) with > 1% PD-L1 expression as assessed using the Dako PD-L1 IHC
28-8 pharmDx test. Multivariate analysis of baseline factors was presented in the 32-month extended
follow-up report [18] and showed that PD-L1 expression was a negative predictor for survival among
patients treated with sunitinib [hazard ratio (HR) 0.70; 95% CI 0.52-0.93 for patients negative for PD-L1
expression]. However, PD-L1 was not associated with survival among patients treated with nivolumab
plus ipilimumab even in univariate analysis, suggesting that combination immunotherapy was able to
overcome the negative prognostic effects associated with PD-L1 expression.
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Table 1. Clinical outcomes by PD-L1 expression status from phase III clinical trials of immunotherapy in mRCC.

Trial Name Treatment + Arms
mOS
PD-L1+

mOS
PD-L1-

mOS
ITT

mPFS
PD-L1+

mPFS
PD-L1-

mPFS
ITT

CR% in
PD-L1+

CR% in
PD-L1-

ORR in
PD-L1+

ORR in
PD-L1-

CheckMate 214 [8]

Nivolumab +
ipilimumab vs.
sunitinib
(intermediate and
poor-risk)

NR vs.
19.6 mo
(HR 0.45)

NR vs. NR
(HR 0.73)

NR vs.
26.0 mo
(HR 0.63)

22.8 mo vs.
5.9 mo (HR
0.46)

11.0 mo vs.
10.4 mo
(1.00 *)

11.6 mo vs.
8.4 mo
(HR 0.82 *)

16% vs. 1% 7% vs. 1% 58% vs.
22%

37% vs.
28%

KEYNOTE-426
[9,10]

Pembrolizumab +
axitinib vs. sunitinib

HR 0.54
(12-mo OS)

HR 0.59 *
(12-mo OS)

NR vs. 35.7
(HR 0.68)
[10]

15.3 mo vs.
8.9 mo (HR
0.62)

15.0 mo vs.
12.5 mo
(HR 0.87 *)

15.4 mo vs.
11.1 mo (HR
0.71) [10]

JAVELIN Renal
101 [19]

Avelumab + axitinib
vs. sunitinib HR 0.83 * HR 0.80 *

13.8 mo vs.
7.0 mo (HR
0.62)

13.3 mo vs.
8.0 mo (HR 0.69)

5.6% vs.
2.4% 1% vs. 1% 55.9% vs.

27.2%

47.1%
vs.
27.3%

IMmotion151 [20]
Atezolizumab +
bevacizumab vs.
sunitinib

HR 0.84 HR 0.93 *
11.2 mo vs.
7.7 mo (HR
0.74)

11.2 mo vs.
9.5 mo (HR
0.89 *)

9% vs. 4% 3% vs. 1% 43% vs.
35%

33% vs.
32%

CheckMate 025 [6] Nivolumab vs.
everolimus

21.8 mo vs.
18.8 mo
(HR 0.79 *)

27.4 mo vs.
21.2 mo
(HR 0.77)

4.6 mo vs. 4.4 mo
(HR 0.88 *)

* reported HR is not statistically significant
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Among patients with International Metastatic RCC Database Consortium (IMDC) favorable-risk
disease, only 11% (11/115) of those treated with nivolumab plus ipilimumab and 12% (13/111) of those
treated with sunitinib were PD-L1+ compared to 26% (100/384) and 29% (114/392) of patients with
IMDC intermediate- and poor-risk disease [8]. Exploratory analysis according to PD-L1 expression
was performed in the intermediate- and poor-risk patient population. The median PFS for PD-L1+
patients was 22.8 months with nivolumab plus ipilimumab versus 5.9 months with sunitinib (HR 0.46;
95% CI, 0.31–0.67), while the median PFS between nivolumab plus ipilimumab versus sunitinib was
not significantly different among those who were PD-1L− (HR 1.00; 95% CI, 0.80–1.26). While overall
survival was significantly longer with nivolumab plus ipilimumab versus sunitinib in both the PD-L1+
and negative groups, the degree of improvement in overall survival was greater in the PD-L1+ patients:
HR 0.45 (95% CI, 0.29–0.71) in the PD-L1+ group and HR 0.73 (95% CI, 0.56–0.96) in the PD-L1−
population. Additionally, the difference in ORR between nivolumab plus ipilimumab versus sunitinib
was numerically higher in the PD-L1+ group with ORR of 58% with nivolumab plus ipilimumab
versus 22% with sunitinib (p < 0.001), compared with 37% versus 28% (p = 0.03) in the PD-L1− group.
Complete responses were also more frequent in the PD-L1+ group with 16% CR with nivolumab plus
ipilimumab versus 1% with sunitinib, compared to 7% and 1% among respective PD-L1− patients.
Thus, PD-L1 expression enriches for clinical benefit with combination nivolumab plus ipilimumab but
cannot be used as a predictive biomarker given the significant benefit observed in the PD-L1− group.

The role of PD-L1 expression has also been explored in combinations of anti-VEGF therapy
with immunotherapy. IMmotion150, a randomized phase II trial, investigated the clinical activity
of atezolizumab with or without bevacizumab against sunitinib in patients with treatment-naive
mRCC [21]. This trial included numerous ancillary biomarker investigations, including PD-L1
expression. Co-primary end points were PFS in both the ITT and in the PD-L1+ patient populations.
PD-L1 was measured using the Ventana SP142 IHC assay, and PD-L1 was considered positive if >1%
tumor-infiltrating immune cells (ICs) expressed PD-L1. The percentage of patients considered PD-L1+
among the three treatment groups were 59% sunitinib, 52% atezolizumab, and 50% atezolizumab +
bevacizumab. The initial stratification was based on PD-L1 status of >5% (instead of >1%), which is
thought to explain some of the imbalance among the treatment arms. The median PFS in the
PD-L1+ population was 14.7 months with atezolizumab + bevacizumab versus 7.8 months with
sunitinib (HR 0.64; 95% CI, 0.38–1.08), while the median PFS in the ITT population was 11.7 months
with atezolizumab+bevacizumab versus 8.4 months with sunitinib (HR 1.00; 95% CI, 0.69–1.45).
Furthermore, the hazard ratios for improvement in PFS were numerically improved with increasing
levels of PD-L1 expression among patients treated with atezolizumab plus bevacizumab. Thus, PD-L1
expression enriched for response to this combination, although the overall activity of this regimen is
lower compared to other immunotherapy-based doublets in mRCC.

The randomized phase III trial, IMmotion 151 further explored these findings. IMmotion151
enrolled patients with clear cell or sarcomatoid histology randomized to atezolizumab plus bevacizumab
versus sunitinib [20]. Co-primary end points included investigator assessed progression-free survival
in PD-L1+ patients and overall survival in the intention-to-treat population. PD-L1 was measured using
the Ventana SP142 IHC assay, and PD-L1 was considered positive if >1% tumor-infiltrating immune
cells (ICs) expressed PD-L1. Among patients in the PD-L1+ subset, median PFS was 11.2 months in the
atezolizumab plus bevacizumab arm compared with 7.7 months in the sunitinib arm; HR 0.74 (95 CI
0.57–0.96; p = 0.0217). Similar to IMmotion 150, the HRs for PFS were numerically improved with
increasing levels of PD-L1 expression. However, overall survival in the ITT population did not cross
the prespecified significance boundary, with median overall survival HR 0.93 (0.76–1.14; p = 0.4751)
at interim analysis. The HR for median overall survival in the PD-L1+ patients was 0.84 (0.62–1.15;
p = 0.2857). ORR was 43% (76/178) in the PD-L1+ atezolizumab plus bevacizumab group compared to
35% (64/184) in the PD-L1+ sunitinib group, per investigator assessment. This difference was not seen
among the PD-L1- group; 33% (90/276) for atezolizumab plus bevacizumab versus 32% (89/276) for

114



Cancers 2020, 12, 2662

sunitinib. For investigator assessed PD-L1+ patients, CR was 9% with atezolizumab plus bevacizumab
vs. 4% with sunitinib, while CR was only 3% and 1% in the respective PD-L1− groups.

In the phase III KEYNOTE-426 trial [9], in which the combination pembrolizumab plus axitinib was
compared to sunitinib, PD-L1 expression was not incorporated into the primary endpoint; however,
PD-L1 expression was tested and reported in the exploratory analysis. Expression was assessed
using the PD-L1 IHC 22C3 pharmDx assay (Agilent Technologies) and was calculated using the
combined positive score [CPS; calculated as the number of PD-L1+ cells (tumor cells, lymphocytes,
and macrophages) divided by the total number of tumor cells, multiplied by 100]. Seventy-seven
percent of patients (822/1062) had tumor samples evaluable for PD-L1 expression, and of these 60.5%
had a combined positive score >1. The 12-month OS rates among PD-L1+ patients were 90.1% with
pembrolizumab plus axitinib and 78.4% with sunitinib (HR 0.54, 95% CI, 0.34–0.84). In the PD-L1−
group the 12-month OS rates were 91.5% versus 78.3% respectively (HR 0.59, 95% CI 0.34–1.02).
The median PFS among PD-L1+ patients was 15.3 months with pembrolizumab plus axitinib versus
8.9 months with sunitinib (HR 0.62, 95% CI 0.47–0.80), and in the PD-L1- group median PFS was
15.0 months versus 12.5 months (HR 0.87, 95% CI 0.62–1.23). Given marked benefit in both PD-L1+
and PD-L1− patients over sunitinib, there was no signal for use of PD-L1 expression as a predictive
biomarker for treatment with pembrolizumab plus axitinib. However, it is notable that the poor
prognostic association of PD-L1 expression with sunitinib was not observed in this study as had been
shown previously, with 12 months OS 78.4% in the PD-L1+ patients and 78.3% in those who were
PD-L1−. This difference may be at least partly explained by the use of a different assay and different
methodology, namely the combined positive score, for determining PD-L1 expression.

The phase III JAVELIN Renal 101 trial, evaluating the combination avelumab plus axitinib versus
sunitinib, incorporated PD-L1 expression into the combined primary endpoints of PFS and OS among
PD-L1+ patients [11]. Expression was considered positive if >1% of immune cells were positive within
the sampled tumor area as assessed by the Ventana PD-L1 SP263 assay (Ventana Medical Systems).
Similar to the KEYNOTE-426 trial, JAVELIN Renal 101 also had a large number (69%, 560/812) of
patients with evaluable samples positive for PD-L1. With a median follow-up of at least 13 months,
PD-L1+ patients had a median PFS of 13.8 months with avelumab plus axitinib versus 7.0 months with
sunitinib (HR 0.62, 95% CI 0.49–0.77) compared with 13.3 months versus 8.0 months (HR 0.69, 95% CI,
0.57–0.83) in the ITT group [19]. The overall CR rate was 3.8% with the combination avelumab plus
axitinib, and 15 of these 17 patients with CR were PD-L1+. The CR rate was only 2.0% overall in the
sunitinib group. Interestingly, the majority of these patients (7/9) were also PD-L1+. A new analysis
of JAVELIN Renal 101 reassessed PD-L1 expression using the percentage of tumor cell positivity
and found only 27% (218/812) of patients had expression >1% [22], and by using this approach 92%
(196/212) would have also been considered positive using the immune cell algorithm. While there
was no difference in PFS among the avelumab plus axitinib group (HR 0.89; 95% CI 0.65–1.22), PFS
was shorter among PD-L1+ patients in the sunitinib arm (HR 1.57; 95% CI 1.16–2.14). Increasing the
expression cutoff to 5%, 10%, and 25% did not lead to statistical difference among the avelumab plus
axitinib group. Similar to KEYNOTE-426, PD-L1 status alone does not appear to predict response to
immunotherapy in combination with axitinib.

One of the biggest drawbacks for PD-L1 as a predictive biomarker, is the variety of available tests
and different methodologies for determining positivity. New biomarker analysis from CheckMate
214 presented at ASCO 2020 compared the previously reported PD-L1 expression data as defined
using tumor cell expression >1% to the combined positive score [23]. Most notably, the percentage of
patients determined to be PD-L1+ increased from 23% (113/498) to 61% (298/487) in the nivolumab
plus ipilimumab group and from 25% (125/494) to 60% (298/493) in the sunitinib group, comparable to
KEYNOTE-426 and JAVELIN Renal 101. The combination nivolumab plus ipilimumab significantly
improved OS compared to sunitinib in both PD-L1+ and PD-L1− patients regardless of which test was
used. However, stratified overall survival within the nivolumab plus ipilimumab group by PD-L1
combined positive score was not reported. Therefore, it remains unclear at this time whether the
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enrichment for response seen with PD-L1 expression (as initially reported using >1% positive tumor
cells) remains using the combined positive score with this immunotherapy combination.

3. Tumor Mutational Burden

Tumor mutational burden (TMB) has been theorized to predict response to immunotherapy given
increased formation of neoantigens on the tumor surface which lead to enhanced immunogenicity [24].
In June of 2020, the FDA announced a tumor-agnostic approval for pembrolizumab in patients whose
tumors harbor TMB > 10 mutations per megabase (muts/Mb) [25], though the utility of TMB for
predicting response to immunotherapy in RCC remains unproven.

Genomic profiling on over 1600 tumor samples from a variety of solid tumor types was
performed using the MSK-IMPACT assay to examine the association between TMB and response to
immunotherapy [26,27]. Given the heterogeneity of TMB between different histologies [28], TMB was
analyzed using pre-specified cutoff percentages within each histology. Using a binary cutoff of 20%,
a significant improvement in OS was observed across the entire cohort; HR 0.061 (p = 1.3 × 10−7).
Patients with RCC made up 9% (N = 151) of the cohort. When limiting the analysis to this subgroup,
no significant difference was found in OS between the patients in the top 20% of TMB and those below
(cutoff 5.9 muts/Mb), HR 0.569. Using a more stringent cutoff of 10% (7.9 muts/Mb) or a more inclusive
cutoff of 30% (cutoff 4.9 muts/Mb), a difference in OS was still not found.

Numerous retrospective analyses in RCC evaluating TMB have since been conducted with little
to no association found. Labriola et al. evaluated 34 patients with mRCC treated with immunotherapy
(32 with nivolumab, 2 with nivolumab plus ipilimumab, and 1 with pembrolizumab) who underwent
genomic profiling with the PGDx elio panel [29]. Patients were grouped as either progressive disease
or disease control (defined as stable disease or partial response). There was no significant difference
observed in the TMB score between the two groups (p = 0.7682), with a mean TMB of 3.01 muts/Mb
among the progressive disease group versus 2.63 muts/Mb in the disease control group. There were
three patients who had a TMB score > 10 muts/Mb; two had progressive disease and one was in the
disease control group.

Wood et al. examined a cohort of 431 patients with melanoma, non-small cell lung cancer, and RCC
who had publicly available whole exome sequencing [30]. They determined TMB status based on
consensus calls in DNA variants. Overall survival data was available for 56 patients with RCC, 50 of
whom had reported response data available (excluding combination immunotherapy). Separating
patients into two binary groups: TMB high (defined as those exceeding the disease-matched 80th
percentile) and TMB low, there was no significant difference in overall survival (p > 0.05). Using logistic
regression to evaluate for response probability and TMB, they found that TMB was a partial predictor
of response in melanoma and non-small cell lung cancer but they found no significant difference among
patients with RCC (p = 0.894).

Dizman et al. evaluated 91 patients at the City of Hope Comprehensive Cancer Center with mRCC
who had undergone genomic profiling with DNA whole exome sequencing and RNA next-generation
sequencing using the GEM ExTra assay [31]. Only patients whose genomic profiling was performed
prior to initiation of systemic treatment were included for analysis. One cohort of patients were
treated with immunotherapy (N = 32) and the other with VEGF-TKI therapy (N = 43). Eleven patietns
(34%) patients in the immunotherapy cohort were treated with first-line nivolumab plus ipilimumab,
while the remaining patients were treated with nivolumab monotherapy in either the second- or
third-line settings. Patients were defined as with clinical benefit if they achieved complete or partial
response of any duration or stable disease for at least six months. Overall, the median TMB was low
at 1.2 muts/Mb (range 0.03–4.0) and no significant difference was seen between patients with clinical
benefit versus no clinical benefit in either the immunotherapy cohort (p = 0.82) or the VEGF-TKI cohort
(p = 0.091).

Braun et al. performed extensive genomic analyses on tumor samples from patients enrolled on the
randomized phase III CheckMate 025 trial, treated with nivolumab monotherapy or the mTOR inhibitor
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everolimus and on the phase II CheckMate 010 trial [32]. The data were combined with existing whole
exome sequencing and RNA-seq data from CheckMate 009 [33]. Whole exome sequencing data was
available for 261 patients treated with nivolumab and 193 patients treated with everolimus. Clinical
benefit was defined as having complete or partial response or stable disease with tumor shrinkage
and PFS of at least six months, and they calculated TMB as the calculated sum of all non-synonymous
mutations in each sample. No differences were observed in the total mutation burden between the
clinical benefit group (N = 78) and the no clinical benefit group (N = 95); p = 0.81.

Interestingly, Huang et al. performed analysis on available somatic mutation data and
transcriptome profiles from patients with clear cell RCC in the TCGA cohort (N = 537) [34]. TMB was
defined as the total number of variants divided by the whole length of exons, 38 million (including base
substitutions, deletions, and insertions). Pearson correlation analysis was used to evaluate expression
of PD-1, PD-L1, and CTLA-4 with TMB. While no significant association was found between TMB and
CTLA-4 (p = 0.270) or PD-1 (p = 0.493), a significant negative correlation between TMB and PD-L1
expression was determined (R =−1.51 and p = 0.006). Analysis from CheckMate 214 presented at ASCO
2020, showed no difference in PFS or OS between high TMB and low TMB within either the nivolumab
plus ipilimumab arm or in the sunitinib arm [23], and recently published data from JAVELIN Renal
101 showed that TMB did not differentiate PFS in either the avelumab plus axitinib group (HR 1.09;
95% CI 0.79–1.50) or in the sunitinib group (HR 0.79; 95% CI 0.60–1.05 [22]. Overall, despite recent
tumor-agnostic FDA approval for immunotherapy in tumors with TMB > 10 muts/Mb [25], TMB does
not appear to reliably predict response in mRCC.

4. RNA Gene Expression

Gene expression profiling using RNA sequencing was evaluated in several randomized control
trials (Table 2). McDermott et al. conducted pre-specified exploratory genomic analysis of IMmotion
150, the phase 2 trial of atezolizumab + bevacizumab versus sunitinib, and atezolizumab monotherapy
versus sunitinib [21]. Gene expression analysis was performed by generating whole transcriptome
profiles for 263 patients using RNA sequencing, TruSeq RNA Access (Illumina). Gene expression
signatures previously found to be associated with angiogenesis (VEGFA, KDR, ESM1, PECAM1,

ANGPTL4, and CD34), immune activation (CD8A, EOMES, PRF1, IFNG, and CD274), and myeloid
inflammation (IL-6, CXCL1, CXCL2, CXCL3, CXCL8, and PTGS2) were used to group patients into high
and low expression categories for each signature, separated by the median expression score derived
for each group [35–41]. They found that the AngioHigh subgroup had increased vascular density as
determined by CD31 IHC, and that the TeffHigh subgroup was associated with increased expression of
PD-L1 on immune cells by IHC and with increased CD8+ T-cell infiltration.

Table 2. Gene expression signatures evaluated from randomized controlled trials in mRCC.

Biomarker Trial Patient Population Key Findings

IMmotion 150
Angio Signature
(VEGFA, KDR,
ESM1, PECAM1,
ANGPTL4, CD34)

CheckMate 214 [23] Within sunitinib arm Improved PFS among AngioHigh (0.58)

IMmotion150 [21]
Within sunitinib arm ORR AngioHigh 46% vs. AngioLow 9%

Atezolizumab + bevacizumab
vs. sunitinib

Improved PFS among AngioLow with
atezolizumab + bevacizumab (HR 0.59)

IMmotion151 [42]
Within sunitinib arm Improved PFS among AngioHigh (0.59)

Atezolizumab + bevacizumab
vs. sunitinib

Improved PFS among AngioLow with
atezolizumab + bevacizumab (HR 0.68)

JAVELIN Renal 101
[22,43]

Within sunitinib arm Improved PFS among AngioHigh (0.64)

Avelumab + axitinib vs.
sunitinib

Improved PFS among AngioLow with
avelumab + axitinib
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Table 2. Cont.

Biomarker Trial Patient Population Key Findings

IMmotion 150
Teff Signature
(CD8A, EOMES,
PRF1, IFNG,
CD274)

CheckMate 214 [23]
Within sunitinib arm No difference in OS or PFS

Within ipilimumab +
nivolumab arm No difference in OS or PFS

IMmotion150 [21]

Within atezolizumab +
bevacizumab ORR Teff

High 49% vs. Teff
Low16%

Atezolizumab + bevacizumab
vs. sunitinib

Improved PFS among Teffhigh with
atezolizumab + bevacizumab (HR 0.55)

IMmotion151 [42] Atezolizumab + bevacizumab
vs. sunitinib

Improved PFS among Teffhigh PFS with
atezolizumab + bevacizumab (HR 0.76)

JAVELIN Renal 101
[22]

Within avelumab + axitinib Trend toward improved PFS among Teffhigh

(HR 0.79, 95% CI 0.58-1.08)

Within sunitinib arm No difference in PFS

IMmotion 150
Myeloid
Signature
(IL6, CXCL1,
CXCL2, CXCL3,
CXCL8, PTGS2)

CheckMate 214 [23]
Within sunitinib arm No difference in OS or PFS

Within ipilimumab +
nivolumab arm No difference in OS or PFS

IMmotion150 [21]

Within atezolizumab arm Reduced PFS among MyeloidHigh (HR 2.98)

Within atezolizumab +
bevacizumab arm Reduced PFS among MyeloidHigh (HR 1.71)

Atezolizumab vs. sunitinib Reduced PFS among MyeloidHigh with
atezolizumab (HR 2.03)

Atezolizumab + bevacizumab
vs. sunitinib No difference in PFS

JAVELIN Renal 101
[22]

Within sunitinib arm No difference in PFS

Within avelumab + axitinib arm No difference in PFS

IMmotion 150
Myeloidhigh vs.
Myeloidlow in
Teffhigh

CheckMate 214 [23]
Within sunitinib arm No difference in OS or PFS

Within ipilimumab +
nivolumab arm No difference in OS or PFS

IMmotion150 [21]

Within atezolizumab arm Reduced PFS among TeffHighMyeloidHigh

(HR 3.82)

Atezolizumab vs. atezolizumab
+ bevacizumab

Improved PFS among TeffHighMyeloidHigh

with atezolizumab + bevacizumab
(HR 0.25)

JAVELIN Renal 101
[22]

Within sunitinib arm No difference in PFS

Within avelumab + axitinib arm No difference in PFS

JAVELIN Renal
101 Immuno
(CD3G, CD3E,
CD8B, THEMIS,
TRAT1, GRAP2,
CD247, CD2,
CD96, PRF1, CD6,
IL7R, ITK, GPR18,
EOMES, SIT1,
NLRC3, CD244,
KLRD1, SH2D1A,
CCL5, XCL2,
CST7, GFI1,
KCNA3, PSTPIP1)

CheckMate 214 [23] Within sunitinib arm No difference in OS or PFS

Within ipilimumab +
nivolumab arm No difference in OS or PFS

JAVELIN Renal 101
[22] Within avelumab + axitinib Improved PFS among Immunohigh with

avelumab + axitinib (HR 0.60)

Within sunitinib arm No difference in OS or PFS
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Table 2. Cont.

Biomarker Trial Patient Population Key Findings

Tumor Inflammation
Signature
(PSMB10, HLA-DQA1,
HLA-DRB1, CMKLR1,
HLA-E, NKG7, CD8A,
CCL5, CXCL9, CD27,
CXCR6, IDO1, STAT1,
TIGIT, LAG3, CD274,
PDCD1LG2, CD276)

CheckMate 214 [23]

Within sunitinib arm No difference in OS or PFS

Within ipilimumab + nivolumab arm No difference in OS or PFS

When evaluated within the sunitinib treatment arm, high angiogenesis gene expression was
associated with improved overall response (46% in AngioHigh versus 9% in AngioLow) and PFS (HR
0.31; 95% CI, 0.18–0.55). While there was no difference in PFS among patients within the AngioHigh

subgroup, whether evaluated between atezolizumab plus bevacizumab versus sunitinib or between
atezolizumab monotherapy versus sunitinib, there was an improvement in PFS observed among
patients in the AngioLow subgroup who were treated with atezolizumab plus bevacizumab versus
sunitinib (HR 0.59; 95% CI, 0.35–0.98).

Within the atezolizumab plus bevacizumab arm, high immune gene expression was associated
with improved overall response (49% in TeffHigh versus 16% in TeffLow) and PFS (HR 0.50; 95% CI,
0.30–0.86). Additionally, when evaluated across treatment arms, TeffHigh was associated with longer
PFS with atezolizumab plus bevacizumab versus sunitinib (HR 0.55; 95% CI, 0.32–0.95).

High expression of genes involved in myeloid inflammation was associated with reduced PFS
within the atezolizumab monotherapy arm (HR 2.98; 95% CI, 1.68–5.29) but not within the sunitinib
arm. To further investigate the impact of myeloid inflammation and response to immunotherapy,
the investigators examined the subgroup of patients with TeffHigh and MyeloidHigh tumors. Within
this subgroup, patients treated with atezolizumab plus bevacizumab showed improved PFS versus
those treated with atezolizumab alone (HR 0.25; 95% CI, 0.10–0.60). Interestingly, among patients
in the TeffHighMyeloidLow subgroup, no significant differences were seen between the atezolizumab
plus bevacizumab arm and the atezolizumab monotherapy arm. Overall, while these findings require
further validation, they suggest that the addition of anti-VEGF treatment to immunotherapy, may help
mediate some of the immunosuppressive effects of myeloid inflammation and may provide further
insight into the efficacy of other anti-VEGF plus immunotherapy combinations, such as pembrolizumab
or avelumab in combination with axitinib. Additionally, they support that expression of angiogenesis
genes increase tumor susceptibility to sunitinib and that immune gene expression is associated with
response to immunotherapy.

These genomic profiles were further validated in the prospective randomized phase III clinical
trial, IMmotion151 and presented at ESMO 2018 [42]. RNA sequencing was performed on 823 patients.
Patients with TeffHigh had improved PFS with atezolizumab plus bevacizumab compared to sunitinib
(HR, 0.76; 95% CI 0.59–0.99). While AngioHigh was associated with improved PFS within the sunitinib
arm (HR, 0.59; CI 0.47–0.75), there was no significant difference in PFS across treatment arms. Notably,
AngioHigh expression was more prevalent among patients with favorable risk as compared with
intermediate/poor-risk, and TeffHigh was more frequent among patients in the intermediate/poor-risk
group, providing a biologic correlate of the differential clinical effects observed in CheckMate 214.

RNA expression profiling was also prospectively evaluated in the phase III clinical trial JAVELIN
Renal 101 [11,22,43]. Researchers created whole transcriptome profiles using RNA sequencing on
720 baseline tumor samples and developed a new gene expression signature, Renal 101 Immuno,
derived from 26 genes involved in T-cell proliferation, natural killer cell activation, interferon gamma
signaling, and others. Using this signature, patients treated with avelumab plus axitinib who had high
levels of expression (at or above the median level of expression) had significantly longer PFS compared
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with patients with low levels of expression (HR, 0.60; 95% CI, 0.44–0.83). Evaluating this signature in
an independent dataset from the phase 1b JAVELIN 100 trial [44], high expression was again associated
with prolonged PFS (HR 0.36; 95% CI 0.16–0.81). Using the gene expression signatures from the
previous IMmotion studies, they also showed that the AngioHigh signature was again associated with
improved PFS within the sunitinib arm but was not significantly different between the avelumab
+ axitinib arm versus the sunitinib arm. Among patients with AngioLow gene expression, PFS was
significantly longer in the avelumab + axitinib arm compared with sunitinib. These data reinforce
data from IMmotion 150 that Angiolow patients have better outcome with an immunotherapy-based
regimen versus sunitinib monotherapy.

The RNA expression profiles from IMmotion150 and JAVELIN Renal 101 were further examined
in a pooled analysis of available data from CheckMate 009, 010, and 025 [32]; however, no associations
between high expression of any gene signature and improved clinical benefit, PFS, or OS were observed.
One potential explanation for this difference is that the majority of patients included were treated
with nivolumab in the second-line setting after prior anti-VEGF therapy, whereas patients in both
IMmotion studies and JAVELIN Renal 101 were treatment-naïve. A multicenter retrospective analysis
of 86 patients with mRCC treated with immunotherapy evaluated both a large T-effector gene panel
and a smaller 5-Gene panel (FOXP3, CCR4, KLRK1, ITK, and TIGIT) [45]. While there was no difference
observed between high and low expression of the larger T-effector panel, there was a significant
difference in the ORR between the cohort with high 5-Gene expression versus low [31% (14/45) versus
2% (1/41); p = 0.001].

Biomarker data from CheckMate 214 presented at ASCO 2020 also reported the breakdown of
six different gene expression signatures [23]. Twenty percent (109/550) of patients in the nivolumab
plus ipilimumab arm and 19% (104/546) of patients in the sunitinib arm had tumor tissue evaluable to
perform RNA sequencing. While AngioHigh score (as per IMmotion150) was significantly associated
with improved PFS within the sunitinib arm, no other observed significant differences were observed
between the remaining gene expression signatures. Of note, this was the first reported study to evaluate
these signatures with the use of an anti-CTLA-4 agent in combination with anti-PD-1; additionally,
the percentage of patients with tumor evaluable for testing was low. However, when dichotomizing
patients to PFS < 18 months versus > 18 months, they found differences in several HALLMARK [46]
gene signatures: TNFalpha signaling via NFkB, epithelial mesenchymal transition, and inflammatory
response. Gene expression signatures have successfully defined several subtypes of RCC related to
varying degrees of immune involvement and angiogenesis; however, these signatures require further
prospective validation prior to clinical use as predictive biomarkers.

5. Polybromo-1 Mutations

In addition to mutations in the von Hippel-Lindau (VHL) gene, the pathogenesis of clear cell RCC
includes a several secondary mutations including in Polybromo-1 (PBRM-1), which has recently been
implicated as a potential biomarker for immunotherapy [47]. Whole exome sequencing was performed
to analyze pre-treatment tumor samples from 35 patients with mRCC treated with nivolumab on
the prospective open-label phase I study, CA209-009 [33]. Patients were grouped into three different
response categories for analysis: clinical benefit (patients with complete or partial response along
with patients with stable disease if they had any objective reduction in tumor size lasting at least
six months), no clinical benefit (patients with progressive disease leading to treatment discontinuation
within three months), and intermediate benefit (patients who did not fit into the clinical benefit or no
clinical benefit categories).

Truncating or loss of function mutations in PBRM1 were more frequent in the clinical benefit
group (9/11) compared with the no clinical benefit group (3/13, p = 0.012) with an odds ratio for clinical
benefit of 12.93 (95% CI 1.54–190.8). OS and PFS were both significantly improved in patients with
PBRM1 loss of function (N = 19) compared to those with PBRM1 intact (N = 16); p = 0.0074 and p = 0.29
respectively. They also evaluated PBRM1 loss of function in an additional 63 patients who were treated
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with anti-PD-1(L1) therapy either alone or in combination with anti-CTLA-4 therapy. Again, tumors
from patients deriving clinical benefit were more likely to harbor loss of function mutations in PBRM1

(17/27) compared to those with PBRM1 intact (4/19, p = 0.0071) with an odds ratio for clinical benefit of
6.10 (95% CI 1.42–32.64).

Braun et al. sought to validate these findings using archival tumor tissue from patients treated
with nivolumab or everolimus from the randomized phase III trial, CheckMate 025 [48]. Of note,
archival specimens were obtained prior to any treatment (including anti-VEGF therapy.) PBRM1

mutations were identified in 29% (55/189) treated with nivolumab and in 23% (45/193) of patients
who received everolimus. Among those treated with nivolumab, PBRM1 mutations were present
in 39% (15/38) of responding patients (either complete or partial response) compared to 22% (16/74)
of non-responding patients (odds ratio 2.34, p = 0.04). Overall survival (HR, 0.65; p = 0.03) and
progression-free survival (HR, 0.067; p = 0.03) were both associated with the presence of PBRM1

mutations. However, among those treated with everolimus there was no significant difference between
responders who harbored PBRM1 mutations (1/5) and non-responders who harbored PBRM1 mutations
(10/56; p = 0.64). There was no significant association of PBRM1 mutation with OS (HR, 0.81; p = 0.27)
or PFS (HR 0.83; p = 0.32) among those treated with everolimus.

The association of PBRM1 mutations with anti-PD-1 therapy was further investigated using pooled
data from patients treated with nivolumab in either CheckMate-009, CheckMate-010, or CheckMate-025
who underwent whole exome sequencing [32]. Collectively, there was a significant benefit in OS
and PFS for patients harboring PBRM1 mutations (p < 0.001 and p = 0.0056 respectively). They also
evaluated the presence of PBRM1 mutations along with the degree of T-cell infiltration present in
the tumor. Using CD8 immunofluorescence on 153 tumor samples from nivolumab treated patients,
they quantified the density of CD8+ cells in the tumor center and at the tumor margin. Tumors were
classified as “immune excluded” if at least five-fold more CD8+ cells were present in the tumor margin
compared to the tumor center, “immune desert” if they were not “excluded” but still had below the 25th
percentile of CD8+ cells in the tumor center, and “immune infiltrate” if they were not “excluded” and
had greater than the 25th percentile of CD8+ cells in the tumor center. The majority (73%) of samples
were classified as “immune infiltrated.” While there was no significant association between the degree
of tumor infiltration and clinical benefit, there was an association observed between the presence of
PBRM1 mutations and lower T-cell infiltration (p = 0.013). PBRM1 mutations were detected in 47%
of immune “deserts” and 29% of immune “excluded” tumors, but only 22% of immune “infiltrated’
tumors (p = 0.01 for non-infiltrated versus infiltrated tumors).

However, there are also data to suggest that PBRM1 mutations are associated with an
immunosuppressive and pro-angiogenesis tumor microenvironment. Using a murine model,
Liu et al. observed that PBRM1 inactivation was associated with a less immunogenic tumor
microenvironment, which was validated using human gene expression data from the TCGA-KIRC
dataset [49]. The IMmotion150 dataset [21] was also analyzed, showing that patients with PBRM1

mutations had a significantly lower ORR with both atezolizumab monotherapy and atezolizumab plus
bevacizumab. Gene expression data from IMmotion150, TCGA, and the International Cancer Genome
Consortium showed increased angiogenesis signatures among patients with PBRM1 mutations from
all three cohorts [49]. Clinical data from mRCC patients with pancreatic metastases demonstrated
PBRM1 mutations were associated with improved response to anti-VEGF therapy, supporting that
PBRM1 mutant tumors may have a more angiogenic phenotype [50]. Additionally, biomarker data
from CheckMate 214 presented at ASCO 2020 showed no significant difference in PFS or OS between
PBRM1 wild type or mutant within either the nivolumab plus ipilimumab arm or in the sunitinib
arm [23]. Furthermore, analysis from JAVELIN Renal 101 showed no association of PBRM1 with PFS
in either treatment arm [22]. Given conflicting results from multiple analyses, PBRM1 mutations are
not ready for clinical use as a predictive biomarker and require further investigation to understand
their role in the tumor microenvironment. Some of the discrepant results may be due to the different
populations studied, such as treatment-naïve versus VEGF-refractory.
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6. Human Endogenous Retroviruses

Human endogenous retroviruses (hERVs) represent a group of long terminal repeat retrotransposons
that collectively make up about 8% of the human genome [51,52]. Despite being normally silenced in
somatic tissue, their expression has been reported in multiple cancer types, including RCC [53]. Aberrant
transcriptional activation of hERVs has been theorized to induce an antitumor immune response and
up-regulation of immune checkpoint pathways, increasing sensitivity to immunotherapy [54].

Using a cohort of 24 mRCC patients, Panda et al. used RNA sequencing to investigate an
association of hERV expression and response to single agent PD-1(L1) therapy [54]. The RNA level of
ERV3-2 was measured using real-time quantitative PCRs (RT-qPCRs) with two independent primers.
Regardless of which primer was used, they found that ERV3-2 expression was significantly higher in
responders compared with non-responders. Patients were also classified as either ERV3-2 high or low
based on an optimal cutoff derived from the receiver operating characteristic curves. ERV3-2 high
patients were significantly more likely to respond and had significantly longer PFS.

Post-hoc analysis from patients treated with nivolumab on CheckMate 010 was performed using
RT-qPCR on 99 formalin-fixed paraffin-embedded tissue (FFPE) pretreatment tumors to determine
expression levels of pan-ERVE4, pan-ERV3.2, hERV4700 GAG or ENV, and the reference genes 18S

and HPRT1 [55]. Patients were dichotomized as high or low expression using the 25th percentile as
the cutoff. Using this cutoff, only hERV4700 ENV was significantly associated with PFS and response.
PFS was 7.0 months among the high-hERV4700 ENV group versus 2.6 months among the low expression
group (p = 0.010), and the ORR for high-hERV4700 ENV was 35.6% versus 12.5% (p = 0.036).

Using pooled data from CheckMate 009, CheckMate 010, and CheckMate 025, Braun et al.
found that hERV expression determined using RNA sequencing correlated with expression obtained
by RT-qPCR; however, the authors note that ERV3-2 expression was not reliably inferred using
this technique, which highlights a potential limitation of using RNA sequencing to measure hERV
expression in FFPE tissue [32]. Despite this limitation, they did find two hERVs (ERV2282 and EVR3382)
that were weakly associated with response, PFS, and OS when using expression as a continuous
variable; however, when divided into high and low expression (based on median expression of each
hERV) these were no longer significant for both improved PFS and OS. hERV expression presents a
relatively new candidate biomarker that requires further prospective validation as well as improved
reproducibility of technique.

7. Gastrointestinal Microbiome

Recent studies have shown a link between the intestinal microbiome and cancer
immunosurveillance, including a role in response to immunotherapy [56–58]. A small Japanese
study evaluated 31 patients with mRCC treated with immunotherapy and retrospectively separated
them by antibiotic use within 30 days of treatment or not [59]. The median PFS for patients treated with
antibiotics (N= 5) was 2.8 months compared with 18.4 months (p< 0.001) in the group without antibiotics
(N = 26). Subsequently, Lalani et al. performed a retrospective analysis on two cohorts to explore
the association of antibiotic use and response to immunotherapy in mRCC: the first, a single center
cohort of patients who received anti-PD-1(L1) therapy (N = 146), and the second, a trial-database from
patients treated with interferon, anti-VEGF therapies, or mTOR inhibitors (N = 4144) [60]. Antibiotic
use was defined as anytime from 8 weeks before the start of therapy through 4 weeks after initiation.
In the anti-PD-1(L1) cohort, patients with antibiotic exposure (N = 31) had a significantly lower ORR
(12.9% versus 34.8%, p = 0.026) and shorter PFS (HR, 1.96, 95% CI 1.20–3.20, p = 0.007) compared to
the group without antibiotic exposure (N = 115). In the trial-database cohort ORR was significantly
lower (19.3% versus 24.2%, p = 0.005), PFS significantly shorter (HR 1.16, 95% CI 1.04–1.30), and OS
significantly shorter (HR 1.25, 95% CI 1.10–1.41) in the antibiotic group compared with the no antibiotic
group. However, in subgroup analysis the authors note that the difference in the trial-database group
was driven by patients treated with interferon (N = 510) and prior cytokine therapy (N = 520), while no
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difference in OS was observed between antibiotic users in either the anti-VEGF (no prior cytokines)
group (N = 2454) or in the mTOR group (N = 660).

Baseline fecal samples were collected from patients with mRCC treated with nivolumab on the
NIVOREN GETUG-AFU 26 phase 2 clinical trial to investigate the relationship between the microbiome
and response to immunotherapy [61]. Patients were dichotomized by prior antibiotic exposure, namely
those who had received antibiotics within the two months prior to treatment with nivolumab (N = 11)
and those without prior antibiotic exposure (N = 58). The ORR was lower in the antibiotic group at 9%
versus 28% in the group without prior antibiotics (p < 0.03). Median PFS and OS were also longer in the
no antibiotic group (5 months and NR) compared with the antibiotic group (2 months and 25 months;
p = 0.03 and p = 0.04). They subsequently performed analysis of the relative taxonomic abundance
for prevalent fecal bacteria between the two groups and found overrepresentation of Eubacterium

rectale (p = 0.02) in the no antibiotic group and overrepresentation of Erysipelotrichaceae bacterium and
Clostridium hathewayi in the antibiotic group (p < 0.02).

Additionally, they separated the group without prior antibiotic exposure into responders (N = 30)
and non-responders (N = 28) and compared the various taxonomical fecal bacterial profiles. Patients
in the responder group were more likely to harbor overrepresentation of Akkermansia muciniphila,

Bacteroides salyersiae, and Eubacterium siraeum compared with non-responders. Likewise, patients in
the non-responder group were more likely to have overrepresentation of Erysipelotrichaceae bacterium,

Clostridium hathewayi, and Clostridium clostridioforme.
Recently, Salgia et al. performed an observational study of 31 patients with mRCC treated with

either nivolumab monotherapy (77%) or nivolumab plus ipilimumab (23%) and assessed the gut
microbiota composition using metagenomic sequencing [62]. Of note, patients with antibiotic exposure
within 14 days were excluded. Using the Shannon diversity index, greater microbial diversity was
associated with clinical benefit (p = 0.001). Prospective and controlled studies are warranted to further
explore and validate using the microbiome to predict response to immunotherapy, as well as to explore
the role of alteration of the host microbiota to enhance therapeutic response.

8. Sarcomatoid Differentiation

Sarcomatoid differentiation, present in around 10% of patients with RCC, is associated with more
aggressive clinical features, including shorter time to relapse, worse IMDC prognostic classification,
and shortened PFS and OS with anti-VEGF therapies [63–65].

A comparison of 40 tumors with sarcomatoid histology present versus clear cell RCC without
sarcomatoid features found that tumors with sarcomatoid histology were significantly more likely to
have co-expression of PD-L1 on tumor cells and on tumor-infiltrating-lymphocytes [66], suggesting the
potential for improved response to immunotherapy. In the IMmotion151 trial, 61% (86/142) of patients
with sarcomatoid histology were positive for PD-L1 expression [67], and analysis presented at ESMO
2018 showed that tumors with sarcomatoid histology were more likely to be AngioLow and TeffHigh

compared with non-sarcomatoid tumors [42]. The HR for PFS in the sarcomatoid subgroup was 0.45
(95% CI 0.26–0.77) in the PD-L1+ population and 0.52 (0.34–0.79) in the ITT population [67]. Given that
PFS was improved in both the PD-L1+ and PD-L1− populations, sarcomatoid histology may be an
independent predictor of response.

Post-hoc analysis of patients from CheckMate 214 identified sarcomatoid features in 16.4% (139/847)
of patients with intermediate/poor-risk RCC [68]. Overall survival was significantly improved in this
subgroup with nivolumab plus ipilimumab versus sunitinib (HR 0.45; 95% CI 0.3–0.7). The ORR was
60.8% with nivolumab plus ipilimumab versus 23.1% with sunitinib (p < 0.0001), and the CR rate was
18.9% versus 3.1% respectively. Of note, 52% (69/133) of patients with quantifiable PD-L1 expression
were positive. Iacovelli et al. performed a meta-analysis of the four published phase III randomized
combination immunotherapy clinical trials that included patients with sarcomatoid histology [69].
Collectively there were 467 patients included with sarcomatoid features present, 226 randomized
to immunotherapy-based combination treatment and 241 randomized to sunitinib. Overall, PFS
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significantly favored treatment with immunotherapy-based combinations (HR 0.56; 95% CI, 0.43–0.71).
Excluding JAVELIN Renal 101 (given OS data was not mature at time of analysis), OS also significantly
favored treatment with immunotherapy-based combinations (HR 0.56; 95% CI 0.43–0.82). The ORR
was 52.6% for combination therapy versus 20.7% with sunitinib, with CR rates of 11.5% and 0.8%
respectively. Overall, this meta-analysis supports the use of immunotherapy-based combinations in
the front-line setting for patients with mRCC with sarcomatoid features, although if a specific regimen
has greater effect awaits further study. Additional work exploring the role of immunotherapy-based
combinations in other distinct RCC histologies is necessary.

9. Neutrophil to Lymphocyte Ratio

The baseline neutrophil to lymphocyte ratio (NLR) has been shown to have a negative prognostic
association with RCC and to predict a more aggressive phenotype [70–72]. While the poor prognostic
association of PD-L1 expression appears to be mitigated by immunotherapy [8–10], this does not
appear to be the case for NLR.

Zahoor et al. performed a retrospective analysis of 90 patients treated with nivolumab as
second-line or later therapy for mRCC. After multivariate analysis, a higher baseline NLR was
associated with an increased risk of progression (HR 1.86, 95% CI, 1.05–3.29) [73]. Additionally,
Lalani et al. performed a retrospective review of 142 patients treated with anti-PD-1(L1) therapies
and found that baseline NLRs were significantly higher in the poor IMDC risk group compared to
those with favorable or intermediate risk (p < 0.001) [74]. Interestingly, the results indicate that the
NLR between 4 to 8 weeks post treatment initiation was a more accurate predictor of response than at
baseline, and an increase in NLR > 25% was associated with shorter PFS (HR 2.60, 95% CI 1.53–4.39).

Furthermore, exploratory analysis of the JAVELIN Renal 101 trial, presented at ASCO 2020,
demonstrated significantly improved OS (HR 0.51; 95% CI 0.30–0.87) and a trend toward improved
PFS (HR 0.85; 95% CI 0.63–1.15) among patients treated on the avelumab plus axitinib arm who had a
baseline NLR < the median compared to patients with baseline NLR > the median [75]. While the
overall differences between groups is somewhat modest, the ratio is cost-effective and easily performed
in clinic without the need for additional testing. Additional prospective validation is needed for
pre-treatment laboratory biomarkers such as NLR.

10. Conclusions

While immunotherapy-based combinations have become the standard of care for first-line mRCC,
the majority of patients will eventually progress on these regimens. Additionally, immune-related
adverse events can lead to serious toxicity and have the potential to be life-threatening [76]. Therefore,
the ability to predict which patients are most likely to respond would have significant clinical impact.
Despite tremendous investigation on numerous candidate biomarkers, none have yet proven ready for
clinical practice.

PD-L1 expression has been shown to enrich for response, most notably in CheckMate 214;
however, patients with negative expression can still respond and maintain the potential for complete
response. Furthermore, the commercially available anti-PD-L1 clones currently in use are highly
variable, and PD-L1 expression patterns have been shown to be heterogenous throughout different
tumor regions [77]. Therefore, immunotherapy should not be withheld for patients who are known
to be PD-L1−. New imaging modalities are being developed to quantify PD-1 and PD-L1, which
may help reduce some of the variability in future studies [78,79]. TMB, while recently approved as
a tumor-agnostic biomarker for response to pembrolizumab, has been shown to be an unreliable
predictor in RCC and should not be used in clinical decision making for these patients.

Gene expression using RNA sequencing has generated new understanding into the biology of RCC
and patterns of response to therapy. Improvement in PFS with atezolizumab plus bevacizumab were
observed in both IMmotion150 and IMotion151 among TeffHigh patients; however, this improvement
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was not observed in updated analysis of CheckMate 214. Future prospective trials should incorporate
pre-specified analyses of gene expression signatures to assess their potential for clinical utility.

Individual gene alterations, such as loss of function mutations in PBRM1, have demonstrated
mixed results, and should not be used clinically at this time. Likewise, while antibiotic exposure has
been associated with decreased response to immunotherapy, these data have yet to be prospectively
validated and should neither prohibit patients who have recently required antibiotics from receiving
immunotherapy nor should it limit clinicians’ use of antibiotics for infected patients. Given the
enhanced efficacy observed among patients with sarcomatoid differentiation, these patients should
receive upfront immunotherapy-based combinations instead of VEGF-TKI alone when systemic therapy
is warranted.

While data regarding the NLR as a predictive biomarker is limited and is impacted by the known
poor prognostic associations in RCC. However, such peripheral blood biomarkers have the benefit of
being cost-effective and readily available; continued efforts toward identifying laboratory biomarkers
is warranted.

In addition to developing biomarkers associated with radiographic response, there are several
other facets of clinical practice that may be improved with the addition of biomarkers. Biomarkers that
predict durability may help identify patients who can safely discontinue therapy after achieving a
clinical response, and biomarkers that predict immune-related adverse events may help determine
which patients should be observed more closely and potentially for which immunotherapy should be
avoided or limited. While some candidate biomarkers may only enrich for response, these insights
also help with developing novel therapies and combinations which may lead to improved outcomes
with immunotherapy.
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Simple Summary: The identification of biomarkers in response to therapeutic treatment is one
of the main objectives of personalized oncology. Predictive biomarkers are particularly relevant
for oncologists challenged by the busy scenario of possible therapeutic options in mRCC patients,
including immunotherapy and TKIs. In fact the activation of the immune system can determine the
outcome and success of the different therapeutic strategies. In this study we evaluated changes in the
immune system of TKI mRCC-treated patients defining immunological profiles related to response
characterized by specific biomarkers. The validation of the proposed immune portrait to an extended
number of patients could allow characterization and selection of responsive and non-responsive
patients from the beginning of the therapeutic process.

Abstract: With the introduction of immune checkpoint inhibitors (ICIs) and next-generation vascular
endothelial growth factor receptor–tyrosine kinase inhibitors (VEGFR–TKIs), the survival of patients
with advanced renal cell carcinoma (RCC) has improved remarkably. However, not all patients
have benefited from treatments, and to date, there are still no validated biomarkers that can be
included in the therapeutic algorithm. Thus, the identification of predictive biomarkers is necessary to
increase the number of responsive patients and to understand the underlying immunity. The clinical
outcome of RCC patients is, in fact, associated with immune response. In this exploratory pilot
study, we assessed the immune effect of TKI therapy in order to evaluate the immune status
of metastatic renal cell carcinoma (mRCC) patients so that we could define a combination of
immunological biomarkers relevant to improving patient outcomes. We profiled the circulating levels
in 20 mRCC patients of exhausted/activated/regulatory T cell subsets through flow cytometry and of
14 immune checkpoint-related proteins and 20 inflammation cytokines/chemokines using multiplex
Luminex assay, both at baseline and during TKI therapy. We identified the CD3+CD8+CD137+ and
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CD3+CD137+PD1+ T cell populations, as well as seven soluble immune molecules (i.e., IFNγ, sPDL2,
sHVEM, sPD1, sGITR, sPDL1, and sCTLA4) associated with the clinical responses of mRCC patients,
either modulated by TKI therapy or not. These results suggest an immunological profile of mRCC
patients, which will help to improve clinical decision-making for RCC patients in terms of the best
combination of strategies, as well as the optimal timing and therapeutic sequence.

Keywords: TKIs; mRCC; biomarkers; soluble factors

1. Introduction

Renal cell carcinoma (RCC) represents 2–3% of cancer diagnoses in adults [1]. To date, nephrectomy
remains the main therapeutic choice for most patients with localized disease; however, one-third
of patients present metastatic disease at diagnosis and one-quarter of all patients could ultimately
experience disease relapse. In the past decade, the prognosis of metastatic renal carcinoma (mRCC)
has considerably improved due to the recent introduction of the vascular endothelial growth
factor receptor–tyrosine kinase inhibitors (VEGFR–TKIs) and immune checkpoint inhibitors (ICIs).
New synergistic combinations between TKIs and ICIs could increase the first line of therapeutic
strategies in RCC. Although the recent improvements and advances in genomic sequencing and
molecular characterizations have allowed an accurate definition of prognosis, predictive biomarkers
are still needed to select the patients beneficiaries of the different therapeutic approaches. Diagnostic
tools that pool biomarker data could help to tailor treatment strategies based on the biological and
immunological parameters of the patient [2].

Indeed, it is well-known that immunological features can affect the prognosis of patients, but it
has also been described in depth that target therapy presents several immunological effects. From this
perspective, a dynamic immunological portrait of patients and cancer can influence not only the
response to immunotherapy, but also the response to target therapy.

The question is how to increase the number of responsive patients to target and immunotherapy;
therefore, it is necessary to understand the immunity underlying patients. The immune system
represents, in fact, a key point for the clinical outcome of RCC patients, taking into account the
potential prognostic values such as the tumor-infiltrating immune cells that create a microenvironment
regulating cancer progression [3]. Furthermore, several immunosuppressive molecules, such as
vascular endothelial growth factor (VEGF), characterize the microenvironment of this tumor with the
ability to promote neo-angiogenesis and tumor growth as well as negatively impact immune response.
VEGF signaling modulates T cell biology and function. Indeed, VEGF decreases T-cell progenitors
in the thymus and differentiated T cells in the lymphoid organs and dampens their effector function.
Furthermore, VEGF fosters immune-suppression by accumulation of regulatory T cells (Tregs) and
contributing to T-cells exhaustion. Thus, while the neoangiogenic hallmark always represents a crucial
pathway in RCC, making this tumor sensible to antiangiogenic therapies [4,5], also the immune system
can be considered an off target for these therapies [6,7]. Indeed bevacizumab and sorafenib reverse
the immunosuppressive effects of VEGF and restore the maturation of dendritic cells (DCs) [8,9].
Pazopanib improves DC differentiation and maturation and seems to modulate the CD137+ (4-1BB,
a member of the TNF-receptor family) T-cell population [10]. Other TKIs, such as sunitinib, modulate
immunosuppressive cells such as MDSC and Tregs [11,12].

Moreover, recent evidence demonstrates that several soluble immune molecules involved in
immune regulation, such as soluble immune checkpoint-related proteins (sICs; i.e., es.sCTLA-4 and
sPD1), can influence the development, prognosis and treatment of cancer [13]. These are functional
proteins released by immune cells as alternative splice variants or by cleavage of membrane-bound
proteins and can diffuse in serum [14,15]. However, only a few studies have evaluated the role of sICs
in in the outcome of renal cancer.
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The aim of our study was to evaluate the immunological effect of TKIs and the impact of the
immune profile of patients in response to TKI therapy.

2. Results

2.1. Patient Characteristics

Study Population

The characteristics of patients are listed in Table 1. Twenty mRCC patients were enrolled.
The median age at diagnosis was 56.5 years (range: 36–78 years); 15 (75%) patients were males and
nine (45%) had a previous history of smoking. Clear cell RCC was the most represented histology
(16 patients; 80%), followed by one case of clear cell carcinoma with sarcomatoid features, one case of
chromophobe, and two cases with another histology. According to Fuhrman grading, nine patients
(45%) were defined as G3, seven (35%) as G2, and four (20%) cases as unknown. Almost all patients
in the study underwent nephrectomy (18 patients; 90%); 11 patients (55%) had metastatic disease
at the first diagnosis of renal cancer. At diagnosis of metastatic disease, liver metastases occurred
in four patients (20% of cases), whereas nodal, lung, bone, brain, and adrenal metastases occurred
in eight patients (40%), 12 patients (60%), five patients (25%), three patients (15%), and one patient
(5%), respectively. Overall, five patients were classified as poor risk according to their Metastatic
Renal Cell Cancer Database Consortium (IMDC) scores, 10 patients as intermediate risk, and five
patients as good risk. With regard to first-line treatment, eight (40%) and 12 (60%) patients received
sunitinib and pazopanib, respectively. The toxicities to first-line therapy were in line with the treatment
received. Most patients discontinued the first-line therapy due to progressive disease (16 patients;
80%); one patient (5%) stopped the treatment because of toxicity, while three patients (15%) remained
on treatment. The first-line median progression-free survival (PFS) was 11 months (range: 1–31
months). Ten patients (50%) underwent second-line treatment with Nivolumab. Globally, second-line
treatment was well tolerated; however, five patients (50%) stopped second-line treatment due to
progressive disease and one patient due to toxicity, while in four patients, the treatment was ongoing
at the last follow-up visit. The second-line median PFS was 4 months (range: 1–22 months). Of these
patients, two received third-line therapy with cabozantinib. In one patient, the PFS was 8 months and
treatment was discontinued for progressive disease, while in one patient, treatment remained ongoing.
Responsive and non-responsive patients were considered on the basis of the first clinical revaluation
and 3–4 months after beginning TKI treatment. Clinical and radiological outcomes were assessed as
parameters to differentiate responsive and non-responsive patients. Tumor response was assessed
every 3–4 months using immune-related Response Evaluation Criteria in Solid Tumors (i-RECIST).
According to i-RECIST, responsive patients (R) were considered those who achieved complete or partial
radiological response or a stable disease at the first radiological evaluation. Conversely, patients who
experienced a radiological progression of disease or a clinically significant worsening of cancer-related
symptoms were considered as non-responders (NR).

Table 1. Clinical and pathological characteristics and treatment.

Characteristic All Patients (N = 20) (100%)

Age (years) 56.5
Median Age (range) (36–78)

Gender
Male 15 (75)

Female 5 (25)

Risk Factors 9
Smoking history (SH) (45)
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Table 1. Cont.

Characteristic All Patients (N = 20) (100%)

Histology
Clear cell carcinoma 16 (80)

Other 4 (20)

Fuhrman grading
G2 7 (35)
G3 9 (45)

Unknown 4 (20)

Metastatic site at diagnosis
Liver 4 (20)
Nodal 8 (40)
Lung 12 (60)
Bone 5 (25)
Brain 3 (15)

Adrenal 1 (5)

IMDC score
Poor risk 5 (25)

Intermediate 10 (50)
Good risk 5 (25)

I-line treatment 20
Sunitinib 8 (40)

Pazopanib 12 (60)

II-line treatment 10 (50)
Nivolumab 10 (100)

III-line treatment 2
Cabozantinib 2

2.2. CD137+ T Cells Are Associated with the Response to TKIs in mRCC Patients

CD137 is a co-stimulatory molecule expressed on activated T cells, and the engagement with its
ligand contributes to enhancing the proliferation and effector functions of lymphocytes, preventing
apoptosis [16]. It is considered a bonafide marker of recently activated tumor-reactive T cells.

Figure 1A shows the expression of CD137 molecule on CD3+, CD8+, and CD4+ T cells in responsive
and non-responsive patients before treatment (T0) and during treatment (>T0). At T0, responsive
patients had a significantly higher percentage of CD3+CD137+ T cells (2.7% ± 0.92%) compared
to non-responsive (0.9% ± 0.87%) (p = 0.003), which was also maintained during TKI treatment
(%CD3+CD137+: 2.6% ± 0.78% in responsive patients vs. 0.67% ± 0.4% in non-responsive patients;
p = 0.0001). In particular, CD137 expression was associated with the CD8+ T cell subpopulation. In fact,
at T0, the expression of CD137 on CD8+ T cells was significantly higher in responsive patients (2.02%
± 0.7%) compared to non-responsive patients (0.6% ± 0.5%) (p = 0.001). The same significant trend
was observed during TKI treatment (CD8+CD137+ subpopulation was 1.91% ± 0.75% in responsive
patients vs. 0.43% ± 0.25% in non-responsive; p = 0.0008). Instead, no significant differences were
obtained for CD4+ T-cell subpopulation (%CD4+CD137+ at T0: 0.6% ± 0.2% in responsive patients vs.
0.27% ± 0.18% in non-responsive, p = 0.28; at >T0: 0.87% ± 0.28% in responsive vs. 0.23% ± 0.08% in
non-responsive, p = 0.18).

These results show that CD137+ T cells could represent a possible biomarker that is able to identify
patients that could clinically benefit from TKI treatment.

134



Cancers 2020, 12, 2620
           

 

 
                           

                          ‐     ‐
          ‐                    

                               
                    ‐    

                             
                                 

                             

CD3 

C
D
8
 

T0 >T0 

R 

NR 

CD137
+ 

A 

B 

T0 >T0 

C 

2,7% 3% 

0,8% 0,1% 

R NR
0

10

20

30

40

50

%
 T

 c
el

ls
 C

D3
+C

D1
37

+P
D1

CD3+CD137+PD1+      

T0
>T0 p=0.02

p=0.04

R NR
0

1

2

3

4

5

%
CD

3+ C
D1

37
+

CD3+CD137+   T0

p=0.003

R NR
0

1

2

3

4

5

%
CD

3+ C
D1

37
+

CD3+CD137+   >T0

p=0.0001

R NR
0

1

2

3

4

%
CD

8+ C
D1

37
+

CD8+CD137+   T0

p=0.001

R NR
0

1

2

3

4

%
CD

8+ C
D1

37
+

CD8+CD137+   >T0

p=0.0008

R NR
0

1

2

3

%
 C

D4
+ 

CD
13

7+

CD4+CD137+ T0
p=0.28

R NR
0

1

2

3

%
 C

D4
+ 

CD
13

7+

CD4+CD137+ >T0
p=0.18

0 5 10 15 20 25
0

50

100

Months after the start of TKI

Pe
rc

en
t s

ur
vi

va
l

CD8+CD137+ >T0

High
Low

p=0.04

0 5 10 15 20 25
0

50

100

Months after the start of TKI

Pe
rc

en
t s

ur
vi

va
l

CD8+CD137+ T0

p=0.06

Figure 1. (A) Immune cell subpopulations were evaluated using flow cytometry and analyzed by
FACSDiva Software. To analyze the CD137+ T cells, lymphocytes were first gated on FSC-A and
SSC-A, and then the CD3+ T-cell subpopulation was selected from the lymphocytes. CD3+CD137+

T cells were then selected and analyzed for CD4 and CD8. The results are shown as percentages of
CD3+CD137+, CD8+CD137+ and CD4+CD137+ T cells in responsive (R) and non-responsive (NR)
patients at baseline (T0) and during tyrosine kinase inhibitor (TKI) treatment (>T0). The dot plot
analysis of the CD3+CD8+CD137+ T lymphocytes is shown in the right of panel A. The results are
representative of one R patient and one NR metastatic renal carcinoma (mRCC) patient. (B) Survival
analysis at baseline and during treatment of mRCC patients treated with TKI. At T0, survival analysis
of the mRCC patients was conducted, comparing those with greater than 1.4% of CD8+CD137+ T cells
to those with less or equal to 1.4%. During TKI therapy (>T0), a survival curve was calculated using the
value of 1.3% to distinguish high and low percentages of CD8+CD137+ T cells. Log-rank tests were used
to compare the survival between two groups. (C) Expression of PD1 molecules on the CD3+CD137+ T
lymphocytes. The results are reported as percentages of PD1 normalized on CD3+CD137+ T cells in
R and NR patients a T0 and during TKI therapy (>T0). Statistical significance was determined by a
Student’s unpaired t-test. A p-value of <0.05 was considered statistically significant.
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The Kaplan–Meier survival curves for patients with high and low concentrations of CD8+CD137+

T cells are shown in Figure 1B. During treatment with TKI, the median survival times were 12 months
in the group with a low concentration of CD8+CD137+ T cells and undefined in the group with a high
concentration CD8+CD137+ T cells (p = 0.04, log-rank test). The same trend was observed at baseline,
despite the fact that the difference between high and low concentrations of CD137 T cells was not
statistically significant. These data suggest that the maintenance of CD8+ CD137+ T cells in circulation
is associated with the duration of the response to TKIs.

The expression of PD1 molecules on the CD3+CD137+ T-cell population was also analyzed
(Figure 1C). It was observed that during TKI treatment, responsive patients experienced a significant
downregulation of PD1 expression (p = 0.02). Moreover, at >T0, PD1 resulted significantly higher in
non-responsive compared to responsive patients (27.9 ± 3.4 vs. 16 ± 3.2, respectively; p = 0.04).

The higher percentage of PD1+ on CD3+CD137+ T cells in non-responsive patients could suggest
that these patients could possibly benefit from an anti-PD1 therapy already at the time of evaluation.

Regulatory T cells and other exhaustion markers were analyzed, but no difference was observed
between patients.

2.3. TKI Treatment Modulates Soluble Immune Molecules

In order to evaluate the impact of TKI treatment in the release of soluble immune molecules in
mRCC patients, the levels of immune checkpoint-related proteins and inflammatory cytokines were
evaluated in the sera of mRCC patients before (T0) and during TKI therapy (>T0). It was recently
demonstrated that the soluble isoforms of the checkpoint receptors can contribute to immune regulation,
representing putative biomarkers for tumor outcome and patient stratification [17]. Moreover,
much evidence has demonstrated that these molecules are involved in positive or negative immune
regulation and that changes in their plasma levels affect the development, prognosis, and treatment of
cancer [13].

Figure 2A shows that TKI treatment in mRCC patients modulates several sICs. In particular,
the concentration of sPDL2 significantly decreased during TKI therapy (7842.5 ± 2865 pg/mL for T0 vs.
4989 ± 4462 pg/mL for >T0; p = 0.02). Similar results were observed for sHVEM (4085.5 ± 3388 pg/mL
for T0 vs. 1777 ± 1578 pg/mL for >T0; p = 0.01). It was shown that the high concentration of sHVEM
seems to contribute to tumor development and progression [18]. Moreover, the results indicate that TKI
treatment also affects the release of sPD1 and sGITR, decreasing the concentration of both molecules
between T0 and >T0 (sPD1: 561.5 ± 431 pg/mL for T0 vs. 238 ± 176 pg/mL for >T0, p = 0.02; sGITR:
548 ± 425 pg/mL for T0 vs. 214 ± 212 pg/mL for >T0, p = 0.01).

The correlations between the fold-changes (>T0/T0) of soluble immune checkpoint molecules
were also calculated and are shown in Figure S1. The fold-change of sPD1 was positively correlated
with that of sGITR (p = 0.009, r = 0.65) and sHVEM (p = 0.002, r = 0.59). Additionally, a positive
correlation between the fold-change of sHVEM and sGITR (p = 0.0009, r = 0.76) was also found,
while no correlation was obtained for sPDL2.

When the association between these soluble molecules and clinical responses was evaluated
(Figure 2B), sPD-L2 resulted in the significant modulation of unique soluble immune checkpoint-related
proteins in mRCC responsive patients (R) during TKI treatment (sPDL2: 8855 ± 3985 pg/mL for T0
vs. 5057 ± 4243 pg/mL for >T0, p = 0.01). No significant modulation was obtained in non-responsive
patients (NR). On the other hand, it was recently demonstrated that sPDL2 is the strongest predictor of
recurrence in ccRCC; patients with a high level of sPDL2 had, in fact, a significantly increased risk of
recurrence [19].

These data demonstrate that TKIs impact the release of immune molecules, suggesting their
possible role in the clinical outcome of mRCC patients.

The results were independent of the TKI administered and no significant data were obtained for
other soluble factors tested (cytokine and checkpoint related proteins; Table S2).
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Figure 2. Changes in the soluble immune checkpoint-related proteins during TKI therapy in mRCC
patients. (A) Analysis of soluble immune checkpoint-related proteins levels (i.e., sPDL2, sHVEM,
sPD1, and sGITR) in patients with mRCC at baseline (T0) and after 3–4 months of TKI treatment
(>T0). The proteins were analyzed by Luminex multiplex assay and the results are reported as
the concentration (pg/mL) of soluble checkpoint inhibitors present in the serum of mRCC patients.
(B) sPDL2 levels in the serum of mRCC responsive (R) and non-responsive (NR) patients analyzed at
T0 and >T0. sPDL2 resulted in the only significantly modulated molecule associated with response to
TKI treatment. Statistical significance was determined by a Student’s paired t-test, and a p-value < 0.05
was considered statistically significant.

2.4. TKI Responsive Patients Have Low Levels of Serum IFNγ

To analyze the contribution of immune cytokines to the response to treatment, the sera of mRCC
responsive and non-responsive patients were analyzed at T0 and during TKI therapy. Figure 3A shows
that before beginning TKI therapy, those mRCC patients that would benefit from treatment had a
significantly lower concentration of IFNγ compared to non-responsive patients (27.47 ± 8.5 pg/mL for
R vs. 515.8 ± 210.6 pg/mL for NR; p = 0.007). The same significant trend was found for >T0 (48.74
± 21.24 for R patients vs. 267.8 ± 77.12 for NR; p = 0.002). These data show that low levels of IFNγ

correlates with response to TKI treatment. IFNγ plays a key role in antitumor immune responses in
the elimination stage of the immunoediting paradigm. However, recent evidence suggests that IFNγ

may also play a significant role in promoting tumorigenesis [20].
To determine whether mRCC patients treated with TKIs derive survival benefit based on IFNγ

levels, survival rates were examined. Figure 3B shows that IFNγ predicts, at baseline, the duration of
the response to TKI treatment in mRCC patients. Patients with low levels of IFNγ (<65 pg/mL) had
a longer duration of response to TKI therapy compared to patients with higher levels (>65 pg/mL).
The average time of the duration of the response was undefined vs. 7 months (p = 0.04), and no
significant correlation was observed during treatment (>T0).

2.5. Upregulation of sPDL1 and sCTLA4 in Non-Responsive Patients During TKI Treatment

The serum levels of other cytokines and soluble checkpoint-related proteins were evaluated
according to the response to therapy at T0 and >T0. Among the molecules analyzed, sPDL1 and
sCTLA4 resulted statistically significant. In particular, as shown in Figure 3C, the average concentration
values in the serum obtained at T0 for sPDL1 and sCTLA4 highlighted a trend of a higher release
of these molecules in non-responsive patients. This difference was statistically significant during
TKI treatment: sPDL1 levels in responsive patients were 56.25 ± 36.5 pg/mL vs. 146.5 ± 122.3 pg/mL
for non-responsive patients (p = 0.03); sCTL4 levels were 281.6 ± 133 pg/mL for responsive patients
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compared to 616.4 ± 330.3 pg/mL for non-responsive patients (p = 0.008). These data suggest a
possible higher circulating immunosuppressive status in mRCC patients that would not benefit from
TKI therapy.           
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Figure 3. Profiling of levels of immune molecules at baseline and during TKI treatment in responsive
(R) and non-responsive (NR) patients. (A) Box plots of IFNγ levels in R and NR mRCC patients at
T0 and >T0. The lines in the boxes show the median values. The error bars show the minimum
and maximum values. (B) Survival curve analysis of the mRCC patients at baseline and during TKI
treatment according to the levels of IFNγ. For T0, the median value considered for patients belonging
to the high-concentration group was >65 pg/mL, while for those belonging to the low-concentration
group was ≤65 pg/mL. For the analysis of survival during TKI treatment, the median value of IFNγ

levels used to dichotomize patients was >59 pg/mL for the high-concentration group and ≤59 pg/mL
for the low-concentration group. A log-rank test was used to compare the survival between two groups.
(C) Box plots of sPDL1 and sCTLA4 at baseline and 3–4 months after the start of TKI therapy (>T0).
A Student’s unpaired t-test was used to compare R vs. NR patients and a p-value < 0.05 was considered
statistically significant.
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3. Discussion

Angiogenesis plays a key role in RCC tumorigenesis and progression, directing the immune system
through the abnormal formation of tumor vessels and the promotion of an immunosuppressive tumor
microenvironment. Therefore, antiangiogenic treatments remain a valid therapeutic option in selected
patients, since they modulate immune responses [10,21,22]. This activity is essential to enhancing the
performance of immunotherapy agents, which have shown promising treatment outcomes also for
advanced RCC [23]. Immune checkpoint inhibitors combined with TKIs will become a new standard
of care in treatment-naive patients with advanced RCC [6]. However, not all patients benefit from
immune checkpoint therapy and, at present, no effective biomarkers can be included in the therapeutic
algorithm, despite large research efforts. Thus, the identification of reliable predictive factors is
necessary. Only a few studies have investigated the role of immune cells and circulating immune
molecules in RCC, especially in metastatic cancer patients. In this study, we observed, for the first time,
that TKIs are able to modulate soluble immune checkpoint-related proteins. Moreover, we identified
an association between circulating biomarkers and the response to TKI treatment. In particular, we
identified that CD3+CD8+CD137+ T cells are a population of activated T lymphocytes significantly
more expressed in responsive patients, both at baseline than during TKI treatment, suggesting that
CD137 could represent a predictive biomarker of response to TKI. The CD137 receptor is considered a
biomarker of tumor-reactive cells. It has been demonstrated that signaling through CD137 induces
the activation of CD8+ T cells in a CD28-independent manner, enhancing T-cell survival, promoting
their effector function, and favoring memory differentiation [24,25]. The results obtained in our study
are in line with that observed in a previous study conducted on a limited number of mRCC patients,
where we identified modulations occurring in the immune T cell repertoire of mRCC during TKI
treatment. Among the different biomarkers tested, we were able to detect a CD137+ T-cell subset in
mRCC arising during pazopanib treatment [10]. In this study, we further observed that this population
correlates with the response to TKI therapy. In fact, we obtained an increase in CD3+CD137+ T cells
at baseline in those mRCC patients who benefited from TKI treatment. Moreover, we observed that
CD3+CD137+ T lymphocytes are mainly cytotoxic T cells and that the maintenance of CD8+CD137+

in circulation is associated with the duration of response to treatment, suggesting that CD137 could
represent a promising target for antitumor immune activation strategies. Numerous studies have
demonstrated that although both activated CD4+ and CD8+ T cells express CD137, signals through
CD137 are more biased toward CD8+ T cells, both in vitro and in vivo [26–28]. Interestingly, the in vivo
administration of agonistic anti-CD137 antibody promotes CD8+ T-cell expansion, providing protection
against several diseases, including cancer [29,30]. In fact, CD137 has previously been shown to be
important in positively regulating effector T-cell responses in cancer [31,32]. Freeman et al. recently
observed that, in tumor types heavily infiltrated with CD8+ T cells, CD137 is associated with increased
CD8+ T-cell effector function and improved patient survival [33].

In this study, we also observed the expression of PD1 on CD137+ T cells, particularly in
non-responsive patients during TKI therapy. A previous report showed the presence of a rare
population of a CD8+CD137+PD1+ T cell subset in lung cancer patients [24]. Moreover, it was
demonstrated that the co-expression of PD-1 and CD137 on tumor-infiltrating lymphocytes (TILs)
contributes to the synergistic effects of the combination of anti-PD-1-blocking agents and CD137
agonists [34]. These data suggest that a subpopulation may potentially exert a critical antitumor effect
through combination immunotherapy with anti-PD1-blocking agents and CD137 agonists, opening up
possible new therapeutic strategies in the management of advanced RCC patients. On the other hand,
immune checkpoints play important roles in immune regulation, and blocking immune checkpoints
on the cell membrane has proven to be an effective strategy in the treatment of cancer [13]. However,
the influence of soluble receptors and ligands on immune modulation and cancer outcome has not
been studied. To date, only few studies have investigated the contribution of soluble factors to the
clinical efficacy provided by ICIs; this has led to the incorrect assumption that these antibodies act only
at the level of membrane-based interactions [17]. Soluble receptors and ligands, which are part of a
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family that includes full-length receptors and ligands, are produced by mRNA expression or by the
cleavage of membrane-bound proteins and are found free in the plasma. Recent studies indicate that
soluble isoforms of immune checkpoint receptors are centrally involved in immune regulation and,
to date, only few studies have examined the association between soluble immune checkpoint-related
proteins and cancer outcomes [35].

Here, we identified soluble immune checkpoint-related proteins and inflammatory cytokines
modulated by TKI therapy and associated with the clinical outcomes of mRCC patients. It is well-known
that TKIs affect the immune system [6]. Antiangiogenic therapies contrast the immunosuppressive
effects induced by angiogenic factors, increasing the tumor infiltration of mature DCs and effector
T cells and decreasing the infiltration of immunosuppressive cells, mainly regulatory T cells and
myeloid-derived suppressor cells [8,11,12,36–38]. Nevertheless, the impact of TKI treatment on soluble
immune checkpoint-related inhibitors and the possible role induced by these factors in response or
resistance to treatment has not yet been elucidated in mRCC. Recently, it was demonstrated that
sorafenib induces changes in soluble checkpoint protein levels in patients with advanced hepatocellular
carcinoma [15]. Here, we demonstrated that TKIs modulate soluble ICs (i.e., sPDL2, sHVEM, sPD1,
and sGITR) and we identified sPDL2 as a unique biomarker significantly downregulated in responsive
patients during TKI treatment. This finding is supported by previous work describing sPDL2 as
the most significant predictive biomarker of recurrence risk in ccRCC [19]. The high expression of
PDL2 in tumors is also correlated with decreased cancer-free survival in RCC patients [39]. Moreover,
high levels of sPDL2 are correlated with poor survival post-CAR T cells infusion in relapsed and
refractory B-cell lymphoma and leukemia patients [40]. Therefore, we speculate that sPDL2 represents a
biomarker correlated in response to TKI treatment, although these findings warrant further confirmation.
Moreover, our results indicate that changes in soluble ICI during TKI treatment are positively correlated
to one another, in contrast to sPDL2, which seems to be an independent factor. According to several
studies that have reported the role of soluble checkpoint molecules in the promotion and progression of
cancer, downregulating immune activation [18], here we demonstrated that IFNγ, sPDL1 and sCTLA4
play important roles in regulating the response to TKI treatment. Interestingly, we observed that low
levels of IFNγ correlated with the response to TKI therapy, both at baseline and after 3–4 months after
starting treatment. Moreover, the low levels of IFNγ at baseline seems to be associated with a better
response to TKI treatment in terms of the duration of the response. Indeed, early studies on IFNγ

and cancer biology established its role as an antitumor cytokine; however, now it is known that this
cytokine can have a dual role in shaping the outcome of cancer [41]. A lot of genes induced by IFNγ are,
in fact, involved in cancer cell immune evasion, such as PDL1, PDL2, CTLA4, and IDO [42,43]. It was
shown that IFNγ promotes the expression of PDL1 and PDL2, both on tumor cells and on immune
infiltrating cells, and suppresses the effector function of tumor-specific T cells or NK cells through
interaction with the immune inhibitory receptor PD1 [44,45]. Moreover, our data show that sPDL1 is
associated with poor response to TKI treatment, confirming the predictive role of this molecule for
poor prognosis and increased risk of death in mRCC [46–48]. sCTLA4 was the other soluble protein
that showed a significant correlation with failure to response during TKI treatment. It is possible that
the increase in sPDL1 and sCTLA is linked to the high levels of IFNγ, but this is a mechanism that
needs to be evaluated in a larger number of patients. Recently, IFNγ-induced PD-L1/2 expression was
also referred to as a mechanism of adaptive immune resistance to immune checkpoint therapy [49].

4. Materials and Methods

4.1. Patient Selection

This was a multicenter, prospective, observational study. Twenty consecutive patients affected by
metastatic renal carcinoma, referred to three Italian oncology units (i.e., Policlinico Umberto I Hospital,
Sapienza University; A. Gemelli Hospital, Cattolica University; San Camillo Forlanini Hospital) and
treated with at least one line of treatment, were enrolled. Blood samples were collected at different
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time points: before starting and during therapy (i.e., at the first clinical revaluation and 3–4 months
after beginning treatment). The clinical and survival data of identified patients were retrieved from
clinical records. A specific database, including the following clinical and pathological features for
each patient, was built: age, sex, smoking status, histology, Fuhrman grading, date of diagnosis
of metastatic disease, date of nephrectomy, IMDC score, first-line treatment, date of progression to
first-line treatment, toxicities related to first-line treatment, second-line treatment, date of progression
to second-line treatment, toxicities related to second-line treatment, and third-line treatment. Written
informed consent was obtained from all patients. The study was approved by the Ethics Committee of
Policlinico Umberto I (Ethical Committee Protocol, RIF.CE: 4181).

4.2. PBMC (Peripheral Blood Mononuclear Cells) Purification and Sera Collection

PBMCs were isolated from the peripheral blood (40 mL) of mRCC patients before (T0) and during
TKI therapy (>T0, at first clinical revaluation) using Ficoll–Hypaque gradient (1077 g/mL; Pharmacia
LKB). At the same time, sera were collected and stored at −80 ◦C until use.

4.3. Immune Phenotype

A multi-parametric analysis by flow cytometry was conducted to evaluate various T-cell subsets
and function as the combined expression of the following markers:

• T cell exhaustion/activation: Anti-CD3-APC-H7/CD8-PerCp-Cy5.5/CD137-PeCy7/PD1-PE/C
TLA4-APC/Tim3-BB515;

• T regulatory cells: Anti-CD4-APC-H7/CD25-PE/CD45RA-BB515/FoxP3-Alexa647.

Flow cytometric analysis was performed using a FACSCanto flow cytometer running FACS Diva
data acquisition and analysis software (version 8.0.2, BD Biosciences, San Diego, CA, USA). In Table S1
are listed the catalog numbers and clones of the antibodies used in this study.

4.4. Inflammatory Cytokine, Chemokine and Soluble Checkpoint Inhibitor Detection

The sera from mRCC patients were assayed to quantify cytokines and soluble checkpoint molecules
using the ProcartaPlex Human Inflammation Panel (20 Plex, catalog number EPX200-12185-901;
sE-Selectin; GM-CSF; ICAM-1/CD54; IFN alpha; IFN gamma; IL-1 alpha; IL-1 beta; IL-4; IL-6;
IL-8; IL-10; IL-12p70; IL-13; IL-17A/CTLA-8; IP-10/CXCL10; MCP-1/CCL2; MIP-1alpha/CCL3; MIP-1
beta/CCL4; sP-Selectin; TNF alpha) (eBioscence, Vienna, Austria) and the Human Immuno-Oncology
Checkpoint 14-Plex ProcartaPlex Panel 1 (catalog number EPX14A-15803-901; BTLA; GITR; HVEM;
IDO; LAG-3: 47; PD1; PD-L1; PD-L2; TIM-3; CD28; CD80; CD137; CD27; CD152) (eBioscence). Samples
were measured using Luminex 200 platform (BioPlex; Bio-Rad, Bio-Rad, Hercules, CA, USA) and data,
expressed in pg/mL of protein, were analyzed using Bio-Plex Manager Software (version 6.1, Bio-Rad).

4.5. Statistical Analysis

Descriptive statistics (i.e., average and standard deviation) were used to describe the various data.
Student’s paired and unpaired t-tests were used to compare two groups. Statistical significance was
indicated when the p-value was less than 0.05.

Keplan–Meier analysis and log-rank test were used to evaluate the percentage of survival related
to the duration of response. Correlations of fold-changes in levels of two proteins were assessed
through Spearman’s rank correlation test. A p-value of <0.05 was considered statistically significant.

5. Conclusions

Our data identified new circulating biomarkers, both cells and molecules, that are associated
with TKI treatment/response in mRCC and that allow to characterize responsive and non-responsive
patients (Table 2). Subsequent validation studies will be performed to validate these markers in
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a network medicine framework and to test their predictive value for treatment outcomes both in
TKI- and immunotherapy-treated patients. These new developments in the research of biomarkers
could considerably improve clinical decision-making for RCC patients. Defining the best combination
for each patient, as well as the optimal therapeutic sequence, will be essential to guide treatment
decisions in clinical practice. In conclusion, the immune-modulating effects of TKI open the way to new
therapeutic strategies for mRCC and other cancers, suggesting variations in the administration timing
of treatment and new possible combinations with other TKIs, ICIs, or of immune agents, including
cancer vaccines and immunostimulatory agents.

Table 2. Circulating biomarkers modulated in mRCC patients.

mRCC Patients Baseline During TKI Treatment

Responsive patients
High CD3+CD8+CD137+

Low PD1 on CD137+ T cells
Low IFNγ

High CD3+CD8+CD137+

Low IFNγ

Low sPDL2

Non-responsive patients Low CD3+CD8+CD137+

High IFNγ

Low CD3+CD8+CD137+

High PD1 on CD137 T cells
High IFNγ

High sPDL1
High sCTLA4

sICs modulated by TKI sPDL2, sHVEM, sPD1, sGITR
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Abstract: Immune checkpoint inhibitors (ICIs) are soluble antibodies that have dramatically changed
the outcomes including overall survival in a subset of kidney tumors, specifically in renal cell
carcinoma (RCC). To date, there is no a single predictive biomarker approved to be used to select
the patients that achieve benefit from ICIs targeting. It seems reasonable to analyze whether
the programmed death-ligand 1 (PD-L1) expression could be useful. To assess the role of PD-L1
expression as a potential predictive biomarker for benefit of ICIs in RCC patients, we performed a
search of randomized clinical trials (RCTs) comparing ICIs (monotherapy or in combination with
other therapies) to standard of care in metastatic RCC patients according to PRISMA guidelines. Trials
must have included subgroup analyses evaluating the selected outcomes (progression-free survival
(PFS) and overall survival (OS)) in different subsets of patients according to PD-L1 expression on
tumor samples. Hazard ratios with confidence intervals were used as the measure of efficacy between
groups. A total of 4635 patients (six studies) were included (ICIs arm: 2367 patients; standard of care
arm: 2268 patients). Globally, PFS and OS results favored ICIs. Differential expression of PD-L1 on
tumor samples could select a subset of patients who could benefit more in terms of PFS (those with
higher levels; p-value for difference between subgroups: <0.0001) but it did not seem to impact in OS
results (p-value for difference: 0.63). As different methods to assess PD-L1 positivity were used among
trials, this heterogeneity could have an influence on the results. PD-L1 could represent a biomarker
to test PFS in clinical trials but its value for OS is less clear. In this meta-analysis, the usefulness of
PD-L1 expression as a predictive biomarker to select treatment in metastatic RCC patients was not
clearly shown.

Keywords: renal cell carcinoma; PD-L1; predictive; biomarker; treatment
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1. Introduction

Kidney cancer represents about 5% and 3% of all solid tumors in adults in men and women,
respectively [1]. Renal cell carcinomas (RCC), considering only parenchymal tumors and excluding
urothelial tumors, involve 80% of all renal malignancies. Metastatic disease is found in 20% of patients
at diagnosis. In addition, 25% of those with localized disease will relapse after radical treatment.
The expected 5-year overall survival (OS) rate for advanced disease is estimated to be around 20% [2].

Antiangiogenic drugs and immunotherapy shape the landscape of treatment for metastatic
RCC. Recently, immune checkpoint inhibitors (ICIs) have transformed the management of metastatic
clear-cell RCC (ccRCC) [3–8]. Specially, monoclonal antibodies directed against programmed cell
death 1 (PD-1) or programmed death-ligand 1 (PD-L1) combined with either cytotoxic T-lymphocyte
associated protein 4 (CTLA-4) or with tyrosine kinase inhibitors (TKIs) have shown significant survival
improvement in the first-line setting [4–8].

Despite the numerous efforts to identify predictive markers, none were robust enough to be
implemented in clinical practice for RCC patients. The International Metastatic Renal Cell Carcinoma
Database Consortium (IMDC) [9] is one of the most validated scores to characterize the prognosis of
metastatic RCC patients [10].

The IMDC criteria have been recognized as an aid to select the most appropriate treatment for
patients, specifically in the case of nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4) combination
in the first-line setting [4]. Recently, the score has been included in the guidelines as a treatment
selection strategy [11,12]. Nevertheless, it remains unknown which patient subgroups will benefit the
most within the IMDC categories with the different combinations.

2. PD-L1 Expression: Immunohistochemistry Antibody and Cutoff

PD-L1 expression on tumor tissue has been determined to be present in 25–60% of the patients
depending upon the employed assay. Largely, PD-L1 expression has been identified as a negative
prognostic factor in metastatic RCC [3]. In addition, high PD-L1 levels are associated with unfavorable
outcomes of TKI therapy [13].

First data on expression of PD-L1 in RCC come from early trials. The first anti-PD-1 drugs tested
were MDX-1106 (ClinicalTrials.gov Identifier: NCT00441337) in a phase 1 trial that included five
metastatic RCC patients and nivolumab, in a phase 1 trial that included 34 metastatic RCC patients.
PD-L1 expression was studied on the surface of tumor cells. None of the patients with PD-L1–negative
tumors had an objective response [14,15]. In this study PD-L1 expression was studied by the murine
antihuman PD-L1 monoclonal antibody 5H1. Tumors were considered PD-L1-positive if ≥5% of tumor
cells showed membranous staining with 5H1.

Studies with atezolizumab (anti-PD-L1) have used an anti-human PD-L1 monoclonal antibody
(Clone SP142) but instead of analyzing tumor cell, immune cell (IC) were studied (all types of ICs,
including macrophages, dendritic cells, and lymphocytes, were counted together). The number of
patients IC0 (low to no PD-L1 expression) was about 75% if the cutoff is >5% and around 50% if the
cutoff is >1% [8,16].

Most recent trials have used alternative antibodies and different locations within the tumor sample
in order to improve the accuracy of the technique. Two main strategies assessing PD-L1 expression
include those focusing only on tumor cell expression (e.g., Tumor Proportion Score (TPS)), and those
incorporating also immune cells (e.g., Combined Positive Score (CPS)). A rabbit anti-human PD-L1
antibody (clone 28-8) has been used in several studies testing the anti-PD-1 drug nivolumab. Distinctive
limits for PD-L1 positivity were also investigated containing cutoffs of 1% and more or equal than
5% [17,18].
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3. PD-L1 Antibodies: Pharmacokinetics and Pharmacodynamics

After the intravenous administration of anti-PD-1/PD-L1 antibodies, the highest concentration is
reached between 1 and 4 h. The pharmacokinetics of these soluble antibodies has been described as
linear. The increase of concentration during the peak is dose-proportional [14,15].

Early studies showed that the levels of anti-PD-L1 antibodies in the blood are amplified as well
in a dose-dependent manner. The half-life of anti-PD-L1 antibody has been calculated over 2 weeks.
Importantly, median PD-L1 receptor use on CD3+ peripheral-blood mononuclear cells after anti-PD-1
therapy has been shown to exceed 65%.

4. Data on PD-L1 Expression and Anti-PD-1/PD-L1 Treatment

The predictive value of PD-L1 expression as a biomarker in metastatic RCC patients treated with
anti-PD-1/PD-L1 therapy remains indeterminate [3–8]. Selected studies have shown that either tumor
cell or tumor-infiltrating immune cell PD-L1 overexpression is associated with deeper response rates
with ICIs across different solid tumors, not only metastatic RCC [19]. Indeed, PD-L1 expression has
already been used for treatment selection in solid tumors such as lung cancer [20,21]. Nevertheless,
tumors that do not express PD-L1 may benefit from ICI. One theory is that the expression of PD-L2
modifies the response; current available tests do not assess this protein [22].

Trials have explored different efficacy parameters according to PD-L1-expression status at a
5% cutoff. In a randomized trial with nivolumab, the group of patients (27%) with tumors PD-L1
expression ≥5% had a median progression-free survival (PFS) of 4.9 months versus 2.9 months in the
PD-L1 < 5% subgroup; overall response rate (ORR) was 31% in the PD-L1 ≥ 5% subgroup and 18% in
the PD-L1 < 5% subgroup; median OS was not reached in the PD-L1 ≥ 5% subgroup and 18.2 months
in the PD-L1 < 5% subgroup. The authors did not find differences with the cutoff ≥1% for PD-L1
expression [17].

In a phase 1 trial testing atezolizumab, there was no correlation between tumor cell score of PD-L1
and outcomes. However, the subgroup of patients with low-to-no PD-L1 expression (IC0) tended to
have worse survival [16]. In the phase 3 JAVELIN Renal 101 trial, the combination of avelumab plus
axitinib showed an improvement on median PFS in those patients with at least 1% of immune cells
staining positive within the tested tumor area (primary endpoint) [6]. On the other side, in the phase
3 KEYNOTE-426 trial, treatment with pembrolizumab plus axitinib resulted in longer OS and PFS
compared to sunitinib and regardless of PD-L1 expression measured by CPS (tumor and immune cells);
however there was a trend of a greater benefit in patients with higher PD-L1 expression [5].

5. PD-L1 Expression and Duration of Response

There is lack of data showing whether the duration of response is associated with PD-L1
expression [16]. PD-L1 expression is associated with high expression of the T-effector (Teff) gene
signature and CD8+ T cell infiltration. The predictive relevance of PD-L1 expression on IC is further
supported by the strong correlation of PD-L1 IC as determined by immunohistochemistry with the Teff
immune gene signature.

6. PD-L1 Expression: Differences in Primary Tumor Versus Metastases

PD-L1 expression has been associated with poor pathologic features and high nuclear grade areas.
Discrepancies in tumor cell PD-L1 expression by immunohistochemistry between primary tumors and
metastases counterparts have been described in around 20% of metastatic RCC patients. Based on
published data, the PD-L1 expression in the primary tumor seems more common than in the metastases.
Largely, PD-L1 expression in multiple metastases from the same primary tumor is consistent [23].
These fluctuations could be predisposed by the particular tumor microenvironment and hypoxia status
in each individual tumor location [24,25].
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7. PD-L1 Expression: Differences Localized Versus Metastatic Tumors

In RCC, increased PD-L1 expression has been found to be considerably associated with large
tumor size and TNM stage [26]. In a series of 194 nephrectomies from the Mayo Clinic, 33% of RCC
patients were PD-L1 negative [27]. Slightly higher data are presented in a recent pivotal trial ranging
from 25% to 40% of PD-L1 negative patients.

8. PD-L1 Expression: Evolution with Treatment

In a phase 2 trial with nivolumab, PD-L1 expression on tumor cells was assessed by
immunohistochemistry in fresh biopsies obtained at baseline and at the second cycle. There was no
consistent change in tumor PD-L1 expression following nivolumab treatment relative to baseline [18].
While baseline PD-L1 expression by immunohistochemistry did not correlate with response to
atezolizumab in combination with bevacizumab, upregulation of PD-L1 was only detected in one
patient, who demonstrated a partial response on a phase 1 trial [28].

9. Gene Expression Profiles

Different studies have shown that tumors with an angiogenic signature present an enhanced
response to tyrosine kinase inhibitors such as sunitinib, whereas tumors with a Teff gene signature
had better correlation with higher PD-L1 expression, CD8+ T cell infiltration, and better response
to anti-PD-L1 treatment. Interestingly, a subanalysis of a randomized clinical trial showed that a
myeloid inflammatory signature (a subgroup with Teff gene signature) benefited from receiving
the combination treatment with an anti-Vascular Endothelial Growth Factor (VEGF) antibody
(bevacizumab) and an anti-PD-L1 antibody (atezolizumab) while presenting a poor response to
atezolizumab in monotherapy [8].

In the Javelin 101 trial, an association between a signature with 26 gene (including several genes
implicated in T cell signaling, proliferation, chemokine expression, and other immune response genes)
and improved PFS was observed with the combination of axitinib (TKI) and avelumab (anti-PD-L1).
However, this association was not observed with sunitinib monotherapy [6].

10. Other Potential Biomarkers

Tumor mutational or tumor neoantigen burden have arisen as promising biomarkers for response
to ICIs. The evidence seems to be solid in lung cancer although the biomarker is not flawless [29].
RCC has been shown to express a high frequency of clonal indel mutations, potentially related to
neoantigen abundance and CD8+ T cell activation [30]; however the association between these features
and response to ICIs in RCC has yet to be confirmed [8].

Although further studies are necessary to confirm the findings, loss-of-function mutations in
specific genes such as PBRM1 might predict clinical response to anti-PD-1 antibodies in metastatic
RCC according to whole-exome sequencing studies in patients treated with nivolumab [31,32].

CD8+ T cell infiltration has been shown to be an adverse prognostic factor for RCC [33]. Contrary,
increased amounts of tumor CD8+ T cells have been associated with an improved PFS in those patients
treated with axitinib plus avelumab but not in patients treated with sunitnib [6]. CD8+ infiltration has
been shown to be associated with PD-L1 expression. Further data are needed to determine the value of
CD8+ T cell density and its relationship with PD-L1 as a biomarker for ICI in RCC.

From a different angle, the microbiome (the genetic material within the microbiota) and its
variations could be associated with the benefit of ICIs. The microbiome influences the processes
of antitumor immunity, and the variations of some bacterial species have been associated with an
increased likelihood of response [34,35]. In fact, studies in RCC have shown that antibiotic use could
decrease the response to ICI in RCC [36]. Whether the microbiome may alter PD-L1 expression has not
been really studied. Further studies focusing on microbiome manipulation in RCC are ongoing [37].
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Finally, liquid biopsy is another promising source of information currently under investigation in
RCC. Soluble immune checkpoint-related proteins (including PD-1, PD-L1, and CTLA-4 among others)
have been shown to be associated with advanced disease, recurrence, and survival in a study with
RCC patients, highlighting the potential prognostic value of these biomarkers [38]. In lung cancer, the
molecular characterization of PD-L1 expression in circulating tumor cells (CTC) might be supportive
to identify a subgroup of patients that will most likely benefit from ICI therapies [39].

11. PD-L1 by Immunohistochemistry as a Biomarker in RCC

Currently, the most valuable biomarker due to availability and worldwide access is the
determination of PD-L1 by immunohistochemistry. Due to the current uncertain value for metastatic
RCC, we performed a meta-analysis of published randomized clinical trials (RCTs) in order to analyze
the predictive role of PD-L1 expression and its potential usefulness in treatment decisions in metastatic
RCC patients.

12. Material and Methods

12.1. Literature Search and Inclusion Criteria

The literature search was accomplished by May 1 2019. Two different databases were reviewed:
MEDLINE and EMBASE. Only agents targeting PD-1/PD-L1 approved or extensively studied in RCC
were included in the search: (a) anti-PD-1 antibodies: nivolumab (Opdivo®), pembrolizumab
(Keytruda®), (b) anti-PD-L1 antibodies: atezolizumab (Tecentric®) and avelumab (Bavencio®).
The specific words used during the search were (“nivolumab” OR “pembrolizumab” OR “atezolizumab”
OR “avelumab” OR “PD-1” OR “PD-L1”) AND (“renal cell carcinoma” OR “RCC” OR “kidney cancer”).
Additionally, the manufacturers’ package inserts for drugs included in the meta-analysis were also
analyzed to spot original or different data not reported in published trials.

All RCTs that compared ICIs based therapy (either in monotherapy or in combination with another
ICI or VEGF-targeted therapy) versus the previous standard of care (TKIs or mammalian Target of
Rapamycin (mTOR) inhibitors in monotherapy) in any line of treatment in adults (≥18 years-old)
with metastatic ccRCC were included. The review was restricted to RCTs in humans and published
in English. Non clear-cell RCC studies were excluded. Every publication was reviewed, but only
the most complete report of the RCTs was included when duplicate publications were identified.
We tried to decrease the heterogeneity among the results gathering only comparisons of ICIs based
therapy (defined previously) with TKIs or mTOR inhibitors in monotherapy; other combinations were
excluded. We selected the most validated endpoints for efficacy: PFS and OS. Trials that met the
following criteria were included in the meta-analysis: randomized phase II or III trials, prospective
clinical studies in patients with metastatic ccRCC, and trials with at least one of the previous efficacy
endpoints mentioned above available. Two reviewers (A.C-G. and G.d.V.) independently evaluated
studies for eligibility.

12.2. Data Extraction and Clinical Endpoints

Two investigators (A.C-G. and G.d.V.) extracted the data individually, discordances were resolved
by consensus. Data was reported agreeing to Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) guidelines [40]. Collected variables included the first author’s surname,
year of publication, National Clinical Trials (NCT) registry number, study phase, number of previous
treatment lines received, selection of population by PD-L1 expression on tumor samples (yes/no),
method employed to assess PD-L1 expression, percentage of PD-L1 considered as a positive result,
number of enrolled subjects, number of enrolled patients according to PD-L1 expression status,
criteria used for assessing efficacy (Response Evaluation Criteria In Solid Tumors (RECIST) or others),
blinding (yes/no), treatment arms, number of patients per treatment arm in the total population,
and according to PD-L1 expression subgroups, and median age. The efficacy endpoints selected for the
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analysis (hazard ratios (HR) with confidence intervals (CI) for PFS and OS between treatment arms)
were obtained in the total population and according to PD-L1 expression subgroups when available.

12.3. Statistical Analysis

Stata version 16 (https://www.stata.com) was the software used for the main statistical analysis.
HRs with CIs were the parameters considered to assess the impact on OS and PFS of treatment based
on ICIs as compared to standard of care. I2 statistics were used to assess the study heterogeneity
among the included trials; these evaluations estimate the significance of heterogeneity compared to
chance in relation to the variation observed across the studies [41]. Random and fixed-effects models
were used to pool studies depending on the heterogeneity of the studies included. PD-L1 expression
on tumor samples (positive or negative depending on the techniques used in each trial) was the clinical
feature employed to perform subgroup analyses. Egger′s test, the test for asymmetry of the funnel
plot, was performed to reject publication bias [42]. In addition, as other causes of asymmetry could
exist, contour-enhanced meta-analysis and trim-and-fill method were used to distinguish publication
bias from these other possibilities [43].

13. Results

13.1. Study Selection

Studies that met criteria for the final analysis are shown in the flow chart (Figure 1). A total of
265 studies were reviewed through our screening process for RCTs. We did not include (i) duplicate
studies and/or no-clinical trial type studies (n = 250) and (ii) no-only renal cell carcinoma studies and/or
early phase I/II or non-RCTs (n = 9). Six RCTs met the standards for inclusion in the meta-analysis.

 

′

Figure 1. Flow diagram for identification and selection of studies.

The baseline characteristics of each trial are displayed in Table 1. All trials but one [3] were performed
in the first-line setting for metastatic RCC (treatment naïve). One trial reported the results only in
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the intermediate and poor risk-groups according to the IMDC score (https://www.imdconline.com) [4].
All studies had two treatment arms except one, which had three arms [8]. In one study, everolimus
(mTOR inhibitor) was the control arm (in the second- and third-line setting) [3]; the remaining studies
used sunitinib in monotherapy as the control arm. There were no placebo-controlled trials that
met the criteria of the study. None of the studies restricted eligible populations according to PD-L1
expression; different assays and thresholds were used among trials to measure PD-L1 expression
by immunochemistry. Only three studies included primary endpoints involving exclusively PD-L1
positive patients [6–8] but the rest of them only performed primary endpoints in the intent-to-treat
(ITT) population [3–5]. A total of 4635 patients were available for the meta-analysis: 2367 patients were
assigned to the therapy based on ICIs arm (432 to pembrolizumab plus axitinib, 555 to atezolizumab
plus bevacizumab, 103 to atezolizumab in monotherapy, 425 to nivolumab plus ipilimumab, 442 to
avelumab plus axitinib, and 410 to nivolumab in monotherapy), and 2268 were assigned to the control
arm (1857 received sunitinib and 411 received everolimus). PFS was assessed in all trials according to
the RECIST v1.1. All RCTs were sponsored by pharmaceutical companies.
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Table 1. Summary of randomized clinical trials included in the meta-analysis.

Author/Year Phase
Number of
Patients (N)

Line of Treatment PD-L1 Assay Experimental Arm Control Arm Primary Endpoint

B.I. Rini/2019 5 3 861 1

PD-L1 IHC 22C3
pharmDx assay
(combined score: <1;
≥1)

Pembrolizumab +
Axitinib (n = 432;
PD-L1 positive: 243)

Sunitinib (n = 429;
PD-L1 positive: 254)

OS and PFS in the
intent-to-treat
population

D.F.
McDermott/2018 8 2 305 1

PD-L1 on IC by SP142
IHC assay (<1; ≥1)

Atezolizumab
(n = 103; PD-L1
positive: 54)

Sunitinib (n = 101;
PD-L1 positive: 60) PFS in the

intent-to-treat and
PD-L1 positive
populations

Atezolizumab +
Bevacizumab (n = 101;
PD-L1 positive: 50)

Sunitinib (n = 101;
PD-L1 positive: 60)

R.J. Motzer/2018 4 3 847 1 (intermediate risk-
and poor risk-groups)

Dako PD-L1 IHC 28-8
pharmDx test (<1; ≥1)

Nivolumab +
Ipilimumab (n = 425;
PD-L1 positive: 100)

Sunitinib (n = 422;
PD-L1 positive: 114)

OS, objective response
rate and PFS in the
intermediate risk- and
poor risk-patients

R.J. Motzer/2019 6 3 886 1 Ventana PD-L1 (SP263)
assay (<1; ≥1)

Avelumab + Axitinib
(n = 442; PD-L1
positive: 270)

Sunitinib (n = 444;
PD-L1 positive: 290)

PFS and OS in the
PD-L1 positive
population

R.J. Motzer/2015 3 3 821 2 and 3 Dako PD-L1 IHC (<1;
≥1)

Nivolumab (n = 410;
PD-L1 positive: 94)

Everolimus (n = 411;
PD-L1 positive: 87)

OS in the
intent-to-treat
population

B.I. Rini/2019 7 3 915 1 VENTANA PD-L1
SP142 assay (<1; ≥1)

Atezolizumab +
Bevacizumab (n = 454;
PD-L1 positive: 178)

Sunitinib (n = 461;
PD-L1 positive: 184)

PFS in the PD-L1
positive population
and OS in the
intent-to-treat
population
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13.2. Global PFS and OS Results

Globally, both PFS and OS results favored therapy based on ICIs. The HR for PFS was improved
in those patients treated with ICIs compared to standard of care (HR 0.82; 95% CI 0.73–0.92, p = 0.0006),
as well as the HR for OS (HR 0.73; 95% CI 0.60–0.88, p = 0.0012).

Evidence of asymmetry in the studies addressing OS was observed (p = 0.0192); by using
contour-enhanced meta-analysis funnel plots we can conclude that small studies with negative results
have not been published. Evidence of asymmetry in the results of those studies addressing PFS was
not verified (p = 0.110).

13.3. PFS Results According to PD-L1 Expression

In PD-L1 negative patients (only three studies with available information) receiving therapy
based on anti-PD-1/PD-L1 antibodies, PFS was not improved compared to those patients receiving
standard of care (HR 0.95; 95% CI 0.82–1.09). The PD-L1 positive patients receiving therapy based
on anti-PD-1/PD-L1 antibodies had better PFS compared to those patients receiving standard of care
(HR 0.65; 95% CI 0.56–0.76). The difference in terms of PFS between these two groups (PD-L1 negative
versus PD-L1 positive populations) was statistically significant (p < 0.0001; Figure 2).

 

 

Figure 2. Forest plot diagram: hazard ratio (HR) with 95% confidence interval of progression-free
survival (PFS) between arms according to programmed death-ligand 1 (PD-L1) expression subgroups.

13.4. OS Results According to PD-L1 Expression

In terms of OS, both populations, PD-L1 negative (only three trials with available data) and PD-L1
positive patients, benefited from receiving therapy based on anti-PD-1/PD-L1 antibodies compared to
standard of care. HR for OS was improved in PD-L1 negative patients treated with ICIs compared
to standard of care (HR 0.73; 95% CI 0.62–0.87) as well as in PD-L1 positive patients (HR 0.68; 95%
CI 0.54–0.87). There was no statistically significant difference in OS between the populations PD-L1
negative versus PD-L1 positive patients (p = 0.63; Figure 3).
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Figure 3. Forest plot diagram: hazard ratio (HR) with 95% confidence interval of overall survival (OS)
between arms according to PD-L1 expression subgroups.

14. Discussion

In recent years, the therapeutic landscape of metastatic ccRCC has been broadening as a
consequence of the incorporation of different ICIs to the antiangiogenic agents.

Most of the clinical trials were not developed based on predictive biomarkers. Currently, the IMDC
score remains as the only useful strategy for treatment selection (restricting the use of the nivolumab
plus ipilimumab combination for the intermediate risk- and poor risk-patients) [4]. There are no other
validated biomarkers to inform patients about their best treatment choice available in clinical practice.
This fact highlights the current lack of personalized therapy in RCC.

The results of this meta-analysis, focused on metastatic RCC, support that PD-L1 expression may
be a reliable biomarker for PFS but not for OS. This fact could be relevant for clinical trials design.
Therapy based on ICIs improved PFS compared to standard of care in PD-L1 positive patients but not
in PD-L1 negative patients. However, OS was improved with immunotherapy regardless of PD-L1
status. Therefore, the role of PD-L1 expression as a predictive biomarker is not flawless and not suitable
for selecting the therapeutic strategy. Despite the fact that PFS is considered a validated surrogate
endpoint for OS [44] in RCC patients treated with TKIs, its value in those treated with ICIs is less clear,
as it has been shown in different trials [3,20]. A long-term “delayed” positive effect has been pointed
as a typical characteristic of ICI treatment. This phenomenon, partially reflected by lasting durations
of response to ICI therapy, explains the existence of long-term survivor groups with these drugs in
different solid tumors even in the absence of benefit in terms of PFS. This fact might help to explain the
results obtained in the PD-L1 negative population (benefit in OS but not in PFS). On the other hand,
as a consequence of their worse prognosis, PD-L1 positive patients could present shorter median PFS
with TKIs compared to PD-L1 negative patients and this feature could explain the difference observed
between these groups in terms of PFS but not OS; in this case the positive effect of immunotherapy
would manifest earlier in the PD-L1 positive population.

The results obtained in OS should overrule those in PFS, reaching the conclusion that PD-L1
expression has not been shown to be useful for treatment selection in metastatic RCC so far. However,
for testing new drugs or combinations targeting PD-1 or PD-L1 it may be useful to consider that PD-L1
expression may predict PFS benefit.

In addition to seeking to optimize and homogenize the assessment of PD-L1 expression among
trials, other factors beyond this biomarker that may improve its value are also being studied. Tumor
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mutational burden, CD8+ T lymphocytes infiltration or gene expression profiles could represent
alternative biomarkers of response for a better selection of individuals for specific therapies and to
optimize the outcomes of this disease [8]. In this sense, gene expression profiles that focus on angiogenic
or immunological pathways have shown promising results in patients treated with the combination of
atezolizumab plus bevacizumab [8]. In addition, blood constitutes a source for obtaining oncological
material and is the basis for the development of liquid biopsy [45]. Due to the improvement of
molecular characterization in last years, different nucleic acids as well as exosomes (nanovesicles
arisen from endocytosis processes) found in blood may inform about the efficacy of treatments and
disease status in a dynamic way [46,47]. As PD-L1 expression is a dynamic biomarker, real time
assessment could provide a more accurate evaluation of current status improving the predictive value.
As example, in metastatic melanoma patients, it has been shown that expression levels of PD-L1 on
circulating exosomes can be modified during treatment with ICIs and those changes might be related
to the development of therapy resistance and the type of responses obtained [48].

The future of PD-L1 could be less relevant in the future. This fact will depend on the success of
different ICIs being tested or how drugs may change the expression of PD-L1. Bempegaldesleukin
(NKTR-214) combined with nivolumab has been shown to change PD-L1 negative tumors (PD-L1
< 1%) to PD-L1 positive tumors (PD-L1 ≥ 1%) [49]. Indeed, several immune checkpoints, such as
T cell immunoglobulin 3 (TIM3), lymphocyte activation gene 3 (LAG3), or T cell immunoglobulin
and ITIM domain (TIGIT), are potential regulators contributing to the immunosuppressive tumor
microenvironment in RCC [50].

A new generation of ICIs, targeting LAG3, VISTA, TIM3, or TIGIT are currently under evaluation.
The combination of nivolumab with relatlimab (BMS-986016), an antibody directed against LAG3,
has been shown to achieve an ORR of 16% in patients with advanced melanoma progressing after
PD-1 or PD-L1 blockade [51]; relatlimab is being tested in a phase III trial (ClinicalTrials.gov Identifier:
NCT03470922) [52]. Eftilagimod alpha (IMP321) is a soluble version of LAG3 that preferentially binds to
a subset of major histocompatibility complex (MHC) class II molecules and activates antigen-presenting
cells. A phase I trial (NCT00351949) tested this drug as monotherapy in 21 metastatic RCC showing both
sustained CD8+ T cell activation and an increase in the percentage of long-lived effector-memory CD8+

T cell in all patients at doses above 6 mg; seven of eight evaluable patients dosed at 6 mg experienced
stable disease at 3 months compared with only three of 11 in the lower dose group (p = 0.015) [53]. As a
consequence of its good safety profile and demonstration of efficacy, the drug is currently being tested
in different solid tumors [54]. INCAGN02385 (monoclonal antibody anti-LAG3) and XmAb®22841
(bispecific antibody anti-LAG3 and anti-CTLA-4) are also drugs being tested as monotherapy or in
combination with anti-PD-1 drugs in a variety of solid tumors including RCC [55,56]. Early-phase
trials of anti-TIM3 and anti-TIGIT antibodies are also ongoing in multiple tumor types [57–59].
INCAGN02390 (as monotherapy) and MBG453 (as monotherapy or in combination with anti-PD-1)
are, both of them, examples of anti-TIM3 antibodies currently being tested in RCC among other
tumors [60,61].

OX40 (also known as CD134) is a secondary co-stimulatory molecule whose expression is
dependent on full activation of the T cell. OX40 agonists, such as PF-04518600 (in combination with
axitinib or avelumab) are other types of molecules undergoing clinical development in RCC [62,63].

Finally, high-dose IL-2 has long been used in RCC as a promoter of T cell proliferation and
activation and it is known that a subgroup of patients may achieve complete responses with this
therapy [64]. Newer formulations of IL-2 are being developed, such as bempegaldesleukin that is
currently being evaluated in combination with nivolumab in RCC in a phase III trial (NCT03729245) [65].

Combination of ICI with cancer cell vaccines, oncolytic viruses, or chimeric antigen receptor CAR
T cells is also biologically plausible.

The study has numerous limitations. Primarily, there is not a unique standardized method to
assess PD-L1 regardless of the tumor type and potential equivalence among the different techniques is
unknown at this moment. Different antibodies, thresholds, and evaluated cells are used to consider

157



Cancers 2020, 12, 1945

the positivity for this marker on the tumor samples with very heterogeneous results. For all these
reasons, conclusions obtained from different clinical trials in relation to the role of PD-L1 as a predictive
biomarker in ccRCC have to be confirmed.

Patient-level data was not accessible, but trial-level and patient-level meta-analyses may eventually
reach comparable conclusions [66]. Finally, response rates (due to lack of data) were not studied.
This could be relevant because it is possible that higher PD-L1 expression could be associated with
higher probability of response; as this parameter is related to OS, it would be interesting to study it
thoroughly and assess its relevance as an endpoint for clinical trials.

15. Conclusions

In conclusion, in this meta-analysis, PD-L1 expression did not show to be an accurate and solid
biomarker to select treatment for ccRCC patients as both groups (PD-L1 negative and PD-L1 positive)
benefited from immunotherapy. The improvement of the assessment of PD-L1 expression status and
the introduction of new biomarkers are ongoing; hopefully personalization of systemic therapy in RCC
will become a reality in the near future.

Funding: This research was funded by the Carlos III Institute of Health, Ministry of Economy and Competitiveness
(Spain), reference FSI17/1728 and ROCHE (grant).

Conflicts of Interest: A.C.G.: none. D.L.: none. I.M.S.: none. I.S.S.: none. M.T.B.: honoraria/consulting
role/research funding: Tecnofarma, Bristol-Myers Squibb, Asofarma, Eisai, MSD Oncology, Janssen, Novartis,
Bayer, Ipsen. U.A.H.: honoraria/consulting role/research funding: Pfizer, Novartis, Bayer, Ipsen, EUSA, Sanofi,
Advanced Accelerator Applications, Pierre Fabre, Bristol-Myers Squibb, Roche, Astellas, Janssen, Kyowa Kirin,
Lilly. N.M.C.: honoraria/consulting role/research funding: Ipsen, Pfizer, Bristol-Myers Squibb, Bayer. D.C.:
honoraria/consulting role/research funding: Roche, MSD, Exelixis, Pfizer, AstraZeneca, Janssen, Astellas, Ipsen.
G.d.V.: honoraria/consulting role/research funding: Pfizer, Novartis, Ipsen, Bristol-Myers Squibb, Bayer, Roche,
Astellas, MSD.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. Cancer J. Clin. 2019, 69, 7–34. [CrossRef] [PubMed]
2. Cancer of the Kidney: Section 3. In Cancer: Principles & Practice of Oncology, 8th ed.; DeVita, V.T., Jr.;

Hellman, S.; Rosenberg, S.A. (Eds.) Lipincott-Raven: Philadelphia, PA, USA, 2001.
3. Motzer, R.J.; Escudier, B.; McDermott, D.F.; George, S.; Hammers, H.J.; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.;

Procopio, G.; Plimack, E.R.; et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N. Engl.

J. Med. 2015, 373, 1803–1813. [CrossRef]
4. Motzer, R.J.; Tannir, N.M.; McDermott, D.F.; Frontera, O.A.; Melichar, B.; Choueiri, T.K.; Plimack, E.R.;

Barthelemy, P.; Porta, C.; George, S.; et al. Nivolumab plus Ipilimumab versus Sunitinib in Advanced
Renal-Cell Carcinoma. N. Engl. J. Med. 2018, 378, 1277–1290. [CrossRef] [PubMed]

5. Rini, B.I.; Plimack, E.R.; Stus, V.; Gafanov, R.; Hawkins, R.; Nosov, D.; Pouliot, F.; Alekseev, B.; Soulières, D.;
Melichar, B.; et al. Pembrolizumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma.
N. Engl. J. Med. 2019, 380, 1116–1127. [CrossRef]

6. Motzer, R.J.; Penkov, K.; Haanen, J.; Rini, B.; Albiges, L.; Campbell, M.T.; Venugopal, B.; Kollmannsberger, C.;
Negrier, S.; Uemura, M.; et al. Avelumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma.
N. Engl. J. Med. 2019, 380, 1103–1115. [CrossRef] [PubMed]

7. Rini, B.; Powles, T.; Atkins, M.B.; Escudier, B.; McDermott, D.F.; Suarez, C.; Bracarda, S.; Stadler, W.M.;
Donskov, F.; Lee, J.L.; et al. 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 2019, 393, 2404–2415. [CrossRef]

8. McDermott, D.F.; Huseni, M.A.; Atkins, M.B.; Motzer, R.J.; Rini, B.I.; Escudier, B.; Fong, L.; Joseph, R.W.;
Pal, S.K.; Reeves, J.A.; et al. Clinical activity and molecular correlates of response to atezolizumab alone
or in combination with bevacizumab versus sunitinib in renal cell carcinoma. Nat. Med. 2018, 24, 749–757.
[CrossRef]

158



Cancers 2020, 12, 1945

9. Heng, D.Y.; Xie, W.; Regan, M.M.; Warren, M.A.; Golshayan, A.R.; Sahi, C.; Eigl, B.J.; Ruether, J.D.; Cheng, T.;
North, S.; et al. Prognostic Factors for Overall Survival in Patients With Metastatic Renal Cell Carcinoma
Treated With Vascular Endothelial Growth Factor–Targeted Agents: Results From a Large, Multicenter Study.
J. Clin. Oncol. 2009, 27, 5794–5799. [CrossRef]

10. Heng, D.Y.; Xie, W.; Regan, M.M.; Harshman, L.C.; Bjarnason, G.A.; Vaishampayan, U.N.; MacKenzie, M.;
Wood, L.; Donskov, F.; Tan, M.-H.; et al. External validation and comparison with other models of the
International Metastatic Renal-Cell Carcinoma Database Consortium prognostic model: A population-based
study. Lancet Oncol. 2013, 14, 141–148. [CrossRef]

11. Escudier, B.; Porta, C.; Schmidinger, M.; Rioux-Leclercq, N.; Bex, A.; Khoo, V.; Grünwald, V.; Gillessen, S.;
Horwich, A. ESMO Guidelines Committee Renal cell carcinoma: ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann. Oncol. 2019, 30, 706–720. [CrossRef]

12. Jonasch, E. NCCN Guidelines Updates: Management of Metastatic Kidney Cancer. J. Natl. Compr. Cancer Netw.

2019, 17, 587–589.
13. Choueiri, T.K.; Figueroa, D.J.; Fay, A.P.; Signoretti, S.; Liu, Y.; Gagnon, R.; Deen, K.; Carpenter, C.; Benson, P.;

Ho, T.H.; et al. Correlation of PD-L1 Tumor Expression and Treatment Outcomes in Patients with Renal
Cell Carcinoma Receiving Sunitinib or Pazopanib: Results from COMPARZ, a Randomized Controlled Trial.
Clin. Cancer Res. 2014, 21, 1071–1077. [CrossRef] [PubMed]

14. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.;
Carvajal, R.D.; Sosman, J.A.; Atkins, M.B.; et al. Safety, Activity, and Immune Correlates of Anti–PD-1
Antibody in Cancer. N. Engl. J. Med. 2012, 366, 2443–2454. [CrossRef] [PubMed]

15. Brahmer, J.R.; Drake, C.G.; Wollner, I.; Powderly, J.D.; Picus, J.; Sharfman, W.H.; Stankevich, E.; Pons, A.;
Salay, T.M.; McMiller, T.L.; et al. Phase I Study of Single-Agent Anti–Programmed Death-1 (MDX-1106)
in Refractory Solid Tumors: Safety, Clinical Activity, Pharmacodynamics, and Immunologic Correlates.
J. Clin. Oncol. 2010, 28, 3167–3175. [CrossRef]

16. McDermott, D.F.; Sosman, J.A.; Sznol, M.; Massard, C.; Gordon, M.S.; Hamid, O.; Powderly, J.D.; Infante, J.R.;
Fassò, M.; Wang, Y.V.; et al. Atezolizumab, an Anti–Programmed Death-Ligand 1 Antibody, in Metastatic
Renal Cell Carcinoma: Long-Term Safety, Clinical Activity, and Immune Correlates From a Phase Ia Study.
J. Clin. Oncol. 2016, 34, 833–842. [CrossRef]

17. Motzer, R.J.; Rini, B.I.; McDermott, D.F.; Redman, B.G.; Kuzel, T.M.; Harrison, M.R.; Vaishampayan, U.N.;
Drabkin, H.A.; George, S.; Logan, T.F.; et al. Nivolumab for Metastatic Renal Cell Carcinoma: Results of a
Randomized Phase II Trial. J. Clin. Oncol. 2015, 33, 1430–1437. [CrossRef]

18. Choueiri, T.K.; Fishman, M.N.; Escudier, B.; Kim, J.J.; Kluger, H.M.; Stadler, W.M.; Perez-Gracia, J.L.;
McNeel, D.G.; Curti, B.D.; Harrison, M.R.; et al. Immunomodulatory activity of nivolumab in previously
treated and untreated metastatic renal cell carcinoma (mRCC): Biomarker-based results from a randomized
clinical trial. J. Clin. Oncol. 2014, 32, 5012. [CrossRef]

19. Khunger, M.; Hernandez, A.V.; Pasupuleti, V.; Rakshit, S.; Pennell, N.A.; Stevenson, J.; Mukhopadhyay, S.;
Schalper, K.; Velcheti, V. Programmed Cell Death 1 (PD-1) Ligand (PD-L1) Expression in Solid Tumors As a
Predictive Biomarker of Benefit From PD-1/PD-L1 Axis Inhibitors: A Systematic Review and Meta-Analysis.
JCO Precis. Oncol. 2017, 1, 1–15. [CrossRef]

20. Borghaei, H.; Paz-Ares, L.; Horn, L.A.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.;
Holgado, E.; et al. Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer.
N. Engl. J. Med. 2015, 373, 1627–1639. [CrossRef]

21. Reck, M.; Rodríguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csőszi, T.; Fülöp, A.; Gottfried, M.; Peled, N.;
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Abstract: Three drug combinations, ipilimumab-nivolumab (Ipi-Nivo), pembrolizumab-axitinib
(Pembro-Axi), and avelumab-axitinib (Ave-Axi), have received regulatory approval in the USA
and Europe for the treatment of metastatic renal cell carcinoma with clear cell component (mRCC).
However, no head-to-head comparison data are available to identify the best option. Therefore,
we aimed to compare these new treatments in a first-line setting. We conducted a systematic
search in PubMed, the Cochrane Library, and clinicaltrials.gov for any randomized controlled trials
of treatment-naïve patients with mRCC, from January 2015 to October 2019. The process was
performed according to PRISMA guidelines. We performed a Bayesian network meta-analysis
with two different approaches, a contrast-based model comparing HRs and ORs between studies
and arm-based using parametric modeling. The outcomes for the analysis were overall survival,
progression-free survival (PFS), and objective response rate. Our search identified 3 published phase
3 randomized clinical trials (2835 patients). In the contrast-based model, Ave-Axi (SUCRA = 83%)
and Pembro-Axi (SUCRA = 80%) exhibited the best ranking probabilities for PFS. For overall survival
(OS), Pembro-Axi (SUCRA = 96%) was the most preferable option against Ave-Axi and Ipi-Nivo.
Objective response rate analysis showed Ave-Axi as the best (SUCRA: 94%) and Pembro-Axi as the
second best option. In the parametric models, the risk of progression was comparable for Ave-Axi
and Ipi-Nivo, whereas Pembro-Axi exhibited a lower risk during the first 6 months of treatment and
a higher risk afterwards. Furthermore, Pembro-Axi exhibited a net advantage in terms of OS over the
two other regimens, while Ave-Axi was the least preferable option. Overall evidence suggests that
pembrolizumab plus axitinib seems to have a slight advantage over the other two combinations.

Keywords: metastatic renal cell carcinoma; immune-based combination therapies;
network meta-analysis
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1. Background

Over the past few years, the treatment for metastatic renal cell carcinoma with clear cell component
(mRCC) has drastically changed with the introduction of targeted therapy, immunotherapy, and a
better understanding of RCC biology [1–4]. So far, the first-line and second-line systematic therapies
for mRCC have been mainly composed of agents targeting the vascular endothelial growth factor
receptor (VEGFR) and inhibiting the mammalian target of rapamycin (mTOR), with the last in class
being axitinib and cabozantinib [5,6]. Currently, drug development in mRCC focuses on immune
checkpoint inhibitors (ICIs), targeting programmed cell death 1 (PD-1), programmed cell death-ligand
1 (PD-L1) pathway, or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) [4,7]. Four combinations
have demonstrated either progression-free survival (PFS) or overall survival (OS) improvements over
the VEGFR tyrosine kinase inhibitor (TKI) standard of care (SOC) sunitinib in the first-line setting
for advanced or metastatic RCC with clear cell component: nivolumab (anti-PD-1) plus ipilimumab
(anti-CTLA-4) [8], pembrolizumab (anti-PD-1) plus axitinib (VEGFR-TKI) [9], avelumab (anti-PD-L1)
plus axitinib [10], and atezolizumab (anti-PD-L 1) plus bevacizumab (anti-VEGF) [11].

The shift in systemic therapy of mRCC has just begun, and phase 3 results with these new available
combinations raise many questions that need to be addressed in order to make better use of them
in clinical practice. In addition, we still lack predictive biomarkers and prognostic characteristics
in patients or the disease to guide treatment allocation. Results of these phase 3 trials should be
interpreted in the context of the International Metastatic RCC Database Consortium (IMDC) risk
classification, which has proven its utility since the targeted therapy era [12,13].

Comparison between these therapeutic options is one of the main concerns for clinicians and
patients [14]. However, since no clinical trial has provided any head-to-head comparison data of these
combinations, we conducted a network meta-analysis (NMA) to indirectly compare their efficacies in
terms of progression-free survival (PFS), overall survival (OS), and objective response rate (ORR) in
the first-line setting for patients with mRCC.

2. Methods

2.1. Search Strategy and Selection Criteria

We specifically focused on randomized controlled trials (RCTs), including naïve-treatment patients
with mRCC with clear cell component who received one of the combinations involving ICIs in
the first-line setting, with no patient restrictions on PD-L1 or the IMDC subgroup. The study was
conducted based on PRISMA extended guidelines for network meta-analysis [15]. We performed a
systematic literature search for articles or abstracts in PubMed, the Cochrane Library, clinicaltrials.gov,
and ESMO or ASCO congress, from January 2015 to August 2019 (full search strategy detailed in
File S1). References of relevant articles were checked to ensure that no combinations with ICIs were
missed. If several data reports were available from the same trial, we retained the latest updated
source. The outcomes were PFS, OS, and ORR in the intention-to-treat (ITT) population, and per
IMDC subgroup if available. For PFS and OS, hazard ratios (HRs) with 95% confidence intervals (CIs),
and their corresponding Kaplan–Meier curves (when available) were retained for our study.

The whole process of trial selection, full-text screening, and data extraction was performed by two
investigators (R-E, L-P) independently; if disagreement occurred, it was resolved by discussion with
other investigators. For all selected studies, risk of bias was assessed with the Cochrane Handbook
tool [16].

2.2. Statistical Analysis

We used two different approaches: a contrast-based method comparing the relative treatment
effect in the intention-to-treat population as well as in the IMDC subgroups, and an arm-based
method using Kaplan–Meier curves to estimate the parametric survival model (in the ITT population
only). We performed both fixed-effect and random-effect models for the contrast-based approach.
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To assess which treatment was likely to be the best option, we used rank probabilities and the surface
under the cumulative ranking curve (SUCRA) [17] in the contrast-based NMA model and assessed
time-dependent HRs derived from the arm-based NMA approach. Additionally, an exploratory
analysis of the PFS of sarcomatoid carcinoma patients was performed to investigate the recently
observed benefit of these combinations in this subpopulation.

2.2.1. Contrast-Based Approach

This approach focused on relative effects using HR on a log scale to run an NMA model as
described in Dias 2013 [18].

2.2.2. Arm-Based Approach

To circumvent the apparent violation of the proportional hazard assumption of the Cox model in
the published PFS Kaplan–Meier curves of the CheckMate 214 study [4], we also considered a method
relying on time-dependent HRs. We used fractional polynomials to estimate parametric functions from
the Kaplan–Meier curves in a Bayesian hierarchical model [19,20].

Statistical analyses were all performed within a Bayesian framework. Credible intervals were all
reported at the 95% level. The contrast-based analysis was performed using R (version 3·6·0) (Core
Team 2019, Vienna, Austria) and JAGS (version 4·3·0) with the package “getmtc” (version 0·8·2) [21]
and Openbugs (version 3·2·3). Kaplan–Meier curves were reconstructed using GetData Graph Digitizer
(version 2·26).

2.3. Role of the Funding Source

There was no funding source for this study. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit for publication.

3. Results

Our search identified 72 results. Of these, three published phase 3 randomized clinical trials
matched our selection criteria (2843 patients, Figure 1): CheckMate 209–214 [4], Keynote 426 [8],
and Javelin Renal 101 [9]. These evaluated three different combinations: nivolumab plus ipilimumab
(Ipi-Nivo), pembrolizumab plus axitinib (Pembro-Axi), and avelumab plus axitinib (Ave-Axi),
respectively (detailed search in File S1). The Immotion 151 trial investigating atezolizumab plus
bevacizumab (Atezo-Beva) was excluded due to the non-superiority of OS compared to sunitinib in the
intention-to-treat population. Therefore, it is unlikely that this combination will be recommended as a
treatment in a near future. In the three retained trials, the combinations were compared to sunitinib
(star-shaped network), which was the common comparator (trial characteristics are provided in Table 1).
Risk of bias for each trial was considered acceptable in view of the Cochrane assessment grid (Table S1).
Data sources for all the analyses are provided in Table S2.

Table 1. Outcomes reported in each trial of the network. Ave: avelumab; Axi: axitinib; Ipi: ipilimumab;
Nivo: nivolumab; NR: not reached; ORR: objective response rate; OS: overall survival; Pembro:
pembrolizumab; PFS: progression-free survival.

Study Treatment
Number of

Patients
ORR

(95% CI)
Median OS
(Months)

Median PFS
(Months)

HR OS
(95% CI)

HR PFS
(95% CI)

CheckMate 214

Sunitinib 546 32%
(28–36) 37.9 12.3 - -

Nivo + Ipi 550 39%
(35–43) NR 12.4 0.71

(0.59–0.86)
0.85

(0.73–0.98)

Keynote 426

Sunitinib 429 35.7%
(31–40) NR 11.1 - -

Pembro + Axi 432 59%
(54–64) NR 15.1 0.53

(0.38–0.74)
0.69

(0.57–0.84)

Javelin Renal
101

Sunitinib 444 25%
(22–30) NR 8.4 - -

Ave + Axi 442 51%
(47–56) NR 13.8 0.78

(0.55–1.08)
0.69

(0.56–0.84)
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Figure 1. Flowchart of the systematic search. PRISMA flow diagram.

3.1. Contrast-Based Approach in Intention-to-Treat Population

Both Pembro-Axi and Ave-Axi showed similar efficacy for PFS (HR: 1.00 (0.68–1.50)). However,
the Ipi-Nivo combination was less efficient (HR: 0.81 (0.57–1.20)) compared to Ave-Axi or Pembro-Axi
(HR: 0.82 (0.58–1.20)). Ranking suggested Ave-Axi as the best option (SUCRA = 83%) and Pembro-Axi
as the second best (SUCRA = 80%), but the difference was not clinically relevant (Table S3). For OS,
NMA suggested Pembro-Axi (SUCRA = 96%) had better efficacy than Ave-Axi or Ipi-Nivo (HR: 0.68
(0.35–1.30), HR: 0.75 (0.44–1.30), respectively). Similarly, for ORR, NMA suggested that Ave-Axi
(SUCRA = 94%) was the most preferable option compared to Pembro-Axi or Ipi-Nivo (odds ratio (OR)
0.81 (0.46–1.40), OR: 0.44 (0.27–0.72) respectively). These results are summarized in the form of forest
plots for indirect comparisons (Figure 2) and direct comparisons (Figure S1) for the ITT population.

Fixed-effect and random-effect models yielded similar results, with larger credibility intervals
for the random-effect model (Figure S2 and Table S3). Sensitivity analysis, either adding the fourth
combination atezolizumab plus bevacizumab or using slightly informative priors, provided very close
results with an unchanged rank order for the three combinations of the main analysis (Figure S3).
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Figure 2. Indirect comparison of the contrast-based network meta-analysis (NMA) (fixed effect) in the
ITT) population. Forest plot of the indirect comparison between each combination for the 3 outcomes
in the ITT population. For the ORR, the odds ratio favoring treatment 1 Treat 1, means that treatment 1
had a lower response rate than treatment 2 (Treat 2).

3.2. Contrast-Based Approach per IMDC Subgroup

The IMDC subgroup analysis was performed for PFS and ORR only, since OS data were immature
with many censored patients from the Javelin Renal 101 trial. We pooled the intermediate and poor
IMDC risk subgroups to match the CheckMate 214 results with the other trials. Patient proportion in
each subgroup is reported in Table 2. In the IMDC favorable risk group, Ave-Axi turned out to be
superior to Pembro-Axi (HR for PFS: 0.67 (0.26–1.70), ORR: 1.8 (0.69–4.60)) and to Ipi-Nivo (HR for
PFS: 0.44 (0.19–1.00), ORR: 5.6 (2.40–13.00)). In the intermediate and poor risk groups, Pembro-Axi
and Ave-Axi were the two best options and compared favorably to Ipi-Nivo (Pembro-Axi HR for
PFS: 0.87 (0.58–1.30), OR: 1.1 (0.76–1.70), Ave-Axi HR for PFS: 0.91 (0.58–1.40), OR: 1.7 (1.10–2.70)).
The three combinations exhibited striking differences in the favorable risk group compared to the ITT
analysis in terms of treatment effect, despite enlarged credibility intervals (Figure 3). Fixed-effect and
random-effect models yielded similar results (ranking Table S4).

Table 2. Summary data in each IMDC subgroup.

Trial
Treatment

Favorable Prognosis Intermediate and Poor Prognosis

N (%)
HR

IC 95%
ORR

IC 95%
N (%)

HR
IC 95%

ORR
IC 95%

CheckMate 214
Sunitinib 124 (23) 50% 424 (77) 29%

Nivo + Ipi 125 (23) 1.23
(0.90–1.69) 39% 423 (77) 0.77

(0.65–0.90) 42%

Keynote 426

Sunitinib 131 (31) 49.6% 298 (69) 29.5%

Pembro + Axi 138 (32) 0.81
(0.53–1.24) 66.7% 294 (68) 0.67

(0.53–0.85) 55.8%

Javelin Renal 101

Sunitinib 96 (22) 37% 347 (78) 22.5%

Ave + Axi 94 (22) 0.54
(0.32–0.91) 68.1% 343 (78) 0.70

(0.53–0.94) 46.9%

Note: the sum of patients in the (reported) subgroup analysis was different from the overall number of patients
reported in the articles.
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Trial Treatment
Favorable Prognosis Intermediate and Poor Prognosis

N (%) HR
IC 95%

ORR
IC 95% N (%) HR

IC 95%
ORR

IC 95%

CheckMate 214
Sunitinib 124 (23) 50% 424 (77) 29%
Nivo + Ipi 125 (23) 1.23 (0.90–1.69) 39% 423 (77) 0.77 (0.65–0.90) 42%

Keynote 426
Sunitinib 131 (31) 49.6% 298 (69) 29.5%

Pembro + Axi 138 (32) 0.81 (0.53–1.24) 66.7% 294 (68) 0.67 (0.53–0.85) 55.8%

Javelin Renal 101
Sunitinib 96 (22) 37% 347 (78) 22.5%
Ave + Axi 94 (22) 0.54 (0.32–0.91) 68.1% 343 (78) 0.70 (0.53–0.94) 46.9%

Figure 3. Forest plot of the indirect comparison between each combination. (A) results in the IMDC
favorable risk group; (B) results in the IMDC intermediate and poor (pooled) risk group. For the For
ORR, the odds ratio favouring treatment 1 (Treat 1) means that treatment 1 had a lower response rate
than treatment 2 (Treat 2).

3.3. Arm-Based Approach

Among the different models tested, a Weibull model offered the best compromise between fit
and complexity.

3.4. Progression-Free Survival in Intention-to-Treat Population

The time-dependent HR of the drug combinations vs. sunitinib clearly suggest a violation of the
main assumption of proportional hazards in the three trials, primarily for OS, and especially in the
CheckMate 214 trial for both OS and PFS (Figure 4A). Risk of progression was higher with Ipi-Nivo
compared to other combinations during the first 15 months; this difference vanished past this time
period. Pembro-Axi and Ave-Axi exhibited close HR over the follow-up period; we considered that
the seemingly different curves of time-dependent HR (increasing Pembro-Axi vs. decreasing Ave-Axi)
were more a consequence of the models’ parameters than a real difference in the combinations’ effects
(see parameter estimations, Table S5).

168



Cancers 2020, 12, 1673
Cancers 2020, 12, x 8 of 14

Figure 4. Time-dependent HRs for PFS of combinations. (A) Time-dependent hazard ratio vs. sunitinib.
(B) Time-dependent hazard ratio between combinations.

The aim of this study was to provide an indirect comparison between the three combinations.
We allowed sunitinib’s effect to be different across each study instead of arbitrarily taking a mean
effect, accounting for the variability of sunitinib’s effect, as observed in the different control arms.
Benefit was in favor of Pembro-Axi over Ave-Axi and Ipi-Nivo during the first 5–7 months of treatment,
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which reversed afterwards. Ipi-Nivo and Ave-Axi displayed a comparable benefit with a higher risk of
progression for Ipi-Nivo at the beginning of the treatment period, as in Figure 4B.

3.5. Overall Survival in Intention-to-Treat Population

The time-dependent HR curves for OS suggested that all three drug combinations have comparable
time effects on OS (Figure 5A). We also showed that for each trial, the computed mean HR across the
follow-up period exhibited fairly similar estimates, as in the contrast-based approach, and close to
published HRs, which established the coherence between the two methods and conferred robustness
to our results.Cancers 2020, 12, x 9 of 14

 
Figure 5. Time-dependent HRs for OS of combinations. (A) Time-dependent hazard ratio vs.
sunitinib. Red: Ave-Axi vs. sunitinib, Green: Ipi-Nivo vs. sunitinib, Blue: Pembro-Axi vs. sunitinib.
(B) Time-dependent hazard ratio between combinations. Red: Ave-Axi vs. Pembro-Axi, Green:
Ipi-Nivo vs. Ave-Axi, Blue: Ipi-Nivo vs. Pembro-Axi.
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The main observations resulting from the indirect pairwise comparison of the three combinations
suggested a higher risk of death with Ipi-Nivo compared to Pembro-Axi throughout the study period
(Figure 5B). The higher risk of death of Ipi-Nivo compared to Ave-Axi was only observed during the
first 3 months, which decreased afterwards. Pembro-Axi appeared as a better option compared to
Ave-Axi during the whole follow-up period (see parameter estimations, Table S5).

3.6. Exploratory Analysis of PFS in Sarcomatoid Patients

Upon indirect comparison, there was no significant difference between the trials, suggesting that
these patients may respond well to all combinations (Figure 6), with all HRs close to 1.
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Figure 6. Forest plot of PFS in the sarcomatoid carcinoma population. (A) Direct comparisons.
(B) Indirect comparisons. HRs of treatment in column A versus treatment in column B.

4. Discussion

The three combinations considered in this study may soon become new standards of care in the
first-line setting for mRCC, without any clear rationale to prefer one over the other. We aimed to fill
this knowledge gap by conducting indirect comparisons, and thus hopefully providing clinicians with
critical aid in decision-making.

Network meta-analysis is a powerful and flexible method of comparing multiple different
therapeutic strategies. To our knowledge, few NMAs have been published in an mRCC first-line setting.
Andrew W. Hahn et al. concluded that cabozantinib, Pembro-Axi, and Ave-Axi were preferable for PFS,
and Pembro-Axi appeared superior for OS in first-line mRCC [22]. However, their network included
twelve different treatments and highly heterogeneous populations. A recent study by Wang et al.
included all available first-line options representing no less than twenty-five heterogeneous studies,
and concluded that Pembro-Axi was the preferred option with regards to OS, whereas cabozantinib
was better with regards to PFS [23]. However, in the last study included, HRs were compared assuming
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sunitinib had the same effect across all the different trials, which did not reflect actual/observed
data/results.

However, our approach significantly differed from these studies: we specifically focused our
comparison on the efficacies of the three combinations with immune checkpoint inhibitors that have
demonstrated a benefit in phase 3 trials (i.e., the drug combinations more likely to obtain a high-grade
recommendation from academic societies and an approval from health authorities). We used the most
recent data (up to August 2019) and employed both fixed- and random-effect models. Moreover, we
used two different approaches to assess these different therapeutic options: a contrast-based and an
arm-based approach. In our arm-based approach, we relaxed the assumption of a common effect
of sunitinib to best model the actual trial differences. We also investigated models that may have
taken into account various confounding factors, such as the between-study unbalanced prognostic
risk groups, in order to allow for sufficient flexibility in the modelling of these new combinations
complexities (e.g., by adding a covariance term to model the presence of axitinib in both CPI-TKI
combinations, and/or to combine PFS and OS in a single model).

In our study, we compared three large multicenter phase 3 randomized controlled trials which
included 2843 patients in total. In the contrast-based approach, Pembro-Axi was found to be the best
option for the OS rate in the ITT population, whereas Pembro-Axi and Ave-Axi showed comparable
efficacy for PFS, and Ave-Axi showed the best ORR efficacy. On the other hand, in the IMDC favorable
risk group, Ave-Axi showed the most favorable results for PFS. Contrast-based approaches for both PFS
and OS led to results close to what was reported in each independent updated study, due to the fact that
only one study was available for each comparison and that we decided upon non-informative priors
for treatment effects (i.e., no influencing data). In the arm-based approach (in the ITT population),
Pembro-Axi seemed to be the preferable option only for the OS. We also observed that during the
first 5 months of therapy, IO-TKI (immunotherapy and TKI) combinations exhibited a lower risk of
progression compared with IO-IO combinations; however, Ipi-Nivo exhibited longer PFS in patients
who did not progress during the first 5 months. This may be partially related to pseudo progression
induced by the double IO combination, while having a high rate of complete response for the remaining
patients in the CheckMate 214 trial.

Our study has both strengths and limitations. First, we focused on the new promising regimens,
with results from published phase 3 randomized clinical trials, in order not to inflate population and
design heterogeneity. Second, we used two different but complementary approaches for more consistent
results: the contrast-based approach, which uses HRs as relative treatment effects and maintains
the randomization structure within each study but requires strong assumptions. An arm-based
approach is more likely to relax these assumptions, but the disadvantage is that it does not preserve the
randomization structure. Moreover, in the contrast-based approach, HRs derived from the Cox model
rely on the assumption of proportional hazards, which is commonly violated in many trials, leading to
biased estimates. Arm-based methods do not rely on HR but need the parametric fit of Kaplan–Meier
(KM) curves. Third, combinations may have more complex mechanisms of action than monotherapies,
and to this end arm-based methods provide time-dependent HR, interpretations of which may help to
decipher such mechanisms better than constant HR and decide which combination may be the best
and when. One main limitation is the overall lack of data, which may reflect a potential uncontrolled
bias; more studies comparing these regimens and/or individual patient data would be needed in
order to improve the precision and heterogeneity of estimations. These additional data would also
allow us to test for inconsistency (confirm concordance between direct and indirect comparisons),
which was not possible in our current star-shaped network. IMDC subgroups and geographic regions
may represent other confounding factors across comparisons; more studies are needed to adjust the
NMA model and confirm our findings. We tried more complex multivariate NMAs to account for
HRs per IMDC subgroup in one single model, but a lack of data for OS in each risk group prevented
us from refining the final model. It could also have been relevant to consider PD-L1 expression,
which may have differently influenced the PFS of the combinations, but given the different assays and

172



Cancers 2020, 12, 1673

thresholds used in each study, we could not proceed. Regarding toxicity, NMA using only counts of
grade ≥ 3 events was too broad to efficiently compare toxicity between trials. Lastly, OS and possibly
ORR data in the Javelin Renal 101 trial were still immature at the time of analysis; thus, the Ave-Axi
combination ranking may change with a longer follow-up. Despite a comparable median follow-up,
Pembro-Axi exhibited superiority in terms of OS, whereas Ave-Axi surprisingly did not. Our indirect
comparison was indeed in favor of Pembro-Axi, but more updates and trials would be needed to
further investigate this difference. Therefore, the results of our study should be interpreted cautiously
given the underlying hypothesis and potential bias of the estimated effects.

Clinicians have concerns about sequencing and identifying predictive biomarkers. More follow-up
and reported data from patients in second-line after IO-TKI and IO-IO combination treatments may
be of great help to guide decisions about the line of treatment. Our NMA model can grow with each
new trial to help decision-making. Other trial results are awaited, comparing pembrolizumab plus
lenvatinib vs. everolimus plus lenvatinib vs. sunitinib (CLEAR, NCT02811861); triplet cabozantinib
plus nivolumab plus ipilimumab vs. nivolumab plus ipilimumab (COSMIC-313, NCT03937219);
and nivolumab plus cabozantinib vs. cabozantinib plus nivolumab plus ipilimumab vs. sunitinib
(CheckMate 9ER, NCT03141177). Personalized-therapy-driven trials based on molecular profiling such
as the BIONIKK trial (NCT02960906) may also provide new insights for clinical decision.

5. Conclusions

Our results support the importance of the IMDC risk score for the comparative efficacy assessment
of new combinations in the first-line setting of metastatic clear-cell renal cell carcinoma. This is important
given the lack of predictive validated biomarkers. Our results suggest a PFS, ORR, and OS superiority
of IO-TKI, compared with IO-IO combinations, regardless of the IMDC risk group. In favorable
risk-group patients, PFS and OS were superior with IO-TKI, but these differences vanished in the
intermediate/poor risk group. Overall, based on the current evidence, pembrolizumab-axitinib may
have a slight advantage over the two other combinations.
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of the arm-based Weibull model for PFS and OS, File S1: Detailed search strategy for systematic review.
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Abstract: Renal cancer would greatly benefit from new therapeutic strategies since, in advanced
stages, it is refractory to classical chemotherapeutic approaches. In this context, lysosomal protease
cysteine cathepsins may represent new pharmacological targets. In renal cancer, they are characterized
by a higher expression, and they were shown to play a role in its aggressiveness and spreading.
Traditional studies in the field were focused on understanding the therapeutic potentialities of cysteine
cathepsin inhibition, while the direct impact of such therapeutics on the expression of these enzymes
was often overlooked. In this work, we engineered two fluoromethyl ketone-based peptides with
inhibitory activity against cathepsins to evaluate their potential anticancer activity and impact on
the lysosomal compartment in human renal cancer. Molecular modeling and biochemical assays
confirmed the inhibitory properties of the peptides against cysteine cathepsin B and L. Different
cell biology experiments demonstrated that the peptides could affect renal cancer cell migration
and organization in colonies and spheroids, while increasing their adhesion to biological substrates.
Finally, these peptide inhibitors modulated the expression of LAMP1, enhanced the expression of
E-cadherin, and altered cathepsin expression. In conclusion, the inhibition of cysteine cathepsins by
the peptides was beneficial in terms of cancer aggressiveness; however, they could affect the overall
expression of these proteases.

Keywords: cysteine cathepsins; cysteine cathepsin inhibitors; lysosome; renal cancer

1. Introduction

Cysteine cathepsins (Cts) are lysosomal proteases belonging to the C1 family of papain-like
enzymes. They are responsible for the degradation and turnover of cellular [1] and extracellular [2]
proteins, covering an essential role in maintaining cell and tissue homeostasis. Different enzymes with
endo-, exo-, and endo/exopeptidase activity [3] compose the Cts family. Their proteolytic properties
rely on a residue of cysteine in their active site, while other cathepsins are characterized by the presence
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of aspartic acid or serine amino acid [4]. Cathepsin expression is dysregulated in many pathological
conditions, including cancer [5], and their overexpression is traditionally associated with the acquisition
of a more aggressive tumor phenotype [6].

Cts, in particular, were shown to play a pivotal role in cancer invasiveness [7], tumor cell
communication [8], apoptosis [9], and autophagy [10]. Considering that the Cts family includes
11 different members, only a few of them were tested extensively as tumor pharmacological targets,
and, despite the overall scientific opinion, current data regarding the positive or negative contribution
of Cts to cancer disease are contradictory [4,11–16]. For example, in the lysosomes, they can contribute
to the proper function of autophagy, rescuing the cells from exogenous and endogenous stress [17].
In contrast, when they were found free in the cell cytoplasm, they could induce apoptosis through
a caspase-independent mechanism of cellular death [9,18]. The role of Cts in cancer disease was shown
to depend on their activation state [19] and cellular location [20].

Nevertheless, conclusive progress in the field is hampered by potential redundant and
compensatory activities [21] both within the different members of the Cts family [21] and between
other cathepsins/proteases [22]. Most of the research performed by far, unveiled the role of single
Cts in cancer disease, with few further considerations on how the investigated inhibitors, the genetic
silencers, or modifications affected the overall biology of the cells and the expression of the targeted
enzymes. These considerations are pivotal to the correct designing of more effective pharmacological
interventions and evaluate their long term effects.

To address these questions, we designed two small fluoromethyl ketone (FMK)-containing
peptides to broadly inhibit the activity against these enzymes. The designing of these inhibitors was
inspired by a well-known substrate of the papain-like cysteine protease Triticain-α, derived from
Triticum aestivum (wheat) [23]. This peptide consists of four amino acids Acetyl-Pro-Leu-Val-Gln
(Ac-PLVQ), while the inhibitor sequences are Acetyl-Pro-Leu-Val-Glu-FMK (Ac-PLVE-FMK) and
Acetyl-Val-Leu-Pro-Glu-FMK (Ac-VLPE-FMK) (Figure 1a). The working mechanism of both inhibitors
should be the same as other selective irreversible cysteine proteinase inhibitors like Z-VAD-FMK
(Figure 1b) [24], as well as other FMK-containing drugs. In this class of inhibitors, the FMK group
forms a covalent bond with the catalytic cysteine, with the fluorine ion leaving [25,26]. As a model of
tumor disease, we chose human renal cancer since this pathology showed aberrant expression of some
members of the Cts family [27]. Additionally, further progress in kidney tumor disease depends on
the discovery of new targetable markers [28] since when the diagnosis is performed at an advanced
stage, the survival rate is low [29], and traditional chemotherapy is ineffective [30]. Investigation on
Cts inhibition in this cancer model is rare, and to our knowledge, no comprehensive study in relation to
phenotypic and enzymatic alterations has ever been performed. In this work, we tested the biological
impact of our inhibitory peptides on the biology of human renal cancer cells, with a focus on the overall
lysosomal compartment. We demonstrated that the general inhibition of Cts over longer time periods
does not affect the cell proliferation rate. Still, it can affect the overall biology of human renal cancer
cells, as well as impacting on the overall Cts expression.
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Figure 1. The structure and working mechanism of Ac-PLVE- fluoromethyl ketone (FMK) and
Ac-VLPE-FMK inhibitors: (a) Inhibitory peptides structure and (b) their working mechanism based on
Z-VAD-FMK inhibitor.

2. Results

2.1. Computational Modeling of the Peptide Inhibitory Properties on Cts Activity

A docking simulation to predict the interactions of the inhibitors with the binding site of the Cts
was performed with the protein-ligand docking software PLANTS [31]. Both Ac-PLVE-FMK and
Ac-VLPE-FMK were docked into CtsB, L, and W active sites at pH 4.5, 6.5, and 7.2 since pH can influence
the protein interactions through the protonation of the ionizable residues [32]. CtsB and L were chosen
as enzymatic models because they have endo and endo/exopeptidase activity, respectively, addressing
all the Cts proteolytic mechanisms. They were also shown to play a pivotal role in renal cancer
malignancy, and their overexpression was associated with a more aggressive cancer phenotype [33–35].
On the other hand, CtsW represents a poorly investigated protease in renal cancer. In contrast, in
other investigations, it was shown to preferentially locate in the endothelial reticulum [36], and it is
evolutionarily distinguished from CtsB and L [37], representing, therefore, optimal negative control for
our research.

Fifty poses per binding site for each ligand were obtained. The analysis revealed that our inhibitors
did not bind with the proteases in the pre-reaction state with the fluorine atom of the FMK group in
a 3.5 Å radius from the HD2 hydrogen atom of the catalytic histidine and with the carbon atom of
the fluoromethyl group in a 3.5 Å radius from the SG atom of the catalytic cysteine. The non-covalent
binding energy of the peptides to the proteases is substantially lower than the energy of one covalent
bond. Thus, the conformation suitable for covalent bonding may be far from the optimal peptide
position in the non-covalent mode. To find non-covalent interactions potentially leading to covalent
bond formation, we analyzed the crystal structure of Z-VAD-FMK, covalently bonded to the cysteine
protease Marasmius oreades agglutinin (PDB id 5D61). In this case, the oxygen atom of the FMK
group interacts via hydrogen bonds with the oxyanion hole of the enzyme, formed by the catalytic
cysteine backbone N and NE1 atom of Trp-208. For further docking simulations, we added a distance
constraint between the oxygen atom of the FMK group of our inhibitors and two hydrogen atoms
from the oxyanion holes in the Cts structures. This adjustment allowed for obtaining poses close to
the pre-reaction state for both inhibitors. The resulting poses demonstrated that Ac-PLVE-FMK tends
to occupy S2 binding sites with either Val or Leu residues, depending on the backbone conformation.
The C-terminal Glu residue fitted in the groove around site S1’. However, the N-terminal residue did
not bind in S3 or S4 sites and laid closer to the protein surface. Ac-VLPE-FMK instead, tended to bind
in S1’-S2′ sites of Cts with its N-terminal residues’ sidechains. Thus, both inhibitors should occupy
mostly hydrophobic substrate-binding pockets by Val and Leu side chains. Representative docking of
the peptides with the CtsB, L, and W at pH 4.5 is shown in Figure 2a–c. According to the docking score,
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both inhibitors are less likely to bind in the pre-reaction state, capable of covalent bond formation with
CtsW confirming its potential role as a negative control (Figure 2d). Ac-VLPE-FMK also has a weaker
binding with all Cts than Ac-PLVE-FMK, possibly due to the lack of conformation variability around
Pro residue.Cancers 2020, 12, x 4 of 20 
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Cysteine and Histidine are shown in thick sticks. Inhibitors are shown in purple or green. S1-S3 and S1’
binding pockets are labeled. (d) Binding scores (PLANTS Chemplp energy units) for Ac-PLVE-FMK
and Ac-VLPE-FMK docking results at different pH levels with and without distance constraints.

2.2. Assessment of Peptide Inhibitory Properties on Cts Activity via Biochemical Assays

Ac-PLVE-FMK and Ac-VLPE-FMK inhibitory properties were evaluated against human
recombinant CtsL and B. These recombinant enzymes were expressed in E. coli via plasmid
transformation and further purification, using nickel-nitrilotriacetic acid (Ni-NTA) sepharose. Gel
zymography assay was used to provide a preliminary evaluation of the ability of these recombinant
proteins to degrade the gelatin substrate previously embedded in the gel (Supplementary Figure S1).
Following Coomassie staining, the Cts were detectable as single bands. As expected, a translucent area
was evident, due to the substrate digestion in the proximity of the proteins. Then, the recombinant
proteins were tested for their ability to digest the Triticain-α substrate Ac-PLVQ via fluorescent
protease activity assay, previously optimized by our group [23]. This probe was conjugated with
the fluorogenic chromophore 7-amino-4-methylcoumarin (Ac-PLVQ-AMC). After proteolytic cleavage,
it emits a detectable fluorescent signal.

Both human recombinant CtsB and L (20 nM each) were able to cleave the probe Ac-PLVQ-AMC
(50 µM) and increase the fluorescent signal detection (red line). In the same experimental conditions,
performed in the presence of Ac-PLVE-FMK or Ac-VLPE-FMK (2 µM), the intensity of the fluorescent
signal was significantly affected (Supplementary Figure S2—blue and green line, respectively).

To evaluate the inhibitory properties of the peptides directly on the human renal cancer cells,
we firstly assessed the impact of Ac-PLVE-FMK and Ac-VLPE-FMK on the cell viability of 769-P
and A498 cells to determine the working concentrations for further experiments. The peptides were
easily dispersed in water and administered at increasing doses to both cell lines for 72 h (Figure 3a,b).
The inhibitors showed cytostatic properties on both cell lines only within 48 h of treatment when all
the concentrations used negatively impacted on cell proliferation, in particular in the case of 769-P
cells. However, after 72 h of incubation, cell viability increased, reaching values not significantly
different from the control cells. Further experiments were performed using a concentration of 20 µM.
To understand if the peptides could affect the activity of caspase proteases, we tested their effect on cell
viability in combination with the chemotherapeutic paclitaxel (PXT) in both the cell lines. The cell line
A498 did not result in high mortality even when the cells were treated with PXT alone (data not shown),
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confirming previously published data [38]. However, in the case of 769-P cells, the ability of the PXT to
kill cancer cells was evident after 72 h of treatment at a concentration of 100 nM. When the treatment
with PXT was performed in combination with the peptides (20 µM), no significant differences were
observed (Supplementary Figure S3). Next, we evaluated the effect of the peptides on renal cancer cell
proteolytic activity against the fluorogenic probe Ac-PLVQ-AMC. In this case, 769-p and A498 cells
were treated for 30 min with Ac-PLVE-FMK or Ac-VLPE-FMK and were then exposed for 10 min to
the substrate Ac-PLVQ-AMC prior fluorescence microscopy analysis (Figure 3c,d). As depicted by
the pictures, both the peptides were effective in inhibiting the generation of the fluorescence derived
from the cleavage of the substrate in both the cell lines and fluorimetric analysis confirmed that they
significantly inhibited the probe degradation. Overall, these data demonstrate that the peptides do not
considerably interfere with cell viability and that their inhibitory properties do not affect the proteolytic
activity of the proteases that are involved in cell apoptosis; however, they can effectively interfere with
the cellular Cts.
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(red bars) and Ac-VLPE-FMK (blue bars) (2.5–250µM). Cell proliferation was measured after 24, 48,
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and 72 h via MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Data represent
the mean (±S.D.) of at least three independent experiments, each performed in triplicate. (c) Fluorescence
microscopy evaluation and quantification of the cell proteolytic activity in 769-P and (d) A498 cells
towards the fluorogenic substrate Ac-PLVQ-AMC in the absence or presence of Ac-PLVE-FMK and
Ac-VLPE-FMK. The cells were seeded in a 96- well plate and after exposure to the peptides for 30 min
prior incubation with the fluorescent substrate Ac-PLVQ-AMC for 10 min. Data are expressed as
mean (±S.D.), and significance was calculated through one-way ANOVA followed by Dunnet’s test.
* = p < 0.05, ** = p < 0.01, *** = p < 0.001.

2.3. Effect of the Inhibitory Peptides on Human Tumor Cell Biology

The effective inhibition of specific members of the Cts family was associated with changes in
cancer cell properties, such as a decrease in cell invasiveness and migration properties in different
tumors, including renal cancer cell lines [39–41]. For this reason, various tests were used to evaluate
potential changes in cancer cell biology following treatment with the inhibitory peptides. Firstly, we
assessed the ability of renal cancer cells to generate colonies. 769-P and A498 cells were treated with
the inhibitors for a total of 2 days (20 µM) before being seeded at very low confluency in 10 cm diameter
dishes. After cell seeding, the treatment with the peptides was prolonged for an additional 10 days until
colony formation was detectable, and identification and quantification of the colonies were performed
through Crystal Violet staining. Even though in the case of A498, the colonies were smaller than with
769P cells, both the inhibitors were effective in significantly decreasing colony numbers, as shown in
Figure 4a,b. Next, we evaluated the ability of the inhibitory peptides to affect spheroids formation.
The cells were treated for 48 h with the Cts inhibitors (20 µM) before being seeded in Matrigel-coated
96-well plates for an additional 7 days. Additionally, in this case, A498 spheroid size and number were
smaller than 769-P cells, and the presence of the inhibitors negatively affected the total number of
spheroids in both the cell lines (Figure 4c,d), reaching highly significant decreasing values in 769P
cells. It is worth noting that, compared to untreated cells, the peptides decreased spheroid size, while
increasing their circularity in both the cell lines (Supplementary Figure 4a,b). Finally, we evaluated
the ability of the inhibitors to contrast the motility of the cells in a classical scratch healing assay.
Human renal cancer cells were seeded and grown until they reached the confluency when a gap was
artificially created with a 200 µM tip. As shown in Figure 4e,f, the inhibitors were efficient in a similar
fashion in decreasing the gap closure velocity, both at 8 and 24 h after the formation of the scratch. In
light of the registered changes in cell phenotype, we hypothesized that the inhibition of Cts could have
impacted on cell adhesion to biological substrates. Human renal cancer cells were treated for 48 h before
assessing their adhesion properties on collagen IV and Matrigel. Both the peptides induced an increase
in cell adhesion on both the biological substrates (Figure 5a,b), and these properties were accompanied
by changes in cell stiffness, evaluated through atomic force microscopy analysis (Supplementary
Figure S5a,b). Overall, these data demonstrated that the peptides affected renal cancer cell biology.
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Figure 4. Effect of the peptides on renal cancer cell biology: colony formation assay of (a) 769-P
and (b) A498 under treatment with Ac-PLVE-FMK and Ac-VLPE-FMKI. The cells were treated for
48 h with 20 µM inhibitors and seeded into 10 culture dishes (10 cm diameter) at low confluency
where they grew with or without the peptides for an additional 10 days. Representative images
of the colony formation assay and quantitative data analysis are shown in the graph. (c) 769P and
(d) A498 spheroid formation evaluated after 7 days of culture on Matrigel coated dishes. The graph
is showing the number of spheroids. (e) 769-p and (f) A498 scratch assay. The graph shows the cell
migration rate. All pictures were taken under 10×magnification. Data are expressed as mean (±S.D.),
and significance was calculated through one-way ANOVA followed by Dunnet’s test. * = p < 0.05,
** = p < 0.01, *** = p < 0.001.
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were tested for E-cadherin and SNAIL1 expression (Figure 6; detail information of western blots can 
be seen in Supplementary Figure S7). 
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associated with the acquisition of an undifferentiated phenotype. Both the peptides increased the 
protein expression of E-cadherin in the first 48 h in both the cell lines (Figure 6). At 72 h, the values 
of E-cadherin further increased in 769P cells, while decreased in A498 cells. On the other hand, 
SNAIL1 increased significantly at 72 h only in the case of 769P cells treated with AC-PLVE-FMK, 
while dropped to values more similar to the control upon treatment with Ac-VLPE-FMK and in A498 
cells with both the peptides. More importantly, in both the cell lines, E-cadherin and SNAIL1 
followed a similar trend in response to the treatments. Taken together, these data demonstrated that 
the inhibitory peptides could affect the cell phenotype, involving the genes that control EMT. These 
phenomena could be at the base of the observed cell adhesion and motility properties, considering 
that E-cadherin showed the highest increase after treatment, compared to untreated CTRL. 

Figure 5. Effect of Cts inhibitors on renal cancer cell adhesion on biological coatings: (a) adhesion 769-P
and (b) A498 cells to collagen IV and Matrigel after treatment with the inhibitors. Data are expressed as
mean (±S.D.), and significance was calculated through one-way ANOVA followed by Dunnet’s test.
* = p < 0.05, ** = p < 0.01, *** = p < 0.001.

2.4. Effect of the Inhibitory Peptides on E-Cadherin and SNAIL1

The collected data indicated that Ac-PLVE-FMK and Ac-VLPE-FMK could affect the overall renal
cancer cell phenotype. These properties could be the result of the modulation of the effectors controlling
EMT, as previously shown in other tumor models [40,42–44]. To test this hypothesis, the cells were
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treated with the inhibitors for 24, 48, and 72 h by changing the media every day, and they were tested
for E-cadherin and SNAIL1 expression (Figure 6; detail information of western blots can be seen in
Supplementary Figure S7).Cancers 2020, 12, x 8 of 20 
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Figure 6. Effects of the peptides on E-cadherin and SNAIL1 protein expression: (a,b) protein expression
of E-cadherin and SNAIL1 in 769-P and (c,d) A498 cells after 24, 48, and 72 h of treatment with
the peptides. Data are represented as mean ± SD of at least three replicates. Significance was calculated
through one-way ANOVA, followed by Dunnet’s test.

These markers are critical players in the control of EMT, and they are associated with opposite
effects on the cancer cell phenotype. While E-cadherin is considered a marker of differentiation,
working against EMT (favoring mesenchymal-epithelial transition, as known as MET), SNAIL1
is associated with the acquisition of an undifferentiated phenotype. Both the peptides increased
the protein expression of E-cadherin in the first 48 h in both the cell lines (Figure 6). At 72 h, the values
of E-cadherin further increased in 769P cells, while decreased in A498 cells. On the other hand, SNAIL1
increased significantly at 72 h only in the case of 769P cells treated with AC-PLVE-FMK, while dropped
to values more similar to the control upon treatment with Ac-VLPE-FMK and in A498 cells with both
the peptides. More importantly, in both the cell lines, E-cadherin and SNAIL1 followed a similar trend
in response to the treatments. Taken together, these data demonstrated that the inhibitory peptides
could affect the cell phenotype, involving the genes that control EMT. These phenomena could be at
the base of the observed cell adhesion and motility properties, considering that E-cadherin showed
the highest increase after treatment, compared to untreated CTRL.

2.5. Impact of the Peptides on Lysosomal Biology

To evaluate the potential changes to the lysosomal compartment, we measured the expression
of Lysosome Associated Membrane Protein 1 (LAMP-1) over 72 h of treatment. This protein is
usually associated with the lysosomal membrane, and it is universally recognized as a marker of
these organelles. Western blotting analysis demonstrated a very different effect of the peptides on
the modulation of this marker in the two cell lines. In 769-P cells, both the inhibitors significantly
increased the expression of this lysosomal biomarker at all the considered time points, reaching
significant peaks at 48 h of treatment and generally increasing this marker in all the considered
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time points. Additionally, Ac-VLPE-FMK demonstrated to be more efficient than Ac-PLVE-FMK in
increasing the expression of LAMP-1 (Figure 7a). These data were corroborated by confocal microscopy
analysis, confirming that at 48 h, both the peptides increased LAMP-1 expression (Figure 7b), while at
72 h, the content of LAMP-1 decreased towards control levels. On the other hand, LAMP-1 protein
expression in A498 cells was significantly affected during the first 48 h, and it was characterized by
a substantial recovery at 72 h, reaching values slightly higher than CTRL levels (Figure 7c,d). A similar
trend in both the cell lines was observed by analyzing the endolysosomal compartment integrity
through Neutral red assay (Supplementary Figure S6) and LysoTracker red fluorescence measurement
where we registered slightly increasing and decreasing values only at 48 h of treatment for 769-P and
A498 cells, respectively.Cancers 2020, 12, x 9 of 20 
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points of treatment with both the peptides (Figure 8a–d). In contrast, in the case of CtsW, the peptides 
negatively affected the protein expression in 769-P cells, while no particular differences were detected 
in A498 cells (Figure 8e,f). Other tested Cts were modulated in their protein expression similarly to 
CtsB and L. Overall, these experiments indicated that the peptides could affect the biology of the 
lysosomal compartment and the expression of Cts. The only exception to this rule was represented 
by CtsW, which did not show a high affinity for the peptides, and its expression was negatively 
affected by the peptides only in 769-P cells, while no substantial differences were registered in A498 
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Figure 7. Effect of the peptides on LAMP-1 protein expression: (a) Western blotting analysis of LAMP-1
after treatment with PLVE and VLPE (20 µM) for 24, 48, and 72 h in 769-P cells. (b) Confocal microscopy
evaluation of LAMP-1 expression after 48 and 72 h of treatment with PLVE and VLPE (20 µM) in 769-P
cells. (c) Western blotting analysis of LAMP-1 after treatment with PLVE and VLPE (20 µM) for 24, 48,
and 72 h in A498 cells. (d) Confocal microscopy evaluation of LAMP-1 expression after 48 and 72 h
of treatment with PLVE and VLPE (20 µM) in A498 cells. Data are represented as mean ± SD of at
least three replicates. Significance was calculated through one-way ANOVA followed by Dunnet’s test.
* = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Next, we evaluated the protein expression of CtsB, L, and W (Figure 8). In both the cell lines,
the Cts protein expression was similar. In particular, CtsB and L increased significantly at the later time
points of treatment with both the peptides (Figure 8a–d). In contrast, in the case of CtsW, the peptides
negatively affected the protein expression in 769-P cells, while no particular differences were detected
in A498 cells (Figure 8e,f). Other tested Cts were modulated in their protein expression similarly to CtsB
and L. Overall, these experiments indicated that the peptides could affect the biology of the lysosomal
compartment and the expression of Cts. The only exception to this rule was represented by CtsW,
which did not show a high affinity for the peptides, and its expression was negatively affected by
the peptides only in 769-P cells, while no substantial differences were registered in A498 cells.
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Figure 8. Effect of the peptides on CtsB, L, and W expression: (a) protein expression of CtsB in 769-P
and (b) A498 cells after 24, 48, and 72 h of treatment with Ac-PLVE-FMK and Ac-VLPE-FMK. (c) protein
expression of CtsL in 769-P and (d) A498 cells after 24, 48, and 72 h of treatment with Ac-PLVE-FMK
and Ac-VLPE-FMK. (e) Protein expression of CtsB in 769-P and (f) A498 cells after 24, 48, and 72 h
of treatment with Ac-PLVE-FMK and Ac-VLPE-FMK. Data are represented as mean ± S.D. of at least
three replicates. Significance was calculated through one-way ANOVA followed by Dunnet’s test.

3. Discussion

Cts are universally considered as key players in maintaining proteostasis regulation, and their
proteolytic activity is traditionally associated with the lysosomes. However, their sphere of action is
not limited just to the lumen of these organelles. They were also detected in the cell cytoplasm [45],
nucleus [46], and when secreted, in the extracellular space [46], regulating important processes like
autophagy [47], apoptosis [48], gene expression [49], cell signaling [50], and angiogenesis [51]. In this
scenario, a potential contribution of Cts in tumor disease is practically obvious, and the first pieces of
evidence regarding their role in cancer were published in the late 80s [52]. In the case of renal cancer,
the upregulation of CtsB was shown to decrease three- and five-year patient survival rates [33], and
CtsK was shown to be overexpressed in renal cell carcinoma patients with Xp11 translocation [53].
Despite detailed data regarding the role of specific Cts in tumor disease, this family of proteases counts
11 members with redundant and compensatory activities, as shown in autoimmune diseases [54] and
or thyroglobulin processing [55], respectively. For this reason, strategies aimed at specifically inhibiting
the activity of a single Cts member could result in a low impact on cancer cell biology, as well as
a limited understanding of the role of these proteases in tumor disease. More importantly, current
literature generally did not focus on understanding the impact of the Cts inhibitors on the overall
expression of these proteases. In this context, the investigation performed in renal cancer represents an
additional novelty since specific studies in the field are very rare in this disease model.

In this work, we designed peptide-based inhibitors that could universally inhibit the action
of Cts. Ac-PLVE-FMK and Ac-VLPE-FMK derive from the well-known substrate of the Triticain-α
cysteine protease Ac-PLVQ, which was extensively used by our group in previous work to define
the activity of this enzyme through fluorimetric assay [23]. The proposed inhibition mechanism
is based on FMK-containing drugs, which are known as selective and efficient cysteine protease
inhibitors [56]. Molecular docking is a powerful computational approach commonly employed to
predict the binding poses and affinities of various ligands to macromolecules. Ligand conformations,
obtained in the docking procedure, allow for estimating the interactions required for successful binding
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and provide insights for further improvements in ligand design. However, this method has limitations,
since it does not allow for predicting the occurrence of covalent bonds between macromolecules and
ligands [57]. In our case, both Ac-PLVE-FMK and Ac-VLPE-FMK were designed to bind the catalytic
cysteine in the Cts covalently; however, the docking model can only estimate the interactions between
the peptides and the Cts in the pre-reaction binding.

In the simulation, Ac-PLVE-FMK and Ac-VLPE-FMK tend to occupy the S2 binding site of Cts
with aliphatic side chains and form hydrogen bonds by the peptide backbone atoms of the respective
residues. However, the N-terminal amino acids of the peptides tend to form fewer contacts with the Cts
proteins. Thus, the designed inhibitor molecules can be further improved by the rational design of
their N-terminus. According to the docking results, Ac-VLPE-FMK appears to be a weaker binder to
all the Cts we considered (see Figure 2d), since the Pro residue hinders the movement of this peptide,
thereby reducing the possibility of its proper pre-reaction binding. Thus, Ac-PLVE-FMK theoretically
represents a more promising target for further improvement.

Both peptides showed a similar efficiency in inhibiting the activity of recombinant human CtsB
and L. More importantly, they demonstrated pronounced inhibitory properties in vitro directly on
the cells, implying their ability to penetrate the cell membrane with moderate cytostatic effects only
registered during the first 48 h of treatment. Previous work performed with the multi-Cts inhibitor
E64 on pancreatic cells showed only a moderated cytotoxic effect, which reached a plateau phase after
48 and 72 h [58]. In general, Cts inhibitors cannot be considered very potent cytostatic molecules.
However, as demonstrated in other works, they could increase chemotherapy efficacy [59], even
though when used in combination with PXT our peptides did not increase cell toxicity in a significant
way. We exclude, however, that the peptides lost their potency over time because the treatments were
administered afresh every day. Therefore, we conclude that our peptides do not have a significant
impact on renal cancer cell viability.

On the other hand, Cts activity was shown as a modulator of invasive properties, including
cellular adhesion [8], anchorage-independent growth [60], colony formation [61], and motility [44] of
cells. Our data support this evidence in both the human renal cancer cell lines tested with the peptides,
decreasing their ability to migrate in a scratch assay, while increasing their adhesion to biological
substrates. It is important to note that differences in cell spreading, associated with more potent cellular
adhesive force, can be accompanied by decreased cell migration [62,63]. Additionally, the peptides
inhibited colony and spheroid formation, phenomena that can be favored by Cts activity [44,64]. These
effects could be a result of an increased E-cadherin expression, a protein involved in cell adhesion,
and considered as a marker of differentiation during MET, which increased upon treatment with both
the peptides, reaching significant levels at the later time points. A previous work [65] demonstrated that
in renal cancer spheroid formation, a down-regulation of E-cadherin occurs, highlighting its potential
contribution to the detected anti-spheroid and colony formation properties shown by our peptides.

Interestingly, the inhibitory proteolytic properties of our peptides impacted on Cts homeostasis.
We observed different variations in the expression of LAMP-1. At 48 h of treatment with both
the peptides, LAMP-1 increased in 769-P cells, while it decreased in A498 cells. However, at 72 h, both
the cell lines were characterized by an increase in LAMP-1 expression, even though it did not reach
significant levels. These data were corroborated by further fluorescent microscopy analysis as well
as by the evaluation of the endosomal compartment integrity performed through neutral red assay
and LysoTracker Red. An increase in LAMP-1 expression after CtsB and L knock out was similarly
registered in mouse embryonic fibroblast cells [66] and bone marrow-derived macrophages [67].

More importantly, the peptides affected Cts turnover by inducing two different trends in their
expression. The CtsB and L expression increased over time after treatment with the peptides in both
the cell lines. On the other hand, CtsW protein expression was very stable, and in the case of 769-P
cells, it decreased. We can speculate that in the case of CtsB and L, the proteolytic inhibition, induced
by the peptides, was counterbalanced by an over-expression of these proteins. This rule was not to
apply to CtsW that probably follows other mechanisms of expression regulation [37]. In addition, our
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data demonstrated a weaker interaction of the inhibitors in the case of the CtsW active site. Compared
to other Cts, CtsW was shown to be significantly localized in the endoplasmic reticulum of immune
cells [36], and this evidence could form the basis of its differential regulation.

From the pharmacological standpoint, the development of these inhibitors could provide new
avenues of research to develop targeted therapies aimed at inhibiting cancer cell proteostasis while
impacting their overall phenotype since they showed to affect cell migration and increasing adhesion
and expression of E-Cadherin.

Future work is required to take into consideration the potential side effects of this treatment
strategy and its impact on cancer biology in vivo, evaluating the peptides’ synergistic effects with
current chemotherapeutics, as well as revealing their effects on renal cancer spreading. In addition,
more insights are necessary to evaluate their overall effect on the endolysosomal compartment stability,
integrity, function (i.e., autophagy) as well on the cell metabolism. On the other hand, the generation
of new Cts inhibitors could provide fundamental insights into understanding lysosomal biology
and lysosomal-related conditions. In particular, more evidence is necessary to unveil the role of
the inhibitors in regulating Cts expression as well as lysosomal turnover, as previously demonstrated
by other works [58].

4. Materials and Methods

4.1. Docking Studies

Crystal structures of CtsB (6AY2) and L (2XU4) were obtained from the PDB databank. The CtsW
structure was predicted using Modeller [68,69]. CtsB was used as a template structure. All protein
structures were protonated with PROPKA at PDB2PQR server at pH 4.5, 6.5, and 7.2 [69]. Ligand
structures were built and optimized in the GAFF force field using Avogadro [70,71].

Docking was performed using PLANTS [72]. The Chemplp scoring function was used in
combination with search speed 1. The binding center was set at the SG atom of catalytic cysteine
of all considered Cts. Both catalytic cysteine and histidine were set as flexible. When docking with
constraints, simple distance constraints between the oxygen atom in the FMK group and atoms H in
the catalytic cysteine or amine hydrogens of Gln-23/19/20 in CtsB/L/W were used. The constraint was
applied for the distance between 1 and 3 Å. For each ligand, five poses per run were obtained. Ten
runs per pH per protein per ligand were made.

4.2. Protein Expression and Purification

Total RNA extract from retinoblastoma J79 cells was used to obtain
cDNA. A pair of oligonucleotides (TATACATATGCGGAGCAGGCCCTCTTTC and
CTCGAGTTAGATCTTTTCCCAGTACTG) was used for the amplification of DNA fragment
containing CtsB, the product of which was ligated into pET15b (Merck Millipore, Billerica, MA, USA)
using NdeI and XhoI. DNA fragment containing CtsL was amplified using a pair of oligonucleotides
(TATAGCTAGCACTCTAACATTTGATCACAGTTT and ATTAAGCTTTCACACAGTGGGGTAGCTG)
and ligated into pET28a (+) (Merck Millipore, Billerica, MA, USA) using NheI and HindIII. After
the transformation of obtained vectors into Rosetta gammy B(DE3) cells (Merck Millipore, Billerica,
MA, USA), these E. coli strains were used for the expression of 6His-tagged CathB or CathL using
a procedure described by Gorokhovets et al. (2017) for the expression of 6His-tagged papain-like
cysteine protease triticain-α [23]. CtsB or CtsL from the insoluble fraction were purified using
Ni-NTA sepharose and then refolded using the methods described in detail for protease triticain-α in
Gorokhovets et al. (2017).

4.3. Gelatin Zymography

A 5× non-reducing loading buffer (0.05% bromophenol blue, 10% SDS, 1.5 M Tris, 50% glycerol)
was added to all recombinant proteins: CtsL and B and prior to loading. Then, the proteins were

188



Cancers 2020, 12, 1310

resolved by 12% SDS-polyacrylamide gels containing 0.2% gelatin at 4 ◦C. Gels were removed, and
enzymes were refolded for four washes in 2.5% Triton-X100, 15 min each. Next, the gels were
washed twice and incubated in activating buffer (NaAc, pH 4.8, 1 mM EDTA, and 20 mM L-cysteine
hydrochloride monohydrate) for 24 h at 37 ◦C. In the morning, the gels were fixed for 1 h in 50%
methanol with 10% acetic acid and then stained for 1 h in Coomassie (10% acetic acid, 25% isopropanol,
4.5% Coomassie Blue). The gels were destained in 10% isopropanol and 10% acetic acid and scanned
using the Bio-Rad ChemiDoc MP Imaging System.

4.4. Cathepsin Inhibitors

Specific inhibitors for cysteine Cts were developed with the help of computer-graphic modeling,
based on the structure of the proteins. The two peptides, Ac-PLVE-FMK and Ac-VLPE-FMK were
selected as the specific inhibitors, that provide a binding affinity to Cts and can block their activity.
The inhibitors were synthesized by Pepmic (Pepmic Suzhou Jiangsu, China).

4.5. Enzymatic Kinetic Studies

The activity of recombinant CtsL and B was detected by the hydrolysis of the fluorogenic substrate
Ac-Pro-Leu-Val-Gln- 7-amino-4-methylcoumarin (AMC) (Pepmic Suzhou Jiangsu, China). A total
of 20 nM of each protein was mixed in a 96-well plate with 0.1 M sodium acetic buffer (100 mM
NaCl, 0.5% DMSO, 0.6 mM EDTA pH 4.6) in the presence or absence of cysteine Cts inhibitor at
a final concentration of 2 µM. The substrate was added to a final concentration of 50 µM, and its
hydrolysis was continuously measured for 12 min using a CLARIOstar® Plus plate reader (BMG
Labtech Ortenberg Baden-Württemberg, Germany) at excitation and emission wavelengths of 353 and
442 nm, respectively.

4.6. Cell Culture

The human renal cancer cell line lines 786-P, A498 were obtained from Dr. Vadim Pokrovsky
(purchased from American Type Culture Collection). The cells were cultured in RPMI 1640,
supplemented with 10% fetal bovine serum and 1% mixture of antibiotics penicillin-streptomycin (all
from Gibco, Waltham, MA, USA) at 5% CO2 and 37 ◦C in a humidified chamber. Cells were grown to
confluence and harvested by trypsinization, using a 0.25 mg/mL trypsin/EDTA solution (ThermoFisher,
Carlsbad, CA, USA) and resuspended in the fresh culture medium. Viable cells were enumerated on
the Countess II FL Automated Cell Counter (ThermoFisher, Waltham, MA, USA), following Trypan
Blue staining. The cell lines were tested for mycoplasma contamination regularly, using the Molecular
Probes™MycoFluor Mycoplasma Detection Kit (ThermoFisher, Waltham, MA, USA).

4.7. MTT

The cell number was evaluated by counting viable cells using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay. A total of
2 × 104 cells/well were seeded on independent 96-well plates for each time point (0, 24, 48, and 72 h),
with five replicates and treated with two inhibitors (2.5–250µM). Then, 10 µL of the MTT reagent
was added to each well, and cells were incubated for another 5 h. Next, the absorbance value was
measured using a CLARIOstar® Plus plate reader (BMG Labtech, Ortenberg, Germany) at 490 nm.
Triplicate wells were assayed, and S.D.s were determined.

4.8. RNA Extraction and cDNA Synthesis

Total RNA was extracted from cells using the Total RNA isolation kit (Evrogen, Moscow, Russia).
Complementary DNA (cDNA) was transcribed from mRNA using a cDNA synthesis kit (Evrogen,
Moscow, Russia), according to the manufacturer’s protocols. For RT reaction 1 µg of total RNA
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was used with optical density OD260/OD280 1.7-2.0 measured with NanoDrop One (ThermoFisher,
Waltham, MA, USA).

4.9. Western Blot Analysis

Cells were seeded in RPMI containing 10% FBS and cultured for 24 h. Next, 30 µM of inhibitors
were added to the culture medium and incubated for 24, 48, and 72 h. Control cells were treated
with 0.01% DMSO. At all time points the samples were lysed in 50 mM Tri-HCl (pH 8.0), 100 mM
NaCl, 0.5% NP-40, 1% Triton X-100, 1× protease inhibitor cocktail (ThermoFisher, Waltham, MA, USA).
The 50 µg of protein lysates were separated by electrophoresis on a 12% SDS-PAGE gel and transferred
to the PFDF membranes. The expression of cysteine Cts, LAMP-1, E-cadherin, and SNAIL1 were
identified by a reaction with specific primary antibodies (CtsB-Ab190077, Abcam, UK; CtsL-Ab95154,
Abcam, UK; CtsW Ab191083; LAMP-1- Ab24170, Abcam, UK; SNAIL1 Ab216347, Abcam, UK and
e-cadherin-612131, BD Sciences Franklin Lakes, NJ, USA) which were resuspended in 5% non-fat milk
in PBST (all Cts 1:3000, LAMP-1, SNAIL1 and E-cadherin 1:1000) and incubated O/N. The next day,
the membranes were washed three times with PBST and incubated for 1 h with secondary antibodies
(P-GAR Iss (Goat pAb to rabbit IgG (HRP), Abcam, UK or Rabbit Ab to mouse, Abcam, UK; both
1:5000) in 5% non-fat milk in PBST. After an additional wash (three times with PBS), reactive bands
were detected by chemiluminescence (Bio-Rad, Irvine, CA, USA). As a loading control, the membranes
were incubated with a polyclonal anti-tubulin antibody (1:5000; Ab52866, Abcam, UK) identically.

4.10. Immunofluorescence Staining

The cells were treated for 48 and 72 h, then were fixed in 4% PFA/PBS for 15 min and
permeabilized in 0.25% Triton®X-100 for 10 min. After blocking the non-specific sites in 2%
BSA/PBS-T, the immunofluorescence was performed overnight with primary antibody anti-LAMP-1
(1:100, Abcam, Eugene, OR, USA) incubation, followed by incubation with the appropriate
fluorophore-labeled secondary antibody Donkey anti-Rabbit IgG (H+L) ReadyProbes™, Alexa Fluor
488 (1:500; ThermoFisher, USA). The cells were then counterstained with nuclear dye DAPI and
visualized under a fluorescent and/or confocal microscope (Olympus BX51, Shinjuku, Tokyo, Japan,
and AxioObserver Z1, Zeiss, Oberkochen, Germany) using oil-immersion lenses.

4.11. AFM Measurements

Before the AFM experiments, the 50,000 cells were seeded per dish and treated for 48 and
72 h with inhibitors. The AFM measurements were performed at 37 ◦C, using a commercial
atomic force microscope Bioscope Resolve AFM (Bruker, Billerica, MA, USA) combined with an
inverted optical microscope (Carl Zeiss, Ulm, Germany). The PeakForce QNM-Live Cell cantilevers
(PFQNM-LC-A-CAL, Bruker AFM Probes, USA) with a pre-calibrated spring constant (in a range of
0.06–0.08 N/m) and a 70 nm tip radius was used. The deflection sensitivity (nm/V) was calibrated
from the thermal using the pre-calibrated value of the spring constant. The nanomechanical maps
were acquired in the force volume mode with a typical map size of 80 × 80 microns and 40 × 40
measurement points [73]. For the force curves, a vertical ramp distance was 3 µm, a vertical piezo
speed was 183 µm/s, and the trigger force was 0.5–1 nN. The Young’s modulus (E) was calculated by
fitting the force curves with the Hertz model with a bottom-effect correction [73,74].

4.12. Scratch Assay

The cells were treated for 48 h with Cts inhibitors in a six-well plate. At experimental time zero,
a scratch of culture monolayer was made in each well using a pipette tip. The monolayers were
washed with PBS to remove detached cells and cell debris and next refilled with growth medium,
including Cts inhibitors. The wells were imaged at time zero and again 6 and 24 h later. Using ImageJ,
a measurement was taken for how much the denuded area had filled after 6 and 24 h.
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4.13. Colony-Forming Assay

769-P and A498 cells were treated 48 h with 30 µM Ac-PLVE-FMK or Ac-VLPE-FMK, next
calculated, and 300 cells were placed on 10 cm plates. Cells were maintained in the completed medium
with inhibitors for the 10 days, then fixed with 4% paraformaldehyde and stained with 0.4% Crystal
Violet solution, finally photographed.

4.14. Spheroids Formation Assay

The 769-P cells were treated for 48 h with Cts inhibitors and next suspended in 2% Matrigel in
the total medium containing 30 µM Ac-PLVE-FMK or Ac-VLPE-FMK. The 100 prepared cells were
seeded in 96-well microplates on top of 50 µL Matrigel (Corning, NY, USA) and incubated for 6 days.
The formed spheroids were imaged under an Olympus IX71 microscope, and their number, size,
and circularity were measured using ImageJ software. Each experiment had two replicates and was
repeated three times.

4.15. Adhesion

The 96-well plates were coated with either 15 µg/mL collagen IV (Imtek, Moscow, Russia) or
Matrigel 0.5% in RPMI-1640 (Corning, NY, USA) and stored at 4 ◦C O/N. On the day of the assay,
plates were washed twice with PBS and 40,000 cells/well were seeded and incubated for 50 min at
37 ◦C. Adherent cells were fixed and stained with 0.2% crystal violet/10% ethanol and read at 485 nm
on a microplate reader. All the experiments were performed in triplicate.

4.16. LysoTracker Red Fluorescence Measurement

First, 1.5 × 104 769-P or A498 cells were seeded in 96-well plates in full medium. The day after
the cells were treated with the peptides for 3 consecutive days to establish 24, 48, and 72 h groups
of treatment. LysoTracker Red fluorescence intensity was measured via microplate reader following
the protocols described in [75] and applying Ex/Em = 570/600. The cells were incubated with 75 nM of
LysoTracker red for 1 h.

4.17. Statistical Analysis

All experiments were repeated at least three times. Data are reported as mean ± SD. Data were
analyzed using one-way ANOVA, followed by Dunnet’s test (GraphPad, Prism 6.00 for Windows, Graf
Pad software, San Diego, CA, USA). The p-value of <0.05 was considered statistically significant. with
*, similarly p< 0.01 with ** and p< 0.001 with ***.

5. Conclusions

Recently, it has been recognized that the pathogenic function of Cts in cancerogenesis is far
more complicated than initially conceived [76]. Experimental studies have shown that many Cts are
overexpressed in different tumor types, frustrating every attempt to precisely correlate the role of
single Cts with the disease development [77]. In this work, we generated two novel peptides with
wide-ranging inhibitory properties towards Cts that could provide new resources to develop new
treatments. In particular, they could improve current treatments for conditions such as renal cancer
that is resistant to standard chemotherapeutic approaches and could benefit from novel targeted
therapies [30,78]. Despite their low cytostatic power, these small inhibitors demonstrated broad
inhibiting properties, high membrane permeability, minimal toxicity, and above all, a significant impact
on cancer cell phenotype.

Our data demonstrated that the peptides could inhibit Cts activity in two different human renal
cancer cell lines impacting their motility, anchorage-independent growth, colony formation, and their
adhesion. More importantly, this strategy affected Cts expression, and this evidence should be taken
into consideration when similar treatment strategies are designed for cancer and other diseases.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1310/s1,
Figure S1: Detection of recombinant human CtsL and B activity through gelatin zymography assay. Recombinant
purified human CtsL and B were loaded on the gelatin-gel zymogram. The Cts were activated through incubation
of gel in an activating buffer (pH 4.8). Further staining with Coomassie brilliant blue G-250 showed the induction
of proteolytic activity as bright white bands on dark background in correspondence with the bands of the enzymes,
Figure S2. Determination of the peptide inhibitory properties against human purified CtsB and L. The activities of
human recombinant CtsB and L, were measured via fluorimetric analysis by exploiting the fluorogenic properties
of the Triticain-α substrate Ac-PLVQ-AMC. In the assay, the 20 nM of recombinant human CtsL and CtsB were
incubated with 50 µM substrate without Cts inhibitors (red line) and with Ac-PLVE-FMK and Ac-VLPE-FMK
(blue and green line, respectively) at a concentration of 2 µM. Fluorescence was measured as relative as relative
fluorescence unit (RFU), Figure S3. Combined effect of PXT and the inhibitors on 769-P proliferation: 769-P
cells were treated with 100 nM of PXT alone or in combination with 20 µM of Ac-PLVE and Ac-VLPE and cell
proliferation was measured after 24, 48, and 72 h via MTT assay. Data represent the mean (± S.D.) of three
independent experiments, each performed in triplicate, Figure S4. Spheroids size and circularity: (a,b) size and
circularity of 769-P and (c,d) A498 cells upon treatment with Ac-PLVE-FMK and Ac-VLPE-FMK. Data represent
the mean (±S.D.) of three independent experiments, each performed in triplicate, Figure S5. Effect of Cts inhibitory
peptides on cell stiffness: representative optical phase contrast image of cells (first row) and stiffness maps
determined by indentation (Young’s modulus) of 769-P cells (second row) with and without treatment with PLVE
and VLPE. Calibration bars represent 25 µm. The graph shows the values of Young’s modulus of all analyzed
samples, data are expressed as mean (± S.D.) and significance was calculated through one-way ANOVA followed
by Dunnet’s test. * = p < 0.05, ** = p < 0.01, Figure S6. The effect of the peptide inhibitors on human 769-P and
A498 renal cancer cell on lysosomes integrity. (a) 769-P and (b) A498 cells were treated with increasing doses
of Ac-PLVE-FMK (red bars) and Ac-VLPE-FMK (blue bars) (2.5–250µM). NR uptake was measured after 24, 48,
and 72 h via MTT assay. (c) LysoTracker red evaluation in 769-P and (d) A498 cells after 24, 48, and 72 h with
the inhibitors (20 µM). Data represent the mean (± S.D.) of at least three independent experiments, each performed
in triplicate, Figure S7. Uncropped western blots.
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Abstract: Kidney cancer is the 7th most prevalent form of cancer in the United States with the vast
majority of cases being classified as renal cell carcinoma (RCC). Multiple targeted therapies have been
developed to treat RCC, but efficacy and resistance remain a challenge. In recent years, the modulation
of autophagy has been shown to augment the cytotoxicity of approved RCC therapeutics and overcome
drug resistance. Inhibition of autophagy blocks a key nutrient recycling process that cancer cells utilize
for cell survival following periods of stress including chemotherapeutic treatment. Classic autophagy
inhibitors such as chloroquine and hydroxychloroquine have been introduced into phase I/II clinical
trials, while more experimental compounds are moving forward in preclinical development. Here we
examine the current state and future directions of targeting autophagy to improve the efficacy of
RCC therapeutics.

Keywords: renal cell carcinoma; autophagy; hydroxychloroquine; chloroquine; ROC-325

1. Introduction

It is estimated that over 73,000 new cases of renal cancer will be diagnosed in the United States
this year, with upwards of 14,000 individuals succumbing to their disease [1]. The most common
malignancy of the kidney is renal cell carcinoma (RCC), which accounts for 85% of cases [2]. RCC can
be divided into three distinct histological subtypes. Clear cell RCC (ccRCC) is the predominant subtype
(~75%), with papillary RCC (PRCC) and chromophobe RCC (ChRCC) accounting for ~20% and ~5%
of cases, respectively [3]. Disease stage at the time of diagnosis is the most important factor when
considering the best course of treatment. Localized disease, generally TNM stage I or II, has a positive
prognosis with a 5-year relative survival rate of 92.6% [4]. Localized neoplasms can be effectively
treated with either a partial or radical nephrectomy, depending on the location of the primary mass [5].
After successful surgery, patients are often simply surveyed for signs of recurrence. It is estimated
that 20–30% of patients who have undergone a successful nephrectomy will experience a recurrence,
often presenting between one to three years following surgery [6]. Following a relapse, patients often
undergo treatment with chemotherapy or immunotherapy depending on their histologic subtype.
Patients presenting with regionally or distantly invasive tumors have a less favorable prognosis.
A nephrectomy is still the primary first line treatment. However, patients are often administered
chemotherapy, immunotherapy, or enrolled in a clinical trial in order to manage metastases and tumors
that are surgically unresectable [5].

Given that metastatic, relapsed, and surgically unresectable tumors must be treated by systemic
chemotherapy or immunotherapy, great interest has been shown in the past decade in developing
targeted therapeutics for RCC. The most commonly mutated gene in RCC is the von Hippel-Lindau

(VHL) tumor suppressor gene. Approximately 50% of RCC cases contain a mutation in this gene, with
an additional 20% of cases presenting with a hypermethylated gene [7]. The VHL protein is an E3
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ubiquitin ligase that controls the conjugation of ubiquitin molecules onto hypoxia-inducible factors
(HIFs), proteins that are vital to the cellular hypoxia response pathway. Upon ubiquitylation, HIFs are
processed and degraded through the ubiquitin proteasome pathway. Without a functional copy of VHL,
HIFs are free to translocate to the nucleus and activate transcription of HIF responsive genes. A few of
these HIF responsive genes code for vascular endothelial growth factor (VEGF), platelet-derived growth
factor B (PDGF-B), transforming growth factor alpha (TGFα), and glucose transporter 1 (GLUT1) [7].
The overexpression of these factors is often a driving force in RCC tumorigenesis. In addition to
VHL, genes involved in the mammalian target of rapamycin (mTOR) pathway are mutated in 28% of
RCC cases [8,9]. These include genes encoding for phosphatidylinositol-3-kinase (PI3K), phosphatase
and tensin homolog (PTEN), protein kinase B (AKT), and mTOR itself. These frequent mutation
profiles provide the rationale for therapeutically targeting various receptor tyrosine kinases (RTKs)
and downstream effector proteins currently being developed and used in the clinic (Figure 1).
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Various kinase and mammalian target of rapamycin (mTOR) inhibitors are amongst the most common
drugs used, however, immune checkpoint inhibitors are becoming a mainstay of RCC treatment.

Although targeted tyrosine kinase and mTOR inhibitors are effective first-line treatment options,
many, if not all, cases of RCC will eventually become resistant to these drugs. The median time to
a resistant tumor phenotype is 6–15 months depending on the therapeutic regimen [10]. A better
understanding of the mechanistic drivers of drug resistance in RCC will facilitate the development of
new and more effective treatment options for the relapsed/refractory patient population.

A hallmark of cancer is evasion of the immune response [11]. Cancer cells are capable of evading
immune surveillance by expressing various signals that act as “off” switches to T-cells and natural
killer (NK) cells. The most well-characterized of these signals are cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) and programmed cell death ligand 1 (PD-L1). When these surface proteins come in
contact with the appropriate receptor on T-cells, they effectively trick the lymphocyte into recognizing
the cancer cell as normal self-cells. Given this, an immense amount of energy has been dedicated to
developing monoclonal antibody therapies to block the binding of cancer cell expressed PD-L1 and
CTLA-4 allowing the immune cells to recognize the tumor cells as a foreign entity. These immune
checkpoint inhibitor therapies enable the immune system to both eliminate tumor cells and also
develop a lasting immune response. A persistent remission state is observed in two thirds of patients
who experience an initial response to these therapies [12]. Importantly, immune checkpoint inhibitors
have demonstrated significant efficacy in patients with RCC.
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2. Targeted Therapeutics for RCC

For multiple decades, the standard therapy for RCC patients was a regimen of cytokines.
While more effective than traditional chemotherapy options, interferon-alpha, and interleukin-2 as
single agents or in combination yielded low response rates in patients with the combination generating
an 18.6% response rate [13]. In addition, cytokine therapy was often associated with severe adverse
effects and the incidence of comorbidities was high. With the advent of targeted therapies for cancer
patients came an influx of approved therapeutics for RCC patients. There are now a multitude
of Federal Drug Administration (FDA)-approved targeted treatments for RCC. The target-specific
therapies can roughly be broken down into three distinct categories: small molecule kinase inhibitors,
mTOR inhibitors, and monoclonal antibodies. The monoclonal antibodies frequently used to treat
advanced RCC can be further classified as immune checkpoint inhibitors and non-immunomodulatory
antibodies. A listing of targeted therapies approved for use in RCC can be found in Table 1.

Table 1. FDA-approved treatments for RCC.

Category Therapeutic Name Target(s) Comparator
PFS (in Months)
vs. Comparator

Small Molecule
Kinase Inhibitors

Axitinib [14] VEGF, PDGF Sorafenib 6–7 vs. 4–7

Cabozantinib [15]
VEGFR-1,2,3, MET,
FLT3, TIE-2, AXL,

TRKB
Everolimus 7.4–9.1 vs. 3.7–5.1

Erlotinib [16] EGFR Bevacizumab 9.9 vs. 8.5

Lenvatinib [17] VEGFR2 Everolimus 7.4 vs. 5.5

Pazopanib [18] VEGFR-1,2,3,
PDGFR, c-kit Placebo 9.2 vs. 4.2

Sorafenib [19] RAF, VEGFR,
PDGFR Placebo 5.5 vs. 2.8

Sunitinib [20] VEGFR2, PDGFRb,
c-kit, FLT3 Interferon-alpha 11 vs. 5

mTOR Inhibitors
Everolimus [21] FKBP-12 Placebo 4 vs. 1.9

Temsirolimus [22] mTOR Interferon-alpha 5.5 vs. 3.1

Monoclonal
Antibodies

Avelumab [23] PD-L1 Sunitinib 13.8 vs. 8.4

Bevacizumab [24] VEGF Interferon-alpha 10.2 vs. 5.4

Ipilimumab [25] CTLA4 Sunitinib 11.6 vs. 8.4

Nivolumab [26] PD-1 Everolimus 4.6 vs. 4.4

Pembrolizumab
[27] PD-1 Sunitinib 15.1 vs. 11.1

Cytokine Therapy
Interferon alfa-2a

[28] Immunostimulatory N/A 10% Response Rate

Interleukin-2 [29] Immunostimulatory N/A 14% Response Rate

Abbreviations: VEGF—vascular endothelial growth factor; PDGF—platelet-derived growth factor; VEGFR—vascular
endothelial growth factor receptor; MET—tyrosine-protein kinase Met; FLT3—fms like tyrosine kinase 3;
TIE-2—angiopoietin-1 receptor; AXL—AXL receptor tyrosine kinase; TRKB—tropomyosin receptor kinase B;
EGFR—epidermal growth factor receptor; RAF—rapidly accelerated fibrosarcoma; FKBP-12—FK506 binding protein
12; mTOR—mammalian target of rapamycin; PD-L1—programmed death ligand 1; CTLA4—cytotoxic t-lymphocyte
associated protein 4; PD-1—programmed cell death protein 1; PFS—progression free survival.

Due to the frequent inactivation of VHL and subsequent overexpression of HIF1a, RCC often
presents as a highly vascularized tumor type. Hence, many of the small molecule therapeutics approved
for use in RCC target various effectors in the angiogenesis pathway (VEGF, VEGFR). The goal of these
drugs is to abrogate the formation of new blood vessels in the tumor microenvironment via growth
factor withdrawal, which deprives the cancer cells of oxygen and nutrients that are needed to fuel
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their growth and survival. Many of these therapies provide an initial response. However, oxygen
deprivation and nutrient withdrawal activates various stress response pathways in the cancer cell.
Autophagy is one such stress response, and allows for survival during periods of therapeutic insult.

3. Autophagy

3.1. Molecular Mechanisms of Autophagy

Autophagy is a catabolic process by which cells internally break down and recycle cellular
components through non-specific, lysosome-mediated degradation. Autophagy is highly conserved in
eukaryotes and is a vital mechanism to mediate cellular stress and damage that results from hypoxia and
starvation, as well as therapeutic intervention. Mammalian target of rapamycin complex 1 (mTORC1)
is often regarded as the master regulatory kinase of cellular metabolism. Activation of mTORC1 is
generally thought of as a pro-proliferation signal. mTORC1 activity can be stimulated from activated
upstream tyrosine kinases such as PDGFR and VEGFR, often through the phosphoinositide 3 kinase
(PI3K)/ protein kinase B (AKT) pathway. This mechanism of mTORC1 activation is especially important
in RCC, given the genes encoding the proteins involved are frequently mutated. Importantly, activated
mTORC1 is responsible for adding an inhibitory phosphate at Serine 757 to the Unc-51-like kinase
(ULK1) complex, which prevents the initiation of autophagy [30]. Both direct and indirect inhibition of
mTORC1 leads to potent activation of the autophagy inducer ULK1, which in turn promotes activity
of the Beclin1-Vacuolar protein sorting 34 (VPS34) complex. The Beclin1-VPS34 complex is vital to the
nucleation of the premature phagophore.

Maturation of the phagophore into a complete autophagosome involves elongation of the
vesicle’s lipid membrane. This process is regulated by a complex containing autophagy-related 12,
autophagy-related 5 and autophagy-related 16L (ATG12-ATG5-ATG16L). Another crucial protein
involved in the elongation of the autophagosome membrane is microtubule-associated protein 1A/1B
light chain 3 (LC3). Cytosolic LC3 is referred to as LC3-I. LC3-I is conjugated in a ubiquitin-like
fashion to phosphatidylethanolamines (PE) on the autophagosome membrane by the autophagy
protein, autophagy-related 7 (ATG7). It must be mentioned that autophagy related 4B (ATG4B),
a widely conserved cysteine protease, must first make a specific cleavage to allow conjugation of
LC3 [31]. PE-associated LC3 protein is referred to as LC3-II, and is often considered a reliable
marker of autophagosome formation and autophagy. LC3-II is vital for cargo recruitment as it binds
Sequestosome-1 (p62) to the autophagosome membrane. p62 is responsible for binding misfolded
proteins or dysfunctional organelles and subsequently delivering them to the autophagosome for
degradation [32]. Finally, the mature autophagosome, with its contents localized and completely
enclosed will fuse with the lysosome. The fusion of membranes will release the cargo of the
autophagosome into the lysosome where the acidic pH, as well as various enzymes will facilitate their
degradation. After degradation has occurred, the remaining molecules are released back into the
cytoplasm where they can be used as building blocks for new proteins, organelles, or energy sources.
We will specifically focus on the role of autophagy in RCC pathogenesis and its involvement related to
emerging targeted therapies in RCC. For a more extensive review of the molecular machinery and
regulation of autophagy, refer to the following articles [33–35].

3.2. Targeting Autophagy to Improve RCC Therapeutic Outcome

Autophagy is an essential lysosomal degradation process that can be used by cancer cells to
generate alternative sources of energy via nutrient recycling under stress conditions [36,37]. Although
many studies have demonstrated that autophagy may function as a mechanism of tumor suppression
through the degradation of defective pre-malignant cells, significant data indicates a key role for
autophagic degradation in the maintenance of energy balance under stress conditions including nutrient
deprivation and hypoxia [38]. Futhermore, autophagy has emerged as an important mechanism of
resistance to radiation, conventional chemotherapy, and targeted anticancer agents due to its ability
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to enhance the stress tolerance of malignant cells [39–43]. Collectively, these data support a role for
autophagy as a promoter of drug resistance and cancer progression as well as a target for therapeutic
inhibition. Importantly, several new studies demonstrate that alterations in the autophagy pathway
may be particularly relevant for patients with RCC and impact overall survival [44,45].

RCC cell lines inherently exhibit an elevated basal level of autophagy. One study found that across
many RCC cell lines, 30–60% of growing cells display prominent LC3-II puncta [46]. This compares to
just 1–5% of cells in normal primary kidney cell cultures. Autophagy has been shown to counteract
growth factor and nutrient withdrawal and maintain cell viability under stress conditions [47].
Importantly, inhibiting autophagy in RCC increases the efficacy of many therapeutic strategies.
Sorafenib, a general RTK inhibitor, shows a significant increase in activity when combined with
autophagy inhibitors [48]. The efficacy of AKT/mTOR inhibition is also significantly augmented
through the use of a variety of autophagy inhibitors [49]. It has been demonstrated that RCC cells
that have adopted an aggressive metastatic phenotype also rely on an increase in cellular autophagic
flux. These highly aggressive cells can be rendered sensitive to the mTOR inhibitor temsirolimus by
chloroquine, an anti-malarial drug that inhibits autophagy [50]. Successful enhancement of therapeutic
efficacy via in vitro autophagy inhibition has provided a solid foundation for the development and
clinical testing of autophagy inhibitors in RCC.

4. Inhibition of Autophagy for Therapy of RCC

4.1. Chloroquine and Hydroxychloroquine

Chloroquine (CQ) and hydroxychloroquine (HCQ) are quinone-containing compounds that have
been used to combat malaria for decades. These compounds work via their accumulation in and
subsequent deacidification of lysosomes [51]. This deacidification disrupts autophagy as the low
pH of lysosomes is a necessity in degrading the cargo of the autophagosome. CQ and HCQ have
been repurposed to pharmacologically target autophagy in a broad range of cancer types for over a
decade [52]. To date, CQ and HCQ are the only autophagy inhibitors to be evaluated in clinical trials.
A number of clinical trials involving the use of CQ or HCQ alone or in combination with standard of
care agents for the treatment of many different malignancies are ongoing and completed. However,
limited clinical studies have evaluated HCQ in patients with RCC (Table 2).

Table 2. Clinical trials with hydroxychloroquine (HCQ) in patients with RCC.

Clinical
Trial

Identifier

Autophagy-
Modulating
Compound

Interventions Phase Neoplasm DLTs
Response

Rate

NCT01510119
[53] HCQ Everolimus I/II Previously

Treated RCC

None in
Phase I;

Grades 3–4
AE’s <10%

SD or PR:
67%; Median

PFS 6.3
Months

NCT01144169 HCQ Surgery I Primary
RCC N/A N/A

NCT01480154 HCQ MK2206 I
Advanced

Solid
Tumors

N/A N/A

NCT01550367 HCQ IL-2 I/II Metastatic
RCC

Grades 3–5
AE’s 96.6%

SD/PR/CR:
69%; Median

PFS 5.5
Months

NCT01023737
[54] HCQ Vorinostat I

Advanced
Solid

Tumors

Grades 3–4
AE’s 18.5%

RCC Patient:
PR for >50

cycles
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A recent study in RCC combined the mTOR inhibitor, everolimus, with twice daily doses of HCQ in
a metastatic patient population refractory to at least one prior treatment [53]. No dose-limiting toxicities
(DLTs) were attributed to the HCQ in the phase I portion of the trial. The median progression-free
survival (PFS) for the patient population was 6.3 months, an improvement over the median PFS of
4 months, which was observed in the clinical testing of everolimus alone [21]. A separate phase I trial
sought to elucidate the toxicity and efficacy of combining HCQ with an AKT inhibitor, MK-2206,
in a multitude of advanced solid tumors [55]. Patients were administered 135–200 mg of MK-2206
weekly in combination with 200–600 mg HCQ twice a day. 31 of the 35 patients enrolled were taken
off treatment due to relapsed or progressive disease. In addition, 94% of participants experienced
an adverse event (AE) attributed to treatment with MK-2206, while only 13% experienced an AE
from the HCQ. Due to high toxicity and the low enrollment on the study, no anti-tumor activity data
could be interpreted. One phase I trial has provided an exciting preliminary example of the power of
HCQ in combination with vorinostat, an FDA approved histone deacetylase (HDAC) inhibitor [54].
This trial included patients with a variety of advanced solid tumors who had failed conventional
therapy. Of these patients, a single person presented with advanced RCC. This particular patient had
failed seven previous lines of therapy. A durable, partial response was obtained with a regimen of
400 mg vorinostat and 400 mg HCQ, administered daily. This response was maintained for more than
50 three-week cycles of the drug combination. This remarkable result in an RCC patient has sparked
follow-up studies to evaluate tumor characteristics that may be indicative of a positive response to
concurrent HDAC and autophagy inhibition.

4.2. Lucanthone

In addition to HCQ and CQ, several other agents used for non-cancer indications that disrupt
lysosomal function have been repurposed as autophagy inhibitors for cancer therapy [41]. Lucanthone
has been used as an anti-schistosome agent for many years and is also being developed as an
anticancer agent due to its inhibitory effects on topoisomerase II and AP endonuclease (APE1). In cell
culture experiments, lucanthone demonstrated lysosomal disruption and inhibition of autophagy [56].
In addition, strong pro-apoptotic effects were evident in various breast cancer cell lines and the
lysosomal protease, cathepsin D, was shown to be an important mediator for the apoptotic effects of
lucanthone. The chemical structure of lucanthone has provided clues to the construction of novel,
lysosome-targeting agents.

4.3. ROC-325

While the clinical benefits of adjuvant CQ and HCQ treatment have not been fully elucidated,
a substantial amount of funding and effort has been put forth to develop more efficient autophagy
inhibitors. Initial results stemming from the use of CQ or HCQ have indicated that while these drugs
partially block the degradation of cellular components in the lysosome, the compounds may not be
potent enough to completely shut off the autophagy degradation. Thus, it is essential to generate new
and more potent autophagy inhibitors that may improve clinical efficacy. A complete listing of next
generation autophagy inhibitors discussed in this review, as well as the cancer types they have been
explored in, can be found in Table 3.

ROC-325 is a water-soluble, small molecule developed by our group that shows significantly
higher efficacy than HCQ [57–60]. ROC-325 is a dimeric compound that was designed to contain core
motifs of HCQ as well as lucanthone. Much like HCQ, ROC-325 targets the late stages of autophagy.
We have shown that ROC-325 does not affect the formation of autophagosomes but rather accumulates
in and deacidifies the lysosome. In vitro treatment with ROC-325 shows stabilization of LC3-II and
p62, indicators that are consistent with autophagy inhibition. In addition, treatment with ROC-325
results in near-complete loss of acridine orange fluorescence, a strong marker for lysosome membrane
permeability and lysosome deacidification. ROC-325 reduced cell viability in RCC cell lines at much
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lower concentrations than HCQ, with half maximal inhibitory concentration (IC50) values of 2–10 µM
vs. 50–100 µM, respectively.

Table 3. Selected agents that inhibit autophagy.

Inhibitor Autophagy Target Cancer Type References

Hydroxychloroquine Lysosome RCC, etc. [21,53–55]

Chloroquine Lysosome RCC, etc. [51,52]

ROC-325 Lysosome RCC, AML [57–60]

Lucanthone Lysosome Breast [41,56]

STF-62247 Lysosome RCC, Glioblastoma,
T-cell Leukemia [45,61–63]

Lys05, DQ661, DC661 Lysosome, PPT1 Melanoma, Colon,
Glioma [64–67]

SAR405, SB02024 VPS34 RCC, Cervical [68–70]

SBI-0206965, ULK-100,
ULK-101 ULK1 Lung [71,72]

S130, FMK-9a,
NSC185058 ATG4B Cervical, Colon,

Osteosarcoma, GBM [73–76]

Abbreviations: PPT1—palmitoyl-protein thioesterase 1; VPS34—vacuolar protein sorting 34;
ULK1—unc51-like-kinase 1; ATG4B—autophagy related 4B; AML—acute myeloid leukemia; RCC—renal
cell carcinoma; GBM—glioblastoma.

In vivo experiments also demonstrated the improved anticancer activity of ROC-325 over HCQ.
Mice treated with orally-administered ROC-325 displayed significantly decreased 786-O RCC xenograft
burden when compared to both control and HCQ-treated mice. Importantly, no significant toxicities
were observed in mice treated with ROC-325. Tumors taken from each group were analyzed using
immunohistochemistry (IHC). Tumors treated with ROC-325 showed elevated levels of LC3-II, p62,
and cleaved caspase-3, thereby confirming in vitro findings. Further study of ROC-325 especially in
combination with conventional and targeted therapy is warranted.

4.4. STF-62247

STF-62247 is an experimental agent that was first discovered over a decade ago. This particular
compound was identified to have potent cytotoxic effects in VHL-deficient cancer cells, but very little
efficacy in wild-type (WT) VHL cells [45]. Due to this selective anti-tumor activity, this compound is a
potentially exciting therapeutic option for RCC. The exact mechanism by which STF-62247 acts is not
fully understood. STF-62247 is believed to induce autophagy in cancer cells, as treatment produces
large, cytoplasmic vacuoles in both WT-VHL and VHL-deficient cells. However, VHL-deficient
cells contain much larger vacuoles and show significantly brighter acridine orange staining [45].
This indicates that VHL-deficient cells form large, highly acidic vesicles in response to STF-62247.
Upon further investigation, it was shown that Golgi vesicle trafficking proteins played a pivotal role in
sensitizing cells to the compound. However, the mechanistic links between VHL and autophagy were
not fully elucidated.

Bouhamdani et al. recently confirmed these findings in RCC and also noted that while
VHL-proficient cells also form large vacuoles, they are capable of resolving them within 48 hours of
treatment [44]. Interestingly, in this study, STF-62247 was not shown to induce autophagy, but rather
blocked the late stages of autophagy. No known upstream markers of increased autophagy were
shown to be affected by the drug and inhibiting the vacuolar H+ ATPase pump with bafilomycin
A1 (BAF) showed very little, if any, additive stabilization of LC3-II or p62 when combined with
STF-62247. These results cast doubt on the idea that STF-62247 is inducing autophagy. This also
suggests that STF-62247 is potentially obstructing a similar stage of autophagy as BAF, indicating
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that it is a late-stage autophagy inhibitor, much like HCQ, CQ and ROC-325. However, much of this
work is still controversial as STF-62247 has been shown to induce an autophagy-dependent cell death
response in multiple malignancy types regardless of VHL status [61–63]. More data is needed in order
for STF-62247 to be effectively transitioned into the clinical setting.

4.5. Lys05, DQ661, and DC661

Lys05 is a lysosome-disrupting, water-soluble salt of the compound Lys01. Lys01 consists of a
pair of aminoquinolines, the major motif of CQ, connected by a methylamine-containing spacer [64,65].
Much like the previously discussed compounds, Lys01 produces an accumulation of LC3-II at a much
lower dosage than CQ or HCQ. LN229 cells containing a green fluorescent protein tagged LC3 protein
(GFP-LC3) treated with Lys01 display localization of LC3 to autophagic vesicles with 10x greater
potency than HCQ, and electron microscopy confirms the presence of large autophagic vesicles in
cells treated with Lys01. The anticancer profile of Lys01 is greater than that of HCQ when tested
across colon cancer, glioma, and melanoma cell lines, with IC50 values ranging from 4–8 µM compared
to 15–42 µM with HCQ. In vivo studies exhibited moderate, single agent, antitumor activity against
orthotopically injected 1205Lu melanoma xenografts. Using HPLC tandem mass spectrometry, Lys05
was shown to accumulate in tumors in vivo at a much greater concentration than HCQ.

In addition to Lys05, two second-generation compounds have been developed—DQ661 and
DC661 [66,67]. Interestingly, all these compounds were recently reported to block the lysosomal
enzyme palmitoyl-protein thioesterase 1 (PPT1), which plays a key role in palmitoylation-mediated
intracellular protein trafficking. These preclinical results imply that Lys05, DQ661, and DC661 have the
potential to combat many different types of tumors. However, investigation of these compounds for
RCC therapy has not been tested. It is worth noting that each of these lysosome-disrupting compounds
has a similar mechanism of action, but contain unique chemical motifs. These novel structures will
most likely lead to toxicity differences when clinical testing is initiated. This, in turn, could prove to be
fundamental to approval and widespread therapeutic use.

4.6. VPS34 Inhibitors

The compounds discussed thus far act on the most distal component of the autophagy pathway,
the lysosome. The lysosome acts as the common end point to this cellular process. The upstream,
initiating machineries of autophagy show a great amount of complexity and have proven quite difficult
to target. Nonetheless, multiple research groups are developing molecules to inhibit these proteins.

VPS34 is a PI3K lipid kinase family member, responsible for the addition of a phosphate group
at the 3 position of the inositol ring of phosphatidylinositol (PI) on cellular membranes. This lipid
phosphorylation is a vital step in the initiation and elongation of autophagosome membranes.
While many pan-PI3K inhibitors currently exist, a few compounds have been developed to specifically
target VPS34, including SAR405 and SB02024. SAR405 is a small molecule that targets the ATP
binding pocket of VPS34 with high affinity [68,69]. In vitro work with this compound shows a
reduction in autophagosome formation in GFP-LC3 tagged HeLa cells. In addition, concomitant
treatment with everolimus in RCC cell lines eliminates the enhanced autophagic flux seen with mTOR
inhibition. SAR405 also significantly enhanced the anticancer activity of everolimus in these same
RCC cells. These preliminary findings have opened the door for combining VPS34 inhibitors with
current standard-of-care therapeutics in RCC. SB02024, another recently discovered VPS34 inhibitor,
shows significant anticancer activity when combined with standard RTK inhibitors, sunitinib and
erlotinib, in breast cancer cell lines [70]. While this particular compound has not been tested in RCC,
these findings highlight the potential of SB02024 to be paired with standard of care RCC agents.

4.7. ULK1 Inhibitors

UNC-51-like kinase 1 (ULK1) is a proximal serine/threonine kinase that is responsible for
autophagy initiation. ULK1 acts as one of the key signaling regulators linking mTORC1, 5’ adenosine
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monophosphate-activated protein kinase (AMPK), starvation, and autophagy. Due to its vital role in
integrating cellular stress signals, successful inhibition of ULK1 is an attractive therapeutic strategy.
SBI-0206965 was developed in 2015 as a selective ULK1 inhibitor [71]. This compound displayed potent
inhibition of ULK1 activity with an in vitro IC50 of 108 nM. Treatment of A549 human lung cancer cells
in vitro with a combination of SBI-0206965 and the mTOR inhibitor AZD8055 led to a significantly
enhanced apoptotic response. This result further supports the rationale of inhibiting autophagy to
augment the activity of other target-specific molecules. More recently, two closely related compounds,
ULK-100 and ULK-101, have also been developed as more potent inhibitors of ULK1 [72]. Martin et al.
demonstrated that these two small molecules show increased antitumor activity when combined with
nutrient starvation in non-small-cell lung cancer cell lines. All three of these novel compounds have
the potential for therapeutic impact in RCC. However, their specific efficacy in RCC models has not yet
been evaluated.

4.8. ATG4B Inhibitors

ATG4B is a cysteine protease that activates LC3 for lipidation and recent studies suggest that it
may be another promising target to inhibit autophagy upstream of the lysosome. Consistent with this
idea, several ATG4B inhibitors have been developed including FMK-9a, NSC185058, and S130 [73–76].
NSC185058 and S130 have demonstrated significant in vivo activity against osteosarcoma and colon
tumors, respectively [74,75]. Additionally, NSC185058 treatment decreased glioma xenograft growth
in mice and augmented the antitumor efficacy of radiation therapy [76]. Collectively, these studies
demonstrate that inhibiting ATG4B may be a suitable anti-autophagy target for the treatment of various
cancers. However, these compounds remain in the earliest stages of preclinical development (Figure 2).
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5. Immune Checkpoint Inhibitor Therapy and Autophagy

The clinical efficacy of novel immune checkpoint inhibitors has been variable. Through further
research and testing, cancer types are now generally thought of as “immune hot” and “immune
cold”. Tumors that have significant infiltration of immune cells are considered “hot” and are generally
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responsive to immune checkpoint inhibitor therapy. The greatest immune checkpoint inhibitor therapy
success to date has been the treatment of metastatic melanoma with a monoclonal antibody-targeting
CTLA-4, Ipilimumab [77]. The FDA has now approved six different immune checkpoint inhibitors in a
variety of cancer types. This number only stands to grow with over 200 active clinical trials involving
immune checkpoint inhibitor therapies.

RCC is characterized as being responsive to immune checkpoint inhibitor therapy. As previously
mentioned, cytokine therapy, a precursor to modern day immunotherapy, was long used as the primary
treatment for advanced RCC. Nivolumab, a monoclonal antibody-targeting PD-1, was approved for
use in RCC in 2015 after demonstrating improved progression-free survival (4.6 months vs. 4.4 months)
over everolimus in a phase III clinical trial [26]. While more traditional small molecule therapy options,
such as kinase inhibitors will remain a mainstay in RCC treatment, immunomodulatory therapies are
becoming increasingly common as frontline and adjuvant therapies [78,79].

The connection between autophagy and immune cell activation is not well established, particularly
in RCC. However, preliminary findings in different cancer models have provided conflicting findings.
Early work has suggested that autophagy inhibition can interfere with hematopoiesis and systemic
immunity indicating that combination autophagy and immune checkpoint inhibitor therapy may not be
beneficial [80–82]. However, recent studies demonstrate that autophagy inhibition does not block T-cell
activity [83–86]. Treatment of subcutaneous B16 melanoma xenografts with CQ in immunocompetent
mice has provided evidence that autophagy inhibition promotes macrophage phenotype switching
from an alternatively activated (M2) to a classically activated (M1) state [87]. This switch in macrophage
phenotype gave rise to an increase in CD3+/CD8+ tumor-infiltrating lymphocytes as well as increased
interferon gamma (IFNγ) expression, a key marker of cytotoxic T-lymphocyte (CTL) activation.
Importantly, the antitumor effects of CQ in vivo were completely reversed in T-cell deficient mice,
confirming that the activity of CQ was indeed a product of immunomodulation in this particular
model. Recent work has also shown that HCQ, when delivered to E.G7-OVA murine lymphoma
xenografts via nanoparticle vaccination, is capable of enhancing tumor cell major histocompatibility
complex (MHC)-I antigen presentation, a key event in CTL activation [88]. A significant increase
in the production of IFNγ was also observed in this model. Both of these recent studies highlight
a potential relationship between autophagy inhibition and responsiveness to immune checkpoint
inhibitor therapy, but additional studies are needed to better understand this interaction. Furthermore,
the potential benefit of dual immune checkpoint and autophagy inhibitor therapy to RCC remains to
be determined.

6. Conclusions

Two decades ago, patients diagnosed with advanced, metastatic, or surgically unresectable RCC
had very few approved therapeutic options. However, significant research efforts have resulted in
the development of numerous targeted agents and immune-related therapies for the treatment of
RCC. Despite this success, patients that are refractory to these treatments or develop drug resistance
continues to be a major clinical issue. Autophagy has now been established as a key mechanism
by which cancer cells are capable of surviving periods of therapy-induced stress leading to drug
resistance. This provides the rationale for the development and testing of autophagy-modulating
compounds to use in conjunction with the ever-expanding list of approved RCC treatments. While HCQ
has demonstrated some promising activity in combination with standard agents in clinical trials,
its effectiveness appears to be limited by a variety of factors. Considering this, there is a need for new
and more potent autophagy inhibitors that can be tested in clinical trials. Additional information is
also required to determine the differences between upstream and lysosomal autophagy targeting in
regards to therapeutic efficacy. The development and classification of compounds targeting autophagy
is an ongoing process, but one can hope that a breakthrough is on the horizon.
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Abbreviations

The following abbreviations are used in this manuscript:

RCC renal cell carcinoma
VHL Von-Hippel Lindau tumor suppressor
VEGF vascular endothelial growth factor
PDGF platelet-derived growth factor
ATG autophagy-related gene
PFS progression-free survival
PR partial response
DLT dose-limiting toxicity
SD stable disease
CR complete response
HDAC histone deacetylase
AE adverse event
HCQ hydroxychloroquine
CQ chloroquine
IHC immunohistochemistry
ULK UNC-51 like kinase
CTLA-4 cytotoxic t-lymphocyte associated protein 4
PD-L1 Programmed cell death ligand 1
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