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Clear cell renal cell carcinoma (ccRCC) is the seventh most frequently diagnosed tumor in adults in Europe and
represents approximately 2.5% of cancer deaths. Currently, there are multiple therapeutic drugs available for advanced
disease, including therapies against VEGFR with successful results in patients” survival. Other tyrosine kinases’
pathways, including PDGFR, Axl or MET have emerged as key signaling pathways involved in RCC biology.
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| 1. Introduction

Kidney cancer represents the third tumor of the urinary tract most frequently diagnosed in adults. In Europe, the incidence
of clear cell renal cell carcinoma (ccRCC) accounts for 84,000 new cases per year with a mortality rate of about 35,000
patients in 2012 . The clear cell subtype is the most common one representing approximately 85% to 90% of all renal
cancer diagnosis [&. The mortality rate varies significantly throughout different regions and is associated to the availability
of more sophisticated diagnostic techniques, multidisciplinary teams and effective systemic drugs. In fact, in countries
from Northern and Eastern Europe, Australia and US, the mortality tends to stabilize or even decline &l. Additionally, the
incidence of kidney cancer is greater in men than women (ratio of 2:1) [4 and it is usually diagnosed around the sixth
decade of life (median age around 67 years).

In recent years, kidney cancer diagnosis has increased among early stages and only 20% of patients present metastases

at tumor diagnosis. Despite radical treatment for localized disease, around 20% to 40% of patients relapse within five
years B8],

Until 2006, the treatment of the metastatic disease was based on cytokines that had an unfavorable safety profile and
achieved poor efficacy results with a progression-free survival (PFS) of around five months and overall survival (OS) of
around 21 months 1.

The initial discovery of the role that angiogenesis has in kidney cancer development and progression has led the research
of new agents that target key players of this step. The efficacy demonstrated by sunitinib, a tyrosine kinase inhibitor (TKI),
targeting mainly the vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth factor receptor
(PDGFR), has been able to demonstrate a change in the natural history of metastatic kidney cancer and, quickly,
prompted the use of TKI in the therapeutic algorithm of metastatic ccRCC patients. Sunitinib in the first line setting
achieved an increase in the median PFS to up to 11 months and OS to approximately 26 months [&l,

Since then and until now, more drugs have been developed and approved by the regulatory agencies for the treatment of
metastatic ccRCC including tyrosine kinase inhibition strategies alone or in combination with other therapeutic
approaches. For example, the inhibition of the mTORC complex by everolimus or temsirolimus presented benefits in a
selected patients” population and new immunotherapy strategies, such as nivolumab or its combination with ipilimumab,
presented positive results in terms of efficacy and survival post VEGF-therapy and in the first line setting respectively &
[10]

| 2. Molecular Biology of Kidney Cancer

There are several genes involved in the development of both sporadic and hereditary renal cancer. Among them, VHL is
the most important gene, standing at around 50% of ccRCC [l Mutations in the PTEN/PISK/mTOR axis lead to
permanent activation of the mTORC complex, underlying ccRCC development and progression.



Epigenetic alterations are also critical for ccRCC development, therefore genes involved in chromatin remodeling, such as
PBRM1, BAP1, SETD2, and KDM5C, also play a role in this setting of the disease.

These gene alterations and the phenotypic results within the biology of kidney cancer cells are key to understanding the
exact mechanisms responsible for ccRCC development and progression and the underlying mode of action of the
treatment used for these patients in daily practice 1112,

| 3. Tyrosine Kinases and Coupled Intracellular Signaling Involved in RCC
3.1. Vascular Endothelial Growth factor Receptor (VEGFR)

Vascular endothelial growth factor receptors (Figure 1) represent a family of three receptors: VEGFR1, VEGFR2 and

VEGFR3. The most important one, from a biologically point of view, is VEGFR2, which is the main receptor for VEGF in
the vascular endothelium, regulating different intracellular processes 131,
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Figure 1. Intracellular signaling triggered by VEGF receptors. Specific transmembrane receptor tyrosine kinase for VEGF,
i.e., VEGFR 1-3, recruit PLCy, Src and FYN in order to signal mainly through DAG receptors (PKC), PKA, Racl, MEK
and Akt/mTOR. Transcription factors activated by these signaling, including NFAT or AP1, will finally regulate gene
expression associated to VEGFR/VEGF binding. Increased levels of intracellular calcium also linked to this binding will
contribute to PKC and NFAT activation, among others.

All members of the VEGFR family have the same structure, consisting in a seven extracellular immunoglobulin-like
domain, a transmembrane domain and an intracellular tyrosine kinase domain. They are mainly regulated by their soluble
ligands, among which are VEGF A/B/C/D, placenta growth factor (PIGF), parapoxvirus VEGFE, snake venom VEGFF and
neuropilins NRP1 and NRP2 4151 However, there is another way of VEGFR activation, mainly VEGFR2, by non-
canonical activation mechanisms that would explain other functions that are attributed to this receptor. These non-
canonical ways of activation would include mechanical stimulation, with the formation of mechanosensory complexes
between VEGFR2 or vascular endothelial cadherin and platelet endothelial cell adhesion molecule 1 (PECAM1). When
the complex is built, it is able to regulate the endothelial nitric oxide synthase (eNOS) 1418l |n addition, VEGFR2 can
interact with galectins, mainly galectin 3, expressed ubiquitously on the cell surface and with low density lipoproteins
(LDL) 11,

As we have already presented, the VEGF ligands are able to bind their membrane receptors, but with different affinities.
VEGFA is able to bind all three receptors, VEGFC and D do the same, but mainly to VEGFR2 and VEGFR3, and VEGFB
and PIGF have greater affinity for VEGFR1 binding L8119,



Once the ligand is bound, stable VEGFR dimers are generated to trigger activation of the tyrosine kinase domains and
initiate intracellular signaling. The most important dimers in the vascular endothelium are the VEGFR2 homodimers.
However, heterodimers between VEGFR1-VEGFR2 and VEGFR2-VEGFR3 can also be present. The first one exists in
atherosclerotic lesions and in the embryonic endothelium and the second one, mainly in the lymphatic endothelium. Those
heterodimers are known to be involved in cancer-related processes, but by not yet clearly defined paths (1420
Intracellular signaling triggered involves PI3SK-AKT-mTOR and phospholipase Cy (PLCy) pathways.

3.2. Platelet Derived Growth Factor Receptor (PDGFR)

Platelet derived growth factor receptors consist of two members: PDGFRa and PDGFRp. These receptors are composed
of five extracellular immunoglobulin-like domains, a transmembrane domain and an intracellular tyrosine kinase domain in
the C-terminal region 2. Their signaling is fundamental in embryonic development, as well as in wound repair. Moreover,
there is an increased interest about their involvement in pathological processes, such as cancer, due to their role in tumor
microenvironment maintenance 22,

For their tyrosine kinase domain activation, these receptors need a ligand binding to achieve subsequent stabilization and
dimerization. PDGFs are synthesized as pre-proteins and require the activity of proteases to expose their mature and
active form. There are four dimeric isoforms, as PDGF homodimer: PDGF AA/BB/CC/DD and one heterodimeric isoform
constituted by PDGF AB 22,

PDGFs are synthesized by different cell types, mainly mesenchymal cells, endothelial cells, some epithelial strains and
myeloid cells, such as macrophages or platelets. Moreover, all these cells also express PDGFRa and/or PDGFR[3, so that
PDGFs usually lead to autocrine regulation loops 231241,

Similar to other tyrosine kinase receptors, not all PDGF subtypes result in the formation of the same dimers. PDGF-BB,
PDGF-CC, PDGF-DD and PDGF-AB lead to the formation of the dimers PDGFRo/PDGFR[, PDGF-AA, PDGF-AB,
PDGF-BB and PDGF-CC do the same with the dimers PDGFRa/PDGFRa and PDGF-BB and PDGF-DD lead to
PDGFRpB/PDGFR [251(26],

Once the intracellular tyrosine kinase domain is activated, PDGFR is able to regulate several signaling pathways. On the
one hand, PI3K is attracted to the receptor and later activated. PI3K activation transforms PIP2 into PIP3, which is able to
bind and activate AKT and, therefore, trigger the mTOR complex to regulate genes related to cell survival &4, In addition,
the tyrosine kinase domain is also able to attract PLCy, which transforms PIP2 into IP3 and DAG, increasing intracellular
calcium and activating PKC to ultimately regulate cell growth and survival 28, On the other hand, after activation of the
tyrosine kinase domain, an interaction with the Nck adapter protein occurs and C-Jun N-terminal protein-serine/threonine
kinase (JNK) is activated by the RAS and MAPK pathway. Cell proliferation and survival processes are consequently
regulated after PDGFR activation 22,

Active PDGFR is also able to recruit Src and, together with Gbr2 and Sos, is able to phosphorylate RAS-GDP to RAS-
GTP. Consequently, there is an activation of relevant oncogenic signaling pathways via RAS/RAF/ERK, which mainly
regulate cell proliferation-related genes B9,

It should be noted that PDGFR is intimately linked and related to KIT and FLT3, which explains why TKIs with activity
against all these targets are effective in the treatment of renal cancer B4,

3.3. Tyrosine-Protein Kinase Met (MET)

Tyrosine-protein kinase MET (Figure 2) or the hepatocyte growth factor receptor (HGFR) is a membrane receptor involved
in multiple biological routes. Initially, it is synthesized as a single chain and, subsequently, through post-transcriptional
modulation, the a and B subunit result in the mature receptor as a disulfide-linked heterodimer (22,
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Figure 2. MET triggered intracellular signaling. Binding of HGF to MET transmembrane receptor tyrosine kinase recruit
PLCy, GRB2 and SOS, which activate DAG receptors (PKC), RAS/RAF/MEK, PI3K/RAC and Akt/mTOR. These kinases
lead to activation of transcription factors including NFkB or AP1 for gene expression.

MET has an extracellular domain with four subdomains: immunoglobulin-like for ligand binding, a membrane anchoring
domain and an intracellular domain, at the C-terminal end of the protein where the tyrosine kinase region is located, with
different binding sites for substrates and ligands 3!

The known ligand of MET is the hepatocyte growth factor (HGF). Mainly by mesenchymal cells, it is secreted into the
medium as an inactive form and, by the activity of extracellular proteases, it turns into a mature protein. At this time, HGF
is able to perform its paracrine function on epithelial cells where it is usually expressed B4, HGF regulates cell
proliferation, motility, survival and growth functions of endothelial cells and also the hydrolysis of extracellular matrix
proteins. The latest function justifies the key role of MET in embryonic development, as well as in other pathological
processes, such as cancer 23],

Once HGF binds MET, it produces oligomerization of the receptor and the subsequent activation of the tyrosine kinase
domain to exert the transcriptional regulation B8, The expression of HGF and MET, as well as the regulation of this
pathway, can also be affected by interleukins, such as IL-1and IL-6 or hypoxia-related factors, such as HIF 1o/2a, tumor
necrosis factor-o (TNFa) or some subtypes of FGF, such as bFGF B,

Once the tyrosine kinase domain is activated, several molecular signaling pathways are stimulated. Those pathways are
mainly PI3K/AKT and RAS/MAPK/ERK together with other auxiliary proteins, such as Sos, Gbr2 and including the
activation of Src, along with NFkB regulation B89 A|l these pathways regulate, therefore, cell proliferation, survival,
angiogenesis, motility and epithelial to mesenchymal transition (EMT).

The HGF/MET pathway interacts with other cell pathways that can reinforce its activation. In fact, in this sense, several
escape mechanisms to various drugs have been described. Interaction with EGFR/HER2 mainly occurs because EGFR
can activate Src-dependent MET in a ligand-independent manner 23, HGF/MET also interacts with the VEGFR2 pathway,
mainly by increasing VEFGA, and the NOTCH or Bcatenin and WNT pathways, which partly explains the role of this
receptor in EMT, angiogenesis and tumor growth and migration 42441,

3.4. AxI

Axl is part of the TAM receptors family, constituted by three members: Tyro3, Mer and Axl itself. The TAM family is
expressed mainly in the liver, central nervous system, platelets and in some cells of the innate immune system and the
vascular endothelium 221 All of them have different physiological functions, but they have in common their important



relationship with cell proliferation and motility in cancer cells. Axl is also involved in angiogenesis and hematopoiesis,
unlike Mer that is involved in immunosuppressive cell mechanisms [231144],

The Axl structure is similar to other tyrosine kinase receptors. It has an extracellular domain with two immunoglobulin-like
ligand binding domains, a transmembrane region and an intracellular region where the tyrosine kinase dominion is located
(4],

Growth arrest-specific protein 6 (Gas6) is the most important ligand of Axl, but it is not the only one, since tubby-like
protein 1 (TULP-1) can also enhance the activation of this receptor. Usually, the binding of Gas6 with Axl occurs with two
molecules of Gas6 favoring the dimerization of two Axl proteins, with the subsequent autophosphorylation of the tyrosine
residues in the tyrosine kinase domain and the activation of the dependent intracellular signaling cascades 4311461,

Although the most frequent way for Axl activation is through Gas6, there are other alternative manners. Axl can also be
activated independently from the receptor: Under oxidative stress conditions, by interaction with another Axl receptor in
the same cell or with the one of a nearby cell or by hetero-dimerization with other receptor families, such as VEGFR1 or
other members of the TAM family 421,

Once tyrosine kinase domain is activated, Axl is able to exert its activity through different signaling pathways. It is able to
recruit PIBK/AKT/mTOR that regulates cell survival through the expression of NFkB. Furthermore, it acts over the
RAS/RAF/ERK and PI3K/RAC pathways to regulate proliferation and cell motility. In addition, it affects other membrane
receptors such as MET, VEGFR or EGFR and participates in EMT processes promoting invasiveness 48149

This crosstalk of Axl with other signaling pathways has been considered a mechanism of resistance against drugs
targeting molecules such as VEGFR, EGFR, BRAF or even ALK. Overall, Axl in kidney cancer is involved in angiogenesis
and in resistance mechanisms over drugs against VEGFR [22[511[52],

3.5. Fibroblast Growth factor Receptor (FGFR)

FGFR is a family of membrane receptors consisting of five components B3, FGFR1-4 has tyrosine kinase activity, while
FGFRS5, although it seems to have affinity for the FGFs, has no intracellular tyrosine kinase domain 241,

This family of receptors binds to FGF ligands that are secreted into the medium in order to be activated and fulfill their
intracellular functions. The FGF ligands are divided into seven subfamilies according to their origin and structure B2I58157:

e FGFL1: Constituted by FGF1, is also known as aFGF or FGF acid and FGF2 or bFGF (basic FGF);

e FGF4: Constituted by FGF4, FGF5 and FGF®6;

e FGF7: Constituted by FGF3, FG7, FGF10 and FGF22;

* FGF9: Constituted by FGF9, FGF16 and FGF20;

e FGF8: Constituted by FGF8, FGF17 and FGF18.

These forms are considered canonical or paracrine and recruit heparin or heparan sulfate as a cofactor to activate FGFR.
e FGF11: Constituted by FGF11, FGF12, FGF13 and FGF14.

The FGF11 family is also known as intracellular FGFs and use ion channels as activating cofactors.

* FGF15/19: Constituted by FGF15/19, FGF21 and FGF23.

This subfamily is also known as the endocrine FGFs and they use proteins from the Klotho family as cofactors: FGF 15/19
and FGF21 mainly need BKlotho and FGF23 needs aKlotho.

All FGFs are not expressed in the same spatial or temporal framework, in fact, some of them are only relevant in
embryonic development 28, However, others play an important role in adult life: Activating FGFRs. These are expressed
by different types of tissues and regulate cell proliferation, migration, survival and differentiation. In addition, they also
regulate other growth factor receptors such as EGFR, VEGF or HGF, so a role in angiogenesis and inflammation has
been suggested for FGFR [22160],



FGFR exhibits a structure including three immunoglobulin-like extracellular domains that bind to FGFs, a transmembrane
domain and an intracellular tyrosine kinase domain [1. Once FGF binds, FGFR dimerizes causing autophosphorylation of
the tyrosine residues in the tyrosine kinase domain and triggers the intracellular signaling cascade. FGFR is able to recruit
Src and its effectors, to finally activate RAS/ERK and also, directly phosphorylates FGFR substrate 2 (FRS2) that is able

to activate the PI3K/AKT pathway. In addition, the activation of FGFR leads the activation of PLCy and PKC to activate
MAPK 876263,

| 4. The Impact of Inmunotherapy in an Angiogenic Disease

The involvement of VHL in kidney cancer was the first hit that allowed the development of all the previously mentioned
TKls treatments leading a historic change in metastatic RCC survival. Moreover, the immune system has also been
investigated as a relevant player in kidney cancer behaviour and target agents have demonstrated survival impact in
clinical trials with novel immune-based therapies. Indeed, the benefit in OS was reached by the Checkmate 025 trial
where patients in the second- and third-line treatment were randomized to receive nivolumab versus everolimus 84l The
primary endpoint was achieved (median OS = 25 months for nivolumab versus 19.6 months for everolimus (HR = 0.73, p
= 0.002)) and nivolumab became a new standard of care after treatment with a VEGFR inhibitor. Furthermore, the double
immunotherapy combination (PD1/CTLA4) was evaluated in the first line setting in the Checkmate 214 trial including 1096
patients that were randomized to receive nivolumab 3 mg/kg plus ipilimumab 1 mg/kg versus sunitinib at standard dose
(291 The results showed a significant benefit in the coprimary endpoints of ORR (42% with nivolumab plus ipilimumab
versus 27% with sunitinib, p < 0.001), median PFS (11.6 months with nivolumab plus ipilimumab and 8.4 months with
sunitinib, HR = 0.82, p = 0.03) and median OS (not reached with nivolumab plus ipilimumab versus 26.0 months with
sunitinib, HR = 0.63, p < 0.001), among intermediate- and poor-risk patients. After these results, the double
immunotherapy combination was approved in this setting. Even though it was not considered a primary endpoint of the
trial, interesting results were reported from the favorable risk MSKCC group. In this exploratory analysis, the ORR was
29% (11% of complete responses) with nivolumab plus ipilimumab versus 52% (6% of complete responses) with sunitinib.
The median PFS in this subgroup was 15.3 months with nivolumab plus ipilimumab versus 25.1 months with sunitinib and
the median OS was not reached with nivolumab plus ipilimumab compared with 32.9 months in the sunitinib arm. The
updated results of the coprimary endpoints presented in the 2019 Genitourinary Cancers Symposium after a minimum
follow up of 30 months (median 32.4 months) still show a benefit of nivolumab plus ipilimumab in the Intention-To-Treat
(ITT) and intermediate- and poor-risk patients [€2]. On the contrary, in the favourable-risk group, no significant benefit was
reported.

Remarkably, immunotherapy has also been combined with TKIs in the first line setting of kidney cancer. This treatment
strategy is currently being evaluated in different phase Il trials, two of them have recently published their results 8167,
The first one is the MK426 trial that randomized 861 patients with metastatic ccRCC to receive treatment with
pembrolizumab 200 mg plus axitinib 5 mg/12 h versus sunitinib 50 mg/24 h four weeks on/two weeks off 88l After a
median follow-up of 12.8 months, the study met its primary endpoints with a median OS not reached in both groups (HR =
0.53; p < 0.0001) and a median PFS of 15.1 months with pembrolizumab plus axitinib versus 11.1 months with sunitinib
(HR = 0.69; p < 0.001). The ORR was 59.3% (complete responses = 5.8%) with pembrolizumab plus axitinib and 35.7%
(complete responses = 1.9%) with sunitinib. The second trial is the JAVELIN RENAL 101 that randomized 886 patients to
receive avelumab 10 mg/kg plus axitinib 5 mg/12 h versus sunitinib 50 mg/24 h four weeks on/two weeks off 4. The
study also met its coprimary endpoints of PFS and OS among patients with PDL-1 positive tumors. A PDL1-positive tumor
was found in 560 patients (63.2%) and, after a median follow up of 11.6 months, the median PFS was 13.8 months with
avelumab plus axitinib versus 7.2 months with sunitinib (HR = 0.61; p < 0.001) and data on OS were still immature due to
the low number of events (37 patients had died in the avelumab plus axitinib group and 44 patients had died in the
sunitinib group).
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