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This Special Issue provides an insight into critical issues concerning clear cell renal
cell carcinomas (CCRCCs), reflecting the recent level of intricacy reached by renal oncology.
The collection includes nineteen papers (nine articles, eight reviews, one perspective, and
one commentary) which deal with contemporary diagnostic, prognostic, and therapeutic
aspects of this tumor. Moreover, this Special Issue aims to provide a humble and sincere
homage to the memory of Prof. Ondrej Hes, a worldwide referential Czech pathologist
in renal cancer, who passed away unexpectedly on 2 July 2022 at the age of 54. We are
honored to have two contributions co-authored by him (refs. [1,2]) in this collection.

Manini et al. [3] focus on tumor sampling as a cornerstone to scrutinize the complexity
of intratumor heterogeneity (ITH) in CCRCC. Based on the recent molecular findings of
tumor regionalization [4], the authors propose focalizing tumor sampling on peripheral
zones, where ITH is expected to be the highest. Conversely, the tumor interior, where
metastasizing subclones develop, is more homogeneous.

Sequeira et al. [5] show that a specific pattern of miRNA expression characterizes
CCRCC with a sensitivity of 74.78%. This pattern includes hsa-miR-126-3p and hsa-miR-
200b-3p levels. The authors conclude that this minimally invasive test may be useful to
detect CCRCC in the early stages of tumor development.

Gopal et al. [6] review the current advances and future directions of the use of ra-
diogenomics in the management of CCRCC. The authors update the issue and stress the
promising correlation found between imaging features and gene expression patterns in
several neoplasms, particularly in CCRCC.

Vano et al. [7] review the first-line treatment options in metastatic CCRCC. They state
that a strategy based on the International Metastatic Database Consortium is currently
recommended with either pembrolizumab and axitinib, cabozantinib and nivolumab, or
levantinib and pembrolizumab given as the first-line treatment for all patients. Addi-
tionally, patients with an intermediate or poor risk should be treated with nivolumab
and ipilimumab. They indicate that several issues, such as PD-L1 status, are unresolved
and deserve further analyses. Thus, making therapeutic decisions based on a reliable
immunohistochemical detection of the PD-L1 is still a matter of controversy [8].

Larrinaga et al. [9] compare the plasma and tissue expression of PD-1 and PD-L1
in a series of 89 CCRCCs. This unprecedented analysis yielded some significant results,
for example, the plasmatic levels of both proteins were lower in CCRCC patients than
in the controls. The study also confirms that the high expression of PD-1 and PD-L1 in
tumor tissue was associated with tumor grade, size, and tumor necrosis. While PD-1 was
associated with tumor stage (pT), PD-L1 was associated with metastases. The combination
of plasmatic and tissue positivity increased the level of significance to predict the prognosis
of these patients.

Several contributions deal with the ever-changing landscape of therapies and resis-
tances to therapies occurring in these tumors. Three clinical reviews [10-12] and one
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article analyzing sunitinib resistance in CCRCC cell lines [13] revisit this particularly
important issue.

Ballesteros et al. [10] focus on the molecular mechanisms of resistance to immunother-
apy and antiangiogenic drugs. Resistance associated with tyrosine-kinase inhibitors
include molecular mechanisms related to hypoxia, the angiogenic switch, epithelial-to-
mesenchymal transition, the activation of bypass pathways, the lysosomal sequestration of
tyrosine kinase inhibitors, non-coding RNAs and single-nucleotide polymorphism, and
the tumor microenvironment. Among the pathways associated with resistance to immune
checkpoint inhibitors, the authors analyze interferon gamma signaling, Wnt/ 3-catenin,
MAPK, PI3K/AKT/mTOR, cell cycle checkpoint, the loss of major histocompatibility
complexes I and II, and the tumor microenvironment.

Angulo et al. [11] analyze the epigenetic landscape of CCRCCs. Thus, abnormal DNA
methylation, methyl-binding proteins, post-translational histone modifications, miRNAs,
long non-coding RNAs, and RNA methylation are thoroughly reviewed. Furthermore, the
authors revise the epigenetic-based therapeutic opportunities for CCRCCs and the caveats
and limitations of these treatments.

Kim et al. [12] update the immune landscape and the immunotherapy opportunities
of CCRCCs, i.e., cytokine-based immunotherapy, tyrosine kinase and mTOR inhibitors, and
immune checkpoint inhibitors. The authors also focus on single-cell genomics to analyze
the tumor microenvironment.

Sunitinib is a standard first-line treatment for metastatic CCRCCs [14]. Armesto et al. [13]
have identified miRNA:target interactions involved in sunitinib resistance using three
CCRCC cell lines (786-O, A498, and Caki-1). They have demonstrated that the use of
in vitro models of sunitinib resistance, combined with an integrated approach of miRNA
and gene expression, can identify divergent mechanisms of resistance with potential benefit
for patients.

Paderi et al. [15] retrospectively evaluate the immune-related adverse effect of nivolumab
and ipilimumab in 43 patients with metastatic renal cell carcinomas, 36 of them being
CCRCCs. They conclude that adverse effects, such as thyroid dysfunction and cutaneous
reactions, were associated with longer progression-free survivals and that patients that ex-
perienced more than one adverse effect presented a better response to treatment. Endocrine
disorders, notably thyroid toxicities, must be taken into account since they present clinically
with vague symptoms and unclear clinical pictures. The effect of nivolumab on the PD-1
expression in a culture model of CCRCC has been analyzed by Stenzel et al. [16]. They
conclude that data obtained from ex vivo tissue slice culture may predict patient response
to nivolumab. The influence of molecular subtypes based on genomic and transcriptomic
features in the responsiveness of metastatic CCRCCs to immune checkpoint inhibitors has
been reviewed by Jee et al. [17].

Mattila et al. [18] analyze the existing prognostic features and prediction models for
localized CCRCCs, a growing group of tumors with an unpredictable clinical course. They
conclude that prognostic factors and prediction models may help evaluate the risk of
recurrence after surgical resection in localized CCRCCs, which would reduce follow-up
imaging in low-risk cases. Additionally, better prediction models would help select patients
for adjuvant trial therapies.

Lipidomic analysis adds interesting information in normal and neoplastic kidneys.
Molecular histology has recently been profiled in non-tumor kidney tissue using the mass
spectrometry of lipids [19]. Data obtained in this study demonstrate that up to seven lipidic
patterns correlate with different parts of the nephron, allowing one to distinguish character-
istic lipidic fingerprints in different individuals. The lipidomic analysis performed in sam-
ples from 12 CCRCCs has demonstrated the overexpression of stearoyl-CoA desaturase-1
(SCD-1) induced by the hypoxic microenvironment [20] which is characteristic of this
neoplasm. The authors have detected a particular lipidomic composition involving SCD-1
in the center of CCRCC which in turns depends on the high hypoxic status found at this
level. They conclude that SCD-1 may be a potential target in future treatments of these
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tumors. Other authors have detected that metastasizing clones of CCRCCs are located in
the tumor’s center [4], where hypoxia is high and the struggle for survival is fierce.

The molecular heterogeneity in paired primary and metastatic samples of CCRCCs
has previously been analyzed [21,22]. Prochazkova et al. [1] have studied the mutational
variability between primary CCRCCs (four cases) and their multiple pulmonary metastases
(nine metastases in total). The authors conclude that all the cases studied displayed high
mutational variability not only when comparing the primary tumors, but also among the
metastases themselves. These findings confirm the previous analyses which stress the high
inter- and intratumor variability in most CCRCCs, a feature of critical importance when
making therapeutic decisions for patients.

Recent studies have shown that the angiogenic type of CCRCC is linked to PBRM1
gene loss [23]. In this Special Issue, Saiga et al. [24] correlate the immunohistochemical
expression of PBRM1 with specific architectural and vascular patterns in CCRCCs. The au-
thors found that endothelial expression tends to be lost in cases with low PBRM1 expression.
Previous studies of the same research group have demonstrated that a vascularity-based
architectural classification of CCRCC has prognostic implications [25].

Khaleel et al. [26] analyze the translation between the radiologic phenotype and
the underlying genotype available in the current radiogenomics literature of CCRCCs,
reviewing PubMed, Medline, Cochrane Library, Google Scholar, and the Web of Science
databases. Most studies use computed tomography images and the most common genomic
mutations of CCRCC (VHL, PBRM1, BAP1, SETD2, and KDM5C) for such translation.
They conclude that the field is promising but further studies are needed to implement this
approach in clinical practice.

Roldan et al. [27] define a gene-expression-based signature in CCRCCs with prognostic
implications based on a whole-transcriptome profiling of 26 cases. They found a total of
132 genes related to prognosis; however, following a Cox analysis, a nomogram including
CERCAM, MIA2, HS65T2, ONE-CUT2, SOX12, and TMEM132A genes, together with
pT stage, tumor size, and ISUP grade, has been generated. The authors conclude that
this nomogram discriminates between two different groups of CCRCCs with different
probabilities of recurrence and predicts cancer-specific survival.

A commentary in this CCRCC Special Issue refers to the urologist’s perspective of the
so-called multilocular cystic renal neoplasm of low malignant potential [2]. The clinical,
radiological, and pathological findings as well as the therapeutic management are reviewed.
They conclude that this entity is a lesion with excellent prognosis in which a conservative
nephron-sparing treatment, if technically possible from the surgeon’s perspective, should
be performed.

Author Contributions: C.M. and J.I.L. designed and wrote the manuscript. All authors have read
and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: Clear cell renal cell carcinoma (CCRCC) is well known for intra-tumoral hetero-
geneity. However, there are limited data focusing on the inter-tumoral and inter-metastatic hetero-
geneity of CCRCC. In one study, primary and metastatic tumors were classified as clear cell type A
or B subtypes, using nanostring expression technology. It was found that primary and metastatic
tumors of CCRCC differed in nearly one half of patients. Approximately one quarter of metastatic
tumors display inter-metastatic heterogeneity. Another study, using an immunohistochemical assay,
found inter-metastatic tumor heterogeneity of BAP1 in only 1 of 32 patients (3%). Comparing gene
expression across patient-matched primary-metastatic tumor pairs, 98% had concordant BAP1 status.
We aimed to review published data and to examine mutation profile variability in primary and
multiple pulmonary metastases (PMs) in our cohort of four patients with metastatic CCRCC.

Abstract: (1) Background: There are limited data concerning inter-tumoral and inter-metastatic
heterogeneity in clear cell renal cell carcinoma (CCRCC). The aim of our study was to review
published data and to examine mutation profile variability in primary and multiple pulmonary
metastases (PMs) in our cohort of four patients with metastatic CCRCC. (2) Methods: Four patients
were enrolled in this study. The clinical characteristics, types of surgeries, histopathologic results,
immunohistochemical and genetic evaluations of corresponding primary tumor and PMs, and follow-
up data were recorded. (3) Results: In our series, the most commonly mutated genes were those
in the canonically dysregulated VHL pathway, which were detected in both primary tumors and
corresponding metastasis. There were genetic profile differences between primary and metastatic
tumors, as well as among particular metastases in one patient. (4) Conclusions: CCRCC shows
heterogeneity between the primary tumor and its metastasis. Such mutational changes may be
responsible for suboptimal treatment outcomes in targeted therapy settings.

Keywords: clear cell renal cell carcinoma; intra-tumoral heterogeneity; inter-tumoral heterogeneity;
inter-metastatic heterogeneity
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1. Introduction

Clear cell renal cell carcinoma (CCRCC) is the most common renal carcinoma, account-
ing for more than 70% of adult renal cancer [1,2]. Nonsurgical therapy for metastatic RCC
(mRCC) has limited efficacy, with a median overall survival (OS) of 26.4-32.0 months [2].
The lung is one of the most affected metastatic sites in patients with CCRCC. If clinically
feasible, metastasectomy is preferable for metastatic disease [3]. The 5 year survival rates
after a complete pulmonary metastasectomy range from 36 to 83% [4].

CCRCC is well known for intra-tumoral heterogeneity [2,5-10] and morphologic,
immunohistochemical and genetic differences also exist between the primary tumor and its
metastases (inter-tumoral heterogeneity) [11-14]. Furthermore, heterogeneity among multi-
ple metastases in a single patient (inter-metastatic heterogeneity) has been reported [11,14].

VHL, BAP1, PBRM1, and SETD2 are the most frequently mutated genes, all located
on chromosome 3p. Chromosome arm 3p loss is a common event in primary CCRCC,
and in difficult diagnostic pathology cases, molecular evaluation can be used to support a
diagnosis of CCRCC, such as chromosome 3p loss (FISH, cytogenetics, or copy number
analysis) or VHL mutational analysis. However, 3p loss may not be entirely specific for
clear cell RCC in all contexts [15]. For example, chromosome 3p loss has been recognized
in subsets of papillary RCC, unclassified RCC, and RCC with the amplification of the
6p21/TFEB gene region, including in tumors with non-clear cell morphology and without
VHL alterations [16-18]. Although the majority of CCRCCs show mutation in the VHL
gene, LOH3p, or the hypermethylation status of VHL gene, 25-30% of CCRCCs show other
molecular genetic changes [2]. The molecular study of the Cancer Genome Atlas Research
Network identified 19 significantly mutated genes, with alterations of VHL, PBRM1, SETD?2,
KDMC, PTEN, BAP1, MTOR and TP53, being the eight most frequent [2,19].

CCRCC is ideal for studying intra-tumoral heterogeneity, since adjuvant therapy is
not standard practice [3]. Therefore, the effect of therapy on the development of resistance
or tumor changes can be excluded. The aim of this review was to summarize the current
knowledge on intra-tumoral, inter-tumoral, and inter-metastatic heterogeneity in CCRCC
at the morphologic, immunohistochemical, and molecular-genetic levels.

1.1. Morphology and Immunohistochemistry
1.1.1. Intra-Tumoral Heterogeneity

Lopez et al. [5] drew attention to the problem of tumor sampling, particularly in
CCRCC where some large tumors may display areas with different colors and/or textures
on gross sections. It is worth noting that even neoplastic cell populations in CCRCC,
which may seem homogenous microscopically, indeed may be very heterogeneous at the
molecular level with different mutation profiles in different parts of the tumor [6]. In
routine clinical practice, more than 95% of the tissue of a given 10 cm tumor is not analyzed,
when following typical sampling protocols (i.e., one block per 1-2 cm of the tumor). In
these cases, the histo-molecular data that might be derived from non-sampled areas of the
tumor are lost. Therefore, some authors suggest that a multisite tumor sampling approach
would be more informative than routine sampling [6,7].

CCRCC is typically immunoreactive for PAX8, PAX2, pankeratin (AE1-AE3), CAM5.2,
and epithelial membrane antigens. Carbonic anhydrase 9 (CA9) is positive in a diffuse
membranous pattern in 75-100% of CCRCC; however, high-grade tumors may exhibit
a reduced immunohistochemical expression [2]. According to the latest edition of the
WHO classification of genitourinary tumors, keratin 7 positivity in CCRCC is only seen
in isolated cells, in rare high-grade tumors, and is often used to distinguish CCRCC from
chromophobe RCC [2]. However, in a recent study by Gonzalez et al. examining keratin 7
reactivity in a spectrum of 75 CCRCC tumors, it was shown that low-grade CCRCCs were
more frequently positive than high-grade tumors [8].
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1.1.2. Inter-Tumoral Heterogeneity

Eckel-Passow and colleagues analyzed the immunohistochemical expression of BAP1
and PBRM1 in primary and metastatic tumors from 97 patients. In their cohort, 20% of
primary tumors showed the loss of BAP1 staining and 57% showed the loss of PBRM1.
They demonstrated subtle molecular heterogeneity in the metastatic tumors with similar
morphology. Comparing expression across patient-matched primary-metastatic tumor
pairs, the authors reported that 98% had concordant BAP1 status (90% PBRM1). Only two
patients demonstrated discordant BAP1 immunohistochemical expression, with the loss of
BAP1 during the progression to metastatic disease [11].

1.1.3. Inter-Metastatic Heterogeneity

Eckel-Passow et al. [11] also determined the inter-metastatic tumor heterogeneity
of BAP1 using immunohistochemical examination. However, they found heterogeneity
of BAP1 in only 1 patient in a cohort of 32 patients (3%). The primary tumor for this
patient was BAP1 positive, whereas the first bone metastasis was IHC negative, and
the second bone metastasis) was IHC positive. In this study, the authors also examined
intra-metastatic tumor heterogeneity, and found a 100% concordance in BAP1 between
12 patients. The limitation of this study was that the expression was determined using an
immunohistochemical assay only, with no further molecular genetic validation.

1.2. Molecular Genetic Analysis
1.2.1. Intra-Tumoral Heterogeneity

Gerlinger et al. analyzed material from four tumors (core biopsy) in four patients with
metastatic CCRCC. They demonstrated intra-tumoral heterogeneity for a mutation within
an auto-inhibitory domain of the mTOR kinase. Mutational intratumoral heterogeneity was
found for multiple tumor suppressor genes resulting in a loss of function. Multiple distinct
mutations of SETD2, PTEN, and KDM5C genes were found within a single tumor [9].

In their subsequent study, the authors showed that ultra-deep sequencing identified
intra-tumoral heterogeneity in all cases. Using multiregional exome sequencing, the authors
reported the following as the most prevalent mutations: PBRM1 60%, SETD2 30%, BAP1
40%, KDM5C 10%, TP53 40%, ATM 10%, ARID1A 10%, PTEN 20%, MTOR 10%, PIK3CA
20%, and TSC2 10%. The combined prevalence of the indicated PIBK-mTOR pathway genes
(PTEN, PIK3CA, TSC2, MTOR) was up to 60% [10].

1.2.2. Inter-Tumoral Heterogeneity

According to Serie et al. [14], heterogeneity between primary and distant simultaneous
metastases affects half of the patients with metastatic CCRCC. The authors analyzed
primary CCRCC and their metastases using nanostring technology. Nanostring assays were
successful in 91 primary tumors and 123 metastases from different organs, most frequently
from the lung. ClearCode 34 genes were also analyzed for all tumors. They divided
primary and secondary tumors into so-called ccA and ccB subtypes, based on the proposed
stratification by Brooks et al. [12]. They further compared ccA/ccB subtypes across patient-
matched primary and metastatic CCRCC tumors and documented discordance in 43%
of patients.

1.2.3. Inter-Metastatic Heterogeneity

Serie et al. [14] also evaluated inter-metastatic tumor heterogeneity. Thirty patients
in their cohort had more than one metastatic tumor. Seven of the 30 (23%) had metastatic
tumors with discordant ccA/ccB subtypes.

2. Materials and Methods

Pulmonary metastasectomy for metastatic CCRCC (single or multiple metastases) was
performed in 35 patients (without evidence of local residual disease, recurrence, or any
disease other than pulmonary metastases) in a single academic institution (Department of
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Surgery, University Hospital in Pilsen) from January 2001 to January 2019. From this cohort,
13 patients had undergone multifocal surgical treatments for their pulmonary metastases
of CCRCC. Four patients were excluded from our study since the primary tumor was not
available. Five patients were later excluded from the study because of low DNA quality.
Finally, four cases were selected and enrolled into the study.

The following clinical and pathologic characteristics were obtained: gender, age at
diagnosis, tumor size, pathologic stage [20], histologic grade (ISUP/WHO) [2], progression-
free interval (PFI is defined as the time period between curative primary kidney surgery
and the first detection of metastatic disease), pulmonary metastases details (site, size
of the largest metastasis, synchronous or metachronous, number, and laterality), the
type of pulmonary surgery, histopathology results, the type of adjuvant therapies, and
follow-up data.

The primary tumor was diagnosed based on morphology and the immunohistochemi-
cal (IHC) profile. The tissues were processed as published previously [21]. The following
primary antibodies were used: keratin 7 (OV-TL12/30, monoclonal, DakoCytomation,
1:200), vimentin (D9, monoclonal, NeoMarkers, Westinghouse, CA, USA, 1:1000), carbonic
anhydrase 9 (rhCA9, monoclonal, R&D Systems, Abingdon, GB, USA, 1:100), PD-L1 (22C3,
monoclonal, Cell Signaling, Danvers, MA, USA, 1:25), and Ki67 (MIB1, monoclonal, Dako,
Glostrup, Denmark, 1:1000). The primary antibodies were visualized using a supersensitive
streptavidin-biotin—peroxidase complex (BioGenex, Fremont, CA, USA). Internal biotin
was blocked by the standard protocol used by the Ventana BenchMark XT automated
stainer (hydrogen peroxide-based). Appropriate positive and negative controls were ap-
plied. The immunohistochemical evaluation was based on the staining percentage of cells:
focal positive < 50%, diffuse positive > 50%, and negative (—) 0%. For the PD-L1 antibody,
a total % of positive neoplastic cells and % of intervening stromal cells and lymphocytes
was recorded.

2.1. Mutation Analysis

A mutation analysis detection of tumor and non-tumor tissue was performed using
a TruSight Oncology 500 (TSO500) panel (Illumina, San Diego, CA, USA) [22]. In two
cases, data from the TruSight Tumor 170 panel (TS170) (Illumina) were used for samples
with low DNA quality. The gene list was previously published [23]. Total nucleic acid
was extracted using an FFPE DNA kit (automated on an RSC 48 Instrument, Promega,
Madison, WI, USA). Purified DNA was quantified using a Qubit Broad Range DNA
assay (Thermo Fisher Scientific, Waltham, MA, USA). The quality of DNA was assessed
using the FFPE QC kit (Illumina). DNA samples with Cq < 5 were used for further
analysis. After DNA enzymatic fragmentation with a KAPA Frag Kit (Kapa Biosystems,
Washington, MA, USA), DNA libraries were prepared with the TSO500/TS170 (Illumina)
according to the manufacturer’s protocol. Sequencing was performed on the NextSeq 500
sequencer (Illumina) following the manufacturer’s recommendations. A data analysis was
performed using the TSO500/TS170 application on the BaseSpace Sequence Hub (Illumina).
DNA variant filtering and annotation were performed using the cloud-based tool Variant
Interpreter (Illumina). A custom variant filter was set up including only variants with
coding consequences at an allelic frequency of 5% and higher. The cut-off was set at 1% only
in the case of mutations known in related tumor tissue. Comparing tumor and non-tumor
data, germline alterations were excluded. The remaining subset of variants was checked
visually, and suspected artefactual variants were excluded.

2.2. Analysis of VHL Promoter Methylation

The detection of promoter methylation was carried out via methylation-specific PCR
as previously described [24].
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2.3. LOH Analysis

For an LOH analysis of neoplastic tissue DNA, ten STR (short tandem repeats) markers
D3S666, D351270, D351300, D351581, D351597, D351600, D351603, D351768, D352338 and
D3S3630 located on the short arm of chromosome 3 (3p) were chosen from the database
(Gene Bank UniSTS) [25].

3. Results

Four patients were enrolled in the study. Clinicopathologic data are summarized
in Table 1. The patients were two men and two women, with ages ranging from 53.6 to
67.4 years (mean 61.5, median 62.5 years) at the time of renal surgery. Radical nephrectomy
was performed in three cases. In one case, nephron sparing surgery was performed, but
during the follow-up period, radical nephrectomy was completed due to recurrence (after a
period of 72.6 months). Tumor size ranged from 30 mm to 75 mm (mean 53.5, median 54.5).
The pathologic stage included 1x pT2a, 1x pT3a, and 2x pTla. At the time of diagnosis,
one patient had synchronous pulmonary lesions. The median progression-free interval
(PFI) of the other cases was 40.5 months.

The mean age at the time of pulmonary metastasectomy was 65.5 years. Two patients
had bilateral lung metastases, which were resected in a multistage fashion in independent
surgeries. Overall, nine metastases were removed (in three patients, there were two
metastases; in one patient, there were three metastases).

Signs of aggressive behavior were found approximately 2 to 35 months after pul-
monary metastasectomy (metastatic progression to bones, lung, mediastinum, lymph
nodes, and brain; median PFI was 18.7). Follow-up data were available for all patients,
ranging approximately from 88 to 123 months (mean 104.4, median 103.4 months). For
brain metastasis, surgical treatment using a gamma knife was performed. However, this
patient died of peritonitis 3 months after the brain surgery. One patient died from the
progression of the disease to the lung and bone 6 years after pulmonary surgery. To date,
one patient with a progression of disease after 2 months (lymphatic tissue, bones, kidney)
and one patient with a progression of disease 35 months (lymph nodes) after pulmonary
surgery are alive.

Table 1. Primary tumors: clinicopathological features.

Patient 1 Patient 2 Patient 3 Patient 4

Sex F M M F

Age (years) 61.6 67.4 63.4 53.6
Size (mm) 39 75 30 70

pT (UICC 2017) pTla pT2a pTla pT3b
Grade (WHO/ISUP) 3 2 2 2

TTP meta 1 40.5 M1 59.6 38.1

TTP meta 2 40.5 M1 81.1 38.1

TTP meta 3 - - 81.1

F, female; M, male; M1, M1 stage (pulmonary metastases at the time of the renal cancer diagnosis); TTP, time to
pulmonary progression (months).

3.1. Morphology

All cases showed morphologic features typical of CCRCC. Primary tumors were
arranged in a solid alveolar pattern, and occasionally with smaller cystic areas. The rich
vasculature characteristic of CCRCC was noted in all primary tumors. Only small foci of
necrosis or regressive changes were recorded. Neoplastic cells were mostly voluminous
with clear to pale eosinophilic cytoplasm. The histologic grade was 2 in three tumors and 3
in one tumor. Metastases showed relatively uniform morphology, arranged mostly in solid
architecture and composed of predominantly clear cells. The histologic grade was 2 in 8/9
metastatic foci and 3 in 1/9 metastases (Table 2).
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Table 2. Grade of the primary tumors and metastases.

Patient 1 Patient 2 Patient 3 Patient 4
Primary tumor grade 3 2 2 2
Met 1 grade 2 2 3 2
Met 2 grade 2 2 2 2
Met 3 grade 2

Met, metastasis.

3.2. Immunohistochemical Analysis

All primary tumors and metastases were positive for CA9 (diffuse strong positivity)
and vimentin. The Ki-67 proliferation index ranged from 3-12 positive cells /high-power
field (under 10%). Primary tumors and metastases were negative for keratin 7.

The primary tumor and metastases were immunohistochemically examined using
BAP1 antibody. Except for one tumor (patient 4), all primary tumors were BAP1 negative.
In patient 3, negative BAP1 in the primary tumor and positive BAP1 in two of three PMs
were documented.

PD-L1 reactivity was evaluated in all available samples. Only one primary tumor
showed significant positivity (up to 30% of neoplastic cells); however, no positivity was
documented in the available tissue from pulmonary metastasis (Table 3).

Table 3. PD-L1 reactivity in the primary tumor and metastases.

PD-L1 Case 1 Case 2 Case 3 Case 4
Primary tumor *0% *0% *up to 5% *30%
y 0% ** 0% 0% 0%

*0% *0% * 0%

Met1 NA ** 0% **up to 5% ** 0%

*up to 5% * 0%
Met 2 P o 0o NA NA
Met 3 NA

Met, metastasis; * PD-L1 in neoplastic cells; ** PD-L1 in tumor infiltrating lymphocytes and stroma; NA, not available.

3.3. Molecular Genetic Analysis

Results of the molecular genetic analysis are summarized in Table 4. Typical VHL
gene alterations were found in three primary tumors and their PMs (75%). In the patient
without VHL mutation, we found alterations in CUL3, DOT1L, SETD2 and TSC1 in the
primary tumor, with the addition of BAP1 gene mutation in its analyzable PMs.

The comparison of mutation pattern among primary tumors and their PMs showed
heterogeneity in three (75%) cases. In one case (patient 1), inter-metastatic differences were
also found. In one metastasis, the mutation of GNAQ and loss of LOH3p were detected;
however, in the second metastasis those changes were not confirmed. The comparison is
displayed in Table 5.

Table 4. Mutational profile of primary tumors and their PMs using TSO500/TS170 panels.

Gene Protein ID:Protein Alteration Transcript ID: Mutation Allele Frequency
Patient Kﬁg’rfﬁgy tumor MSH6 NP_000170.1:p.(Ala780Ser) NM_000179.2:¢.2338G>T 0.2586
MYOD1 NP_002469.2:p.(Glu158Lys) NM_002478.4:c.472G>A 0.2071
PBRM1 NP_060783.3:p.(Tyr893Ter) NM_018313.4:¢.2679T>A 0.2885
SETD2 NP_054878.5:p.(Lys2471Ile) NM_014159.6:¢.7412A>T 0.3654
TFE3 NP_006512.2:p.(Pro374Ala) NM_006521.5:¢.1120C>G 0.2237
VHL NP_000542.1:p.(Ser65Ter) NM_000551.3:c.194C>A 0.3855

12
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Table 4. Cont.

Gene

Protein ID:Protein Alteration

Transcript ID: Mutation

Allele Frequency

Patient 1—metastasis 1
TMB—5.5

Patient 1—metastasis 2

Patient 2—primary tumor
TMB—4.7

Patient 2—metastasis 1
TMB—6.3

Patient 2—metastasis 2
TMB—7.1

Patient 3—primary tumor
TMB—4.7

Patient 3—metastasis 1
TMB—4.7

Patient 3—metastasis 2
TMB—4

Patient 4—primary tumor
TMB—3.1

Patient 4—metastasis 1
TMB—1.6

Patient 4—metastasis 2

BCORL1

MSH6
MYOD1
PBRM1
SETD2
TSC1
VHL

TSC1

GNAQ
CDK12

PTEN
REL
SETD2
TGFBR2
VHL

CDK12

PTEN
REL
SETD2
TGFBR2
VHL

CDK12

PTEN
REL
SETD2
TGFBR2
VHL

CUL3

DOTIL
SETD2
TSC1

BAP1

CUL3
DOTIL
SETD2

TSC1

BAP1

CUL3
DOTIL
SETD2

TSC1

ARID5B

BAP1
VHL
XIAP

ARID5B

BAP1
VHL
BAP1

NP_001171701.1:p.(Pro787Thr)

NP_000170.1:p.(Ala780Ser)
NP_002469.2:p.(Glu158Lys)
NP_060783.3:p.(Tyr893Ter)
NP_054878.5:p.(Lys24711le)
NP_000359.1:p.(Glu839Ter)
NP_000542.1:p.(Ser65Ter)

NP_000359.1:p.(Glu839Ter)

NP_002063.2:p.(Tyr101Ter)
NP_057591.2:p.(Leu529PhefsTer81)

NP_002899.1:p.(Ser274Cys)
NP_054878.5:p.(Gly1467 ArgfsTer8)
NP_001020018.1:p.(Glu510Asp)

NP_057591.2:p.(Leu529PhefsTer81)

NP_002899.1:p.(Ser274Cys)
NP_054878.5:p.(Gly1467 ArgfsTer8)
NP_001020018.1:p.(Glu510Asp)

NP_057591.2:p.(Leu529PhefsTer81)

NP_002899.1:p.(Ser274Cys)
NP_054878.5:p.(Gly1467 ArgfsTer8)
NP_001020018.1:p.(Glu510Asp)

NP_001244127.1:p.(Val452PhefsTer9)

NP_115871.1:p.(Met147Ile)
NP_054878.5:p.(GIn2070Ter)
NP_000359.1:p.(Asn364LysfsTer5)

NP_004647.1:p.(Arg385Ter)

NP_001244127.1:p.(Val452PhefsTer9)
NP_115871.1:p.(Met1471le)
NP_054878.5:p.(GIn2070Ter)

NP_000359.1:p.(Asn364LysfsTer5)

NP_004647.1:p.(Arg385Ter)

NP_001244127.1:p.(Val452PhefsTer9)
NP_115871.1:p.(Met1471le)
NP_054878.5:p.(GIn2070Ter)

NP_000359.1:p.(Asn364LysfsTer5)

NP_115575.1:p.(Ala954Asp)

NP_004647.1:p.(Gly703SerfsTer30)
NP_000542.1:p.(Arg69AlafsTer82)
NP_001158.2:p.(Ser169Tyr)

NP_115575.1:p.(Ala954Asp)

NP_000542.1:p.(Arg69AlafsTer82)

NM_001184772.2:¢.2359C>A

NM_000179.2:¢.2338G>T
NM_002478.4:c.472G>A
NM_018313.4:c.2679T>A
NM_014159.6:c.7412A>T
NM_000368.4:¢.2515G>T
NM_000551.3:c.194C>A

NM_000368.4:¢.2515G>T

NM_002072.4:c.303C>A
NM_016507.2:c.1585del

NM_000314.6:c.492+1del
NM_002908.3:¢.821C>G
NM_014159.6:¢.4398dup
NM_001024847.2:¢.1530A>C
NM_000551.3:c.463+2T>A

NM_016507.2:c.1585del

NM_000314.6:c.492+1del
NM_002908.3:c.821C>G
NM_014159.6:c.4398dup
NM_001024847.2:¢.1530A>C
NM_000551.3:¢.463+2T>A

NM_016507.2:c.1585del

NM_000314.6:c.492+1del
NM_002908.3:¢.821C>G
NM_014159.6:c.4398dup
NM_001024847.2:¢.1530A>C
NM_000551.3:c.463+2T>A

NM_001257198.1:c.1354del

NM_032482.2:c.441G>T
NM_014159.6:¢.6208C>T
NM_000368.4:¢.1091dup

NM_004656.3:c.1153C>T

NM_001257198.1:c.1354del
NM_032482.2:c.441G>T
NM_014159.6:¢.6208C>T
NM_000368.4:c.1091dup

NM_004656.3:c.1153C>T

NM_001257198.1:c.1354del
NM_032482.2:c.441G>T
NM_014159.6:¢.6208C>T
NM_000368.4:¢.1091dup

NM_032199.2:c.2861C>A

NM_004656.3:c.2107_2116del
NM_000551.3:c.201_225del
NM_001167.3:c.506C>A

NM_032199.2:c.2861C>A

NM_004656.3:¢.122+1G>T
NM_000551.3:c.201_225del
NM_004656.3:¢.122+1G>T

0.2074

0.256
0.256
0.2657
0.2372
0.3039
0.2896

0.39

0.08
0.1264

0.2
0.0685
0.105
0.0857
0.1091

0.0993

0.2207
0.1138
0.1229
0.15
0.1044

0.0989

0.2308
0.1059
0.1365
0.0856
0.0828

0.1523

0.1664
0.1696
0.195

0.1193

0.1127
0.1032
0.1191
0.0714

0.1026

0.1076
0.0642
0.1177
0.0559

0.0835

0.1046
0.0917
0.0583

0.0835

0.0806
0.0718
0.03

Tumor/metastasis differences highlighted by red color. TMB, Tumor Mutation Burden; TS170 data in gray.
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Table 5. The genetic profile of primary tumors and their PMs.

Patient 2

Patient1 Patient1  Patient2 Metas- Patient2 Patient3 Patient3 Patient3 Patient3 Patient4 Patient4 Patient4
Primary Metas- Primary tasis Metas- Primary Metas- Metas- Metas- Primary Metas- Metas-
Tumor tasis 2 Tumor 1 tasis 2 Tumor tasis 1 tasis 2 tasis 3 Tumor tasis 1 tasis 2
ARID5B
BAPT T
BCORL1
CDK12
CUL3
DOTIL
CNAQ —
MSH6

MYOD1
PBRM1
PTEN

w

REL

SETD2

TFE3

TGFBR2
TSC1
VHL
XIAP

VHL
LOH
VHLM
_ non-sense mutation
missense mutation
I splice-site mutation
I  LOH—loss of heterozygosity—positive
LOH—loss of heterozygosity—negative
B  LOH—loss of heterozygosity—borderline

M—promoter methylation—positive
M—promoter methylation—negative

4. Discussion

The loss of the short arm of chromosome 3 in CCRCC is a ubiquitous somatic event, ac-
companied by the inactivation of the remaining VHL gene through mutation or methylation
(in >90%) [26-29].

The VHL gene product (pVHL) is a component of E3 ubiquitin ligase complex, a key
regulator of the cellular response to hypoxia. The E3 ubiquitin ligase complex promotes the
degradation of its substrates including the alpha subunit of the hypoxia inducible factor
(HIFx). The loss of VHL results in the accumulation of HIF-«, leading to the constitutive
expression of HIF target genes. These genes are involved in angiogenesis (e.g., VEGF),
glycolysis and glucose transport (e.g., GLUT1), and erythropoiesis (e.g., EPO), which
molecularly characterize CCRCC [30,31]. Mutations in other members of the E3 ubiquitin
ligase complex such as elongin C (ELOC/TCEB1) and cullin 2 (CUL2) occur rarely and are
mutually exclusive to VHL. Although there are differences between tumors with mutations
in TCEB1 and VHL, the dysregulation of the VHL pathway may explain the overlapping
morphology and immunohistochemical profile [32].

Chromosome 3p loss may be identified using different molecular genetic methods.
This and the mutation or promoter hypermethylation of VHL are so common in CCRCC
that a subset of tumors without such alterations may be misclassified [33]; however, the
usage of extensive molecular testing is rare in current clinical practice. Varying driver gene
alterations underpin CCRCC evolution and biology [34,35]. CCRCCs with VHL loss as the
only driver event are indolent and rarely metastasize.

The loss of 3p results in the simultaneous loss of three other tumor suppressor genes
that are frequently mutated in CCRCC: Polybromo 1 (PBRM1) (~50%), SET domain containing
2 (SETD2) (~20%), and BRCA1-associated protein 1 (BAP1) (~15%) [26,32,36]. It should
be noted that tumorigenesis in CCRCC follows a trunk-branch evolution [37], in which
the trunk mutation (VHL) is responsible for tumorigenesis and sub-clonal mutations (i.e.,
PBRM1, SETD2, BAP1) are developed during disease progression.

Similar to VHL, PBRM1 is often mutated early during tumor development [38].
PBRM1-mutated tumors with subsequent SETD2 mutations, driver somatic copy number
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alterations, or P13K pathway alterations have a more attenuated disease course [36,37,39].
In contrast, CCRCCs with BAP1 mutations or multiple driver mutations are associated with
aggressive clinical behavior and early metastatic disease. Additional driver mutations and
somatic copy number alterations include (i) inactivating mutations in histone modifying
genes (KDM5C and KDM6A), (ii) mutations in the mTOR pathway genes (TSC1, TSC2,
MTOR, PIK3CA, PTEN), (iii) the loss of TP53, and (iv) losses of chromosomes 14 and
9 [26,34,40].

Recent large scale gene expression analyses of metastatic CCRCC identified unique
molecular subsets with distinct drug response characteristics [38,41]. CCRCC with high
angiogenic gene signatures had a favorable response to anti-angiogenic therapies and were
enriched with PBRM1 loss [35,41]. In contrast, CCRCCs with an inflamed microenviron-
ment were associated with the highest PD-L1 expression, preferential responsiveness to
regimes containing immune checkpoint inhibitors and the highest rates of sarcomatoid
change and BAP1 mutations [38,39,41].

Passow et al. [11] also showed inter-metastatic tumor heterogeneity in BAP1 immuno-
histochemical reactivity in their study. The primary tumor in their study was BAP1 IHC
positive, the first bone metastasis (synchronous) was IHC negative, and the second bone
metastasis (diagnosed approximately 9 months later) was BAP1 IHC positive. In our
study, we also observed variability in BAP1 immunohistochemical reactivity. In one of
our cases (no. 3), the primary tumor and one of its metastases (PM3) were both BAP1
negative, whereas its two other distant metastases (PM1, PM2) were BAP1 positive. Of
note, these IHC findings were consistent with the mutation analysis. BAP1 IHC expression
also perfectly matched with the mutation profile in our fourth case, although two different
BAP1 mutations were unexpectedly found in the primary tumor and its PM. We assume
that this phenomenon could be a result of genetic drift during tumor progression

There are two genetic “supergroups” in RCCs: the Krebs cycle group and the mTOR/
TSC group. CCRCC is by far the most common example of the Krebs cycle group, whereas
the mTOR/TSC group includes a number of newly recognized novel tumors such as
eosinophilic solid and cystic RCC (ESC-RCC), eosinophilic vacuolated tumor (EVT), low-
grade oncocytic tumor (LOT), and RCC with prominent fibromyomatous stroma (RCC
FMS), for which the mutation of TSC1, TSC2 and/or MTOR is typical [42].

The mTOR pathway is an intracellular signaling pathway important for regulating the
cell cycle. The most common genes involved in the tumorigenesis of the mTOR pathway
group are TSC1, TSC2, and MTOR.

The mutation of the TSC genes in CCRCC is unusual but has been documented. Pang
et al. [43] reported a rare case of CCRCC with novel biallelic somatic mutations in TSC2.
This was a case of a 14-year-old female with VHL syndrome, where histologic findings
were typical of CCRCC morphology. In addition, immunohistochemical findings also
showed immunohistochemical expression for keratin, vimentin, CD10, and RCC, with
negative results for CA9, keratin 7 and TFE3 staining. In our series, one of our patients
(patient 1) demonstrated an interesting combination of mutations of VHL and TSCI in the
PM, whereas we did not observe this phenomenon in the primary tumor. In the second
patient, we verified a combination of VHL and PTEN mutations in the primary tumor
and both metastases. In our third patient, the primary tumor showed a combination of
TSC1, CUL3, DOTIL and SETD2 gene mutations (but not BAP1), whereas the PM had
the same genetic mutations plus BAP1 mutation. This patient had metastatic disease at
multiple sites post-surgery with disease progression. These molecular genetic findings
indicate that in metastatic lesions, subclonal driver mutations are potentially responsible
for spread and possible treatment failure. Such driver mutations were potentially missed
due to sampling error or a lower number in samples analyzed by bulk sequencing. Another
explanation might be the development of driver mutations over the course of the treatment.
Current evidence suggests that treatment resistance and/or failure is caused by the resistant
subclones, which were not targeted by the initial treatment [37]. We believe that optimizing
the sampling approach in the metastatic setting, including the biopsy of newly developed
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metastatic CCRCC lesions, is important and can aid in effective therapeutic regimens due
to the possible continued propagation of subclones.

One of the important novel renal entities in the differential diagnosis of CCRCC is
RCC EMS [42]. Recognizing RCC FMS not only has academic value, but it also carries
potential clinical implications and therapeutic management. Based on limited clinical data,
these tumors tend to behave in an indolent fashion in most cases. In the largest cohort study
of RCC EMS published to date [44], no evidence of recurrence or progression after surgical
removal was documented. RCC FMS was included in the 2016 WHO classification of renal
tumors as an emerging/provisional entity as “RCC with (angio) leiomyomatous stroma” [2].
However, distinct diagnostic criteria were not defined by the WHO classification. In the
Genitourinary Pathology Society (GUPS) update review paper, the diagnostic histologic
criteria for this distinct subtype of RCC have recently been established [42]. Tumors are
composed of invariably voluminous epithelial clear cell components, which are typically
diffusely positive for keratin 7 and of fibroleiomyomatous stroma. In this type of RCC,
recurrent mutations involving the genes of the TSC/MTOR pathway were found. A subset
of tumors with almost identical morphologic features showed mutations involving ELOC
(also referred to as TCEB1), typically associated with the monosomy of chromosome 8 [44].
Both tumor subtypes lack VHL or chromosome 3p abnormalities [42,44]. In fact, it is not
clear whether TSC/MTOR and ELOC mutated RCC with fibromyomatous stroma are two
different tumor types, or just part of the molecular genetic variability within one tumor
entity. Recently, one tumor with confirmed monosomy 8 and ELOC deletion as well as a
TSC1 mutation was documented [32,44].

RCC FMS are suggested to be more frequently sporadic; however, identical tumors
were documented in patients with TSC. However, although the duration of the follow-
up period is limited, most RCC FMS with TSC/MTOR mutations have demonstrated an
indolent biological behavior [44]. However, lymph node metastases have been reported
in rare cases associated with TSC recently. Although the initial report on ELOC (TCEB1)-
associated RCC FMS suggested indolent behavior, an aggressive clinical course was recently
described [45].

5. Conclusions

CCRCC are highly heterogeneous tumors, with complex molecular profiles both in
the primary and metastatic settings. Tumor mutational profiles can be different not only
between primary and metastatic tumors but also among multiple metastatic lesions them-
selves. It is evident that a one-size-fits-all approach is not optimal for treating advanced
CCRCC and treatments need to be personalized. In this regard, optimizing tumor sampling
and clinical management approaches in metastatic settings is crucial in order to identify
subclonal mutations, which can ultimately lead to effective targeted therapies. The future
of the successful personalized treatment and management of CCRCC is contingent upon a
good understanding and accurate accounting for tumor heterogeneity.

The results of previously published studies and our own results show that CCRCC
is a genetically heterogeneous tumor. The genetic background and mutation profile are
highly variable within the primary tumor. However, data about the molecular genetic
profile of the primary tumor and multiple metastases are very limited. It is apparent that
the mutation profile can be different not only between the primary tumor and metastasis,
but also among multiple metastases. Such important findings raise the question of the
direct testing of each metastasis before the potential targeted therapy. Current clinical
practice largely reflects genetic changes in primary tumors only. Because current oncologic
treatment is reserved mostly for unresectable primary tumors and metastatic disease, we
believe that such findings may become of critical importance.
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Simple Summary: Multilocular cystic renal neoplasm of low malignant potential (MCRNLMP)
is a cystic renal neoplasm with an excellent prognosis. This neoplasm was previously named as
“multilocular cystic renal cell carcinoma”, which is now considered obsolete. In 2016, the WHO
distinguished this neoplasm of low malignant potential from cystic renal cell carcinomas, which have
some overlapping morphologic features.

Abstract: Multilocular cystic renal neoplasm of low malignant potential (MCRNLMP) is a cystic
renal tumor with indolent clinical behavior. In most of cases, it is an incidental finding during the
examination of other health issues. The true incidence rate is estimated to be between 1.5% and 4% of
all RCCs. These lesions are classified according to the Bosniak classification as Bosniak category IIL
There is a wide spectrum of diagnostic tools that can be utilized in the identification of this tumor, such
as computed tomography (CT), magnetic resonance (MRI) or contrast-enhanced ultrasonography
(CEUS). Management choices of these lesions range from conservative approaches, such as clinical
follow-up, to surgery. Minimally invasive techniques (i.e., robotic surgery and laparoscopy) are
preferred, with an emphasis on nephron sparing surgery, if clinically feasible.

Keywords: kidney; cystic tumor; imaging; magnetic resonance; surgery

1. Introduction

Multilocular cystic renal neoplasm of low malignant potential (MCRNLMP) is a be-
nign cystic lesion of the kidney, which was previously known as multilocular cystic renal
cell carcinoma (MCRCC). This entity was initially described in 1982 by Lewis et al. [1].
Over time, the diagnostic criteria have changed from initially being defined as a tumor
in which solid typical renal cell carcinoma exhibit less than 10% of the total mass [2]. A
subsequent proposal suggested a cutoff point of 25% [3]. Finally, the 2012 International
Society of Urological Pathology (ISUP) Vancouver Modification of the 2004 World Health
Organization (WHO) Histologic Classification of Kidney Tumors recommended the re-
designation of MCRCC as a multilocular cystic renal neoplasm of low malignant potential
(MCRNLMP) [4,5]. MCRNLMP has a similar genetic profile and histopathological charac-
teristics to that of clear cell renal cell carcinoma (CCRCC), but with a completely different
prognostic feature with no progression or metastatic potential, because there are no reports
of disease progression or metastases to date [6-11]. The 2016 WHO classification defined
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MCRNLMP as a tumor entirely composed of multiple cysts, of which the septa contain
small groups of clear cells without expansive growth, and is morphologically indistin-
guishable from low-grade CCRCC [12]. It should be noted that MCRNLMP follows strict
histologic criteria that would allow any expansive growth, the presence of which qualifies
the tumor as a cystic CCRCC [5,12].

2. Clinical Characteristics

MCRNLMP is a relatively rare entity, representing approximately less than 1% of all
renal tumors, affecting middle-aged adults with a slight male predominance [2,13-15]. Most
cases are asymptomatic and found incidentally. However, in the setting of large tumors,
patients may present with gross hematuria, flank pain, palpable mass and abdominal
discomfort, and sometimes digestive symptoms [3,16].

3. Imaging Studies

MCRNLMP is often initially identified on B-mode ultrasound as a well-defined multi-
locular cystic lesion with numerous septa, filled with serous or complicated fluid. Given
the cystic nature of the lesion, further investigation by computed tomography (CT) using
contrast agent is still the gold standard in classification and subsequent decision making in
the field of cystic tumors of the kidney. The Bosniak classification with five groups (I, II, IIE,
IIT and IV) is used as standard for defining cystic tumors of the kidney on CT. Results of CT
scans and strict definitions of the Bosniak category of the cystic lesion are crucial for the fur-
ther management of these lesions [17-21]. According to Bosniak, great parts of MCRNLMPs
are defined/described as Bosniak category II, IIF or III [22,23]. In indeterminate cases where
the CT imagining shows Bosniak category IIF-1II, other imaging modalities (i.e., MRI),
with greater precision and better visualization of the inner architecture of the septa, can
be utilized [24,25] (Figure 1). In patients who cannot undergo CT or MR, the preferred
modality choice would be contrast-enhanced ultrasound (CEUS) [26-30]. This modality
is now recognized as a diagnostic tool with at least the same effectiveness and imaging
precision of cystic lesion as contrast-enhanced magnetic resonance or contrast-enhanced
computed tomography [21,31-33].

3.1. Bosniak Classification

The first time the Bosniak classification was proposed and published was in 1986 [18].
In the following years and decades, this classification underwent several updates. Origi-
nally, four groups were expanded into five groups, adding a new unit—Bosniak IIF. The
latest update of the Bosniak classification came in 2019 [34-36].

Each Bosniak group is evaluated according to the structure of the cystic lesion, the
number of septa, the thickness and regularity/irregularity of the septa and wall, the
presence of contrast enhancement in the septa, and the presence of calcifications or soft-
tissue nodules.

Bosniak I group—simple cyst, uncomplicated. Defined by a thin wall, no septa, and
no contrast enhancement.

Bosniak II group—minimally complex cyst, minimally complicated. Defined by a
thin wall and septa, calcifications can be present, and no contrast enhancement.

Bosniak ITF group—slightly thickened wall, thin septa with visible, but not measur-
able enhancement, and the presence of calcifications.

Bosniak III group—indeterminate cystic tumor, thickened, irregular wall and septa,
and measurable contrast enhancement.

Bosniak IV group—cystic tumor, soft-tissue nodules with measurable enhancement.
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Figure 1. Imaging methods: comparison of CT imaging (A,C) and MRI (B,D) of the same lesion.
There is a clearly visible benefit of MRI in imaging of the inner architecture with more precise imaging
of the septa. (EF) Intraoperative ultrasound image of MCRNLMP.

3.2. Differential Diagnostics

Due to its cystic nature, MCRNLMP could be misdiagnosed as another cystic tumor of
the kidney, according to imaging studies. In differential diagnostics, it could be diagnosed
as a hemorrhagic or inflamed cyst, or mixed epithelial and stromal tumor of the kidney
(MESTK) [22]. A recent study from Song et al. [33] described a series of six cases of Xp11
translocation renal cell carcinoma, which have some morphological features mimicking
MCRNLMP. Entities in the differential diagnosis are summarized in Table 1.
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4. Therapeutic Management

The therapeutic management of cystic lesions of the kidney (including MCRNLMP)
is still based on the results of imaging studies and precise categorization according to the
Bosniak classification system. Each Bosniak category is associated with the individual risk
of malignancy and the malignity rate. The malignity rate is based on typical signs of each
group-complexity of the lesion and the characteristics mentioned above (Section 3.1). The
malignity rates in Bosniak I and II, based on recent cohorts in the literature, are given as
3.2% and 6%, respectively [37]. The Bosniak IIF malignity rate is reported as 6.7% [37] or
18% [38]. The Bosniak III malignity rate is 55.1% [37]. In Bosniak IV, the malignity rate is
reported as 91% [37].

There is no need for intervention or regular follow-up in Bosniak I and II category,
except for large lesions with clinical symptoms. Bosniak IIF is a cystic lesion, where regular
follow-up is recommended. However, no strict consensus protocol has been provided, and
the follow-up protocols or eventual surgical intervention are still controversial. Follow-up
is the preferred choice of management. There are multiple proposed recommendations
in the literature on how to manage these lesions. Bosniak et al. proposed a follow-up
regimen based on CT scans 6 months after diagnosis. In cases of no progression, another
imaging study should be performed once per year [39]. Another study from Weibl et al.
suggested follow-up CT scans every 6 months in the first 2 years, and then continuing
with the imaging study once every year. The authors incorporated MRI in the follow-up
regimen, which should be performed minimally in the first 4 years of follow-up [40,41].
For Bosniak III category lesions, there are two options available: (1) surgical treatment,
possibly with minimally invasive nephron sparing surgery with regard to the oncological
radicality of the procedure; and (2) strict clinical follow-up, as per the recent guidelines
of the European Association of Urology [42]. Bosniak IV is treated as a solid tumor of the
kidney, with the surgical interventions described above.

5. Pathological Findings
5.1. Macroscopic Findings

MCRNLMP exclusively consists of variably large non-communicating cysts (0.4—
14 cm) [9,10], which are separated by thin septa and filled with serous, gelatinous, hemor-
rhagic, or mixed fluid (Figures 2 and 3). There are no solid components in these lesions,
and, in fact, the presence of such solid nodules would not be compatible with the diag-
nosis of this entity [9,10,12,43]. Most patients have unilateral lesions with no laterality
predominance [3,9,44].

0 1 2 5

201

)

Figure 2. Macroscopic appearance of the MCRNLMP specimen from nephron sparing surgery. There
is a multicystic lesion with a thin septa and variable sized cystic spaces without solid expansion.
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Figure 3. Macroscopic appearance of an MCRNLMP specimen from nephron sparing surgery. The
dominant cystic space contains smaller cystic expansion. The absence of solid mass is crucial for the
diagnosis of MCRNLMP, and must be proved by microscopic examination of the specimen.

5.2. Microscopic Findings

The neoplasm is composed of the cystic spaces lined by clear cells, exhibiting low-
grade nuclei without nucleoli (WHO/ISUP grade 1-2). No expansive/solid nodular growth
of clear tumor cells, necrosis, vascular invasion or sarcomatoid changes have been noted in
MCRNLMP. In rare cases, the linings of cysts may show multilayering, granular cytoplasm
of cells and the formation of small intracystic papillae. Furthermore, the septa may exhibit
calcification or ossification [12,45] (Figure 4).
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Figure 4. Histological appearance of MCRNLMP: (A,B) The lesion is characterized by the formation
of cystic spaces—various sized cysts are separated by thin, fibrous septa (magnification 10, resp.
60x). (C) The epithelial lining is composed by neoplastic cells with clear cytoplasm arranged in a
single layer (magnification 160x). (D) The epithelial lining is positive in PAX8 (magnification 10x).
(E) Equally, carbonic anhydrase IX (CAIX) shows positivity in neoplastic cells (magnification 10x).
(F) Strong immunoreactivity was proved in CK7 (magnification 10x).

5.3. Immunohistochemical Findings

Neoplastic cells are typically PAX2-, PAX8-, and carbonic anhydrase IX (CAIX)-
positive [46-48]. In wider immunohistochemical panels, MCRNLMP is usually negative in
a-methylacyl-CoA-racemase, progesterone and estrogen receptor. Strong immunoreactivity
was proven in EMA, CAM5.2 and CK7 [44,49].

Some authors used less common immunohistochemical staining techniques in their
immunohistochemical studies—Kuroda et al. demonstrated the immunoreactivity of
the cytoplasm of tumor cells in adipophilin which corresponded to lipid droplets [44].
Adipophilin expression in CCRCC has previously been reported, which may reflect a
close relationship between MCRNLMP and CCRCC [50]. Kim et al. recently examined
a number of immunostains between MCRNLMP and CCRCC. According to their study,
the expressions of TGAse-2 and Ki-67 were significantly different between these two
groups [12,51].

5.4. Molecular Genetic Findings

VHL gene mutations were found in 25% of MCRNLMP [47], and deletions of chromo-
some 3p in 74% of cases in comparison with 89% of CCRCC. These findings can support the
concept of MCRNLMP being genetically related to CCRCC [52]. Kuroda et al. also reported
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a loss of heterozygosity (LOH) in chromosome 3p in one MCRNLMP case [44]. Tretiakova
et al. found a high rate of chromosome 3 abnormalities with chromosome 3 monosomy
in 3/3 MCRNLMP cases [10]. Raspollini et al. conducted a comparison study between
CCRCC and MCRNLMP using a genetic mutational analysis. There were no significant
genetic differences between these two groups, except for KRAS mutation. According to
their results, the KRAS mutation may be helpful for distinguishing between CCRCC and
MCRNLP, despite their histologic similarities [53]. Kim et al. identified six novel genetic
alterations, including SET domain-containing 2 (SETD2), lysine methyltransferase 2C (KMT2C),
tuberous sclerosis complex 2 (TSC2), GRB10 interacting GYF protein 2 (GIGYF2), fibroblast
growth factor receptor 3 (FGFR3) and breakpoint cluster region protein (BCR), also known as
renal carcinoma antigen NY-REN-26 (BCR), which could be potential candidate genes for
differentiating between MCRNLMP and MCRCC [54].

6. Prognosis

The prognosis of MCRNLMP is excellent, with no cases of progression or metastatic
spread [55]. This fact is based on multiple publications including more than 200 patients
with clinical follow-ups longer than 5 years [1,5,6,9].

7. Discussion

Since the first report of MCRNLMP (then MCRCC) in 1982 [1], this entity has evolved,
frequently being characterized, specified, named/re-named, and classified [2,3]. Firstly, it
was characterized as a cystic neoplasm with less than 10% [2] and then less than 25% solid
area [3]. Finally, MCRNLMP is described as a tumor entirely composed of cystic spaces
with no expansive/solid nodules [56,57]. The original classification as multilocular cystic
renal cell carcinoma (MCRCC) was re-designated as MCRNLMP, according to the ISUP
recommendation, and became a part of the current WHO classification of renal tumors
(2016) [5,12]. The nuclear grade (WHO/ISUP) of MCRNLMP is typically 1 (in two thirds of
cases), or grade 2 (in one-third of MCRNLMP). WHO/ISUP grade 3 is not compatible with
the diagnosis of MCRNLMP [10].

Chromosomal abnormalities were described in various studies, and chromosome 3p
deletion was proved in 74% of MCRNLMP [52]. The von Hippel-Lindau (VHL) gene muta-
tions were described in 25% of cases of MCRNLMP [47]. Furthermore, one case of loss of
heterozygosity (LOH) in chromosome 3p in MCRNLMP was presented by Kuroda et al. [44].

The accurate incidence of MCRNLMP is not known, because of its rarity and variable
diagnostic criteria used in various studies. However, it is estimated that MCRNLMP
accounts for fewer than 1% of all renal neoplasms [16,23,58-60].

As with other cystic lesions of the kidney, MCRNLMP should be precisely diagnosed
using proper imaging methods prior to treatment planning. The gold standard in imaging
of the cystic tumors of the kidney is contrast-enhanced CT. The Bosniak classification is
currently utilized to stratify the lesion accordingly [18-21,36]. In indeterminate cases where
the initial CT imaging is not conclusive enough, a second imaging choice, such as MRI,
needs to be utilized; some studies have demonstrated its benefit in diagnostics of cystic
lesions of the kidney [24,25]. Other potential imaging modalities which can be used include
contrast-enhanced ultrasound (CEUS) [26-29,61,62]. Typically, MCRNLMP is categorized
as a cystic lesion, category Bosniak IIF or III [22,23]. Imaging studies cannot precisely
distinguish MCRNLMP from other cystic lesions preoperatively [16,44,58,59,63].

The therapeutic management of MCRNLMP consists of strict clinical follow-ups or
surgical interventions. There is still no strict protocol as to how and when to follow up
Bosniak IIF category lesions. Weibl et al. suggested a CT scan in the follow-up every 6
months in the first 2 years, and then continuing with imaging studies once every year.
The authors incorporated MRI into the follow-up regimen, which should be performed
minimally in the first 4 years of follow-up [40]. In the past, Bosniak III lesions were strictly
associated with surgical intervention. However, according to the recent EAU guidelines [42],
it is possible to strictly follow-up such cases. The current preferred surgical approach is
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minimally invasive nephron-sparing surgery, which may allow the laparoscopic or robotic
resection of such lesion, if technically feasible and oncological radicality is achievable.

In summary, MCRNLMP is a cystic lesion of the kidney with excellent prognosis.
In 2016, the WHO separated this neoplasm of low malignant potential from cystic renal
cell carcinomas, which have some overlapping morphologic features. Minimally invasive
procedures (i.e., robotic surgery and laparoscopy) are preferred, with emphasis on nephron
sparing surgery, if clinically feasible.
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Simple Summary: Intratumor heterogeneity (ITH) is a constant event in malignant tumors and the
cause of most therapeutic failures in modern oncology. Since clear cell renal cell carcinoma (CCRCC)
is a paradigm of ITH, an appropriate tumor sampling is mandatory to unveil its histological and
genomic complexity. Several strategies have been developed for such a purpose, trading-off cost and
benefit. Here, we propose an evolution of the previous multisite tumor sampling (MSTS) strategy
based on the last findings in the spatial distribution of metastasizing clones. This new personalized
MSTS pays special attention to sample by sectors peripheral zones of the tumor, where ITH is high.

Abstract: Intratumor heterogeneity (ITH) is a constant evolutionary event in all malignant tumors,
and clear cell renal cell carcinoma (CCRCC) is a paradigmatic example. ITH is responsible for most
therapeutic failures in the era of precision oncology, so its precise detection remains a must in modern
medicine. Unfortunately, classic sampling protocols do not resolve the problem as expected and
several strategies have been being implemented in recent years to improve such detection. Basically,
multisite tumor sampling (MSTS) and the homogenization of the residual tumor tissue are on display.
A next step of the MSTS strategy considering the recently discovered patterns of ITH regionalization
is presented here, the so-called personalized MSTS (pMSTS). This modification consists of paying
more attention to sample the tumor periphery since it is this area with maximum levels of ITH.

Keywords: multisite tumor sampling; intratumor heterogeneity; clear cell renal cell carcinoma

1. Introduction

In these days of highly sophisticated medicine, simple things such as tumor sampling
still matter. Pathologists are the specialists responsible for handling and sampling tumor
specimens in such a way that crucial information of every tumor can be unveiled. A strategy
adaptable to different patterns of tumor evolution, trading-off cost and benetfit, is needed to
maximize results and to respond to oncologists” expectations [1]. Although tumor sampling
is a key point applicable to every tumor type, this narrative focuses specifically on clear
cell renal cell carcinoma (CCRCC) because of the previous experience of the authors in
this area. In addition, CCRCC is a quite common neoplasm in daily practice and a well-
known example of intratumor heterogeneity (ITH). The following paragraphs review the
principal arguments supporting the necessity to update tumor sampling strategies and
revisit possible alternatives for the progressive implementation of a so-called “precision
sampling” [2].

CCRCC ranks in the top 10 list of the most frequent tumors in Western countries and
remains a problem of major concern for many health systems. Roughly 79,000 new cases
and 14,000 deaths are expected in USA in 2022 [3]. Traditionally chemo- and radio-resistant,
only early detection and antiangiogenic and immune checkpoint blockade therapies, alone
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or in combination, have improved survival of CCRCC patients in the last decade. However,
a significant proportion of these patients still die of disease, usually in the context of a
metastatic disease.

CCRCC is a paradigmatic example of ITH, which is the cause of most therapeutic
failures to date. Genomic analyses have shown that CCRCC is a complex disease in which
clonal and sub-clonal diversification is high across the tumor with many genetic alterations
involving typically few regions. This fact was unveiled in the seminal paper published by
Gerlinger et al. in 2012 [4], in which the authors performed exome sequencing, chromosome
aberration analysis, and ploidy profiling in multi-regional samples of four patients with
metastatic disease. Since then, a great many studies have brought to light the spatial and
temporal dynamics governing the evolution of this tumor type and others.

Although initially considered a purely stochastic process, tumor evolution in CCRCC
seems to follow some deterministic pathways. In this sense, a recent analysis of 1206 regions
of 101 cases has discovered up to seven evolutionary patterns correlated with patient
prognosis [5]. BAP-1 driven, multiple clonal drivers, and VHL wild-type tumors were
shown to follow a punctuated evolutionary model with rapid progression and display high
levels of chromosomal complexity and low levels of ITH. By contrast, the family of PBRM1
mutated tumors showed a branched evolution with attenuated progression, with lesser
chromosomal complexity and high ITH. An analysis of 575 primary and 335 metastatic
regions in 100 CCRCC patients has shown that the metastatic ability of CCRCC is associated
with 9p and 14q losses [6]. The same study has also shown that those neoplasms which
show a punctuated evolution presented early, multiple metastases while those with a
branching pattern develop late, solitary ones.

Punctuated and branching are terms referring to two different patterns of temporal
evolution which come from the application of ecological principles to cancer. Under this
perspective, a tumor is a huge community of different individuals including neoplastic cells
and cells of the tumor microenvironment such as endothelia, tumor-associated fibroblasts,
macrophages, tumor-associated lymphocytes, and others. These elements are permanently
interacting one each other. At least four models of tumor evolution have been described
so far: linear, branching, neutral, and punctuated [7]. Linear, branching, and punctuated
are Darwinian-type models whereas neutral is considered non-Darwinian. Linear model
refers to a step-wise temporal process in which all cancer cells progressively increase their
malignancy. This pattern will generate tumors with very low ITH. In the branching type
of evolution, tumor cells coming from the same ancestor temporarily acquire different
mutations resulting in different clones which regionalize the tumor in different areas. This
pattern will give rise to tumors with high ITH. The punctuated pattern of evolution, also
called the “big bang” model, is the result of a genomic aberration generating a dominant
clone with high fitness at the very early stages of tumor evolution. As a result, punctuated
tumors are typically aggressive and show low levels of ITH. Finally, neutral evolution re-
flects an evolutionary pattern in which extreme clonal diversity (hyper-branching) develops
resulting in tumors with very high ITH.

ITH also impacts tumor microenvironment, including cancer associated fibroblasts,
macrophages, and tumor infiltrating lymphocytes. For example, it has been demonstrated
that the expression of PD-1, PD-L1, and other immune checkpoint markers may be highly
variable across different tumor regions, a feature that can compromise the correct selection
of patients for immune checkpoint blockade therapy if the tumor is not appropriately
sampled [8]. An incomplete tumor sampling may lead to false negative results, thus ruling
out patients for a beneficial therapy. In this sense, Khagi et al. observed non-expected
good responses to anti-PD-L1 therapy in up to 17% of cases that apparently did not express
PD-L1 in the immunohistochemical study [9] suggesting suboptimal analyses.

2. Classic Sampling Protocols

Classic sampling protocols were designed decades ago when ITH detection was not a
key issue for diagnosis and therapy. At that time, the recommendation was to obtain one
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tumor tissue sample per centimeter of tumor diameter plus samples from the tumor/non-
tumor interface and from “suspicious” areas (Figure 1A) [10]. Those sampling protocols
are not supported by any scientific observation and surprisingly survive nowadays in the
era of precision medicine.

Figure 1. Schematic of tumor sampling evolution in clear cell renal cell carcinoma. The classical
sampling protocol (A) calls for one block per centimeter of tumor diameter. Multisite tumor sampling
(B) randomly selects a large number of small tumor samples across the tumor using the same number
of blocks as the classic protocol. Advanced multisite tumor sampling (C) takes a few samples at the
tumor center, where intratumor heterogeneity is low but metastatic genotypes and necrosis (pink
areas) are common, and many small samples at the periphery, where intratumor heterogeneity and
local invasiveness are high. Here, the small fragments selected are grouped in blocks by sectors,
thus enabling the precise location of any key change in any sample to be monitored. Note that
tumor /non-tumor, tumor/renal sinus, and tumor/perinephric fat interfaces are similar in the three
methods (block shown in red).

Since ITH makes every tumor unique and unrepeatable, and next generation sequenc-
ing tools are demonstrating the real dimension of the genetic variability across a single
tumor, the main question here should be: how much sampling is needed in every case?
Total tumor sampling might be the perfect answer. This strategy may be affordable and
advisable in small tumors (<3 cm), but it is not a realistic option in many tumors due to
many of them are much larger. Some authors have suggested that sampling three distant re-
gions would suffice to detect with a reliability of 90% of certainty key mutations in CCRCC
such as those occurring in PBRM1, SETD2, BAP1, and KDM5C genes [11]. However, the
number of samples should not be aprioristically fixed since it should vary with the size of
the tumor.

3. Multisite Tumor Sampling (MSTS)

Classic sampling protocols seem insufficient in light of subsequent studies, which
have suggested the convenience of a more thorough sampling to detect exome-wide driver
events [5,6]. For this reason, a new, affordable strategy for trading-off cost and benefit was
developed in 2016 [12]. It is called multisite tumor sampling (MSTS) (Figure 1B) and is
based on the divide-and-conquer principle [13], a mathematical algorithm successfully
used in such widely differing scientific fields as particle physics and medicine. The strategy
consists in recursively breaking down a given problem into simpler parts (divide) until
they are simple enough to be solved (conquer). Once the simple parts are solved they
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are all merged to resolve the initial problem. In our example, its application to tumor
sampling consists of including six to eight small tissue fragments per block instead of a
single large fragment (Figure 2). In this way, MSTS can afford to sample up to 48 tumor
regions very distant from each other when sampling a 6 cm-in-diameter tumor, for example.
In silico modelling comparing the performances and costs of the classic sampling protocol
and MSTS confirms the superiority of the latter in detecting ITH at all temporal stages
of tumor evolution [13,14]. A comparison of the performance in detecting histological
features of bad prognosis such as high grade and granular eosinophilic cells [15] with both
methods in 38 CCRCC showed that MSTS was significantly more informative than routine
sampling [16].

\
N

Figure 2. Multisite tumor sampling (pink blocks) consists on including six to eight small tumor tissue
fragments in each paraffin block instead of one large tumor fragment proposed by the classic protocol
(green blocks). This way, the same number of paraffin blocks sample many more tumor regions.

Aside from CCRCC, the usefulness of MSTS in CCRCC has been confirmed by sub-
sequent histological, immunohistochemical, and molecular studies in ovarian carcinoma,
mesothelioma, and head and neck squamous cell carcinoma [17-20]. Lakis et al. [17] have
analyzed 294 tumor sections from 70 treatment naive patients who had undergone cy-
toreductive surgery of ovarian cancer and have observed not only the high histological
variability of tumors across different regions, but also the irregular qualitative and quanti-
tative distribution of tumor-associated lymphocyte, information with obvious prognostic
and therapeutic implications. They conclude that ITH in ovarian cancer may limit the
usefulness of pre-operative biopsies to make some therapeutic decisions. Meiller et al. [18]
underline the usefulness of MSTS in detecting molecular ITH in malignant mesothelioma.
MSTS performed in 16 patients from two different hospitals were analyzed both histolog-
ically, and by RT-PCR and targeted NGS. Mutational ITH, copy number variations and
fusion transcripts, differential gene expression and signal pathway dysregulation, histo-
molecular heterogeneity, epigenetic ITH, and tumor microenvironment were evaluated.
The authors conclude that spatial ITH is high in malignant pleural mesothelioma and stress
the convenience of analyzing different topographical areas of the tumor. This policy must
be performed to better estimate the patient prognosis and the prediction of response to
subsequent treatment. Jie et al. [19] have compared the performance of routine sampling
and MSTS in 182 oral and oropharyngeal squamous-cell carcinomas. The authors included
in the comparison histological, immunohistochemical, and molecular parameters, and
concluded that MSTS was more informative than routine sampling in detecting perineurial
permeation, peritumoral vascular/lymphatic growth, necrosis, muscle invasion, PIK3CA
mutations (exons 9 and 20), and CDKN2A promoter methylation. Brunelli et al. [20]
have recently compared a multi-regional sampling strategy called 3D fusion with routine
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sampling in 100 CCRCC analyzing the respective performance of both methods in the
detection of angiogenic and immune markers. These authors confirm the superiority of
3D fusion sampling and agree that sampling one block/cm of tumor tissue diameter is
inadequate to fully characterize ITH in CCRCC. Finally, another in silico study has shown
the superiority of an adapted variant of the MSTS method in detecting tumor budding and
intramural vasculo-lymphatic invasion in hollow viscera (urinary bladder and digestive)
adenocarcinomas [21].

4. Homogenization of the Residual Tumor Tissue

Another attempt to improve genomic ITH detection in solid tumors has recently been
made [22]. This method proposes the homogenization of the leftover residual tumor tissue
before sequencing, thus guaranteeing the full genomic analysis of the whole tumor. How-
ever, this protocol has its limitations because not all surgical specimens generate enough
representative leftover tissue after histological sampling. In addition, the topographic
localization of the genomic data and its correlation with histology—a point that may be
important—is lost after tissue homogenization. As it will be mentioned in the following
paragraphs, leftover tissue homogenization will also negatively affect the precise topo-
graphic identification of the differences in the tumor microenvironment between tumor
center and periphery, which are derived from differences in the hypoxic status, another
crucial targetable point.

In a context of high diagnostic pressure, some pathologists may be reluctant to increase
the time and cost needed to implement both 3D fusion [20] and the homogenization of the
leftover residual tumor [22], a point that may limit their widespread implementation. By
contrast, MSTS saves time because it is an all-in-one procedure, enabling at the same time
the histological analysis with a genomic correlation to take place in the same paraffin block
and preserving the formalin-fixed paraffin-embedded material for the future. Also, MSTS
is an affordable method in public health systems since it does not increase the cost. If the
paraffin block is considered the unit of cost in Pathology Labs, the MSTS’s cost is similar
to the routine sampling because it employs the same number of blocks. For these reasons,
MSTS is superior in terms of trading-off performance obtained and cost.

5. Personalized Multisite Tumor Sampling (pMSTS)

Recent findings on the spatial distribution of CCRCC clones and sub-clones [23,24]
also suggest taking a step forward in searching for a more refined tumor sampling strategy.
This evolution should look for constraints on cost and time, efficacy in the detection of
histological and genomic data, and adaptability to adjust the procedure case by case. It
should be noted that tumors are usually sampled without knowing the precise tumor
landscape in every case. However, some broad findings in selected cases may supply useful
data since predicting the possibility of aggressive forms of CCRCC may help in making
sampling decisions. For example, spontaneous tumor necrosis is a common finding in
large tumors which can be detected by the naked eye and is always related to high grade.
Low ITH at histological and genomic levels are characteristic findings in many aggressive
CCRCC [6,25]. In consequence, it can be inferred even in the grossing room that tumors
showing areas of necrosis will have high-grade histological features and low levels of ITH.

A study of 756 mapped regions of 101 CCRCC has shown that the copy number
alteration burden, percentage of necrosis, and histological grade are higher in the tumor
interior, which is also where the metastasizing subclones preferentially develop, probably
as a survival response to local environmental hypoxic pressures [23]. Moreover, a model
enabling the development of clonal diversity in space and time of these tumors to be
understood has been developed based on patterns of tumor growth and necrosis [24].
As a result, high ITH is located at the tumor periphery while the tumor interior remains
relatively homogeneous. Since the conditions of hypoxia differ between the tumor center
and periphery, tumor microenvironments adapt to the specific local necessities, displaying
qualitative and quantitative variations in the innate and adaptive tumor immunities, tumor-
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associated fibroblasts, and other elements of this tumor compartment [26]. Interestingly,
this model or center versus periphery distinction, at least in CCRCC, also has clinical
implications since it connects radiological evidence of peripheral tumor budding in the
early stages of tumor development with predictable future clonal evolution [24].

A more precise tumor sampling requires investing some extra time in the grossing
room paying special attention to the macroscopic characteristics of the tumor, including
size and shape, tumor margins, and allowing the detection of other tumor features like
tissue consistency and color that usually give additional interesting information. Taking
these classic recommendations on mind, together with the latest findings on spatial tumor
evolution and regionalization as a whole, an advanced version of the MSTS protocol will
provide a more closely adapted approach at the time of sampling CCRCC (Figure 1C).
Given that metastasizing clones related to tumor necrosis, high grade, and low ITH are
mostly located in the tumor interior, several samples placed in one block would suffice
to provide a reliable representation of this tumor area including tumor and non-tumor
cells. Also, grey/whitish tumor areas with stiffer consistency indicating sarcomatoid
dedifferentiation will be seen by naked-eye and then included within the high-grade tumor
blocks. By contrast, the peripheral rim of the tumor is characterized by high levels of
ITH [23,24]; for this reason, many small tissue fragments such as those of the MSTS are
needed to provide a complete snapshot of the tumor periphery. What is more, these small
tissue samples can be included in the blocks distributed by sectors, so the topographic
location of any specific molecular alteration associated to prognosis or treatment can be
determined with precision in every case.

6. Conclusions

Tumor sampling strategies do impact significantly on the development and success of
truly precision oncological therapies. To hit the target and achieve widespread implemen-
tation, this strategy must be easily affordable on one hand and trade-off costs and benefits
on the other; otherwise, its implementation in many Pathology Labs will be at risk. Two
variants of the MSTS adaptable to the macroscopic findings observed in the grossing room
and the alternative option of a complete homogenization of the leftover residual tumor
tissue are currently available. To note, they appear to be complementary, non-exclusive
according to this Perspective.
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Simple Summary: Early detection of renal cell carcinoma (RCC) significantly increases the likelihood
of curative treatment, avoiding the need of adjuvant therapies, associated side effects and comorbidi-
ties. Thus, we aimed to discover circulating microRNAs that might aid in early, minimally invasive,
RCC detection/diagnosis.

Abstract: Background: Decreased renal cell cancer-related mortality is an important societal goal,
embodied by efforts to develop effective biomarkers enabling early detection and increasing the
likelihood of curative treatment. Herein, we sought to develop a new biomarker for early and
minimally invasive detection of renal cell carcinoma (RCC) based on a microRNA panel assessed by
ddPCR. Methods: Plasma samples from patients with RCC (1 = 124) or oncocytomas (1 = 15), and 64
healthy donors, were selected. Hsa-miR-21-5p, hsa-miR-126-3p, hsa-miR-155-5p and hsa-miR-200b-3p
levels were evaluated using a ddPCR protocol. Results: RCC patients disclosed significantly higher
circulating levels of hsa-miR-155-5p compared to healthy donors, whereas the opposite was observed
for hsa-miR-21-5p levels. Furthermore, hsa-miR-21-5p and hsa-miR-155-5p panels detected RCC
with high sensitivity (82.66%) and accuracy (71.89%). The hsa-miR-126-3p /hsa-miR-200b-3p panel
identified the most common RCC subtype (clear cell, ccRCC) with 74.78% sensitivity. Conclusion:
Variable combinations of plasma miR levels assessed by ddPCR enable accurate detection of RCC in
general, and of ccRCC. These findings, if confirmed in larger studies, provide evidence for a novel
ancillary tool which might aid in early detection of RCC.
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1. Introduction

Renal cancer remains one of the leading urologic cancers worldwide, being listed as
one of the twenty most common and deadly cancers, especially among men (1.5:1) [1,2].

Renal cell tumors (RCTs) correspond to a set of benign and malignant neoplasms, with
extensive diversity at epigenetic, molecular, and clinical levels [3,4]. Among them, about
10% correspond to benign tumors, with oncocytomas constituting the most common benign
tumor [1,4]. Concerning malignant RCTs, clear-cell renal cell carcinoma (ccRCC) is the most
common subtype (65-75% of all RCCs) [5], followed by papillary renal cell carcinomas
(pPRCC, ~16%) and chromophobe renal cell carcinomas (chRCC, ~7%)[5]. RCCs derive
from nephron epithelial cells [1,6,7] and are characterized by their heterogeneity, both
morphological and molecular. Whereas localized RCC is mostly cured by surgery, locally
advanced or systemic disease constitute major therapeutic challenges, entailing the need
for development not only of biomarkers for early detection, but also novel therapies [8].

In recent years, several studies have been published concerning the use of circulating
microRNAs (miRNAs) for early and minimally invasive detection of RCC [1,9]. MiRNAs
are small non-coding RNAs involved in cell differentiation, growth, apoptosis, and prolifer-
ation, and have been implicated in suppressing gene expression after translation [10,11].
MicroRNA dysregulation has been extensively described in various cancers, including
RCC [4,10-13]. Frequently, miRNA levels differ between cancerous and normal tissues,
representing an opportunity for biomarker development, both in tissue samples and in lig-
uid biopsies [10,11]. Nonetheless, the biomarker performance of most candidate miRNAs
remains suboptimal, and concerns remain as to the most adequate methods for assessment
and normalization [14,15]. Indeed, all published studies on the assessment of miRNAs in
the liquid biopsies of RCC patients have used qRT-PCR [1,9], a technique which provides
relative quantification, thus requiring normalization of the results. Although miR-16 should
be the preferential normalizer due to its stability in RCC [15-18], many of the published
studies used RNU44, U6, or other similar RNA species instead, which are unstable in
liquid biopsies, eventually leading to biased results [14,19-27]. This problem might be
solved using a different technology, droplet digital PCR (ddPCR), as it obviates the need
for normalization and preamplification. DAPCR is a recent technology that appears to
improve miRNA detection, as it is based on sample partitioning before the PCR reaction
and on the Poisson distribution, allowing for absolute quantification, in a time-cost effective
and reliable manner [28,29]. Furthermore, the time point of data acquisition increases the
precision and robustness of the method [28,29].

Thus, in this study, taking advantage of the performance of ddPCR in liquid biopsies,
we sought to evaluate, for the first time, the ability of a microRNA panel (hsa-miR-21-5p,
hsa-miR-126-3p, hsa-miR-155-5p, and hsa-miR-200b-3p), previously assessed in tissue
samples [13,30] to detect RCC using plasma samples.

2. Materials and Methods
2.1. Samples

A total of five plasma samples were included in the technical optimization phase of the
study, in which the ddPCR methodology was tested: one oncocytoma, one stage I pRCC,
one stage I ccRCC, one stage I chRCC, and one healthy adult blood donor.

After optimizing the ddPCR pipeline, a cohort of 203 plasma samples was assessed,
comprising 139 samples collected from RCT patients at the time of diagnosis and 64 healthy
blood donors. Regarding RCT patients, 87 corresponded to ccRCC, 22 to chRCC and 15 to
PRCC, whereas oncocytoma was diagnosed in the remaining 15. All patients were treated
at IPO Porto by the same multidisciplinary team between 2015 and 2021. After peripheral
blood collection into EDTA-containing tubes, plasma was separated by centrifugation at
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2500 g for 30 min at 4 °C, and subsequently stored at —80 °C in the institutional biobank
until further use. All blood samples were processed within 4 h from the time of collection.
Relevant clinical and pathological data were analyzed from clinical charts and grouped in
an anonymized database specifically constructed for the analysis.

2.2. RNA Extraction and cDNA Synthesis

Total RNA was extracted from 100 pL plasma using a MagMAX mirVana Total RNA
Isolation kit (Thermo Fisher, Waltham, MA, USA, A27828), according to the manufacturer’s
protocol. As a technical control, a non-human synthetic spike-in, ath-miR-159a (0.2 pL per
sample of a stock solution at 0.2 nM), was added to the lysis buffer in all samples. The final
50 uL of RNA was collected to a 1.5 mL RNase-free tube. All steps were performed at room
temperature, and extracted RNA was stored at —80 °C until further use.

Using TagMan microRNA reverse transcription kit (Thermo Fisher, 4366596) according
to the manufacturer’s protocol, five microliters of previously isolated RNA were reversely
transcribed in a Veriti thermal cycler (Applied Biosystems™, Waltham, MA, USA) for
the miRNAs of interest and the spike-in (ath-miR-159a, hsa-miR-21-5p, hsa-miR-126-3p,
hsa-miR-155-5p, hsa-miR-200b-3p).

2.3. Droplet Digital PCR (ddPCR): DigiMir Pipeline

DdPCR reactions were prepared according to the optimizations performed: the vol-
umes of cDNA input [2 pL (ath-miR-159a, hsa-miR-21-5p, hsa-miR-126-3p), 5 uL (hsa-miR-
155-5p and hsa-miR-200b-3p)], 11 uL ddPCR Supermix for the probes (Bio-Rad, Hercules,
CA, USA, #1863010), and 1 L TagMan hsa-miRNA Assay (20x). The volumes of bidistilled
water were 8 pL (ath-miR-159a, hsa-miR-21-5p, hsa-miR-126-3p) and 5 pL (hsa-miR-155-
5p and hsa-miR-200b-3p); assays: ath-miR-159a—000338, FAM; hsa-miR-21-5p—000397,
FAM; hsa-miR-126-3p—002228, VIC; hsa-miR-155-5p—002623, FAM; hsa-miR-200b-3p—
002251, FAM. Droplets were generated on the droplet generator QX200 (Bio-Rad, Hercules,
CA, USA). The PCR run was set as follows: 95 °C for 10 min, 50 cycles of 94 °C for 30 s, and
“Annealing Temperature optimized” for 1 min—ramp rate 2 °C/s—and 98 °C for 10 min.
The Annealing Temperature was set at 56 °C for ath-miR-159a and at 55 °C for the other
four miRNAs. After PCR reaction, plate was read on the QX200 Droplet Reader (Bio-Rad,
Hercules, CA, USA).

The limit of the blank (LOB) and the limit of detection (LOD) were calculated for each
target miRNA according to Armsbruster et al. [2]. Additionally, the limit of quantification
(LOQ) for the five miRNAs was assessed by performing a 2-fold dilution series of an
RCT sample.

2.4. Quality Control Steps

All plasma samples were inspected for hemolysis as previously reported by others [31,32].
Hence, from 238 initial samples, 35 samples that presented absorbance higher than 0.25
at 414 nm were excluded. Appropriate engineering and manual controls were used to
prevent contaminations—including a master mix made using a clean hood, clean gloves,
PCR reagents and consumables—and reactions were performed in separate dedicated labs.
RNA previously extracted from RCC cell lines (HKC8 was obtained from Expasy and
Caki-1, 769-P, Caki-2, ACHN, A-498, HEK-293, 786-O were from ATCC), and a pool of them
was used as positive control for the four candidate miRNAs. A no-template control (NTC)
and no-enzyme control (NEC) were included in all cDNA synthesis and ddPCR stages as
negative controls. For ddPCR pipeline optimization, further negative controls (“no-cDNA
control” and “no-Supermix control”) were included, as recommended [33]. All samples
were run in a single reaction for each target.
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2.5. Statistical Analysis

Non-parametric tests were performed to compare levels of each miRNA among histo-
logic subtypes and to evaluate associations with clinicopathological features. A Spearman
test was used for correlation analyses between two variables. A Mann-Whitney U test was
used for comparisons between two groups, whereas a Kruskal-Wallis test was used for mul-
tiple groups, followed by a Mann-Whitney U test with Bonferroni’s correction for pairwise
comparisons. A result was considered statistically significant when the p-value < 0.05.

For each miRNA, samples were categorized as positive or negative based on the cut-off
values established using Youden’s ] index [34,35] (value combining the highest sensitivity
and specificity), through Receiver-Operating Characteristic (ROC) curve analysis. Validity
estimates (sensitivity, specificity, and accuracy) were determined to assess the detection
biomarker performance. To improve the detection performance of the selected miRNAs,
panels were constructed considering a positive result whenever at least one target miRNA
was plotted as positive in an individual analysis.

A two-tailed p-value calculation and ROC curve analyses (without resampling anal-
ysis) were performed using SPSS 27.0 software for Windows (IBM-SPSS Inc., Chicago,
IL, USA). All graphics were assembled using GraphPad Prism 8.0 software for Windows
(GraphPad Software Inc., LA Jolla, CA, USA). To increase the statistical power through
a resampling analysis, multiple ROC curves were constructed to calculate validity esti-
mates for the best miRNA panels, as previously described [36,37]. In brief, samples were
randomly divided into training (70%) and validation (30%) sets. Subsequently, the cut-off
value was estimated in the training set considering the highest sensitivity and specificity
and using this calculated cut-off, validity estimates were calculated in the validation set.
The procedure was repeated 1000 times and the mean of the parameters (sensitivity and
specificity) were calculated. These calculations were performed using R v3.4.4.

3. Results
3.1. Patients” Cohort Characterization

The relevant clinical-pathological features of optimization and validation cohorts are
depicted in Table 1.

According to clinical-demographic factors, a significant, although weak, correla-
tion was found between age and circulating levels of each miRNA—hsa-miR-21-5p, hsa-
miR-126-3p and hsa-miR-200b-3p levels (R? = 0.080 and p-value < 0.001, R? = 0.030 and
p-value = 0.023, R? = 0.020 and p-value = 0.032, respectively).

3.2. Distribution of Circulating miRNA Levels and Biomarkers Performance for Detection
of Malignancy

Initially, target miRNA levels were compared between oncocytoma (a benign tumor)
and healthy donor samples, and no significant differences between these groups were
found for any of the tested hsa-miRNAs, except for hsa-miR-155-5p (p-value = 0.037).

Due to the clinical relevance of discriminating malignant disease (RCC) from healthy
individuals, this comparison was subsequently performed. Interestingly, circulating levels
of hsa-miR-21-5p and hsa-miR-155-5p significantly differed between these two groups
(p-value < 0.001 and p-value = 0.013, respectively) (Figure 1). Circulating levels of hsa-
miR-21-5p disclosed the highest accuracy for identifying malignant tumors, although
hsa-miR-155-5p depicted the best specificity (90.63%). Remarkably, a panel comprising
hsa-miR-21-5p /hsa-miR-155-5p detected about 83% of the three major RCC subtypes, with
71.89% accuracy (Table 2). Importantly, the same two hsa-miRNAs could discriminate RCTs
from healthy individuals (Figures S1 and S2 and Table S1).
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Table 1. Clinicopathological data of the technical optimization cohort (5 samples) and LiKidMiRs
cohort (composed of 139 Renal Cell Tumors and 64 Healthy donors” samples) used in this study.

Technical Optimization Cohort (7 = 5 Samples)

Cases Description
Sample #1 66 years, Oncocytoma
Sample #2 53 years, pRCC, Stage I
Sample #3 57 years, ccRCC, Stage I
Sample #4 46 years, chRCC, stage I
Sample #5 45 years, healthy blood donor
LiKidMiRs Cohort (1 = 203 samples)
Renal cell tumor samples 139
Healthy blood donors 64
Renal cell tumor patients—clinicopathological features

Age [years (median, interquartile range)] 64 (17.0)
Gender

Male 96/139 (69.1)

Female 43/139 (30.9)
Size of tumor mass [cm (median, interquartile range)] 4.50 (4.3)
Histology [n, (%)]

ccRCC 87/139 (62.6)

pRCC 15/139 (10.8)

chRCC 22/139 (15.8)

Oncocytoma 15/139 (10.8)
Stage [, (%)]

I 59/124 (47.6)

I 8/124 (6.5)

I 45/124 (36.3)

v 12/124 (9.7)
ISUP nuclear grade [n, (%)]

1 7/88 (8.0)

2 47/88 (53.4)

3 24/88 (27.3)

4 10/88 (11.4)
Vital status

Alive with disease 6/139 (4.3)

Alive without disease 120/139 (86.3)

Death from the disease 13/139 (9.4)

Healthy Blood Donors—clinicopathological features

Age [years (median, interquartile range)] 46 (4.75)
Gender

Male 36/64 (56.3)

Female 28/64 (43.8)
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Figure 1. Violin plots with miRNA levels in Healthy Donors (HD) and Renal Cell Carcinoma
(RCC) samples of hsa-miR-21-5p (A) and hsa-miR-155-5p (B), and respective Receiver-Operating
Characteristic Curve (without resampling analysis) (C,D). In violin plots, dashed lines indicate the
interquartile range and horizontal line the median of miR levels. In ROC curves, red line indicates
the reference line and blue line the identity line for each miRNA. Abbreviations: AUC—Area
Under the Curve; CI—Confidence Interval, HD—Healthy Donors, RCC—Renal Cell Carcinoma,
*—p-value < 0.05, **—p-value < 0.0001.

Table 2. Performance of miRNAs as biomarkers for detection of Renal Cell Carcinoma.

miRNAs SE% SP% PPV%  NPV%  Accuracy%
hsa-miR-21-5p 62.90 64.06 77.23 47.13 63.30
hsa-miR-155-5p 39.52 90.63 89.09 43.61 5691
hsa-miR-21-5p /hsa-miR-155-5p 89.52 54.69 79.29 72.92 77.66
Multiple ROC Curve 82.66 51.13 77.22 61.76 71.89

(hsa-miR-21-5p /hsa-miR-155-5p)

Abbreviations: SE—Sensitivity; SP—Specificity; PPV—Positive Predictive Value; NPV—Negative Predictive Value;
ROC—Receiver-Operating Characteristic.
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When the analysis was restricted to early-stage disease (patients with an organ-
confined tumor) and healthy donor samples, hsa-miR-21-5p and hsa-miR-155-5p, but
not the other miRNAs, retained statistical difference (p-value < 0.01 for both miRNAs)
between these two groups (Figure 2A,B). Hence, these two miRINAs were able to detect
small RCC (tumors limited to the kidney, without regional lymph node metastasis) with
89.04% sensitivity and high negative predictive value (NPV) (77.68%) (Table 3). Remarkably,
the AUC for both miRNAs was higher than 65.00% (Figure 2C,D).
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Figure 2. Violin plots of miRNAs levels in Healthy Donor (HD) and early stages of Renal Cell
Carcinoma (Stage I and II) samples of hsa-miR-21-5p (A) and hsa-miR-155-5p (B), and respective
Receiver-Operating Characteristic Curve (without resampling analysis) (C,D). In violin plots, dashed
lines indicate the interquartile range and horizontal line the median of miR levels. In ROC curves,
red line indicates the reference line and blue line the identity line for each miRNA. Abbreviations:
AUC—Area Under the Curve; CI—Confidence Interval; HD—Healthy Donors, **—p-value < 0.001.
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Table 3. Performance of miRNAs as biomarkers for identification of early stages Renal Cell Carcinomas.

miRNAs SE% SP% PPV% NPV%  Accuracy%
hsa-miR-21-5p 81.82 43.75 60.00 70.00 63.08
hsa-miR-155-5p 48.48 90.63 84.21 63.04 69.23
hsa-miR-21-5p /hsa-miR-155-5p 92.42 34.38 59.22 81.48 63.85
Multiple ROC Curve

(hsa-miR-21-5p/hsa-miR-155-5p) 89.04 3623 5928  77.68 62.88

Abbreviations: SE—Sensitivity; SP—Specificity; PPV—Positive Predictive Value; NPV—Negative Predictive Value;
ROC—Receiver-Operating Characteristic.

3.3. MiRNA Levels and Clinicopathological Features

Among RCC subtypes (ccRCC, pRCC and chRCC), significant differences were found
for all four miRNAs (hsa-miR-126-3p, hsa-miR-155-5p and hsa-miR-200b-3p, p-value < 0.010;
hsa-miR-21-3p, p-value = 0.045, Figure 3).

Furthermore, all four hsa-miRs circulating levels significantly differed between the
two major RCC subtypes, ccRCC and pRCC (hsa-miR-126-3p, p-value < 0.001; hsa-miR-
155-5p and hsa-miR-200b-3p, p-value < 0.01; hsa-miR-21-5p, p-value = 0.039, Figure 3).
Nonetheless, no statistical differences were found between pRCC and chRCC or between
ccRCC and chRCC for the tested circulating miRNAs.

hsa-miR-126-3p hsa-miR-155-5p hsa-miR-200b-3p
Nn.S. Nn.S. N.8.
— — —
a0 Fns a0 2 21 24
j = ] n.s -y
3 3 H a0l |1y
@ 3000+ ¢ 30+ @
a =3 ‘a
3 3 g 15
— 2000 e =
© ° @ 10+
> > >
2 1000 2 2
x x 57
£ £ £ g
0- T 0 T T T
B & & C . & D & & &
FE S £ & E S

Figure 3. Violin plots of hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-155-5p (C) and hsa-miR-
200b-3p (D) levels in the malignant subtypes (ccRCC, pRCC and chRCC). Dashed lines indicate the
interquartile range and horizontal line the median of miR levels. Abbreviations: ccRCC—Clear-Cell
Renal Cell Carcinoma; chRCC—Chromophobe Renal Cell Carcinoma; pRCC—Papillary Renal Cell
Carcinoma; n.s.—not significant, *—p-value < 0.05, **—p-value < 0.001, ***—p-value < 0.0001.

Due to the poorer outcome and higher incidence of ccRCC, comparisons in circulat-
ing hsa-miRNAs were performed between this subtype and the other two RCC subtypes
(Figure 4). Interestingly, ccRCC patients displayed significantly lower circulating lev-
els of all hsa-miRs compared to patients diagnosed with the other malignant subtypes
(p-value = 0.048 for hsa-miR-21-5p and p-value < 0.01 for hsa-miR-126-3p, hsa-miR-155-5p
and hsa-miR-200b-3p—Figure 4).
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Figure 4. Violin plots of hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-155-5p (C) and hsa-miR-
200b-3p (D) levels in ccRCC and other RCCs (pRCC and chRCC). Dashed lines indicate the interquar-
tile range and horizontal line the median of miR levels. Abbreviations: ccRCC—Clear-Cell Renal Cell
Carcinoma; RCC—Renal Cell Carcinomas; n.s.—not significant, *—p-value < 0.05, **—p-value < 0.001.

Moreover, circulating hsa-miR-126-3p and hsa-miR-200b-3p levels discriminated
ccRCC from other RCC subtypes with 74.78% sensitivity and 52.95% specificity (Figure 5
and Table 4).
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Figure 5. Receiver-Operating Characteristic Curves (without resampling analysis) of hsa-miR-21-5p (A),
hsa-miR-126-3p (B), hsa-miR-155-5p (C) and hsa-miR-200b-3p (D) in ccRCC and other RCCs (pRCC
and chRCC). Red line indicates the reference line and blue line the identity line for each miRNA.
Abbreviations: AUC—Area Under the Curve; CI—Confidence Interval.

Table 4. Performance of miRNAs as biomarkers for identification of Clear-Cell Renal Cell Carcinoma.

miRNAs SE% SP% PPV%  NPV%  Accuracy%
hsa-miR-21-5p 60.92 67.57 81.54 42.37 62.90
hsa-miR-126-3p 78.16 56.76 80.95 52.50 71.77
hsa-miR-155-5p 66.67 64.86 81.69 45.28 66.13
hsa-miR-200b-3p 60.92 75.68 85.48 45.16 65.32
hsa-miR-126-3p /hsa-miR-200b-3p 80.46 56.76 81.40 55.26 73.39

Multiple ROC Curve

(hsa-miR-126-3p /hsa-miR-200b-3p) 7478 52:95 7949 4746 68.28

Abbreviations: SE—Sensitivity; SP—Specificity; PPV—Positive Predictive Value; NPV—Negative Predictive Value.

4. Discussion

RCC remains a leading cause of cancer-related death worldwide. Alongside prostate
and bladder cancers, RCC is one of the most common urological malignancies [38]. Early
detection of RCC (ideally at stage I or II) significantly increases the likelihood of a cure
through surgical treatment, with a 5-year survival rate of 98%, averting the need for
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subsequent therapies, which are not curative and often carry significant adverse side
effects [15]. Nonetheless, 20-30% of patients display metastatic disease at diagnosis [38,39],
and even following curative-intent nephrectomy, the standard of care for localized RCC,
metastases develop in up to 20-40% of patients [39]. Notably, the response to medical
treatment (mainly targeted therapy or immunotherapy) is rather limited, with a 5-year
survival rate lower than 10%. Among RCCs, ccRCC, pRCC, and chRCC represent more than
90% of cases, emphasizing the importance of accurately detecting these tumor subtypes
and discriminating them from benign conditions [39,40].

Circulating miRNAs are emergent cancer biomarkers which might be assessed using
minimally invasive strategies, eventually constituting promising RCC biomarkers. Nev-
ertheless, only a few studies have addressed this issue, mostly using conventional qPCR
techniques [14,15,17-25,41,42]. Owing to the diversity of the results of those studies and
the need to overcome the limitations of normalization, we assessed the clinical potential of
a circulating miRNA-based panel for RCC detection using ddPCR.

Accurate identification of patients harboring RCC and discrimination from healthy
individuals, as well as from carriers of benign renal lesions (including tumors), is pivotal
to reliably establishing therapeutic vs. monitoring strategies. Thus, after a first analysis
between oncocytomas and healthy donors, we compared healthy donors with RCC pa-
tients. Remarkably, two (hsa-miR-21-5p and hsa-miR-155-5p) out of the four candidate
miRNAs disclosed statistically significant differences in plasma levels. Although hsa-
miR-21-5p has been described to act as oncomiR, we observed lower circulating levels in
RCC patients [20,43-45]. This might be due to the distinct miRNAs levels in the different
clinical samples. Indeed, higher miRNA levels may be found in tissues compared to body
fluid samples [46]. Importantly, increased hsa-miR-21-5p levels were also found in serum
samples of RCC patients, further supporting that circulating miRNA levels in serum and
plasma may be different [20]. Moreover, differences were also reported for hsa-miR-21-5p
levels in serum and plasma among patients with Non-ST-elevation myocardial infarction,
a non-cancer-related pathology [47]. Herein, higher hsa-miR-21-5p levels were found in
serum when compared with respective control samples, whereas lower levels were ob-
served in plasma samples from the same patients [47]. Of note, plasma has been reported
to be the sample of election for translational studies [47-49], as red blood cell lysis during
the coagulation process increases discharging of RNA and platelets to the serum, increas-
ing the non-tumor derived circulating miRNAs present in each sample [48]. Importantly,
hsa-miR-21-5p is expressed in platelets [47,50] and, thus, an increase of platelets in serum
might explain the higher levels found for this miRNA. Furthermore, in breast cancer, lower
hsa-miR-30b-5p levels were found in tissue compared with plasma, unveiling the dispar-
ities between these two sample sources [51]. Moreover, inadequate normalization and
biased results may occur if the normalizer used is not the most suitable. Indeed, U6 is more
prone to degradation by serum RNases [1]. Interestingly, in a previous study we found
that hsa-miR-21-5p miRNA was significantly downregulated in tissue samples from RCT
patients, discriminating RCT patients from healthy donors [13].

Concerning hsa-miR-155-5p, upregulation of this circulating hsa-miR was found in
RCC patients, and a panel comprising hsa-miR-155-5p and hsa-miR-21-5p could identify
82.66% of RCC patients with 71.89% accuracy. Interestingly, hsa-miR-155-5p was shown to
be upregulated in tissue [13,52] and ccRCC serum samples [18], and is also associated with
cancer development [52]. Moreover, an hsa-miR-21-5p /hsa-miR-155-5p panel depicted
high sensitivity (89.04%) for identifying organ-confined carcinomas, which might allow for
reducing false-negative results and increase the likelihood of curative-intent treatment. To
the best of our knowledge, this is the first study that evaluated the biomarker performance
of plasma circulating hsa-miRs to detect early-stage RCC. Previously, Wang and colleagues
described a 5-miRNA panel (miR-193a-3p, miR-362, miR-572, miR-378, and miR-28-5p)
that was able to identify early-stage RCC, albeit in serum samples [22]. Furthermore, our
panel achieved a higher NPV than that reported by Wang et al. [22].
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We further evaluated whether circulating hsa-miRNAs might also convey relevant
information to discriminate ccRCC from the remainder RCC subtypes. Indeed, all four
miRNAs were able to differentiate this major RCC subtype from the others. The panel
constituted by hsa-miR-126-3p and hsa-miR-200b-3p disclosed the best performance, with
74.78% sensitivity and 52.95% specificity. Since ccRCC is an aggressive RCC subtype, early
detection is of major importance, and its accurate identification might improve patient
outcomes [20,53]. Although stratification by stage was not performed due to a limited num-
ber of cases with advanced stages, for early stages, hsa-miR-126-3p and hsa-miR-200b-3p
levels also differed significantly between ccRCC and the remainder RCC subtypes.

Considering that various studies have reported other strategies for RCC identification
(including imaging and epigenetic biomarkers), our results seem to offer the best sensitivity
for RCC detection [9,54]. Indeed, the methodology we developed uses a lower initial sample
volume [15,17,20,22,25,41,42], which is more cost-effective, and the procedure to obtain the
sample is better tolerated by patients. Molecular imaging such as '8F-fluorodeoxt-glucose
(FDG) positron emission tomography/computed tomography (PET/CT) was reported
to detect localized RCC, but it discloses lower sensitivity (only 22%) [54,55]. Despite the
superior specificity (85.9%) of 1?41-cG250 PET for RCC detection, when compared to our
hsa-miR-21-5p /hsa-miR-155-5p panel (51.13%), this monoclonal antibody has a half-life of
several days, constituting a significant disadvantage in relation to the protocol reported
by us [56]. Moreover, diffusion magnetic resonance imaging was reported to characterize
malignant lesions with similar sensitivity (86%) to our panel but with higher specificity
(78%) [57]. Nevertheless, it should be noted that despite the better performance, these
imaging biomarkers are more costly and less well-tolerated by the patient compared to
liquid biopsies [54].

The intense exploration of circulating epigenetic markers such as DNA methylation,
miRNAs, and IncRNAs is well illustrated by the more that 60 articles published in this
field since 2003 [9]. So far, 10 DNA methylation-based studies (e.g., using VHL, RASSF1A,
P16, P14, RARB, TIMP3, GSTP1, APC) for RCC detection have been published [58-67]
and only 33.33% of these had an RCC cohort with more than 50 patients [60,63,64]. Com-
pared with those studies, our results provide higher sensitivity (6-83%). However, DNA
methylation-based markers displayed high specificity (53-100%). This was also observed
in three IncRNAs studies (e.g., GIHCG, LINCO00887) [68-70], in which the diagnostic per-
formance was generally lower than in our study (67.1-87.0%), but the specificity reached
values >80% for all biomarkers. Although our biomarker panels disclosed high sensitivity,
their specificity is limited. Thus, in an envisaged routine setting, they would ideally be
used in first-line screening, requiring complementary use of more specific biomarkers in
cases deemed positive. In liquid biopsies, DNA methylation-based markers such as VHL,
RASSF1A, TIMP3, SFRP1, SERP2, SFRP4, SFRP5, PCDH17, and TCF21 are highly specific
(100%) [58,59,61,62,65-67] and, thus, constitute good candidates as second-line tests, in
this setting.

As previously reported, most circulating miRNA studies are based on blood-based lig-
uid biopsies [1]. When compared with our protocol, only a few studies included more than
100 RCC patients, which might, at the least partially, explain the differences in results [9].
Additionally, the discrepant results might also be explained, as described above, by the
biased normalization (e.g., spike-in as normalizer miRNA, U6, RNU48) [14,19,20,23,24].
Nevertheless, the sensitivity reported for the most widely studied serum miRNAs (miR-210,
miR-1233, and miR-378) was generally lower than our plasma panel [14,17,25]. Indeed,
using this less time-consuming and more cost-effective approach, we were able to detect
RCC using a minimally invasive technique, with a lower initial quantity of plasma than
serum-based studies (although detecting other miRNAs), and obtained similar or even
better results, obviating the need for normalization and the associated bias (due to ddPCR
absolute quantification) [15,17,20,22,25,41,42]. Hence, our results from multiple ROC curve
analysis demonstrate a potential clinical application of this technology to identify RCC, and
is the first study to quantify circulating miRNAs in these patients using ddPCR (Figure 6).
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These results require validation in more extensive prospective studies. Overall, and
notwithstanding our promising results for RCC detection, it should be acknowledged that
the lack of long-term follow-up constitutes a significant limitation. Further studies using
liquid biopsies should also be considered to further subtype RCC, namely, to distinguish
oncocytomas from chRCCs, which will lead to a prioritization of treatments for patients
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Figure 6. Graphical representation of the potential clinical impact of LiKidMiRs. Created with BioRender.com.

5. Conclusions

Our findings support the research question that a minimally invasive test can be
developed to detect RCC, improving patient survival through increased diagnosis at earlier
stages. This might help to reduce the morbidity and mortality associated with advanced
disease, as well as the lack of curative treatment at those stages. Furthermore, and to the
best of our knowledge, this work is the first to report a novel tool to quantify circulating
miRNAs in plasma using ddPCR in RCC patients.
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Simple Summary: Radiogenomics is the science of studying imaging-pathology associations on
a genomic level. With the potential for improved non-invasive characterization of tumors to pre-
dict survival; metastasis; and/or treatment response, it is important for clinicians to have a basic
appreciation of this nascent field. The genetic basis for clear cell kidney cancer is more well-defined
than many other malignancies, making it an ideal target for radiogenomic analysis. We first define
the field of radiogenomics in diagnostic radiology, demonstrating that image biomarkers can be
derived either qualitatively or quantitatively, the latter of which often employs machine learning. We
then summarize existing literature establishing relationships between image features and single or
multiple gene expression patterns in clear cell renal cell carcinoma. Finally, we outline limitations of
the scope and methodology of current radiogenomic studies in ccRCC and propose future directions
for this field to progress from an experimental setting into the mainstream clinical workflow.

Abstract: With improved molecular characterization of clear cell renal cancer and advances in texture
analysis as well as machine learning, diagnostic radiology is primed to enter personalized medicine
with radiogenomics: the identification of relationships between tumor image features and underlying
genomic expression. By developing surrogate image biomarkers, clinicians can augment their ability
to non-invasively characterize a tumor and predict clinically relevant outcomes (i.e., overall survival;
metastasis-free survival; or complete/partial response to treatment). It is thus important for clinicians
to have a basic understanding of this nascent field, which can be difficult due to the technical
complexity of many of the studies. We conducted a review of the existing literature for radiogenomics
in clear cell kidney cancer, including original full-text articles until September 2021. We provide a basic
description of radiogenomics in diagnostic radiology; summarize existing literature on relationships
between image features and gene expression patterns, either computationally or by radiologists; and
propose future directions to facilitate integration of this field into the clinical setting.

Keywords: clear cell kidney cancer; radiogenomics; radiomics; machine learning; gene expression

1. Introduction

Beginning in the late 1980s, our understanding of the pathology of kidney cancer
has gradually evolved beyond characterization of histological patterns to identification
of specific genetic changes [1,2]. Discovery of pathologically relevant genetic pathways
has allowed for discrimination both between and among renal cancer subtypes. The
ultimate goal of these endeavors is to create a more personalized approach to predicting
disease prognosis and response to treatment. With improved ability to characterize image
features, particularly through advances in machine learning, diagnostic radiology is also
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primed to enter personalized medicine through the field of radiogenomics. Here, we define
this nascent field and review available studies in clear cell kidney cancer involving the
association of single-gene mutations as well as more complex gene expression patterns
with imaging phenotypes.

2. What Is Radiogenomics?

Radiogenomics is the science of identifying the associations between imaging features
of a lesion and the underlying genomic signatures. For instance, by developing radio-
genomics signatures, one can predict the tumor response to treatment by combining the
imaging findings and genomic data. This process can also be used to decode the genetic
makeup of a mass seen on imaging that fits the radiogenomic profile developed for that
specific mass subtype [3-5]. One of the advantages of this approach is a complete eval-
uation of the makeup of the mass as opposed to tissue sampling that only evaluates a
small portion of the tumor, which may underestimate the dominant molecular pattern
given intra-tumoral heterogeneity [6]. Thus, by identifying surrogate imaging biomarkers
that represent distinct genotypes with prognostic significance, radiogenomics can improve
traditional tumor genetic testing through more comprehensive tumor characterization via
wider anatomic coverage. As with current biomarkers, these imaging phenotypes should
have prognostic significance; that is, to better define, beyond size and growth rate criteria
alone, appropriate candidates for active surveillance and/or systemic treatment regimens
in the case of advanced disease.

Imaging characteristics can be obtained either qualitatively (i.e., discrete variables
scored by one or more radiologists) or quantitatively. Some of the quantitative variables
such as size and degree of contrast uptake/washout can be calculated by the clinicians,
while more complex relationships between individual image pixels cannot be ascertained
by the naked eye. Conversion of these relationships into mineable quantitative features
is the practice of radiomics [5,7,8]. The region of interest (either a single slice or the
full volume of the tumor) is marked within an image (segmentation) to be recognized
by computer software for image feature extraction. Differential pixel intensities of an
image can be captured into either first order features (i.e., frequency distribution of pixel
intensities without any spatial information such as skewness or kurtosis) or higher order
features (i.e., spatial relationship between different pixel intensities such as gray level
discrimination matrix). Given the number of extracted features (at times exceeding 1000)
and the assumed nonlinear relationship between features and the dependent variable (i.e.,
presence or absence of a genetic mutation), machine learning is often employed to establish
such relationships. More specifically, the data are split into training and testing sets, with
an assigned algorithm developing relationships among relevant features using training
data. The ability of the model to accurately classify patients into discrete categories (i.e.,
mutation or no mutation) is employed on the test data, using the known mutation status
as the comparator of efficacy. Typically, prior to model training, the number of extracted
features is reduced, either by eliminating redundant features (i.e., those with high intra-
class correlation) and inconsistent features (i.e., those not seen if tumor is segmented by a
different radiologist), with or without the aid of machine learning. In summary, the steps of
a radiomics algorithm are segmentation; feature extraction; feature selection; and, in most
cases, machine learning. This workflow is summarized in Figure 1.

Compared to other malignancies, the genetic basis of clear cell kidney cancer is well-
established, with a relative paucity of genes implicated in pathogenesis. Thus, kidney
cancer is a prime target for initial application of radiogenomics. Below, we review available
studies in clear cell renal cell cancer (ccRCC) radiogenomics, focusing on exploratory
investigations into relationships between imaging features and mutations in single genes;
gene expression patterns; methylation changes in specific genes; and microRNA expression.
The goal of each of these investigations is to better predict relevant clinical endpoints, such
as overall survival; development of metastasis; and treatment response.
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We conducted the review using PubMed, EMBASE, Google Scholar, and Web of Sci-
ence. We searched by title/abstract in the following databases using the search parameters:
“artificial intelligence or radiomics or machine learning or deep learning or radiogenomics”
AND “clear cell” AND “kidney or renal”. Articles published up to September 2021 were
included. Eliminating redundant articles, 354 articles were identified from our search
parameters. Titles from articles were screened out if they did not involve a correlation of
imaging features to gene expression patterns. Through this manner, we identified 20 full
text, original study articles that were incorporated into this review. See Figure 2 for a
summary of the workflow for inclusion of studies for this review. Table 1 summarizes these
studies with their relevant findings.

Image Acquisition Annotation Lesion segmentation
Any modality (e.g., CT; MRI; or PET) can be A radiology expert annotates the lesion for By using segmentation software (e.g., MIM or
used for radiomic studies. radiology-pathology correlation ITKSNAP), the region of interest is defined.

Feature extraction using software (e.g., Feature selection Prediction of genetic mutation using machine learning
Pyradiomics) Redundant or inconsistent features are excluded using or statistical analysis
Both first and higher order (e.g., texture) different feature selection methods, including machine Regression, Random forest; and support vector
radiomic features are extracted. learning. machine are examples of algorithms that can be used
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Figure 1. Outline of workflow for radiomic studies. Annotation is particularly important for mul-
tifocal masses to ensure matching of radiologically identified lesion with appropriate pathological
specimen. Classification of machine learning algorithms is typically binary and thus analyzed using
receiver operated curve (ROC), with area under the curve (AUC) used as benchmark for machine
performance. Image created using BioRender.com (accessed on 26 November 2021).
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Articles identified through PubMed,
EMBASE, Web of Science, and Google
Scholar (first 200 results) using

standardized search terms

|
v

Redundant articles removed (1 = 354)

A 4

Articles discussing radiogenomics in clear

cell kidney cancer (1 = 36)

v

|
:

Original ccRCC radiogenomics studies
selected for incorporation into review (1 =
20)

Figure 2. Flowchart demonstrating the search strategy and selection criteria for the articles included

in this review.
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3. Associations between Image Features and Mutations in Single Genes Commonly
Implicated in ccRCC

While mutations in Von-Hippel Lindau (VHL) gene have long been implicated in the
pathogenesis of ccRCC [1,2], the Cancer Genome Atlas (TCGA) helped identify additional
causative genes, including those in the chromosome 3p region adjacent to VHL, such as
polybromo-1 (PBRM1); BRCA associated protein 1 (BAP1); and SET domain containing 2
(SETD2) [28]. Indeed, while 90% of sporadic clear cell kidney cancers are associated with
3p chromosomal deletions, a minority of these tumors have wild type VHL expression,
indicating the independent role of other genes within this region in tumorigenesis. Addi-
tional relevant genes for ccRCC identified by TCGA include lysine specific demethylase
5C (KDM5C) and mucin 4 (MUC-4) [29,30]. Although the presence of a VHL mutation
itself has not been shown to have any predictive or prognostic value, important clinical
differences emerge with respect to the mutational status of other genes. For instance,
PBRM1 mutational status may determine response to immune checkpoint therapy [31,32];
BAP1 mutations are associated with more aggressive tumors [28,33]; tumors with SETD2
and KDM5C mutations are linked to unfavorable prognosis in the localized setting [34-36];
and tumors with MUC4 mutation have a favorable prognosis [37].

Karlo and others [9] sought to assess whether mutations in VHL; KDM5C; SETD2;
and/or BAP1 were associated with any image features from computed tomography (CT).
A total of 233 patients from two cohorts (i.e., MSKCC and the Cancer Imaging Archive
(TCIA)) with available CT and genomic analysis had their corresponding tumors scored on
eight qualitative (e.g., presence of necrosis) and two quantitative (e.g., tumor size) features
via consensus from three radiologists. Significant image-genotype correlations were seen
with VHL, KDM5C, and BAP1 mutations. Tumors with VHL mutations were associated
with a well-defined tumor margin; nodular enhancement; and presence of intratumoral
vascularity. KDM5C and BAP1 mutations were more predominant in tumors with renal
vein invasion. Finally, KDM5C mutant tumors tended to be hypo-enhancing relative to the
renal cortex in the CT nephrographic phase.

Shinagare et al. [10] performed a similar type of hypothesis-generating study; here,
103 patients exclusively from the Cancer Imaging Archive (TCIA) had six imaging features
on either contrast-enhanced CT (79% of cohort) or MRI assessed by three radiologists. For
each feature, the median or most common score (depending on whether the variable was
qualitative or quantitative) was used to determine an association with tumor genotype.
Despite the overlap in image features and patients with Karlo et al. [9], different results
were obtained. With respect to VHL; KDM5C; and BAP1 mutational status, there was a
significant association only with BAP1. Namely, tumors with BAP1 mutations were more
likely to have ill-defined margins and calcifications. Additionally, MUC-4 mutation was
associated with an exophytic tumor growth pattern.

Despite the inconsistency in results between these two studies, plausible biological
explanations can be ascertained for these surrogate imaging biomarkers. For instance,
BAP1 mutations confer aggressive traits to renal tumors, which may increase the likelihood
of renal vein invasion as well as promote de-differentiation and increased proliferation,
both of which can account for a poorly visualized tumor margin. The unregulated HIF
expression with VHL mutation, resulting in upregulation of angiogenesis factors, can
explain the prominence of intratumoral vascularity seen in these tumors.

Greco et al. [11] sought to characterize differences, if any, between patients with
VHL and KDM5C mutant tumors in terms of abdominal fat content. With 52 VHL and
10 KDM5C mutant tumors derived from the TCIA cohort, patients with KDM5C mutations
had higher total and visceral abdominal fat content than those with VHL tumor mutations.
The authors also included a cohort of patients with no renal tumors (1 = 35) and noted that
ccRCC overall is associated with higher total and visceral fat content. There is evidence that
fat deposits in obese individuals may promote oncogenesis and tumor progression through
a chronic inflammatory state created through adipokines [38,39], which may explain the
study results, given the negative prognostic biomarker of localized KDM5C mutant tumors.
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Apart from qualitative and quantitative scoring derived from radiologists, associations
between image features and single gene alterations have also been studied using radiomics
and machine learning. For instance, Feng et al. [12] used a random forest classifier to assign
tumors from 54 TCIA patients (45 BAP1 wildtype and 9 BAP1 mutants) to either presence
or absence of BAP1 mutation based on 58 quantitatively derived radiomics features, with
an AUC of 0.77. Image features from this study were derived from the nephrogenic CT
phase, with the most predictive being a higher order feature (gray level run length matrix—
number of consecutive voxels of a similar gray level intensity within a given direction [8].
Kock et al. [13] also used a random forest classifier to predict BAP1 tumor mutational status
but used an unenhanced CT for easier availability and improved homogeneity between
image studies, the latter of which is relevant in the multi-institutional collaboration of
TCIA. Utilizing CTs of 65 patients (13 BAP1 mutant tumors and 52 BAP1 wildtype tumors),
the random forest classifier was trained on 6 selected features, achieving an AUC of 0.897.
Although Ghosh et al. had previously shown features extracted from nephrographic phase
as opposed to unenhanced phase to be most predictive of BAP1 mutation [14], it should
be noted that different extracted features from Feng et al. [12] were used to train this
model; indeed, the dominant feature class was first-order. Nevertheless, half of the selected
features [13] were higher order, indicating that region of interest (ROI) analysis without
taking into account the spatial relationship of encapsulated voxels (i.e., utilizing only first
order features) was insufficient for optimal prediction of BAP1 mutation status.

In addition, to study results potentially being affected by the image phase used and
features selected, the type of machine learning algorithm can have an impact on the
predictive performance of the model classifier. For instance, Kocak et al. [15] assessed
the differential performance of two algorithms (random forest classifier and artificial
neural network) in predicting the presence or absence of a PBRM1 mutation. In studying
45 patients (29 PBRM1 tumor wild-type and 16 PBRM1 mutants) from the TCIA using
the corticomedullary phase of CT, the random forest classifier outperformed the artificial
neural network in predicting tumor genotype, with AUC of 0.987 and 0.925, respectively. In
this study, a machine learning algorithm was used to select the extracted radiomic features
as well as train the model using the selected features. In other words, while 828 initial
features were extracted from the CT, the final features used to train the model classifier
differed depending on the algorithm (i.e., 10 features selected by artificial neural network
and 4 features by random forest classifier). Indeed, only three selected features were shared
by both algorithms, accounting for discrepancy in results beyond the intrinsic properties of
the algorithms themselves. Regardless, two out of the top three features most predictive
of PBRM1 mutation status were a higher order for both types of model classifiers. Across
both types of algorithms, tumors with the PBRM1 mutation had greater pixel heterogeneity
of gray level intensity.

Rather than comparing different machine learning algorithms, Chen et al. [16] used
six different types of classifiers to generate the composite probability of different tumor
genetic mutations. Here, 43 selected features from corticomedullary phase CT scan (a total
of 57 patients from TCIA) were used to train and test each model classifier (support vector
machine; logistic regression; discriminant analysis; decision tree; K-nearest neighbor; and
naive Bayesian). The predictive capability of the multi-classifier algorithm was superior to
any single classifier, with AUC for predicting VHL; PBRM1; and BAP1 mutations being
0.88; 0.86; and 0.93, respectively. The selected features common to all six classifiers that
discriminated VHL mutational status were both first order (mean and kurtosis). Tumors
with VHL mutation had lower mean voxel intensity and had less variation in pixel intensity
values (i.e., less tailedness or kurtosis). On the other hand, a relatively equivalent proportion
of first and higher order features were selected across all six classifiers for distinguishing
PBRM1 mutation class. Finally, more higher order features were common to all six classifiers
for BAP1 classification, with BAP1 mutant tumors having greater heterogeneity in terms of
voxel intensity.
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4. Beyond Mutations in Common Pathogenic Single Genes in Clear Cell Kidney
Cancer: Establishing Image Biomarkers for Epigenetic, Regulatory, and Multiple Gene
Expression Signatures

Despite single gene mutations being implicated in renal cancer pathogenesis, kidney
cancer development is reliant not just on any one aberrant gene product, but also on changes
in regulatory molecules for both the gene product and its downstream effectors. While
our understanding of these modulators of gene expression is in its infancy, preliminary
investigations into relationships between imaging features and these molecules have been
conducted.

For instance, Marigliano et al. [17] sought to determine whether there was any as-
sociation between intensity-based pixel features (e.g., mean pixel attenuation) of ccRCCs
seen on contrast CT and the amount of mi-21-5p, a micro-RNA whose expression was
previously shown to be correlated with poor cancer specific survival following RCC resec-
tion [40]. Unlike previous studies, image features were extracted from both the tumor and
the surrounding normal renal parenchyma. In 20 patients, the authors found a significant
positive correlation between change in miR-21-5p expression from tumor to adjacent nor-
mal parenchyma and degree of image entropy (i.e., variation in pixel intensity within the
tumor) [17].

Another regulatory factor implicated in several carcinomas is RUNX3 (runt related
transcription factor 3), which belongs to a family of transcription factors that modulate
major developmental pathways [41,42]. Methylation of this tumor suppressor RUNX3 has
been negatively associated with overall survival in other carcinomas [43,44]. Cen et al. [18]
scored 106 ccRCCs from the TCIA cohort on 9 qualitative CT imaging features and found,
on multivariate regression, that ill-defined tumor margin, left sided tumors, and presence of
intratumoral vascularity significantly predicted elevated RUNX3 methylation levels (AUC
of 0.725). Furthermore, patients with higher methylation levels had lower median overall
survival. The laterality bias is difficult to explain, with additional validation needed, but
intratumoral vascularity and ill-defined margin are both imaging markers associated with
aggressive tumors, which is in line with the negative prognosis associated with RUNX3
methylation.

Other tumor suppressor genes that can be susceptible to methylation-induced silencing
in RCC have been identified, such as Dickkopfl (DKK1); WNT pathway regulatory genes;
and secreted frizzed related protein (SFRP1) [45,46]. Through the TCGA, three DNA
methylation subgroups in ccRCC (M1-M3) with prognostic implications were identified,
with the M1 subtype found to have the worst overall survival [28]. In assessing tumors
from 212 patients (180 ccRCC cases) from the TCIA cohort on 12 different qualitative CT
imaging features, Yu et al. [19] noted that, on multivariate analysis, a long axis >7 cm and
presence of necrosis was associated with the unfavorable M1 subtype, with an AUC of
0.68. While M2 subtype was mostly characterized by absence of necrosis, the presence of
necrosis was a significant independent predictor of the M3 subtype on multivariate logistic
regression, limiting the utility of that imaging parameter.

As illustrated above, characterizing tumors by a panel of molecular markers, as
opposed to a single entity, may more accurately capture the full extent of their biological
behavior. In this manner, Zhao et al. [47] described 259 genes that predicted survival after
ccRCC surgery independent of grade; stage; and performance status, creating the so-called
SPC (supervised principal components) gene signature. Jamshidi et al. [20] used available
CT and genetic data from 70 patients from a single institution to develop a radiogenomic
risk score (RRS) using the top 4 qualitative CT imaging features that were best associated
with expression of genes within the SPC signature. This score was independently validated
in 77 patients from the same institution at a later time point. In a separate phase II trial
assessing the role of neoadjuvant bevacizumab prior to cytoreductive nephrectomy, RRS
using pre-treatment CT features was able to predict radiological progression free survival
after anti-angiogenic administration [4].
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The Cancer Genome Atlas also helped identify four unique mRNA-based subgroups
in clear cell renal cell cancer: m1-m4 [48]. For instance, M1 contains gene sets involved
with chromatin remodeling and a higher proportion of PBRM1 mutations. On the other
hand, higher deletions of PTEN are seen in the m3 subtype. Bowen et al. scored tumors
from 177 patients from TCIA on 8 CT imaging features and noted that a well-defined tumor
margin was a significant positive predictor of m1 subtype vs. others, whereas the opposite
was true of the m3 subtype [21]. As seen in other qualitative studies, the margin status of
the m1 subtype is in line with its prognostically favorable outcome with respect to overall
survival.

Further genetic expression analysis of ccRCC tumors have revealed two distinct molec-
ular subtypes that are captured by a 34-signature gene model (ClearCode34): ccA and ccB.
CCA is characterized by upregulation of genes involved in angiogenesis, while ccB tumors
have higher cellular differentiation activity (i.e., epithelial to mesenchymal signaling). CCB
tumors are more aggressive, based on higher Furhman grade; increased nodal metastasis;
and worsened cancer specific as well as overall survival [49,50]. Unfortunately, the utility
of this biomarker is hindered due to high intra-tumoral heterogeneity [51], limiting radio-
genomic studies derived from biopsy samples. Yin et al. [22] circumvented this problem
by performing radiomic and genetic expression analysis on different areas of the tumor
from the same patient. A total of 168 features were extracted from 23 tumor ROIs on a
PET/MRI from 8 patients; using sparse partial least analysis (SPLA), 4 radiomic features
(2 first order and 2 higher order) were selected and found to correctly classify the ccRCC
molecular subtype 86.96% of the time.

Thus far, radiomic signatures have been linked to molecular factors with established
prognostic associations; for instance, BAP1 mutation with aggressive tumor phenotype or
ccB with worsened cancer specific survival. However, radiomic analysis can be used for
gene discovery, with associated prognostic and therapeutic implications. That is, machine
learning algorithms can group image features into those that are found to differ based
on clinical outcomes such as metastasis free or overall survival. The genotype of tumors
within each imaging group can then be interrogated to determine the underlying biology
of different image classes, with identification of distinct genetic pathways helping to usher,
for instance, development of new drugs.

Lee et al. [23] used three different machine learning algorithms (i.e., random forest clas-
sifier; logistic regression; and support vector machine) and a training set of 58 patients with
a contrast CT prior to partial or radical nephrectomy to determine differential contributions
of 4 selected image features (only 1 of which was higher order) towards prediction of post-
surgical metastasis. This model was independently validated on 28 patients from the TCIA
with an AUC of 0.89-0.95. Genetic expression analysis was performed on tumors, with
specific image features correlating with genes involved with translation regulation; ECM
interaction; focal adhesion; PI3K-AKT pathway; signaling by notch receptor 1 (NOTCH1);
Wnt signaling pathway; and regulation of actin cytoskeleton. Differences in fibroblast
growth factor expression and amount of T cells were found to correlate with image features,
which have therapeutic implications (i.e., preferential FGFR inhibitor or immunotherapy
for metastatic disease).

In a similar study, Zhao et al. [24] used nine radiomic features selected by machine
learning (eight of which were higher order) to predict development of postoperative
metastasis with AUC of 0.86. With genetic expression analysis and correlation with 9 image
features, 19 gene signatures (ECM interaction; focal adhesion; and PI3K-AKT pathway
were similar sets of genes from the previous study) were constructed that independently
accurately predicted metastasis (AUC of 0.84). Additionally, Lin et al. [25] developed three
distinct radiomic feature classes that, independent of tumor grade and patient age, differed
based on overall survival from unenhanced CT scans of 160 patients. Genetic analysis
revealed that classes differed based on underlying genetic mutations. For instance, class 1
with the lowest overall survival had reduced VHL mutation expression relative to the other
two classes. Class 3 had higher FBN2 expression, which has been previously associated with
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improved overall survival [52,53]. Finally, Huang et al. [26] unearthed a gene expression
module (comprised of 256 genes) that was associated with four selected radiomic features
(75% higher-order) derived from 205 ccRCC patients from the TCIA. These genes mediate
tumor angiogenesis, cell adhesion, and extracellular structure organization. The top four
correlated genes within this module (RPS6KA2, CYYR1, KDR, and GIMAP6) were selected
for incorporation into a machine learning algorithm. A decision classifier integrating
both radiomic and genomic factors was a better predictor of 1-, 3-, and 5-year overall
survival than a classifier using only radiomic features (5-year survival AUC 0.75 and 0.69,
respectively).

5. Limitations and Future Directions

While radiogenomics has the potential to revolutionize a clinician’s diagnostic capa-
bilities, several existing limitations in this field will need to be addressed to allow these
advances to proceed beyond the experimental setting. First, many of the institutional-based
studies fail to have an external validation set from an outside institution, limiting the
generalizability of their findings. In a recent review, only 7% of studies utilizing radiomic
analysis of renal masses had this type of validation [54].

Despite not having an independent validation set, studies attempt to nonetheless
seek generalizability by relying on cohorts from TCIA, which are comprised of images
from multiple institutions. However, as institutions differ in image processing protocols, a
different problem emerges, particularly for radiomic analysis, with the type and quantity
of features extracted dependent on the specific way an image is acquired and processed
(e.g., number of slices used for segmentation) [5,54].

A significant time burden in the radiomics workflow is manual segmentation, es-
pecially if more than one slice is considered. Manual segmentation is also subject to
inter-observer variability [55,56]; although, some studies have tried to address this issue
through multi-reader segmentation. As software to achieve reliable automated segmen-
tation improves and becomes more available, large imaging sets can not only managed
efficiently, but segmentation of tumor for radiomic analysis can be performed prospectively
as part of the diagnostic radiologist’s clinical workflow [5].

Apart from image acquisition differences, other aspects of heterogeneity within ra-
diomic studies can be seen, accounting for discrepancies in results. For instance, studies
investigating the same question (i.e., whether radiomic features can predict the presence
of BAP1 mutations) use different phases of CT (i.e., nephrographic vs. excretory vs. un-
enhanced). Radiomic studies have been inconsistent in the CT phase most predictive of
outcomes. As was illustrated above, features derived from CT nephrographic phase was
most predictive of BAP-1 mutation status [14]; however, Nguyen et al. found that features
from the corticomedullary phase was most predictive of renal mass characterization (e.g.,
RCC vs. benign) [57]. Just as is performed by the practicing radiologist, the optimal strategy
may be to incorporate features from all CT phases into radiomic analysis.

Studies also differ in the extent of feature extraction, with some not obtaining higher
order features from image filtration. Additionally, there is variability in the manner through
which feature selection is performed, with some but not others employing machine learning
to eliminate redundant and/or inconsistent features. Another important, yet underutilized,
consideration for feature selection is that predictive model performance may be improved
if features related to slice thickness and tumor size are also eliminated [58]. The former
is an important consideration with studies relying on multi-institutional databases such
as TCIA. With regard to the latter, as radiomics is meant to augment current diagnostic
capability, development of radiomic signatures should only involve features that are not
easily calculable in the clinical setting.

Thus, for radiomic studies to be reliably compared against each other, standardization
of image processing (including acquisition and segmentation); feature extraction; and
feature selection needs to be established. Perhaps an international consensus conference can
be conducted for this purpose, with stakeholders from different fields outlining guidelines
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(i.e., radiologists; computer scientists; technicians; physicists; and treating clinicians).
Standardization will also ensure that multi-disciplinary collaboration can be robustly
performed from high quality and well curated images. Large sample sizes are necessary
to improve generalizability of machine learning classifiers. With low sample size (i.e.,
<1:10 ratio of features: number of patients/tumors in a particular group [5]), overfitting of
data can occur, preventing the model from performing well on other types of data, both
within and outside a given institution. Additionally, in order to further promote replication
of results in other institutions, source code of decision classifiers should be made public,
which is not routine practice at present [59].

Currently, the vast majority of current radiomic and radiogenomic studies focus on CT.
This approach is sensible at present, given that this imaging modality is the predominant
means of evaluating renal masses worldwide. However, with its lack of radiation, MRI
has grown in popularity, particularly as more serial imaging is incorporated into kidney
tumor evaluation (i.e., active surveillance or treatment response in metastatic disease). The
main advantage of MRI is the additional information that can be obtained from a variety
of imaging sequences, such as T2 or DWI, which may improve image prediction models
by providing additional radiomic features. Only one study reviewed here utilized MRI
for computational image feature extraction; it is hoped that additional studies utilizing
MRI for radiogenomic analysis will be conducted as experience and/or availability of this
imaging modality grows.

In terms of scope of study, radiogenomic analysis thus far has largely focused on molec-
ular features of the tumor itself. However, the tumor exists within a microenvironment
that modulates its growth and development. For instance, Zhong et al. [60] identified two
subtypes of ccRCC from analysis of the TCGA that differed based on checkpoint inhibitor
and lymphocyte expression. These differences in immune-related tumor microenvironment
have prognostic relevance; for instance, the subtype with elevated checkpoint inhibitor
expression was predicted to have reduced response to immunotherapy. Some preliminary
radiogenomic work characterizing the tumor ecosystem has been employed, such as Greco
et al. [11] characterizing visceral fat content with ccRCC mutation as well as Marigliano
et al. [17] and Lee et al. [23] also incorporating the surrounding normal parenchyma in
feature extraction. It is hoped that as the field of radiogenomics evolves along with our
understanding of the biology of the tumor microenvironment, additional radiomic analysis
of the parenchyma and perinephric fat surrounding a tumor can be performed to establish
more comprehensive surrogate imaging biomarkers.

While a clear advantage of establishing imaging biomarkers of underlying genetic
activity is that images provide wider anatomical coverage than can be procured by a biopsy
sample, many radiogenomic studies still correlate image features of an entire tumor with
genetic information from a biopsy specimen. Furthermore, most of the time, the exact
location of the biopsy is not known, preventing radiomic analysis of the corresponding
area of a tumor to achieve a more optimal association study given genetic intra-tumor
heterogeneity [61]. For this reason, the study by Yin et al. [22] was unique in that radiomic
analysis was performed at different areas of a single tumor, with each area having distinct
genetic testing and thus a known gene expression pattern. Future studies should also
perform radiogenomic analysis within tumors as opposed to simply between different
tumors. In the era of digital pathology utilizing quantitative image analysis and machine
learning, models characterizing spatial heterogeneity of genetic mutations and surrounding
microenvironment (i.e., T lymphocyte expression) within a tumor have been developed [62].
Provided that these models can be validated across institutions, they can be integrated into
radiomic studies to provide more robust imaging—pathology associations.

Although the majority of presented studies here utilize tumors of different stages
in image analysis, the genetic information is generally derived from the primary kidney
tumor. That being said, the assumption of genetic homogeneity between the primary tumor
and metastatic deposits may not necessarily hold. In a recent study using ClearCode34 to
classify primary and metastatic tumor sites into different molecular subtypes (i.e., clear
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cell type A and B), there was a 43% discordance in subtype between the primary tumor
and metastatic deposits within the same patient [63]. On the other hand, for a given
patient, the molecular subtypes were similar among different metastatic sites. Thus, future
radiogenomic studies incorporating patients with metastatic disease should have tumor
sampling from metastatic sites to obtain a more reliable genotype within which to develop
image biomarkers for prognostically relevant outcomes such as treatment response. It is
clear that feature extraction from radiomic analysis provides more information about a
tumor than can be ascertained by any radiologist (i.e., higher order features). However,
with greater complexity comes greater abstraction of data from traditional biological or
clinical understanding. Seeking to understand higher order features in clinical terms
is challenging. However, “de-mystifying” these features can be accomplished through
studying associations between qualitative and quantitative image variables. For instance,
ill-defined tumor margin is associated with unfavorable genotypes, such as BAP1 mutation;
methylation of RUNX3; and SPC gene signature. Determining which radiomic higher order
features relate to these qualitative variables will allow for better integration of the literature
and to improve clinical relevance of these features.

Given that tumor genetic testing does not often encompass the entire tumor (i.e., biopsy),
radiomic analysis may provide additional prognostic information beyond the procured molec-
ular signature [64]. Thus, rather than determining radiomic—genomic correlations alone,
studies should incorporate both radiomic and genomic factors into prognostic models. Addi-
tional integration of existing clinical predictors and other -omic analysis into these models
will also help improve prediction of clinically relevant outcomes. For instance, Zeng et al. [27]
demonstrated that a combined radiomic, genomic, transcriptomic, and proteomic model
had higher AUC than any single model alone in predicting overall survival of patients with
ccRCC. Additionally, Yin et al. [22] showed that a model combining radiomic and clinical
features (tumor size; stage; and grade) outperformed a radiomics only model in predicting
ccRCC molecular subtype (91.3% vs. 86.96% accuracy). Finally, Huang et al. [26] developed
an integrative nomogram of ccRCC survival incorporating tumor stage, gender, and a risk
score incorporating both prognostic radiomic and genetic factors.

6. Conclusions

Radiogenomics represents the next paradigm shift in diagnostic medicine, and just
as with the Human Genome Project, kidney cancer is one of the lead malignancies with
which to apply advances from this field. Initial work in radiogenomics of clear cell kidney
cancer has been promising, with relationships seen between imaging features and single
and multiple gene expression patterns. Not only can image phenotypes be linked to prog-
nostically relevant molecular signatures, but they can also be used to facilitate identification
of associated gene expression pathways (i.e., biological basis of image differences) and
can augment existing clinico-pathologic nomograms. Establishing non-invasive surrogate
imaging biomarkers will no doubt increase the non-invasive diagnostic armamentarium
of the clinician, with both prognostic and therapeutic implications, and has been greatly
facilitated with radiomics and machine learning, which can elucidate the complex pat-
terns within an image in an objective, quantifiable manner, unlike qualitative scoring by
radiologists.

Future directions include feature extraction of the surrounding tumor environment;
utilization of modalities other than CT; incorporating spatial tumor genetic heterogeneity
in radiomic analysis; and integration of multi-omic (i.e., transcriptomic) and clinical infor-
mation to create more powerful decision tools. Most importantly, consensus guidelines
on radiomic and machine learning analysis need to be employed to facilitate comparison
among studies and collaboration among institutions to allow advances in radiogenomics to
be implemented in the clinical setting.
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N o g e

Simple Summary: First-line treatment options for metastatic clear cell renal cell carcinoma have
significantly increased. The current recommended therapeutic strategy is based on a combination,
but monotherapy remains an alternative. However, the choice of the type of combination, i.e., dual
immunotherapy or immunotherapy combined with an antiangiogenic drug, has not been clearly
standardized. A strategy based on the International Metastatic Database Consortium (IMDC) clas-
sification is currently recommended with pembrolizumab + axitinib, cabozantinib + nivolumab,
and lenvatinib + pembrolizumab (for all patients) or nivolumab + ipilimumab (for patients with in-
termediate or poor risk), which are the first-line treatment standards of care. This review summarizes
all recent data from the main combinations evaluated in first-line treatment and discusses the choice
of drugs according to the patient’s profile and the benefit/risk balances of each combination.

Abstract: The development of antiangiogenic treatments, followed by immune checkpoint inhibitors
(ICI), has significantly changed the management of metastatic clear cell renal cell cancer. Several
phase III trials show the superiority of combination therapy, dual immunotherapy (ICI-ICI) or ICI
plus tyrosine kinase inhibitors (TKI) of the vascular endothelium growth factor (VEGF) over sunitinib
monotherapy. The question is therefore what is the best combination for a given patient? A strategy
based on the International Metastatic Database Consortium (IMDC) classification is currently recom-
mended with pembrolizumab + axitinib, cabozantinib + nivolumab, and lenvatinib + pembrolizumab
(for all patients) or nivolumab + ipilimumab (for patients with intermediate or poor risk), which are
the first-line treatment standards of care. However, several issues remain unresolved and require
further investigation, such as the PD-L1 status, the relevance of possible options based on the patient’s
profile, and consideration of second-line and subsequent treatments.

Keywords: metastatic clear cell renal cell carcinoma; first-line treatment; immunotherapy; tyrosine
kinase inhibitors; combinations
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1. Introduction

Clear cell renal cell carcinoma (ccRCC) used to be associated with a very poor prog-
nosis when diagnosed at an advanced stage. The last 15 years have provided dramatic
improvements in this field, thanks to the development of vascular endothelial growth
factor (VEGF) tyrosine kinase inhibitors (TKI) followed by immune checkpoint inhibitors
(ICIs) [1,2]. ICIs are monoclonal antibodies directed against immune checkpoints and
enable the reversal of tumor-induced immunosuppression. Currently, the anti-checkpoint
agents used in oncology target inhibitory receptors present on the surface of lympho-
cytes such as programmed cell death 1 (PD-1) and cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) or their ligands (PD-L1, programmed cell death ligand 1) [3,4]. Com-
bining therapies to further improve survival and response rates has been tested in large
phase III randomized trials, in particular CheckMate-214 (nivolumab (PD-1) + ipilimumab
(CTLA-4) vs. sunitinib (TKI)), JAVELIN Renal 101 (axitinib (TKI) + avelumab (PD-L1),
vs. sunitinib), KEYNOTE-426 (axitinib + pembrolizumab (PD-1) vs. sunitinib), Check-
Mate 9ER (nivolumab + ipilimumab vs. sunitinib) and CLEAR (lenvatinib (TKI) + pem-
brolizumab) [5-12]. These trials were positive, showing the superiority of the combination,
i.e., dual immunotherapy (ICI-ICI) or ICI plus TKI (ICI-TKI) over sunitinib monother-
apy. A recent meta-analysis including these trials confirms that immune-based com-
binations are more effective than sunitinib monotherapy with a three-fold increase in
the complete response rate [4]. According to the recently updated European guidelines,
lenvatinib + pembrolizumab joins other VEGFR+PD-1 inhibitor-targeted combinations
(axitinib + pembrolizumab or cabozantinib + nivolumab) to be recommended for first-line
treatment of advanced ccRCC irrespective of International Metastatic RCC Database Con-
sortium (IMDC) risk groups. Ipilimumab + nivolumab also continues to be recommended
for first-line treatment of IMDC intermediate- and poor-risk (I/P) patients [13,14]. One of
the most critical emerging questions now is how to select the best option for a given patient?
A recent article suggested treatment algorithms for first-line treatment in metastatic ccRCC
(mccRCC) with a wide spectrum of treatment recommendations based on multiple deci-
sion criteria demonstrated. Significant inter-expert variations were observed [15]. Herein,
we review recent data and discuss how, for a given patient, the best strategy should be
chosen. Our approach integrates data available in routine clinical practice, such as effec-
tiveness data, IMDC groups, PD-L1 status, tolerability of treatments and perspectives of
treatment sequence.

2. Overview of Studies in First-Line Metastasis

Today, the European Society for Medical Oncology (ESMO) recommends dual im-
munotherapy (ICI-ICI) or a combination of immunotherapy and antiangiogenics (ICI-TKI)
for patients with mccRCC. Dual immunotherapy is recommended only for patients with
an intermediate or poor risk tumor, which constitutes approximately 80% of patients with
advanced ccRCC (Figure 1) [13,14].

This combination improves survival outcome in these patients with mccRCC. The
CheckMate-214 study comparing nivolumab + ipilimumab (NIVO + IPI) to sunitinib (SUN)
showed results in favor of the combination, which was confirmed by updated results over
four years [5,6]. Overall survival (OS) (hazard ratio (HR); 95% confidence interval (CI))
remained superior with NIVO + IPI compared with SUN in the intention-to-treat (ITT)
population (0.69; 0.59 to 0.81) and particularly in patients with I/P disease (0.65; 0.54 to
0.78). Four-year progression-free survival (PFS) rates were 31.0% vs. 17.3% (ITT) and
32.7% vs. 12.3% (I/P) in the NIVO + IPT group vs. SUN. The objective response rate (ORR)
remained higher with NIVO + IPI vs. SUN in the ITT population (39.1% vs. 32.4%) and
in the I/P risk group (41.9% vs. 26.8%). Similarly, the complete response rate (CR) was
10.7% vs. 2.6% in the ITT population and 10.4% vs. 1.4% in the I/P risk population for the
NIVO + IPI groups vs. SUN, respectively.
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poor risk

Ipilimumab—nivolumab [I, A; MCBS 4]2
Lenvatinib—pembrolizumab [I, A; MCBS 4]
Axitinib—pembrolizumab [l, A; MCBS 4]2
Cabozantinib—nivolumab [I, A; MCBS 4]2

Lenvatinib - pembrolizumab + [I, A; MCBS 4]>°
Axitinib - pembrolizumab + [I, A; MCBS 4]2
Cabozantinib - nivolumab + [I, A; MCBS 4]2

Figure 1. ESMO Clinical Practice Guideline update: Systemic first-line treatment of clear
cell renal cell carcinoma (ccRCC) [14]. <ccRCC, clear cell renal cell cancer; EMA, Euro-
pean Medicines Agency; ESMO-MCBS, European Society for Medical Oncology-Magnitude of
Clinical Benefit Scale; FDA, Food and Drug Administration; IMDC, International Metastatic
RCC Database Consortium; MCBS, ESMO-Magnitude of Clinical Scale; VEGFR, vascular en-
dothelial growth factor receptor. a ESMO-MCBS v1.1 score for new therapy/indication
approved by the EMA or FDA. The score has been calculated by the ESMO-MCBS
Working Group and validated by the ESMO Guidelines Committee; b FDA approved;
not currently EMA approved.

The first major trial for the ICI plus VEGFR TKI with axitinib combination was
KEYNOTE-426. The first results at 14 months and then at 30 months were clearly in favor of
the pembrolizumab + axitinib (PEMBRO + AXI) combination [9,10]. The 42.8-month update
confirmed the superiority over all endpoints in the ITT population: median OS of 45.7 vs.
40.1 months (HR 0.73 [95% CI: 0.60, 0.88], p < 0.001), median PFS of 15.7 vs. 11.1 months
(HR 0.68 [0.58-0.80], p < 0.0001) and ORR 60% (10% CR) vs. 40% (3.5% CR) (p < 0.0001),
respectively [16]. These results confirmed the status of PEMBRO + AXI as a first-line treat-
ment standard for all patients according to the latest European recommendations [13,14].
Another immunotherapy combination trial—the JAVELIN Renal 101 trial—reported, with
13 months of follow-up, superior PFS of avelumab + axitinib (AVE + AXI) vs. SUN,
whether in patients with PD-L1 positive (PD-L1*) tumors (HR 0.61; p < 0.0001; 13.8 vs.
7.2 months) or in the overall population (HR 0.69; p < 0.0001; 13.8 vs. 8.4 months). This
combination did not appear in the recommendations due to a lack of OS benefit [7,8].
A third interim analysis over more than two years confirmed these data, with a non-
statistically significant OS benefit and a PFS of 13.9 vs. 8.5 months (HR 0.67; p < 0.0001) [17].
More recently, the CheckMate 9ER study evaluated the cabozantinib and nivolumab
(CABO + NIVO) combination and showed an OS benefit compared with SUN monotherapy
(HR 0.6; 95% CI: 0.4-0.49; p = 0.001) and PFS (16.6 vs. 8.3 months; HR 0.51; 95% CI: 0.41-0.64;
p < 0.0001) with an ORR of 55.7%, including 8% of CR [11]. With an 18-month follow-
up, this trial was largely positive for survival and response rates. Only 6% of patients
were progressive from the outset, and this combination was therefore also promising.
The last combination of interest was lenvatinib + pembrolizumab (LENVA + PEMBRO)
compared with SUN monotherapy in the phase III CLEAR study in 1069 treatment-naive
patients with mccRCC [12]. With a median follow-up of 27 months, this study was clearly
positive for its primary endpoint with a median PFS of 23.9 months (20.8-27.7) in the
LENVA + PEMBRO arm versus 9.2 months (6.0-11.0) in the SUN arm (HR 0.39; 0.32-0.49;
p < 0.001). PFS was improved regardless of the IMDC subgroup or sarcomatoid contingent.
Lenvatinib + everolimus also met the primary endpoint, with median PFS of 14.7 months
versus 9.2 months for SUN, representing a 35% improvement in favor of this combina-
tion. The LENVA + PEMBRO combination significantly improved OS compared to SUN
(HR 0.66; 0.49-0.69; p = 0.005) with a particularly marked benefit in IMDC poor risk group
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(HR 0.30). The ORR in the LENVA + PEMBRO arm was 71%, including 16% of CR.
Only 5.4% of patients experienced immediate progression following the introduction
of LENVA + PEMBRO. It should be noted that in this study a high proportion of pa-
tients had a good prognosis, with a spontaneously more favorable history. Nevertheless,
this combination provided the longest PFS or OS durations ever reported in a pivotal phase
I trial (Table 1).

3. Pending Questions and Impact on Clinical Practice
3.1. Comparisons of Combinations

Given the number of effective first-line treatment options and the absence of direct
comparison studies, the major question is which combination to prescribe to which pa-
tients? A recent meta-analysis indirectly compared the three combinations NIVO + IP],
PEMBRO + AXI, and AVE + AXI in terms of PFS, OS, and ORR, with a trend in favor
of the PEMBRO + AXI combination [18]. However, this meta-analysis did not include
the last two combinations and was based solely on published, non-individual data. The
IMDC consortium compared the NIVO + IPI or ICI (anti-PD-(L)1)-TKI combinations in
723 patients including 546 with I/P risk [19]. This retrospective analysis of a large number
of patients required very careful interpretation as the quality of the data collected varied.
The ORR was 37% vs. 59% in the NIVO + IPI and ICI-TKI arms, respectively, which was
quite similar to the phase III data. In contrast, CR rates were similar in both arms, but lower
than those in trials at only 4%. OS was not significantly different between the two types
of treatment received: 40.2 vs. 39.7 months for NIVO + IPI vs. ICI-TKI (HR adjusted 0.92,
p = 0.71), respectively. Based on the OS parameter alone, this analysis showed that
there was no combination more effective than another in this poorly selected popula-
tion. But it seemed that the benefit in OS was maintained over time for NIVO + IPI
(constant HR), while the HR increased for the PEMBRO + AXI association. Finally, the
meta-analysis of Quhal et al.—incorporating six studies (CheckMate-214, Keynote-426,
IMmotion-151, JAVELIN Renal 101, Checkmate-9ER, and CLEAR), i.e., 5121 patients—
suggested that ICI-TKI combinations provided superior PES, ORR, and OS vs. ICI-ICI com-
binations, independent of the IMDC group [20]. Based on treatment classification analysis,
NIVO + CABO was most likely to provide maximum OS (p-score 0.7573). These compar-
isons remain indirect and limited by the variability of patient characteristics in the trials
evaluated (prognostic risk categories and PD-L1 expression) and differences in subsequent
treatments received that may influence OS outcomes.
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3.2. IMDC Groups

The patient’s prognostic profile based on the IMDC risk score is a criterion that must
be considered. The magnitude of the PFS benefit of the CABO + NIVO combination seemed
particularly marked in patients with poor risk: HR 0.37 vs. 0.62 and 0.54 for patients with a
good and intermediate risk, respectively. Similarly, OS benefits were greater in patients
with poor risk, with a 63% reduction in the risk of death (HR 0.37 vs. 0.84 and 0.70 for
a good and intermediate risk, respectively) [11]. The LENVA + PEMBRO combination
presented similar results with a particularly significant OS benefit in the IMDC poor risk
group (HR 0.30) and important response rates: 71% ORR and 16% CR. Given the significant
percentage of CR, it may be an objective in its own right, but it remains to be seen whether
it is influenced by the rather favorable population included in the trial or whether it is
confirmed in real life or in other trials [12]. Moreover, the percentages of progression
from the outset of both combinations were very low, at around 4-5% compared to 18%
with NIVO +IPI [6,11,12]. Thus, in a patient at risk of rapid progression or presenting a
threatening disease (e.g. threatening epiduritis with a high risk for spinal cord compression
or bronchial compression) with a limited life expectancy, obtaining a rapid and impor-
tant response could tip the decision towards an ICI-TKI combination (CABO + NIVO or
LENVA + PEMBRO). Based on available data, it is still difficult to speculate whether the
addition of CABO offers the combination a gain in efficacy on predominant or major
bone lesions. Finally, an FDA analysis pooled individual data from 3447 patients from
four randomized phase III trials of ICI-ICI (1 = 1) or ICI-TKI (n = 3) combinations. Im-
provement in OS with combinations vs. SUN was found in I/P risk patients (HR 0.696;
95% CI: 0.62, 0.78) but not in patients with a good prognosis (HR 0.953; 95% CI: 0.72,
1.27) [21]. However, it should be noted that the monitoring, still too short in the trials, has
not, for the time being, shown a benefit in OS or even PFS for the ICI-TKI combinations
in these patients with a good prognosis, with only a benefit in ORR being found so far.
In addition, IMDC favorable patients will be prone to receive first-line treatment for a
long period of time, leading to an increased risk of experiencing cumulative TKI toxicities.
Thus, in these patients, TKI is frequently interrupted which would be harmful, since it
has been shown that their tumors are pro-angiogenic and highly sensitive to angiogenesis
inhibitors [22]. As for ICI-ICI, PES, and TR were lower than for TKI monotherapy, but the
CR rates were higher and OS was comparable. According to the post-hoc analysis of the
CheckMate 214 study performed according to the number of IMDC risk factors, a benefit
of treatment with NIVO + IPI on SUN was found for all patients at intermediate risk,
including those with one or two risk factors (ORR (40-44% vs. 16-38%), OS (HR 0.50-0.72),
and PFS (HR 0.44-0.86)) [23]. All of these data favored combinations, including in patients
with a good prognosis. Overall, it seemed relevant to have the second-line strategy in
perspective when choosing the first-line treatment. Thus, in a patient without significant
tumor volume and risk of rapid worsening, the criteria for the choice of treatment should
include tolerance, continuation of treatment, and possible second-line treatment, leading
the strategy towards ICI-ICI vs. ICI-TKI. Nevertheless, as part of a prolonged follow-
up, the impact on the response rate—and possibly on OS—also leads us to consider an
ICI-TKI combination.

3.3. Potential Impact of PD-L1 Status

PD-L1 status is a recognized prognostic factor, but its predictive response value to
ICI remains to be demonstrated [24,25]. The meta-analysis of Mori et al. [26] investigated
the predictive value of PD-L1 expression in patients with mccRCC treated with first-
line ICI combinations. Based on key clinical outcomes, including response rate and PFS,
the authors found that PD-L1* patients benefited more from ICI combinations than from
SUN, with a PFS of 22 months vs. 6 months (HR 0.65, 95% CI: 0.57, 0.74, p < 0.001). In
PD-L1* patients, NIVO + IPI resulted in a more significant improvement in efficacy criteria
compared with ICI-TKI for all IMDC risk groups. Examined study by study, in the I/P
subgroup of the CheckMate-214 study [5], OS was significantly better in the NIVO + IPI
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arm compared to SUN regardless of PD-L1 status, although the magnitude of OS benefit
was greater in the PD-L1~ subgroup (HR 0.73 vs. 0.45 for PD-L1*). For ICI-TKI, the data
were heterogeneous [7-11]. In KEYNOTE-426, the superiority of PEMBRO + AXI over
SUN was maintained regardless of PD-L1 status (HR 0.54 for PD-L1* vs. HR 0.59 for
PD-L17). Conversely, the CHECKMATE-9ER trial showed an impact of PD-L1 status, with
a lower HR for OS in the PD-L1~ population (0.51 vs. 0.80 for PD-L1*). Similarly, in the
CLEAR study, the OS benefit was particularly pronounced for PD-L1~ status (HR 0.50 vs.
HR 0.76 for PD-L1%) [12]. However, these comparisons are questionable since the methods
used to assess PD-L1 status differed according to the CheckMate-214/CheckMate-9ER,
JAVELIN Renal 101 and KEYNOTE-426 studies: 28-8 clone (Dako), PD-L1 > 1% in tumor
cells, SP263 clone (Ventana), PD-L1 > 1% in immune cells and 22C3 clone (Dako), Combined
Positive Score (CPS) > 1% tumor cells plus immune cells, respectively [5-11]. This can
probably partly explain why the proportion of the PD-L1* population varied so widely
from study to study. In addition, a biomarker analysis was performed using data from
the CheckMate-214 study [27], in which the PD-L1 status was defined on tumor cells,
but also according to the CPS combining tumor cells and immune cells. The recovered
PD-L1* level was 25% for tumor cells and 60% by CPS. The results of this analysis showed
that when the proportion of positive patients increased, the OS benefit vs. SUN remained,
but was of lower magnitude. Overall, the results diverged and harmonization of techniques
in the future would allow a better comparison between the populations studied. To date,
PD-L1 status does not seem to be a formal decision criterion in the choice of treatment,
but it can be considered during the ICI-ICI vs. ICI-TKI decision. If PD-L1 status is assessed,
it seems preferable to do so on tumor cells only since the most discriminant outcomes
according to PD-L1 status has been shown in the CheckMate-214 study with ICI-ICI [27].

3.4. Tolerance Profile/Quality of Life

Tolerance and quality of life (QoL) are also important criteria for choosing the thera-
peutic strategy, especially as the potential lifespan increases. The type of adverse events
(AEs) differs depending on the treatment or combination considered: there are more AEs
with the ICI-TKI combination compared to ICI-ICI over the long term; however, when they
occur in ICI-ICI, they may be more acute and unpredictable. Based on a meta-analysis
that included four trials (CheckMate-214, Keynote-426, IMmotion-151 and JAVELIN Re-
nal 101), ICI-based combinations were associated with a higher risk of all-grade pruritus
(HR 3.11) and all-grade rash (HR 1.44) compared to patients treated with SUN. How-
ever, the combinations presented less grade 3/4 fatigue (HR 0.49) and nausea (HR 0.60)
vs. SUN [28]. Another more recent meta-analysis incorporated the Checkmate-9ER and
CLEAR studies [20]. Compared to the SUN, LENVA + PEMBRO was associated with the
highest probability of treatment-related AEs of grade >3 (OR 1.84, 95% CI: 1.28, 2.64) and
discontinuations (OR 3.55, 95% CI: 2.46, 5.12) [12]. NIVO + IPI was associated with the
lowest rates of grade >3 AEs, but with a higher probability of endocrine-related AEs [20].
A higher probability of high-grade diarrhea was associated with PEMBRO + AXI and
AVE + AXI. The duration of AEs was also different: in the CheckMate-214 study, ICI-ICI-
related toxicity occurred mainly during the first four months of the study and subsequently
stabilized while in the SUN arm, the rate of AEs remained more stable throughout the
study, particularly for vascular, digestive, and hematological toxicities [5,6]. It should be
noted that the benefit/risk balance of immunotherapy should be discussed in the first-line
treatment for certain patient profiles, particularly those with inflammatory colitis, espe-
cially if they are active [29,30]. In patients over 75 years of age, OS was comparable but
AEs were more frequent than in younger patients; however, this did not contraindicate the
use of immunotherapy in these patients [6,31]. Given the small number of elderly patients
enrolled in the trials, data from other or real-life trials remain necessary.

In terms of QoL, patient-reported outcomes (PROs) were assessed as an exploratory
criterion in the CheckMate-214 trial and showed that combined treatment resulted in
fewer symptoms and a better QoL than with SUN [32]. In the Checkmate-9ER study,
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QoL was sustained over time with NIVO + CABO, while constant deterioration was
observed with SUN. Combination therapy improved symptoms up to week 91 unlike
SUN [11]. In an analysis of a secondary endpoint of HRQoL (Health-Related QoL) scores
in the CLEAR trial, LENVA + PEMBRO demonstrated a similar time to first deterioration
(TTD) in 14 out of 18 HRQoL and disease-related symptom scores, and a delay in TTD
for physical functioning, dyspnea, appetite loss, and EQ-5D visual analog scale compared
to SUN [33]. Overall, QoL improved when treated with ICI-ICI, but not with ICI-TKI
due to continuous administration of antiangiogenics. It should be noted that in practice,
induction of treatment with ICI-ICI requires close monitoring due to the specific nature of
the AEs and access to a network of specialists and dedicated multidisciplinary consultative
meetings (such as ImmunoTox).

3.5. Treatment Sequence: Second-Line and Subsequent Therapies

The therapeutic strategy is crucial for patients with a good prognosis: they have a
life expectancy of several years and therefore a higher probability of receiving many lines
unlike I/P patients. For the time being, there is no gain in OS, so it is too early to know
whether a sequential approach with an antiangiogenic in the first-line treatment, based
on the often-predominant angiogenic profile, and then immunotherapy in the second-line
treatment, would really be inferior to a combination strategy from the outset. In patients
with a good prognosis and a small-volume tumor for which a CR is achievable, the notion
of the second-line treatment and the strategy of subsequent lines are important to consider.
Based on data from the favorable prognostic patient group in the CheckMate-214 study [6],
more than 50% of patients survived at 48 months (with an HR for OS of 0.69 in the
NIVO + IPI arm vs. 0.65 in the SUN arm). However, there are numerous treatment options
after a first-line treatment of SUN or post-NIVO + IPI, but fewer after
CABO + NIVO or PEMBRO + LENVA. Indeed, after treatment with CABO, which has
a strong anti-VEGFR2 effect, no solid data suggest the efficacy of SUN or AXI. It should
be noted that HIF (Hypoxia Inducible Factor) inhibitors are being evaluated after these
first-line strategies [34].

In patients with I/P risk who have received a first-line therapy with ICI-ICI combina-
tion, the question that arises is which TKI to choose for second-line therapy? A retrospective
trial in 33 patients in the CheckMate 214 trial who received second-line TKI after ICI-ICI
reported a median PFS of 8 months for first-generation TKI (sunitinib /pazopanib) and
7 months for second-generation TKI (axitinib/cabozantinib) (p = 0.66) [35]. This retrospec-
tive trial did not validate the feasibility of a second-line treatment by TKI after ICI-ICI
or the choice of the first- or second-generation TKI molecule. Dudani et al. [36], using
IMDC data, compared the efficacy of second-line treatment after ICI-ICI NIVO + IPI
or after ICI-TKI. A total of 113 patients received ICI-TKI and 75 ICI-ICI in the first-line
treatment, and 34 patients (30%) in the ICI-TKI group and 30 patients (40%) in the ICI-
ICI group received a second-line treatment, mainly VEGF TKI (axitinib, cabozantinib,
lenvatinib + everolimus, pazopanib and sunitinib). The second line response rate was 15%
in the ICI-TKI group vs. 45% post-ICI-ICI (p = 0.04); however, the time to treatment failure
(TTF) was not statistically different (3.7 vs. 5.4 months; p = 0.4). Updating of data in 142 pa-
tients, 103 of whom had received the second-line treatment, confirmed these results with a
response rate that remained higher after ICI-ICI (37% vs. 12%, p < 0.01), but with no differ-
ence in OS or TTF [37]. Finally, a phase II study evaluating PEMBRO + LENVA after ICI, pre-
sented by Lee et al at ASCO 2020, reported an ORR of 47% in the 38 patients who received
NIVO + IPLin first line [38]. The choice of TKI must therefore consider the patient’s profile
and the fact that a proportion of patients will not reach a third-line treatment. However,
the optimal sequence remains to be validated in the trials.

Another question is: Is the introduction of an anti-CTLA-4 in salvage therapy after a
lack of response to an anti-PD-1 monotherapy (NIVO or PEMBRO) in the first-line treatment
of interest? To date, the only data on the use of NIVO + IPI after prior anti-PD-(L)1 failure
are based on four non-randomized phase II trials that were presented at the ESMO 2019

84



Cancers 2021, 13, 5548

(TITAN-RCC) and ASCO 2020 (FRACTION-RCC, OMNIVORE, and HCRN GU16-260)
congresses [39—-42]. The pooled analysis of the four studies (n = 237 patients) confirmed a
low response rate of 10.0% associated with 27.0% of grade >3 AEs [43]. Finally, a small
retrospective study of 45 patients reported results of the combination of NIVO + IPI in
second-line treatment post-anti-PD-1 alone or in combination and/or post-TKI: after a
median follow-up of 12 months, the ORR was 20% and the median PFS was 4 months
(0.8-19 months) [44]. Overall, the combination of NIVO (anti-PD-1) + IPI (anti-CTLA-4) in
patients who have already received anti-PD-(L)1 treatment, but no anti-CTLA-4, did not
seem an option to retain and supported administering anti-CTLA-4 only in the setting of
first-line treatment.

4. Outlook

Beyond sequential therapeutic strategy trials, researching biomarkers predictive of
response to ICI is also essential. Among the biomarkers studied is the PD-L1 status,
but also the molecular profiling of the tumor. Thus, the BIONIKK study assessed personal-
ized treatments with ICI alone or ICI-ICI or TKI according to tumor molecular character-
istics in mccRCC [45]. Using an expression signature of 35 genes, patients were divided
into four molecular groups (1 to 4). Patients in groups 1 and 4 were randomized to receive
NIVO alone or NIVO + IPI (four administrations) followed by NIVO alone. Patients in
groups 2 and 3 were randomized to receive either NIVO + IPI followed by NIVO alone
or a TKI (sunitinib or pazopanib) according to the investigator. The study questioned
the interest of establishing a routine tumor molecular profile to optimize the choice of
treatment between immunotherapy monotherapy, or an ICI-ICI or ICI-TKI combination.
First results presented at the 2019 ESMO meeting were encouraging [46].

Finally, other developments in the therapeutic arsenal are expected in the coming years
with, on one hand, potential intensification with first-line triplet CABO + NIVO + IPI and,
on the other, the introduction of anti-PD-1 in the adjuvant setting [47] which may increase
survival but will also impact subsequent lines. Furthermore, the time to progression
(within 6-12 months or more than 12 months after the end of anti-PD-1) will likely influence
the choice.

5. Conclusions

To conclude, currently the PEMBRO + AXI, CABO + NIVO (for all patients), and
NIVO + IPI (for patients with I/P risk) combinations constitute the first-line management
standard for mccRCC. However, multiplication of first-line treatment options continues
and now no less than five combinations have robust data, with unfortunately no direct
comparison study of the different combinations available. The choice of strategy must
therefore be based on efficacy criteria, but also on the patient’s risk profile and tolerance to
each treatment (Table 2), while keeping the options of the subsequent lines in perspective.
Given the complexity of choice, therapeutic sequence data with second-line combinations
will become essential to guide the therapeutic strategy. Even if these combinations were
approved regardless of the tumor PD-L1 status, the use of predictive biomarkers of response
to ICI could, in the future, help determine the best personalized treatment strategy for
each patient.
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Table 2. Parameters guiding the choice of strategy between ICI/ICI and ICI/TKI combinations.

Parameter ICI-ICI ICI-TKI
Prolonged follow-up 4
. CR, OS v
Efficacy: overall ORR, PFS
IMDC favorable
IMDC X /
X . . v v
Efficacy: subgroups intermediate/poor
v v
PD-L1+ v
PD-L1-
Opverall v X
Tolerability Cardiovascular X
Immune-mediated X
Quality of life v
Subsequent line options v X

Green check mark: in favor; Orange check mark: lacks information or does not allow to conclude; Red cross:
rather in disfavor; CR, complete response rate; ICI, immune checkpoint inhibitors; IMDC, International Metastatic
RCC Database Consortium; ORR, objective response rate; OS, overall survival; PD-L1, Programmed cell death
ligand 1; PFS, progression free-survival; TKI, tyrosine kinase inhibitors.
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Simple Summary: Renal cell carcinoma (RCC) is a heterogeneous and complex disease with almost
no response to chemotherapy. Immune checkpoint inhibitors have achieved great clinical success
but no interesting circulating markers of clinical use have developed so far in clear cell renal cell
carcinoma (CCRCC). We investigate the diagnostic and prognostic role of plasma PD-1 (sPD-1)
and PD-L1 (sPD-L1) proteins for the first time together with the immunohistochemical expression
counterpart of these proteins within the tumor front and tumor center in the same sample of patients
with renal cancer undergoing surgery. We also investigate these plasma and tissue markers in the
population of metastatic patients according to International mRCC Database Consortium (IMDC)
prognostic groups and the response to systemic therapy. The independent role of sPD-L1 as a
predictor of prognosis and treatment response is demonstrated.

Abstract: (1). Background: Immunohistochemical (IHC) evaluation of programmed death-1 (PD-1)
and its ligand (PD-L1) is being used to evaluate advanced malignancies with potential response
to immune checkpoint inhibitors. We evaluated both plasma and tissue expression of PD-1 and
PD-L1 in the same cohort of patients, including non-metastatic and metastatic clear cell renal cell
carcinoma (CCRCC). Concomitant plasma and tissue expression of PD-1 and PD-L1 was evaluated
with emphasis on diagnostic and prognostic implications. (2) Methods: we analyzed PD-1 and
PD-L1 IHC expression in tumor tissues and soluble forms (sPD-1 and sPD-L1) in plasma from
89 patients with CCRCC, of which 23 were metastatic and 16 received systemic therapy. The primary
endpoint was evaluation of overall survival using Kaplan-Meier analysis and the Cox regression
model. Plasma samples from healthy volunteers were also evaluated. (3) Results: Interestingly, sPD-1
and sPD-L1 levels were lower in cancer patients than in controls. sPD-1 and sPD-L1 levels and their
counterpart tissue expression both at the tumor center and infiltrating front were not associated.
Higher expression of both PD-1 and PD-L1 were associated with tumor grade, necrosis and tumor
size. PD-1 was associated to tumor stage (pT) and PD-L1 to metastases. sPD-1 and sPD-L1 were

Cancers 2021, 13, 667. https:/ /doi.org/10.3390/ cancers13040667 91

https:/ /www.mdpi.com/journal/cancers



Cancers 2021, 13, 667

not associated with clinico-pathological parameters, although both were higher in patients with
synchronous metastases compared to metachronous ones and sPD-L1 was also higher for metastatic
patients compared to non-metastatic patients. sPD-1 was also associated with the International
Metastatic Renal Cell Cancer Database Consortium (IMDC) prognostic groups in metastatic CCRCC
and also to the Morphology, Attenuation, Size and Structure (MASS) response criteria in metastatic
patients treated with systemic therapy, mainly tyrosine-kinase inhibitors. Regarding prognosis,
PD-L1 immunostaining at the tumor center with and without the tumor front was associated with
worse survival, and so was sPD-L1 at a cut-off >793 ng/mL. Combination of positivity at both the
tissue and plasma level increased the level of significance to predict prognosis. (4) Conclusions: Our
findings corroborate the role of PD-L1 IHC to evaluate prognosis in CCRCC and present novel data
on the usefulness of plasma sPD-L1 as a promising biomarker of survival in this neoplasia.

Keywords: clear cell renal cell carcinoma; prognosis; plasma; PD-1; PD-L1

1. Introduction

Clear cell renal cell carcinoma (CCRCC) is a very prevalent disease and a clinical
problem of major concern in Western countries due to its biological aggressiveness and
its well-known resistance to chemotherapy and radiotherapy regimes [1-3]. Traditionally,
radical surgery coupled with early diagnosis has been the only strategy with a direct
impact on patient survival [4]. CCRCC is a model of hypoxia-related disease. VHL gene
malfunction is detected in the overwhelming majority of the cases, resulting in a pseudo-
hypoxic status that promotes angiogenesis [5]. The implementation of antiangiogenic
therapies with tyrosine kinase inhibitors has improved the prognosis of many of these
patients [6,7]. However, its efficacy is limited due to the development of resistant-to-therapy
cell clones [8].

Immune checkpoint blockade of PD-1 and its ligand PD-L1 have been implemented
in advanced lung, renal (CCRCC) and bladder carcinomas, as well as in melanoma, with
promising results in several trials [9,10]. In CCRCC the immunohistochemical evaluation
is selectively performed in the intratumor lymphoid inflammatory infiltrates. However,
the patient selection for such a form of therapy is difficult, since this evaluation is subjected
to interobserver variability [11]. In fact, up to 17% of patients with negative immuno-
histochemistry results do respond to this therapy [12]. Other important limitations for
the development of immune checkpoints inhibitors targeting the PD-1 pathway are that
responses rates are low and biomarkers are needed for the prediction of treatment re-
sponses [13,14].

To overcome the aforementioned difficulties, composite biomarkers have been inves-
tigated including tumor mutational burden, profiling of tumor infiltrating lymphocytes,
molecular subtypes and the characterization of ligand PD-L2. Distinct tumor microenvi-
ronment immune types have been described, mainly based on the level of CD8A and PD-1
expression, with the intention to standardize a more comprehensive score to be used as a
prognostic marker [15]. Combination with other composite biomarkers is currently under
investigation [16]. Another interesting strategy to maximize the clinical benefit and predict
treatment toxicity is the characterization of gastrointestinal microbiome [17]. Surprisingly,
not much attention has been given to the evaluation of soluble PD-1 (sPD-1) and PD-L1
(sPD-L1) in plasma as potential biomarkers in patients with CCRCC, a heterogeneous
neoplasm in serious need of identification of molecular markers that clinicians could use to
facilitate an earlier diagnosis, to monitor the disease and to predict prognosis and clinical
response to different therapies.

We evaluate plasma and tissue expression of PD-1 and PD-L1 in the same cohort
of patients and analyze the relationship between them, also taking into account the non-
metastatic and metastatic samples. Within metastatic CCRCC, plasma and tissue expression
of PD-1 and PD-L1 were analyzed according to the IMDC risk classification and also
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according to the Morphology, Attenuation, Size and Structure (MASS) response criteria
in patients receiving systemic therapy for metastatic disease. Also, we provide a very
interesting simultaneous evaluation of sPD-1 and sPD-L1 and its concomitant expression
in the tumor center and infiltrating front, with emphasis on the prognostic implication of
these categories. The potential use of sSPD-L1 as a tumor marker itself is also discussed, and
its relation to other clinical and pathological variables that predict prognosis in CCRCC
and treatment response in metastatic CCRCC, according to MASS criteria, is investigated.

2. Results
2.1. PD-L1 and PD-1 Tissue Expression and Plasma Levels Are Not Correlated with the Gender
and Age of CCRCC Patients

To assess whether the expression in tumors and plasma levels of these biomarkers
varies according to the gender or age of the patients, the non-parametric Rho Spearman test
was performed. There was not any statistically significant correlation in any case (Table S1).
Therefore, it can concluded that the sample has no gender or age bias.

2.2. The Expression of PD-L1 and PD-1 at the Tumour Centre and at the Infiltrating Front
Is Correlated

We analyzed the expression of PD-L1 and PD-1 in lymphocytes at both the tumor
center and front (Figure 1). The expression correlated positively in all cases (Table S2).
Thus, the higher the percentage of PD-L1 or PD-1 positives at the tumor center, the higher
the percentage was at the tumor front. Moreover, PD-L1 correlated positively with the
expression of PD-1.

Tumour centre

PD-L1

PD-1

Figure 1. Immunohistochemical expression of PD-1 (sPD-1) and PD-L1 (sPD-L1) staining in inflam-
matory cells in clear cell renal cell carcinoma (CCRCC) samples, both in the tumor center (a,c) and
infiltrating front (b,d).

Although there was a significant positive correlation between the expression of both
biomarkers at the tumor center and edge, this does not mean that there was a concomitant
expression in all cases. Therefore, we also evaluated the simultaneous positive staining
of PD-L1 and PD-1 at both areas of tumors and stratified the rest of data, taking this
characteristic into account. Thus, simultaneous positivity of PD-L1 at tumor center and
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front was found to be correlated with simultaneous expression of PD-1 at both areas
(Table S2).

2.3. Plasma PD-L1 Levels Are Lower in CCRCC Patients than in Control Subjects

Plasma levels of sPD-L1 and sPD-1 from CCRCC patients were compared to plasma
from 46 controls (Table 1). sPD-L1 levels were significantly lower in patients than in
healthy subjects. Plasma sPD-1 levels showed high variability both in patients and in
controls. These levels were higher in patients than in controls; however, the result was not
statistically significant.

Table 1. sPD-L1 and sPD-1 levels in plasma samples from clear cell renal cell carcinoma (CCRCC)
patients and healthy controls. Values are means =+ standard errors. Significant p value in bold.

sPD-L1 (ng/mL) sPD-1 (ng/mL)
CCRCC Controls Mann-U (p=) CCRCC Controls Mann-U (p=)
902.8 +139.7 989.1 £+ 155.9 0.048 133%16'73i 941.3 +300.3 0.33

We also aimed to analyze the association between plasma levels of these two biomark-
ers according to their expression at the tumor center, at the infiltration front and, simulta-
neously, at both areas (Table 2). We observed higher plasma PD-L1 levels in patients whose
tumors were PD-L1 positive at the tumor center, border and at both areas. However, this
trend was not statistically significant. We did not find any significant association between
sPD-1 levels and PD-1 expression in CCRCC tissues.

Table 2. Plasma sPD-L1 and sPD-1 levels in CCRCC patients in terms of PD-L1 and PD-1 expression in CCRCC tissues.

PD-L1 Expression at Tumour Centre PD-L1 Expression at Infiltrating Front
Negative Positive Mann-U, p= Negative Positive Mann-U, p=
Plasma sPD-L1 491 4 14853 11821 +4127 0.13 9059 £ 1845 10357 + 353.1 0.99
(ng/mL)
PD-1 at Tumour Centre PD-1 at Infiltrating Front
Negative Positive Mann-U, p= Negative Positive Mann-U, p=
PlasmasPD-1 151 4 3444 15455 + 5765 061 1480.8 + 4466 983 + 4245 0.8
(ng/mL)
PD-L1 Expression in Both Areas PD-1 Expression in Both Areas
Negative Positive Mann-U, p= Negative Positive Mann-U, p=
Plasma sSPD-LL - g)51 4 1375 14305 + 6845 0.44 - - -
(ng/mL)
Plasma sPD-1 - - 13832 +£367.4 1103 +562.6 0.94
(ng/mL)

2.4. Tissue Expression of PD-L1 and PD-1 as Well as Plasma sPD-L1 and sPD-1 Are Associated
with CCRCC Aggressiveness

We stratified results by clinical parameters tightly related to tumor aggressiveness
such as the Fuhrman histological grade, tumor necrosis, size, local invasion (pT), pres-
ence/absence of affected lymph nodes (N) and time of presentation of distant metastasis
(M). Data are shown in Figures 2 and 3. Data in metastatic patients was also evaluated
according to IMDC categories predictive of prognosis and also in metastatic patients receiv-
ing systemic therapies, mainly tyrosine kinase inhibitors (TKIs) in sequential use (Table S3),
results were evaluated according to the tumor response to treatment following the MASS
criteria.
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Figure 2. Immunohistochemical PD-L1 staining in terms of the CCRCC aggressiveness. PD-L1 immunostaining at the
tumor center, infiltrating front and simultaneously at both areas depending on histological grade (A), tumor necrosis (B),
diameter (C), local invasion or pT (D), lymph node metastasis or N (E), and distant metastasis or M (F). PD-L1 staining
intensity was scored as negative or positive. Chi-Square test * p < 0.05; ** p < 0.01, *** p < 0.001.
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Figure 3. Inmunohistochemical PD-1 staining according to CCRCC aggressiveness. PD-1 immunostaining at the tumor
center, infiltrating simultaneously at both areas depending on the histological grade (A), tumor necrosis (B), diameter (C),
local invasion or pT (D), lymph node metastasis or N (E) and distant metastasis or M (F). PD-1 staining intensity was scored
as negative or positive. Chi-Square test * p < 0.05; ** p < 0.01, *** p < 0.001.

2.4.1. PD-L1 and PD-1 Expression Is Higher in High-Grade Tumors

Tumors were stratified as having a low Fuhrman grade (G1-G2) and a high-grade
(3—4). High-grade CCRCCs showed higher PD-L1 and PD-1 expression than low-grade
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tumors, both at the center and at the infiltrating front. Simultaneous positive expression at
both areas was also higher in high grade CCRCCs (Figure 2A or Figure 3A).

Plasma sPD-L1 and sPD-1 showed opposite pattern, with higher levels in patients
with low grade tumors; however, these results were not statistically significant (Table 3).

Table 3. Plasma sPD-L1 and sPD-1 levels in terms of pathological parameters of CCRCC aggressiveness. The Mann-Whitney
test was used for comparisons between two groups and Kruskal-Wallis for more than two groups. Values are represented
as means =+ standard errors. @ sPD-L1 synchronous vs. No, Mann-U p = 0.038; b sPD-L1 synchronous vs. Metachronous,
Mann-U p = 0.008; © sPD-1 synchronous vs. Metachronous, Mann-U p = 0.037. Statistically significant values are highlighted

in bold.
CCRCC Patients n= sPD-L1 (ng/mL) p= sPD-1 (ng/mL) p=
Fuhrman Grade
Low-Grade (G1-G2) 49 982 + 215 0.53 1795 + 474 023
High-Grade (G3-G4) 40 806 + 168 ’ 678 + 348 ’
Necrosis
No 63 754 + 248 1472 + 371
Yes 2 964 + 169 0-55 876 + 537 0.15
Size
<4 cm 28 1143 + 353 1880 + 644
>4to7 cm 39 685 + 104 0.37 1021 + 394 0.95
>7 cm 22 982 + 289 1024 + 587
Local Invasion (pT)
pT1 59 896 + 179 1467 + 402
pT2 12 1049 £ 512 0.41 1414 + 1089 0.95
pT3-pT4 18 826 + 157 760 + 364
Lymph node invasion (N)
No 83 885 + 148 1322 + 328
Yes 6 1148 + 305 0.08 1089 + 524 0.14
Distant metastasis (M)
No 66 977 + 184 1583 + 395
Synchronous 10 1014 + 191 0.034 b 824 + 369 0.14¢
Metachronous 13 438 + 76 130 + 68

2.4.2. PD-L1 and PD-1 Are Highly Expressed in CCRCC Tumors with Necrosis

These series had 26 necrotic tumors. PD-L1 expression at the center and border was
higher in these tumors. Simultaneous expression of PD-L1 at both areas was more frequent
in necrotic CCRCCs (Figure 2B). PD-1 expression showed a similar staining pattern, but
data only reached statistical significance at the tumor center (Figure 3B). Plasma sPD-L1
and sPD-1 levels did not show any significant difference depending on the necrosis status
of CCRCCs (Table 3).

2.4.3. PD-L1 and PD-1 Positive Staining Is More Frequent in Larger CCRCCs

We classified tumors in three groups: tumors with 4 cm or smaller, 4 to 7 cm and larger
than 7 cm. We observed that the larger the tumor was, the higher the positive staining of
both biomarkers (Figure 2C or Figure 3C). However, these results in tumor tissues were
not reflected in plasma, since sPD-L1 and sPD-1 did not vary significantly (Table 3).

2.4.4. PD-1 Expression Is Associated to Local Invasion (pT)

The limited number of pT4 cases led us to stratify the local invasion in three groups:
pT1 (organ-confined tumors smaller than 7 cm), pT2 (organ-confined tumors larger than
7 cm) and pT3-pT4 (non-organ-confined tumors). Percentages of PD-1 positive staining
were significantly higher in pT2 tumors than in pT1 (Figure 3D). PD-L1 staining was also
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higher in pT2 tumors; however, data did not reach statistical significance (Figure 2D).
Plasma analyses did not provide any significant results (Table 3).

2.4.5. PD-L1 and PD-1 Tissue Expression and Plasma sPD-L1 and sPD-1 Are Higher in
Patients with Synchronous Distant Metastasis

Data were also stratified by lymph node (N) and distant metastasis (M). Plasma sPD-
L1 levels were higher in patients with lymph node invasion; however, the number of
patients with this characteristic was limited (n = 6) and the result did not reach statistical
significance (Table 3). PD-L1 and PD-1 expression in tissue and sPD-1 in plasma did not
show any relevant difference (Figure 2E or Figure 3E).

With respect to distant metastases, we first compared primary tumors with (M1) or
without (M0) metastases at the moment of the first diagnosis of CCRCC. PD-L1 expression
at the tumor center (Chi-square test, p = 0.004), front (p = 0.029) and simultaneously at both
areas (p = 0.03) was higher in primary tumors with onset as metastatic lesions than in not
metastasized ones. PD-1 in the center of tumors also predicted metastasis (p = 0.005) (data
not shown in figures or tables).

We also classified distant metastases as early synchronous (metastases that debuted
within 6 months of the first primary cancer) and late metachronous (relapse of the disease
with distant metastases more than 6 months later), and compared them with tumors
that did not metastasize during follow-up. Thus, primary CCRCCs with synchronous
metastases showed higher percentages of positive staining of PD-L1 (tumor center, front
and simultaneous) and PD-1 (center) than in tumors that did not metastasize (Figure 2F
or Figure 3F). PD-L1 in tumor front was also higher in metachronous ones than in tumors
without metastases.

Plasma analyses showed that sPD-L1 levels were higher in patients that manifested
with metastasis at the onset of the disease (MO0: 857 + 157 ng/mL vs. M1: 1014 + 191,
Mann-U test, p = 0.017). Furthermore, levels were also higher in patients with synchronous
metastases than in patients without (Table 3). Both sPD-L1 and sPD-1 levels were also
higher in patients with early metastases than with metachronous ones (Table 3).

2.5. PD-L1 and PD-1 Expression and Plasma Levels in Terms of the Overall Survival (OS) of
CCRCC Patients

PD-L1 positive immunostaining at the tumor center and simultaneously at both the
center and front was associated with a worse 5-year OS of CCRCC patients (Figure 4A,B).
The expression of PD-L1 at the infiltrating front showed a similar result but it did not reach
statistical significance (Log-rank test, p = 0.068). PD-1 expression at the center (Log-rank
test, p = 0.29), front (p = 0.24) and concomitantly at both areas (p = 0.23) was not associated
to OS.

A Classification and Regression Tree (CRT) was employed to obtain cut-off values
of plasma sPD-L1 and sPD-1 for OS analyses (Figure S1). A plasma sPD-L1 value of
793 ng/mL determined two nodes with significant differences in the percentage of dead
patients: 14.1% of deaths in the group of patients had plasma levels below this cut-off and
48.8% of deaths in the group had sPD-L1 levels above this cut-off (p = 0.047) (Figure S1A).
Thus, Kaplan-Meier curves demonstrated that CCRCC patients with sPD-L1 levels above
793 ng/mL had worse 5-year OS than patients with lower levels (Figure 4C).

With regard to sPD-1, the CRT selected a cut-off value of 27ng/mL (p = 0.017)
(Figure S1B). Kaplan-Meier curves showed a trend towards worse survival in CCRCC
patients with plasma sPD-1 levels below this cut-off; however, the difference did not reach
statistical significance (Log-rank test, p = 0.073).

Tumors and plasmas were obtained from the same patients. Therefore, taking into
account the significant results with PD-L1 and its soluble isoform predicting patients’
5-year OS, we also performed Kaplan-Meier curves by combining data of tissue expression
and plasma levels. Thus, two groups were created: (1) PD-L1 positive cases at the center
of tumors, at the infiltrating front or simultaneously at both areas, together with sPD-L1
levels above 793 ng/mL; and (2) the rest of the possible combinations (PD-L1-/sPD-
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L1 <793 ng/mL; PD-L1-/sPD-L1 >793 ng/mL; PD-L1+/sPD-L1 <793 ng/mL). CCRCC
patients with tumor PD-L1 positivity and plasma levels above 793 ng/mL had significantly
worse 5-year OS than patients with the rest of combinations (Figure 4D-F).
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Figure 4. Immunohistochemical PD-L1 expression and plasma sFAP levels according to CCRCC patients’ 5-year overall
survival (OS). Kaplan-Meier curves and univariate Log-rank test showed that PD-L1 expression at tumor center (A)
and concomitant expression at center and border (B) is associated to worse OS. (C) CCRCC patients with sPD-L1 above
793 ng/mL had worse OS. The expression of PD-L1 at tumor center (D), front (E) or at both areas (F) together with plasma
sPD-L1 levels above 793 ng/mL are associated with worse OS.

Multivariate Cox regression analyses were performed to determine whether PD-L1
expression in tumor center, concomitantly at both center and front, sPD-L1 plasma levels
(cut-off 793 ng/mL) or the combination of both isoforms are independent prognostic factors
for 5-year OS. The logistic model resulting from a backward Wald stepwise elimination of
variables revealed that the expression of PD-L1 at the tumor center, concomitant expression
at both areas and plasma sPD-L1 were independent prognostic factors for 5-year OS
(Table 4). Moreover, combinations of PD-L1 positivity in tumor tissues and plasma sPD-L1
were also explanatory independent variables for patients” OS. Complete multiple Cox
regression is shown as supplementary material (Table S4).

2.6. PD-L1 and PD-1 Tissue Expression and Plasma Levels in Patients with Metastatic CCRCC
According to IMDC Model and Response to Therapy

Twenty-three patients with metastatic CCRCC were stratified according to the IMDC
model for classification of patients at different risks of death. PD-L1 and PD-1 tissue
expression and plasma levels of sPD-L1 and sPD-1 were also stratified according to IMDC
categories. With the limited number of patients in this subseries, the percentage of patients
with positive PD-L1 and PD-1 tissular expression did not associate with IMDC groups;
however, if the favorable and intermediate groups are pooled together, then PD-L1 expres-
sion in tumor center was higher in patients with poor prognosis and approached statistical
significance (p = 0.056) (Table 5). Also, median sPD-L1 levels almost correlated with IMDC
groups (p = 0.062) and did so again when favorable and intermediate median sPD-L1 levels
discriminated against prognostic groups (p = 0.021) (Table 5).
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Table 4. Cox Regression model for 5-year overall survival (OS) prediction in CCRCC patients, final step of the Wald Method.
Selected pathologic variables for analyses were: Fuhrman grade or G (low vs. high grade), tumor necrosis (no/yes), local
invasion pT (pT1 vs. pT2 vs. pT3-pT4), lymph node metastasis N (no/yes) and distant metastases M (no vs. synchronous
vs. metachronous). Exponentiation of the B coefficient (ExpB) with confidence interval (CI) is also included. Statistically
significant values are highlighted in bold. PD-L1c: combination of tissue and soluble isoforms of PD-L1.

Tumour Centre Centre-Front Plasma
S-Se;ar Variables p ExpB CI 4 ExpB CI 4 ExpB CI
pT 0.04 1.9 1 35 0.09 1.65 0.92 9 0.004 2.24 1.3 3.86
N 0.02 4.09 1.2 13.9 0.001 6.68 2.1 214 -
M 0.01 2 1.19 3.38 0.005 2.07 1.24 3.46 8 x 10~° 2.83 1.68 4.75
PD-L1 0.06 2.74 0.96 7.78 0.026 3.34 1.15 9.66 1x 1073 8.67 3.26 23.1
Tumour Centre and Plasma Front and Plasma Centre-Front and Plasma
S-Sesar Variables p ExpB CI 4 ExpB CI 4 ExpB CI
pT 0.002  4.66 1.77 12.22 0.01 1.83 1.34 9.12 0.017 3.3 1.24 8.66
N 0.02 4.29 1.21 15.17 0.002 3.28 1.96 21.7 0.005 5.85 1.69 20.2
M 0.001 233 14 3.89 0.0001 5.13 1.6 4.5 0.0001 2.63 1.57 44
PD-L1c 0.03 35 1.09 11.28 0.009 2.56 1.53 19.7 0.003 7.98 2.05 31

Table 5. PD-L1 and PD-1 expression and sPD-L1 and sPD-1 levels in the subgroup of metastatic CCRCC classified according
to the International Metastatic Renal Cell Cancer Database Consortium (IMDC) score (* Favorable and Intermediate pooled
together). Chi-x?, Mann-Whitney and Kruskal Wallis tests were used. Statistically significant values are highlighted in bold.

Tumor Front Plasma

PD-L1 n (%)

Tumor Centre

PD-L1 n (%)

sPD-L1 (ng/mL)

Variables Negative Positive Total Negative Positive Total
Favorable 7 (77.8) 2(222) 9 3(42.9) 4(52.1) 7 488 +£112.9
IMDC Intermediate 6 (75) 2(25) 8 5(71.4) 2(28.6) 7 705.4 + 259.4
score Poor 2(33.3) 4 (66.7) 6 1 (20) 4 (80) 5 967 +135.4
Total 15 8 23 9 10 19 688.6 + 109.5
= = * _ p=0.062/p =
p=0.161/p = 0.056 p=0.203 0.021 %
Tumor Center Tumor Front Plasma
PD-1 1 (%) PD-1 1 (%)
Variables Negative Positive Total Negative Positive Total sPD-1 (ng/mL)
Favorable 5(55.6) 4(44.4) 9 3(33.3) 6 (66.7) 9 154.3 + 93
IMDC Intermediate 3 (37.5) 5(62.5) 8 2(28.6) 5(71.4) 7 618.1 +294.8
score Poor 2(33.3) 4 (66.7) 6 3(50) 3(50) 6 650 £ 532.3
Total 15 8 23 8 14 22 442.1+182.8
p=0.637 p=0.704 p=0341

Sixteen patients received systemic therapy for metastatic CCRCC and response to
therapy was evaluated according to the MASS criteria. PD-L1 and PD-1 expression and
sPD-L1 and sPD-1 levels were investigated according to the three categories of favorable,
indeterminate and unfavorable responses (Table 6).

The percentage of patients with positive PD-L1 and PD-1 tissular expression did not as-
sociate with MASS response groups to systemic therapy; however, if the indeterminate and
unfavorable response groups are pooled together, then PD-L1 expression in the tumor front
was more often negative and the association approached statistical significance (p = 0.079)
(Table 6). However, median sPD-L1 levels correlated with the different IMDC groups
(p = 0.014) and did so again when favorable and intermediate are gathered (p = 0.021). The

99



Cancers 2021, 13, 667

discrimination level was even enhanced if indeterminate and unfavorable responses were
pooled together and compared to patients with a favorable response (p = 0.005). These data
suggest that sPD-L1 could be a marker of treatment response in patients with metastatic
CCRCC receiving systemic therapy (Table 6).

Table 6. PD-L1 and PD-1 expression and sPD-L1 and sPD-1 levels in patients with treated metastatic CCRCC according to
Morphology, Attenuation, Size and Structure (MASS) classification of response to therapy (* Favorable and Indeterminate
responses pooled together; ** Indeterminate and Unfavorable responses pooled together). Chi-x?, Mann-Whitney and
Kruskal Wallis tests were used. Statistically significant values are highlighted in bold.

Tumour Centre Tumour Front Plasma

PD-L1 n (%) PD-L1 n (%)

sPD-L1 (ng/mL)

Variables Negative Positive Total Negative Positive Total
Favorable 6 (60) 4 (40) 10 2 (28.6) 5 (71.4) 7 387.5 + 89.1
MASS Indeterminate 2 (66.7) 1(33.3) 3 2 (66.7) 1(33.3) 3 811.4 +78.1
Response  Unfavorable 2 (66.7) 1(33.3) 3 2 (100) 0(0) 2 1621 + 4429
Total 10 6 16 6 6 12 698.3 £ 151.2
p=0.014/
p=0.965 p=0.164/p = 0.079 ** p=0.021%
p =0.005**
Tumour Centre Tumour Front Plasma
PD-1 1 (%) PD-1 1 (%)
Variables Negative Positive Total Negative Positive Total sPD-1 (ng/mL)
Favorable 5 (50) 5(50) 10 3(33.3) 6 (66.7) 9 268.9 £129.9
MASS Indeterminate 2 (66.7) 1(33.3) 3 1(33.3) 2 (66.7) 3 433.1 £ 265.7
Response  Unfavorable  1(33.3) 3(66.7) 3 3 (100) 0(0) 3 1743.6 £ 935.1
Total 8 8 16 7 8 15 647.1 £ 267
p=0717 p=0.117 p=033

3. Discussion

The T-cell coinhibitory receptor programmed death (PD-1) protein and one of its
ligands, PD-L1, play an important role in the evasion of the immune system by tumor cells.
Both PD-1 and PD-L1 suppress T cell function and immune tolerance [18]. Recent clinical
commercialization of PD-1 pathway inhibitors (nivolumab, pembrolizumab, atezolizumab,
durvalumab, avelumab) has raised interest in PD-1 and PD-L1 expression as potential
markers of response to immune checkpoint therapy in several malignancies, including
CCRCC [19]. Identification and validation of biomarkers will be crucial to optimize first-
line selection of treatment and also treatment sequences.

In this sense, it has been demonstrated that PD-1 and PD-L1 expression is associated
with adverse clinico-pathological features in CCRCC, such as a large tumor size, high nu-
clear grade, tumor necrosis and presence of sarcomatoid differentiation [20]. What is more,
PD-1 expression has been suggested as one of the most interesting biomarkers denoting
poor outcomes in patients with metastatic CCRCC receiving molecular targeted therapies,
while conflicting results have been shown for PD-L1 in the same population [20,21]. Both
PD-1 and PD-L1 are expressed in intra-tumor inflammatory lymphocytes [22]. PD-1 and
PD-L1 expression associates with CD4+, CD8+ and FOXP3+ tumor infiltrating lymphocytes
related to poor survival in CCRCC [20,23,24]. However, the identification of patients that
are likely to obtain a benefit from PD-1/PD-L1 inhibition therapy remains a challenge [25].

Metastatic CCRCC with a long-term response to sunitinib has been characterized as a
distinct phenotype independently associated with low PD-L1 expression [26]. However, the
inherent heterogeneity of CCRCC includes a very variable expression of positive and nega-
tive regions of PD-L1 expression within each tumor [27]. Also, differential expression of
PD-1 and PD-L1 has been confirmed between primary and metastatic sites within the same
case [28-30]. This conflicting scenario can be worsened as the different expression across
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primary and metastatic tumor for PD-L1 could be associated with metastatic tumor timing.
In fact, larger differences between their primary and metastatic tumor pairs have been
detected in synchronous metastatic patients in comparison to the metachronous metastatic
ones, and this could be explained by the fact that distant metachronous metastasis may
have evolved independently of the primary tumor [31].

PD-L1 expression has been used as surrogate marker of response to immune check-
point inhibitors and, indirectly, as marker of prognosis as well. In fact, despite all the
limitations mentioned to evaluate responses to therapy based on PD-1/PD-L1 expression,
a tendency towards a higher PD-L1 expression has been confirmed in responders but
without a good correlation [32]. For this reason, PD-L1 assessment is not required so far
to initiate immune checkpoint inhibition therapy in patients with CCRCC. On the other
hand, strong evidence is accumulating to consider PD-L1 expression as a likely strong
prognosticator in patients with CCRCC not only in metastatic cases receiving anti-PD-1
antibodies, but also receiving sunitinib or pazopanib [33]. In the series that we present
here, PDL-1 expression in CCRCC and sPD-L1 levels were predictors of overall survival,
and the combination of both tissue expression and plasma levels was an independent
predictor of prognosis. It should be stressed that most of the patients in this series were
only treated surgically and therefore, we cannot directly infer that PD-L1 (either tissular or
plasmatic) is an independent prognostic marker in patients with metastatic CCRCC treated
with systemic therapies. Also, as the tissue and plasma samples analyzed in this series
belong to the TKI era (checkpoint immune inhibitors were only used in a small number of
patients after progression on TKI). Even though the number of patients with metastatic
CCRCC in this series is small, we can confirm that PD-L1 expression in tumor center is
higher in metastatic patients within the IMDC poor prognosis group (p = 0.056) and also
that sPD-L1 levels better discriminate poor prognosis for this population of (p = 0.021).

Circulating sPD-L1 can be determined by ELISA in normal human serum and in
supernatants of different cells including CD4+, CD8+, CD19+, CD14+ and CD56+ T cells,
and may play an important role in immunoregulation [34]. sPD-L1 have been described
in several malignancies including renal cell cancer, pancreatic cancer, rectal cancer, B-cell
lymphoma, multiple myeloma and melanoma [35-39]. It has been hypothesized that sPD-
L1 may act as a paracrine negative immune regulator within the tumor [40]. However,
the sources of sPD-L1 in patients with cancer is unclear, as it may derive from protumor
inflammatory responses, antitumor immune-responses and also intrinsic splicing activities
in tumor cells. It is also unclear whether sPD-L1 is associated with clinical characteristics
such as patient age, sex or treatment response. In our series sPD-L1 is higher in controls
than in patients with CCRCC and the level of sPD-L1 in cancer patients is associated with
metastatic disease, but not with conventional prognosticators of CCRCC. Interestingly,
higher levels of sPD-L1 in CCRCC are an independent predictor of prognosis. Other authors
have investigated the role of several immune checkpoint-related proteins as predictors
of tumor recurrence and survival in CCRCC and sustain sTIM3 and sBTLA, but did not
predict worse survival for sPD-L1 [41].

According to our experience, both PD-1 and PD-L1 immunohistochemical expression
are associated with well-recognized histopathologic parameters of tumor aggressiveness
and PD-L1 is also an independent marker of prognosis in our series, both on the tumor
center and invasive fronts. Notably, this is a population of patients with CCRCC including
all stages and not necessarily treated with antiangiogenic therapy or immune checkpoint
inhibition therapy. What is more, we have simultaneously evaluated PD-1 and PD-L1 both
in the tumor and serum of the same cohort of patients and have confirmed that sPD-L1
is definitely an independent prognostic factor that is non-associated with the tumor size,
Fuhrman grade or histopathological staging. Multivariate analysis revealed that sPD-L1 >
793 ng/mL is associated with worse survival (HR 8.67), together with pT category (HR 2.24)
or presence of metastasis (HR 2.83). We also confirmed a major variation in sPD-L1 levels
according to the time of the metastatic event, with a much higher expression in synchronous
metastases than in metachronous ones. No less interesting is the fact that a positive PD-L1

101



Cancers 2021, 13, 667

expression in the tumor center and the invading tumor front— as well as as PD-L1 level >
793 ng/mL—Ileads to a worse overall survival rate in CCRCC patients. However, what is
even more interesting in our experience is that sSPDL-1 levels appear to represent a good
surrogate of a response criteria to systemic therapy administered in metastatic CCRCC. In
this context, there are many limitations to consider when deciding to treat CCRCC patients
with immune checkpoint inhibitors based on the immunohistochemical detection of PD-
1/PD-L1 positivity alone [11,27], while the search of markers to anticipate the response
to immunotherapy continues [42—44]. A new trial (UMIN000027873) has been recently
launched to evaluate the therapeutic effect of nivolumamb as a second-line therapy for
advanced CCRCC based on the concentrations of serum sPD-L1. The hypothesis of this
study is that patients with high blood levels of sPD-L1 will experience a greater therapeutic
effect during nivolumab treatment [45].

The limitations of our study include its retrospective nature, despite the fact that
the cases were prospectively followed after tumor and serum samples were obtained.
Patients were treated using state-of-the art procedures, and size of the sample was also
relatively small, especially when different subsets of patients were specifically analyzed.
Also, our finding that sPD-1 levels in controls are higher than in CCRCC patients could be
explained by a confounding effect of disparity levels in CCRCC patients due to the fact
that the sample includes patients with all stages of disease. It also could have been due to
inappropriateness of the control sample as a result of unknown factors. Regardless, we did
not test the hypothesis that sPD-L1 can be a tumor marker for the diagnosis of CCRCC,
but we did show evidence supporting the idea that it can be a good marker to evaluate
prognosis for CCRCC patients when they are taken as a whole, and also in the subset of
metastatic patients being treated with the IMDC model. Also, we support its use as a
marker of prognosis in metastatic patients treated with systemic therapies, mainly TKIs.

Future studies should try to evaluate the role of sSPD-L1 and other soluble immune
checkpoint-related proteins to elucidate their role as intrinsic tumor markers with utility in
prognostic evaluation involving CCRCC as a malignancy without markers of clinical value,
despite the great therapeutic success that has been achieved in the last decade.

4. Materials and Methods

The present study including all of its experiments comply with current Spanish and Eu-
ropean Union legal regulations. The Basque Biobank for Research-OEHUN
(www.biobancovasco.org) was employed the source of samples and data from patients
that could be used for research purposes. Each patient signed a specific document which
had been approved by the Ethical and Scientific Committees of the Basque Country Public
Health System (Osakidetza) (PI + CES-BIOEF 2018-04).

4.1. Patients

Plasma samples and tumor tissues were obtained from 89 CCRCC patients that were
surgically treated at Basurto University Hospital from 2012 to 2016. The plasma samples
were preoperatively collected for the study. Patients with non-metastatic CCRCC were
treated surgically and patients with metastatic disease received nephrectomy and systemic
therapy according to their ICDM classification, age and clinical condition.

Sixty patients were males (mean age: 60.83 years; range: 36-82) and 29 were females
(mean age: 62.69; range: 32-80). Pathological characteristics are summarized in Table 3.
Plasma from 46 healthy volunteers with no clinical history of neoplastic diseases was used
as control samples (male/female 28/18, age 55.8/61.8 years).

Samples from the center (n = 88) and the infiltration front (1 = 75) of tumors from
these patients were distinguished in the histopathological department and included in
tissue microarrays (TMAs) for further immunohistochemical analyses. American Joint
Committee on Cancer (AJCC) [19] and Furhman’s [20] methods were applied to assign the
relevant stage and grade, respectively.
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During the follow-up (mean: 59.9 months, range: 1-91 months), 21 patients were
found to no longer be alive and 68 were still alive. All patients were prospectively followed
until death or the last-follow-up. The cause and date of death was taken as specified in
clinical records and overall survival (OS) was investigated.

4.2. IMDC Model and MASS Response Criteria for Patients with Metastatic CCRCC

The International mRCC Database Consortium (IMDC) represents the largest collec-
tion of real-world data on patients with advanced kidney cancer treated with targeted
therapies. The IMDC prognostic model has been used to stratify patients in contemporary
clinical trials and to provide risk-directed treatment selection in everyday clinical practice.
This model classifies metastatic patients into three categories at different risk of death:
favorable, intermediate and poor risk [46]. We used the IMDC to evaluate the group of
patients with metastatic CCRCC in this series (n = 23).

In order to evaluate the response assessment to systemic therapy in metastatic CCRCC
receiving treatments other than nephrectomy (1 = 16), the Morphology, Attenuation, Size
and Structure (MASS) criteria was used to distinguish between the three categories of
patients. Patients with a favorable response to therapy are those with no new lesions
displayed on imaging modalities and any of the following outcomes: i. A decrease in
the tumor size of >20%; ii. One or more predominantly solid enhancing lesions showed
marked central necrosis or marked decreased attenuation (>40 Hounsfield units). Patients
with an unfavorable response are those with either: i. An increase in the tumor size of
>20% in the absence of marked central necrosis or marked decreased attenuation; ii. New
metastases, marked central fill-in or new enhancement of a previously homogeneously
hypoattenuating non-enhancing mass. Patients with an indeterminate response are those
who do not fit the criteria for favorable or unfavorable responses [47].

4.3. Immunohistochemistry

PD-L1 and PD-1 was analyzed in formalin-fixed and paraffin-embedded material
using specific antibodies (PD-1 (Ventana, clone NAT105, ready-to-use) and PD-L1 (Ven-
tana, clone SP-142, ready-to-use)). Immunostaining was performed using an automated
immunostainer (Benchmark Ultra, Ventana, Roche, AZ, USA) following the protocols
recommended by the manufacturer.

We documented the presence (+) or absence (—) of PD-L1 and PD-1 immunolabels in
inflammatory cells [27] using a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan). All
specimens were independently evaluated by two observers; in the event of discrepancies,
samples were re-evaluated to arrive at a final conclusion.

4.4. ELISA Assays

Levels of soluble PD-L1 and PD-1 were evaluated using the human B7-H1 and PD-1
DuoSet ELISA kits (R&D Systems, DY156 and DY1086, respectively) according to the
manufacturer’s protocols [37]. Briefly, 96 well plates were coated with capture antibodies
diluted in PBS and incubated overnight at 4 °C. After washing, plates were blocked in
order to avoid unspecific binding. Standards (100 uL) together with optimized plasma
sample dilutions (1/8 for sPD-L1 and 1/4 for sPD-1) and controls were added to the wells
and incubated for 2 h at room temperature (RT). After washing the plate, 100 uL/well
of biotinylated detection antibody was added and incubated for 1 h at RT. Subsequently,
Streptavidin-HRP A solution was added and the mixture was incubated for 20 min. Finally,
following multiple washes, the wells were incubated with 100 uL/well of Substrate Solution
and were stopped after 20 min with 2N H2SO4. The readout was made by reading the
absorbance at 450 nm with a FluoStar Optima plate reader (BMG Labtech). The amount of
protein of interest in the sample was estimated using a standard curve after applying the
dilution factor.
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4.5. Statistical Analysis

The statistical analysis was performed by using SPSS® 24.0 software. In order to assess
whether data obtained from the tissue and plasma samples followed a normal distribution,
we applied a Kolmogorov-Smirnov test. Based on this information, data were further
analyzed using parametric or non-parametric tests.

The Spearman Rho test was used to test the correlation between tumor tissue PD-L1
and PD-1 expression, sPD-L1 and sPD-1 levels and patient age and gender. Comparison of
plasma levels of sPD-L1 and sPD-1 between two groups or more (respectively) was carried
out using the Mann-Whitney (Mann-U) and Kruskal-Wallis tests. To analyze categorical
tissue expression of PD-L1 and PD-1 (negative/positive) and to test the association of
differences with pathological variables, we used the Chi-square (x2) test.

Overall survival (OS) analyses were performed following the establishing of groups
by cut-off points, following different methods: (I) for tissue analyses, cut-off points were
based on the categorical expression of PD-L1 and PD-1 (negative (<1% staining) vs. positive
(>1% staining)); (II) a classification and regression tree (CRT) method was employed for the
analysis of plasma sPD-L1 and sPD-1; (II) in order to evaluate the OS of CCRCC patients,
Kaplan-Meier curves and log-rank tests were utilized; (IV) to evaluate the independent
effects of PD-L1 and PD-1 expression and plasma levels of soluble isoforms and pathological
variables on OS, we employed multivariate analyses (the Cox regression model with the
backward Wald stepwise method).

5. Conclusions

There is a major need to identify new molecular markers in CCRCC which are useful
from the clinical perspective. We corroborated the value of PD-L1 immunostaining in
lymphocytic infiltrate both in the tumor center and in the border of neoplastic tissue to
predict worse overall survival in patients with CCRCC undergoing surgery which were not
necessarily treated with immune-checkpoint inhibitors. We also advocate for the clinical
utility of sPD-L1 level > 793ng/mL as an independent and novel predictor of prognosis
in clinical practice for the same patients. In addition, we determined that the sPD-L1
level increased for IMDC prognostic groups in the population of patients with metastatic
CCRCC, and was also associated with the clinical response of patients with metastatic
CCRCC receiving systemic therapy.

These findings could be of primary importance because they indicate that the deter-
mination of sPD-L1 can be widely performed in clinical practice. Our results should be
validated in prospective studies and possibly incorporated into predictive nomograms that
have clinical transcendence in patients with CCRCC.

Supplementary Materials: The following materials are available online at https:/ /www.mdpi.com/
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Simple Summary: Renal cell carcinoma is particularly characterized by its high vascularization and
dense immune cells infiltration. The angiogenesis blockade in combination with immune checkpoint
inhibitors have supposed milestones in the treatment landscape of this tumor. This article gathers the
available data on the mechanisms of resistance to current treatments, as well as new strategies under
development to overcome these resistances.

Abstract: Clear cell renal cell carcinoma (ccRCC) is the most common histological subtype arising
from renal cell carcinomas. This tumor is characterized by a predominant angiogenic and immuno-
genic microenvironment that interplay with stromal, immune cells, and tumoral cells. Despite the
obscure prognosis traditionally related to this entity, strategies including angiogenesis inhibition
with tyrosine kinase inhibitors (TKIs), as well as the enhancement of the immune system with the
inhibition of immune checkpoint proteins, such as PD-1/PDL-1 and CTLA-4, have revolutionized
the treatment landscape. This approach has achieved a substantial improvement in life expectancy
and quality of life from patients with advanced ccRCC. Unfortunately, not all patients benefit from
this success as most patients will finally progress to these therapies and, even worse, approximately
5 to 30% of patients will primarily progress. In the last few years, preclinical and clinical research
have been conducted to decode the biological basis underlying the resistance mechanisms regarding
angiogenic and immune-based therapy. In this review, we summarize the insights of these molecular
alterations to understand the resistance pathways related to the treatment with TKI and immune
checkpoint inhibitors (ICIs). Moreover, we include additional information on novel approaches that
are currently under research to overcome these resistance alterations in preclinical studies and early
phase clinical trials.

Keywords: renal cell cancer; treatment resistance; immunotherapy; angiogenesis; tumor microenvi-
ronment

1. Introduction

Renal cell carcinoma (RCC) represents around 3% of all cancers in adults show-
ing an incidence of more than 400,000 cases and being responsible for approximately
175,000 deaths worldwide in 2020 [1-3]. Approximately 25% of patients present with
metastatic disease at initial diagnosis and between 20-40% relapse after nephrectomy for
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localized disease [4]. Overall, mortality rates for RCC increased until the early 1990s, with
rates generally stabilizing or declining thereafter (actually 2.2 renal cancer related deaths
per 100.000 population) [5].

Clear cell renal cell carcinoma (ccRCC) is the most common histologic subtype that
arises in approximately 75% of RCC [6].

From a molecular point of view, genetic alterations are common in RCC and various
genes are involved in its development and progression. Inactivation of the VHL gene
function by deletion of chromosome 3p, mutation, and/or promoter methylation is a
predominant feature of ccRCC [7,8] and leads to abnormal accumulation of hypoxia-
inducible factors (HIF-1x and HIF-2x) and activation of the angiogenesis program with
increased levels of VEGF [9,10]. However, VHL loss itself is insufficient for tumorigenesis,
and additional genomic aberrations, such as mutations in 3p-associated genes PBRM1,
SETD2, and BAP1; loss of CDKN2A and CDKN2B genes via focal or arm-level deletion of
the 9p21 locus; and alterations in KDM5C, TP53, MTOR, or PTEN have been implicated in
disease progression and degree of aggressiveness [7].

Over the last 15 years, treatment for metastatic RCC (mRCC) has focused on target-
ing the VEGF signaling pathway with tyrosine kinase receptor inhibitors (TKI), such as
sunitinib, pazopanib, cabozantinib, axitinib or lenvatinib, or monoclonal antibodies that
block VEGE, such as bevacizumab. Although VEGF pathway blockade is effective in many
patients, it is associated with the development of acquired resistance mechanisms [11,12].

Furthermore, ccRCC is also distinguished as a highly inflamed tumor, with high levels
of tumor infiltrating lymphocytes, and a predominant expression of immune checkpoints,
such as PD-L1 and CTLA-4 [13,14]. Under this rationale of hypervascularity linked with an
immunologically hot tumor microenvironment, inhibitors of the VEGF pathway and the PD-
(L)1 axis as monotherapy or in combination, have contribute a noteworthy improvement
in terms of survival and quality of life in patients with advanced RCC [6]. Unfortunately,
there is an important group of patients who do not respond or lose achieved responses.

In this review we aim to summarize key molecular alterations in RCC to under-
stand the resistance to TKI and immunotherapy treatments, as well as the basis for the
development of new drugs that potentially overcome these resistances.

2. Molecular Pathways Associated with Resistance to Treatment with Tyrosine-
Kinase Inhibitors

2.1. Hypoxia as a Resistance Inductor

Heterogeneity is a pivotal characteristic of RCC, as different genomic and transcrip-
tomic profiles can be observed between primary renal and metastatic lesions [15]. Fur-
thermore, this intratumoral heterogeneity comprises a fundamental feature that hinder
efficacy of TKIs. Hypoxia also participates in that inner heterogeneity since RCC tissues
show different blood flow conditions.

Anti-VEGF therapies interfere in tumor angiogenesis inducing hypoxic cell death.
In consequence, hypoxia enhances epithelial-mesenchymal transition (EMT), causes mi-
croenvironmental cells like tumor associated endothelial cells (TECs) and tumor associated
macrophages and fibroblasts (TAMs/TAFs) to thrive, increases the expression of proteins
involved in lysosomal sequestration of TKIs, interferes with drug penetration, activates
many VEGF- and PDGF-independent proangiogenic cascades and alternative pathways
that lead to HIF pathway stimulation, and induces alternative modes of vascularization.
Moreover, cell glycolysis promoted by hypoxia increases lactic acid levels which is an
obstacle for immune cells functions [16]. In this sense, belzutifan, a HIF-2« inhibitor, is
currently under development with promising results in disease control rate and duration
of response as monotherapy or in combination with other TKI in patients with previously
treated mccRCC (NCT03634540, NCT04195750, and NCT 03634540). Indeed, this drug has
been approved by the FDA this year, for adult patients with von Hippel-Lindau (VHL)
disease who require systemic therapy. Its role in combination with other ICI and in the first
line setting is also under research (NCT04736706). However, other novel drugs targeting
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metabolism, such as telaglenastat, have not shown an additional benefit when analyzed in
clinical trails, such as the CANTATA and ENTRATA trials (Figure 1).

HIFla

Sunitinib
Erlotinib
Pazopanib

Figure 1. In this figure we illustrate the most preponderant mechanisms of resistance to TKIs: hypoxia-induced activation
of alternative proangiogenic pathways, TME factors, EMT, and TKI-induced autophagy.

2.2. Angiogenic Switch

There is robust evidence that describes several non-angiogenic mechanisms which
enable tumors to keep growing when angiogenesis is blocked. The first one is known as
vessel co-option and lies in the ability of tumor cells to harness normal tissues vessels to
maintain oxygen availability [17,18]. It is hypothesized that the initiation of the neoplasm
is driven by this angiogenesis-independent strategy, forming the center of the neoplasm.
Therefore, co-opted vessels trigger self-apoptosis in order to induce tumor necrosis. Mean-
while, the neoplasm is able to counteract this host defense mechanism by developing
neoangiogenesis in the periphery. This process also allows the tumor to initiate metastatic
invasion [17].

Vasculogenic mimicry is another less common alternative mode of vascularization
that consists in forming channels to provide oxygen to tumor cells. These channels are
formed by the tumor cells itself, which can simulate endothelial cells by increasing matrix
metalloproteinases in order to modulate tumor microenvironment. This process was mainly
described in aggressive melanomas [19].

Another noteworthy way of vascularization is intussusceptive angiogenesis, where
no endothelial proliferation is needed and therefore is difficult to counteract with anti-
angiogenic drugs. This mechanism is complex and poorly understood since it happens
within preexisting vessels. It starts with the interaction of the vessels of opposite walls,
forming an interendothelial junction at their edge in the “kissing contact” process. Mes-
enchymal stem cells, pericytes, and myofibroblasts come into play, taking up the gap
formed by the new vessels, creating a new extracellular matrix, and forming the interstitial
pillar. Hence, two new transvascular pillars are formed without endothelial prolifera-
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tion. This mode of vascularization is a rapid and efficient procedure to expand existing
vasculature [20,21].

2.3. Epithelial-Mesenchymal Transition (EMT)

Epithelial-mesenchymal transition is a well-studied process where the tumor is skilled
to change the phenotype of polarized epithelial cells to a mesenchymal one through
different molecular and biochemical changes. These empowered cells unhitch from the
primary site and invade peritumoral tissues as well as systemic circulation in order to
spread across distant places. In addition to these migratory functions, EMT also awards
higher resistance to apoptosis and increases extracellular matrix [22].

Sunitinib has different ways to enhance EMT. One of the main pathways that unleash
and orchestrate EMT is HIF1-«, accompanied by other molecular pathways such as HGE,
EGF or PDGF. HIF-« increases the expression of ZEB1 and ZEB2 which facilitates loss of
adhesion of epithelial cells by repressing E-cadherin. [23,24]. Snail and Slug are proteins
that participate as well in E-cadherin repression. Sunitinib can favor invasiveness and pro-
gression of renal cell carcinoma by stimulating Snail expression and subsequent E-cadherin
inhibition. The Akt/GSK3/p—catenin pathway also promotes EMT when activated by
cytokines like IL-6, IL-8, and TNF-« [25].

EMT also participates in sarcomatoid differentiation in RCC patients by N-cadherin,
Snail and Sparc stimulation and dissociation of 3- catetin from cell membrane [26].

2.4. Activating Bypass Pathways
2.4.1. VEGF

Sustained treatment with antiangiogenic therapeutics would conduct enhancement of
alternative cell signaling pathways that avoids TKIs’ effect. Between the VEGF receptors,
VEGFR2 has been the main target for primary TKIs designed, leaving free activity to other
VEGER proteins like VEGFR 1 and VEGEFR 3. Furthermore, there are some non-VEGF
alternative pathways that allow the tumor to uphold its growth [27].

2.4.2. PTEN

Phosphate and tensin homolog (PTEN) are tumor suppressors that have a down
regulating function over PI3K/Akt/mTOR pathway. Even though PTEN mutations are
rarely described in RCC [28], studies have demonstrated that patients with resistance to
sunitinib show low expression of PTEN, thus constitutively Akt/mTOR expression.

2.4.3. FGF

FGEFR pro-angiogenic function is led by upregulation of MAPK/ERK, PI3K/Akt and
STAT pathways as well as IP3 and DAG and PKC signaling. Upregulation of FGF2 has
been directly related to resistance to sunitinib and constitutes one of the major growth
factors able to drive sunitinib resistance. Sunitinib is able to suppress phosphorylation of
MEK1/2 and ERK 1/2 conducted by VEGF. However, when FGF2 is overexpressed, strong
phosphorylation of MEK 4 and ERK1/2 occurs despite sunitinib administration [29].

2.4.4. Axl and c-MET

Both Axl and c-MET are implicated in antiangiogenic resistance of VEGF targeted
therapies and are also related to poor prognosis and decreased overall survival [30-32].
Zhou et al. studied the relation between sunitinib resistance and Axl and MET pathways.
They demonstrated that in the first phases of treatment, it is able to suppress MET function,
but when sunitinib is administered chronically, MET activity is enhanced. Moreover, this
activity is maintained once sunitinib is withdrawn. They also proved that treatment with
sunitinib increased Axl protein levels. Both Axl and MET are able to promote angiogenesis
through activation of ERK and PI3K/AKT signaling and increment of VEGF secretion.
Furthermore, sunitinib stimulates Axl and MET dependent EMT and favors cell migration
and invasion [30].

112



Cancers 2021, 13, 5981

2.4.5. TNF-«

Tumor necrosis factor (TNF- «) pathway is involved in multiple physiologic functions
like immune response or hematopoiesis, but also plays a key role in tumor pathogenesis.
For instance, it is implicated in EMT, activating the nuclear factor kB (NF-kB) pathway
through the binding of TNF receptor 1 (TNFR1) and GSK3p activation [33,34].

The involvement of TNF- « in acquired resistances of certain treatments had already
been hinted at in breast and lung cancer [35,36], but its implication in RCC remained
scarcely explored. In 2020, Hwang et al. discovered that tumor tissues that have acquired
TKI resistance express high expression of TNFRISF1A gene. They also related high-TNFR1
expression in intrinsic-resistance tumors as well as sarcomatoid dedifferentiation [37].
Nevertheless, to which extension TNF-« is involved in TKI resistance in RCC remains to
be elucidated and further studies are needed.

2.4.6. Angiopoietin/Tie Pathway

Ang/Tieis a key signaling cascade which constitutes a significant alternative antiangio-
genic pathway able to regulate endothelial maturation and vascularization. Angiopoietin 2
(Ang?2) has a dual function depending on VEGF presence. When VEGF is inhibited, it
binds to Tie2 and inhibits Ang1/Tie2 pathway, consequently promoting vascular degra-
dation and cell death. Wang et al. demonstrated that at the beginning of treatment with
sunitinib, the levels of Ang 2 decreased progressively, as long as the tumor was sensitive
to sunitinib. Inversely, they showed that patients with sunitinib resistance expressed el-
evated Ang 2 levels. This fact was correlated with tumor progression, acting Ang?2 as an
angiogenic escape mechanism [38,39].

2.4.7. Enhancer of Zeste Homologue 2 (EZH2)

The enhancer of zeste homologue 2 (EZH2) is a histone methyltransferase that partici-
pates in the methylation of lysine 27 on histone 3 producing gene repression [40].

EZH?2 is one of the major epigenetic mechanisms of resistance to TKI in RCC. It
enhances EMT, impeding the expression of E-cadherin and therefore favoring invasiveness
and migration [40]. Adelaiye et al. exposed in their studies that EZH2 overexpression leads
to methylation of promoter regions of anti-angiogenic factors and subsequently favors
tumor vascularization and therefore sunitinib resistance. Furthermore, EZH2 can induce
adaptive kinase reprogramming through epigenetic changes, allowing tumor cells to find
alternative pathways such as FAK, SCR, MET, FGFR2, EGFR, IGF-1R, and ERBB2 [41].
Nevertheless, this resistance mechanism can be counteracted by dose escalation [42].

2.5. Lysosomal Sequestration of TKIs

Lysosomal sequestration is the process by which sunitinib is accumulated within the
lysosome structure. Most TKIs can traverse lysosomal membrane easily because they are
weak bases. Once the molecule is internalized, it finds an acid environment achieved
by proton pumping vacuolar ATPases. This environment protonates the molecule and
sequestrates it inside the lysosome. Therefore, it is unable to exert its function [43].

Certain TKIs, such as erlotinib and pazopanib, can also be exposed to lysosomal
sequestration [44]. Sorafenib comprises a different kind of molecule with differential
characteristics that does not permit free travel across lysosomal membranes. Because of
this fact, other lysosomal sequestration mechanisms have been proposed for Sorafenib.
It was demonstrated that drug pumps like ABC transporter P-glycoprotein can mediate
not only sunitinib sequestration but sorafenib too. In the frame of this thinking, P-gp
inhibitors like verapamil or elacridar have been studied in preclinical models of CCR
showing enhancement of antitumor activity of sunitinib [45-47].

Moreover, lysosome sequestration is a multidrug resistance (MDR) mechanism that
can lead to a feedback process where the exposure to tyrosine kinase inhibitors reinforces
lysosome biogenesis. The increased lysosomal gene expression and lysosomal enzyme
activity lead to augmented drug sequestration and MDR. Lysosomal biogenesis seems to
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be driven by the nuclear transcription of transcription factor EF (TFEB) [48]. This process is
ultimately commanded by mTORC1 [49]

2.6. Noncoding RNAs (ncRNA) and Single Nucleotide Polymorphisms

Circulating noncoding RNAs have raised interest in many oncologic fields. They have
been studied as potential biomarkers in early stages of RCC as well as prognostic and
predictive treatment response biomarkers [50-52].

Micro RNA (miRNA), a particular class of ncRNA, have been studied as molecules
able to carry out TKIs resistance, concretely miRNA-15b, which overexpression has been
described as a mechanism of resistance to sunitinib [53]. Other miRNA like miRNA-575,
miRNA-642b-3p and miRNA-4430 were detected in cultures of RCC cells resistant to
sunitinib [54]. Regulation of miR-141 and miR-429 also contributes to EMT and its develop-
ment [55].

Le Qu et al. described a sunitinib resistance mechanism based on intercellular transfer
by exosomes of long noncoding RNA (IncRNA) called IncARSR. Long-noncoding RNA are
a class of ncRNA with a minimum length of 200 bases involved in gene transcription by
multiple regulation functions such as recruitment of chromatin-modifying complexes and
post-transcriptional modulation [56,57].

Le Qu’s analysis confirmed high levels of IncARSR in sunitinib-resistant RCC tumor
cells as well as endothelial cells. LncASRS seemed to be upregulated by the activation
of the AKT pathway and ultimately the inhibition of FOXO1 and FOXO3a. LncASRS is
packed into exosomes via heterogeneous nuclear ribo-nuclear protein A2B1 (hnRNP A2B1)
and afterwards transferred to surrounding cells disseminating sunitinib resistance. The
authors hypothesized and confirmed that IncASRS functioned like competing endogenous
RNA (ceRNA) for miR-34 and miR-449, whose targets are Axl and c-MET. This competitive
binding increased the expression of Axl and c-MET, hence the stimulation of STAT3, AKT,
and ERC pathways and subsequent sunitinib resistance.

Single nucleotide polymorphisms (SNPs) are the most common genetic variation
and are defined as a single base pair variation that reaches at least 1% of the population.
SNPs related to sunitinib pharmacokinetics (ABCB1, NR1/2, and NR 1/3) and pharma-
codynamics (VEGFR3 and FGFR3) had already been described by Beuselinck et al. as
determinants of sunitinib outcome in RCC patients [58]. Their effect in CYP3A4 is essential
in the metabolism of sunitinib. SNPs in NR1I2 and NR1I3 suppressed CYP3A4 function
and were associated with shorter PFS. Inversely, SNPs in CYP3A4 were associated with
increased PFS as a result of increased metabolism of sunitinib [58,59].

2.7. Tumor Microenvironment Factors Related to Resistance to TKIs

Tumor microenvironment (TME) is constituted by several components such as the
tumor cells itself, extracellular matrix (ECM), fibroblasts, vascular endothelial cells, immune
cells, and several other stromal cells. Tumor microenvironment is an essential participant
of tumor progression and maintenance of its pathogenesis [60].

Robust evidence has been constructed in recent years supporting the importance of
tumor microenvironment in development of resistance to TKIs.

2.7.1. Tumor Endothelial Cells (TECs)

Tumor endothelial cells are an important element of TME and participate actively in
tumor development. They blossom in hypoxic conditions and can also drive resistance
to targeted therapeutics. A study reflected that sunitinib was able to increase VEGF and
vascular cell adhesion molecule-1 (sVCAM) as well as levels of circulating endothelial
cell-related proteins like Ang-2. The increase of these proteins and TECs were described
in patients with acquired resistance to sunitinib [61]. Notch ligand Delta-like 4 (D114) has
been also related to TECs and the expression of this pathway exerts downstream inhibition
of VEGF [62,63].
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2.7.2. Bone Marrow-Derived Proangiogenic Inflammatory Cell Recruitment

Hypoxic conditions lead to recruitment of different bone marrow-derived cells
(BMDCs) and it is known that this environment is enhanced by antiangiogenic agents.
BMDC can participate in the formation of a premetastatic niche environment by crafting
new vessels that supply oxygen tumor requirements.

Myeloid-derived suppressor cells (MDSC) is a class of BMDCs worth highlighting.
This major component of TME is able to induce resistance to TKIs by enhancing VEGF-
independent angiogenesis. This is carried out by GM-CSF availability in tumor tissue
and is a STAT5 dependent mechanism, since it was objectified that START 5ab (null/null)
MDSC were not able to induce sunitinib resistance [64,65].

2.7.3. Pericyte Coverage

By their attachment around blood vessels and expression of proangiogenic factors
like VEGE, pericytes promote proliferation and maintenance of tumorigenesis. When
they are pathologically activated, abnormal micro-vessel networks embedding the tumor
cells are formed. It is known that increase of pericyte coverage favors antiangiogenic
resistance enhancing survival of endothelial cells and making them less sensitive to VEGF
inhibition [66].

2.7.4. Tumor-Associated Fibroblasts (TAFs)

There is strong evidence that tumor-associated fibroblasts (TAFs) are able to interact
with multiple signaling pathways in RCC cells and promote angiogenesis, tumor invasion,
and TKI resistance through paracrine mechanisms. For instance, it can enhance HIF-1oc
accumulation in RCC through CXCR4 upregulation favoring resistance to treatments.
CXCR4 is a molecular proangiogenic pathway expressed by many components of TME
such as TAFs. This process is induced by VHL malfunction, which is inherent to RCC
pathogenesis [67,68]. TAFs can promote resistance to anti-angiogenic molecules promoting
activation alternative pathways such as MAPK/ERK and Akt [69].

They also interact with interstitial fluid pressure inside the tumor and are capable
of nullifying the travel of drugs through tumor cells. They also mediate induction of
aggressive phenotypes of RCC as a result of increased recruitment of macrophages and
remodeling of TME [70,71].

Crawford et al. showed that TAFs stimulate expression of PDGF-C and consequently
generate angiogenesis and treatment resistance [72].

2.7.5. Tumor-Associated Macrophages

Tumor-associated macrophages (TAMs) have been lately attributed an important role
in tumor induction and progression. Nevertheless, they can have a twofold function being
able to enhance tumor growth as well as produce anti-tumor signals [73]. It is known
that hypoxia prompts tumor-associated macrophages to favor tumor progression through
secretion of different molecules like MMP-9, CSC chemokines, IL-6, TNF-«, and VEGF
which not only promotes angiogenesis but also participate in TME regulation. All this
angiogenic storm can aid the tumor to find alternative pathways and lessen the effect of
anti-angiogenic therapies [74].

3. Molecular Pathways Associated with Resistance to Treatment with Immune
Checkpoint Inhibitors

Many factors have been described as relevant in the resistance to immunotherapy
in different tumors, leading to two main forms of resistance (primary resistance and
secondary). Primary resistance makes reference to intrinsic resistance (probably related to
the tumor) and secondary to acquired resistance (probably related to microenvironment
changes) in patients with initial response to treatments. For simplicity, these factors
have been classified into “intrinsic tumor mechanisms” and “microenvironment related”
(Figure 2).
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Figure 2. Among the key mechanisms described we can mainly distinguish tumor-intrinsic factors and factors asso-
ciated to tumor microenvironment (TME). In the first subgroup it is important to outline the alterations of antitumor
immune response pathways (e.g., aberrant expression of tumor antigens), variations in the antigen presentation pathways
(e.g., p2-microglobulin mutations leading to loss of MHC) or defective signaling pathways (e.g., IFENy-STAT-IRF1 signaling
pathway); What is more, these intrinsic factors promote the formation of an immunosuppressive microenvironment through
the mutations of functional genes such as Wnt/ B-catenin, MAPK, or PI3K-AKT-mTOR pathways and the modifications of
the metabolism of TME (e.g., hypoxic conditions); The second subgroup (factors associated to TME) includes the presence
of immunosuppressive cells (e.g., MDSCs or TAM) as well as the activation of coinhibitory receptors (e.g., TIM-3, LAG-3).

3.1. Tumor Cells-Intrinsic Factors
3.1.1. Interferon Gamma Signaling Pathway

The intrinsic interferon gamma (INFy) pathway plays a key role in the T-cell re-
sponse against a tumor antigen. The activation of the INFy membrane receptor results
in the downstream interaction with the Janus Kinase (JAK) signal transducer, the acti-
vator of transcription (STAT) and the interferon regulatory factor 1 (IRF1), leading to
PD-L1 expression. Genetic disorders in the INFy signaling pathway have been revealed
as resistance-associated to treatment with ICI [75]. Moreover, INFy enhances MHC-I
antigen presentation. In MHC-deficient tumor cells, treatment with INFy is necessary
to express the antigen processing machinery and has been able to induce tumor-specific
T-cell responses [76]. INFy pathway also promote the recruitment of immune cells and
has direct effects over the tumoral cells, leading to anti-proliferative and proapoptotic
signals [77]. Recently, loss-of-function truncating mutations in genes JAKI and JAK2 have
been associated with lack of response to INFy, as well as PD-1 inhibitors” inefficacy [78].

3.1.2. Wnt/ p-catenin Pathway

The Wnt/ 3-catenin pathway is associated with different biological processes, such
as stem cell development, embryogenesis, cell differentiation, and immune regulation. In
most cancers, Wnt/ 3-catenin is overexpressed. In several tumoral models not including
renal cell carcinoma, this overactivation is correlated to absence of T cell gene expression
signatures and T-cell exclusion, leading to “immune-desert” tumors, conditioning resis-
tance to immune checkpoint inhibitors. [79-82]. Wnt/3-catenin is also involved in the
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regulation of IDO1 and the PPARgamma receptor, both inducing immunosuppressive
effects [83]. A role in tumor stemness and dedifferentiation is also well-described [84].

3.1.3. Mitogen-Activated Protein Kinases (MAPK) Pathway

The MAPK pathway is associated with VEGEF, IL-6, IL-8, and IL-10 production and
has been related with the inhibition of T cell functions and immune cells recruitment.
Furthermore, MAPK pathway mediates in the negative regulation of MHC expression and
antigen presentation, as well as a reduced responsiveness to the anti-proliferative effects of
IFNy and TNF« [75,85].

3.1.4. PI3K/AKT/m-TOR Pathway

PI3K/AKT pathway has been identified as one of the most altered pathways in ccRCC,
following the molecular characterization performed by The Cancer Genome Atlas Program.
The loss of expression of PTEN has been pointed out as another relevant alteration [86].
These alterations have been associated with expression of immunosuppressive cytokines
and inhibition of the autophagosome, resulting in a decreased T-cell infiltration at tumor
sites, poor T-cell recruitment, and failure of T-cell-mediated cell death. PTEN loss has also
been correlated with worst outcomes with anti PD-1 inhibitor therapy [87].

3.1.5. Cell Cycle Checkpoint Pathway

Cyclin dependent kinase 4 and 6 (CDK4/6) and their co-factors D-type cyclins are
principal drivers of the cell cycle from G1 to S phase and have been associated with tumoral
progression. Several studies have emphasized the impact of CDK 4/6 inhibition enhancing
the immune response. Thus, the CDK4/6 inhibitor abemaciclib in combination with
immune checkpoint blockade had a substantially greater capacity to induce pronounced
responses in mouse breast cancer models than either agent alone [88,89]. A substantial IL-2
expression and increased T-cell tumor infiltration was observed in these models and have
been connected to the beneficial effect of CDK4 inhibition on antitumoral immunity [90].

3.1.6. Loss of MHC

The loss of MHC I and II molecules favors the tumoral immune escape by incapacitat-
ing the T-cells to recognize the tumoral antigens. Many genetic and epigenetic alterations
that involves the antigen processing and presenting machinery have been potentially as-
sociated with this event. Truncating mutations in the gene encoding B2-microglobulin
has shown a loss of expression of MHC I in the cell surface, resulting in an absence of
response to ICI in melanoma patients [88,91]. In addition, loss of heterozygosity at the
B2-microglobulin locus was associated with lower overall survival in melanoma patients
receiving immune checkpoint inhibitors [92].

3.2. Tumor Microenvironment Related Factors and their Role in Resistance to Immune Response
3.2.1. T Cells

RCC is one of the most T cell-enriched tumors. The high densities of CD8+ tumor-
infiltrating lymphocytes (TILs) is associated with a poorer prognosis, compared to other
tumor types [93,94]. Amongst the many hypotheses that underlie this contra-intuitive
prognosis on the impact of CD8 in ccRCC, it has been demonstrated that co-expression of
PD-1 and LAG-3 induced by a lack of antigen presentation by dysfunctional dendritic cells
results in CD8 TILs exhaustion in ccRCC [95].

However, recently the controversial role of tumor infiltrating T cells has started to
be clarified. In the phase III trial JAVELIN RENAL 101 (comparing the combination of
anti PD-L1 antibody avelumab + TKI axitinib vs sunitinib in monotherapy), an association
between large CDS8 infiltration and poor PFS in patients treated with sunitinib was observed.
However, these outcomes were not reflected in patients treated with the combination,
suggesting that CDS8 infiltration has prognostic value in TKI-treated ccRCC but loses it
when the patient is treated with ICI [96].
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In 2017, Giraldo et al. [97] proposed a classification of primary ccRCCs depending on
their dominant immune profile. They studied 40 tumors, dividing them in three different
profiles: 1. The immune regulated, represented by polyclonal cytotoxic CD8+ PD-1+
Tim-3+ Lag 3+ TILs and CD4+ ICOS+ cells with a Treg phenotype, characterized by highly
infiltrated tumors with notable proportion of dysfunctional dendritic cells expressing
PD-L1. 2. The immune activated, distinguished by oligoclonal/ CD8+ PD-1+ Tim-3+ TILs,
that represented 22% of the patients. 3. The immune silent, enriched in TILs revealing a
RIL-like (renal infiltrating lymphocytes) phenotype, constituting the majority of tumors of
the cohort (56% of the patients analyze).

The immune regulated and immune activated tumors have been connected with
distinctive phenotypic signatures, which confer aggressive histologic properties and high
risk of relapse or progression. These findings support the hypothesis that these selected
patients could benefit from adjuvant treatment with ICIs [97].

Subsequently, molecular biomarkers evaluated in the IMmotion 150 phase II trial
(comparing first line treatment in mccRCC with the combination of atezolizumab + beva-
cizumab versus standard therapy with sunitinib) showed distinct biological subgroups
based on levels of angiogenesis, immune infiltration, and myeloid inflammation. In ad-
dition, the subgroup with high expression of the Angio gene signature (Angio™8") was
characterized by higher vascular density and was associated with improved response
within the sunitinib arm. The Angio*" subgroup showed better response to atezolizumab
+ bevacizumab versus sunitinib. Moreover, high expression of the T-effector (T¢) gene
signature was positively associated with expression of PD-L1 and CD8 T-cell infiltration.
The Tefingh subgroup had an improved ORR and PFS with atezolizumab + bevacizumab
compared with Teg*" subgroup. High Teff gene signature was also related to improve
PFS with atezolizumab + bevacizumab versus sunitinib, and showed no difference with
atezolizumab in monotherapy, which can highlight the role of Teff gene signature in re-
sponse and resistance to immunotherapy. Complementary, differential expression of genes
associated with myeloid inflammation within the Teg 8" and Te*" subgroups was ob-
served. Atezolizumab monotherapy had worse activity in the TefinghMyeloiclHigh tumors
compared with the Tei8"Myeloid™" group [98].

Motzer et al. characterized seven molecular subtypes of ccRCC using a large RNA-seq
dataset from the IMmotion 151 phase III trial [99]. They identified and refined transcrip-
tionally defined subgroups using non-negative matrix factorization, an unsupervised
clustering algorithm. Patient tumors in clusters 1 (Angiogenic/Stromal) and 2 (Angio-
genic) were characterized as highly angiogenic, with enrichment of VEGF pathway-related
genes. These tumors showed the longest PFS in both treatment arms, suggesting better
outcomes regardless of treatment. However, no differences between the combination treat-
ment with atezolizumab + bevacizumab versus sunitinib were observed, which suggests
that these groups essentially benefit from treatment with antiangiogenics. Clusters 4 (T-
effector/Proliferative), 5 (Proliferative), and 6 (Stromal/Proliferative) were characterized
by enrichment of cell cycle transcriptional programs, and lower expression of angiogenesis-
related genes. Atezolizumab + bevacizumab treatment showed improved ORR and PFS
over sunitinib in tumors from clusters 4 and 5, confirming the contribution of pre-existing
intratumoral adaptive immune presence described in these patients. However, cluster 6
was associated with a poor outcome.

At last, cluster 3 (Complement/()-oxidation cluster) presents lower expression of both
angiogenesis and immune genes and has been associated with poor prognosis. Cluster 7
(snoRNA) is characterized by expression of snoRNA (small nucleolar RNA, a group of RNA
molecules of variable length, that guide modifications processes of other RNAs, mainly
ribosomal RNA maturation), especially C/D box snoRNAs which have been implicated in
alterations of epigenetic and translation programs. This last cluster improved PFS with
atezolizumab + bevacizumab, but the biological basis of this effect remains to be elucidated.

Additionally, IDO-1 upregulation was described as a key driver of T cell nutrient
deprivation. IDO-1 overexpression in tumor endothelial cells is associated with better
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response and PFS in patients treated with nivolumab and has been proposed as a new
biomarker [100].

3.2.2. Innate Immune System

Macrophages can undergo M1 (classical) or M2 (alternative) activation in result of
the inflammatory triggering signal. The M1 type are characterized by producing high
levels of inflammatory cytokines, such as IL-12, IL-23, and IL-6. M2 macrophages can be
subdivided into different subsets called M2a, M2b, M2c, and M2d [101,102]. Th2 cytokines
IL-4 and IL-13 stimulate the macrophages to develop M2a phenotype; M2b are induced
by activation of Toll-like receptors; and IL-10 polarizes the M2c subtype. M2d subtype is
also known as tumor-associated, due to the ability of tumor cells to switch the potential
phenotype of macrophages into this subtype. Tumor associated macrophages express
multiple receptors or ligands of immune inhibitory pathways, such as PD-L1, PD-L2, and
B7-1 [101]. In RCC, poor survival outcomes have been identified in tumors with high
expression of anti-inflammatory macrophage phenotype (M2) [103]. Moreover, extensive
tumor-associated macrophage (M2d) infiltration into the RCC microenvironment leads the
recruitment of Tregs to the tumor site by secreting CCL20 or CCL22 and has been linked
with enhancement of angiogenesis, tumor proliferation, and metastatic cellular migration
and invasion.

3.2.3. B Cells and Tertiary Lymphoid Structures

B cells and tertiary lymphoid structures (TLS) have recently arisen as an important
feature in cancer biology. B cells have been analyzed within the tumor and the microen-
vironment, showing a strong memory response against tumor associated antigens [104].
Bregs are a specific population of B cells with a regulatory role that have been marked as
inmunosupressive cells, due to their capacity to secrete inhibitory molecules, like IL-10
and TGFf, which regulate T-reg differentiation [105]. In ccRCC, higher expression of B
cell related genes, measured by microarrays profiling of baseline tumor samples, have
been associated with better response to ICIs [106]. In sarcoma, a cluster of patients (known
as “immune and TLS high”) which predominantly express the B lineage signature, has
demonstrated a significant improvement in life expectancy with anti PD-1 treatment [107].

Tertiary lymphoid structures are ectopic lymph-like structures whose structure varies
from an aggregation on B and T cells to more complex structures. Generally, these TLS
are constituted by a T cell zone with mature dendritic cells covering a follicular zone rich
in proliferating and differentiating B cells. These structures play an important (and still
largely unknown) role against tumor immunity and are associated with better prognosis in
patients with several cancers, including ccRCC. Typically, these structures can develop a
niche which supports the appearance of transformed cells and activated T regs, favoring
the immune response [93,108].

3.2.4. Proinflammatory Cytokines

The RCC microenvironment is associated with pro-inflammatory conditions. Among
the factors associated with this fact, the release of pro-inflammatory molecules and cytokines
induced by tissue damage emerges as the most important one. Upper concentrations of
molecules, such as adenosine triphosphate, IL-6, IL-8, macrophage inflammatory protein
1-alpha, tumor necrosis factor alpha (TNF«x), or IFNy promote the angiogenesis, genomic
instability, cellular proliferation, and the epithelial-mesenchymal transition, as well as increase
the recruitment of immune cells, leading to a pro-tumorigenic microenvironment.

Furthermore, it is important to notice that this recruitment promotes immunosup-
pression leading by the increased expression of PD-1 on T cells which is induced by
IFNYy also [109]. This sustained expression of PD-1 is responsible for T cell exhaustion
via the SHP2 recruitment. Transcriptional factors such as STAT-3 and IRF1, induced by
pro-inflammatory conditions, also modulate the expression of PDL1 and PDL2, favoring
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this exhaustion process. Additionally, IL-1, IL-6, IL-11, IL-17, and TNF alpha promote Treg
expansion and increase T cell exhaustion [110,111].

3.2.5. Hypoxia

RCC is characterized as being one of the most vascularized tumors. However, this
vascularization is composed of fragile, disorganized vessels, causing an erratic nutrient and
oxygen intake, which leads to hypoxia and a lower pH, facilitating tumor progression [112].
Furthermore, hypoxia induces the activation of different genes, which are involved in
differentiation of tumor associated macrophages, Treg recruitment and infiltration of
myeloid-derived suppressor cells. These immune structural changes favor the inhibition of
T cells [113,114]. Furthermore, HIF-1a and HIF-2a induce increased expression of PD-L1
in tumor cells [115,116]. An immune escape pathway is developed by increased levels
of HIF-1 and HIF-2, which enables the generation of VEGF, which in turn increase the
expression of the immune checkpoints CTLA-4, TIM-3, and LAG-3 on T cells, and PD-L1 on
dendritic cells [114,117]. Finally, hypoxic tissues are enriched in adenosine, which suppress
the effect of T cells, contributing to immune escape [118].

3.2.6. Protein Polybromo-1(PBRM-1) Expression

PBRM-1 is a specific subunit of the PBAF form of the SWI/SNF chromatin remodeling
complex. Loss-of-function mutations in this complex are recurrent in many cancers, includ-
ing ccRCC, which appears in around 40% of patients [119,120]. In ccRCC, low expression of
PBRM1 and high tumor grade imply a worse prognosis. In vitro studies performing the in-
activation of PBRM1 using CRISPR-Cas9, have shown a larger production of chemokines in
response to IFNy, which recruits effector T cells and promotes sensibilization of treatment-
resistant mouse melanoma cells to immunotherapy [119]. Other studies involving whole
exome sequencing have remarked that the loss-of-function mutation in the PBRM1 gene has
been linked with improved PFS and OS in patients receiving antiPD-1 treatment [121-123].
However, recent studies have demonstrated that ccRCC with low expression of PBRM-1
are related with lower CD4-CD8 tumor infiltration, lower expression levels of CXCL10,
CCL12, ICAM-1, and other cell migration-related molecules, and in the end, with poorer
outcomes with anti-PD1 treatment compared with PBRM-1 high tumors [124]. These new
findings reveal the potential of PBRM-1 as a therapeutic target.

3.2.7. Immune Escape Related to Other Immune Checkpoints

T-cell immunoglobulin and mucin domain 3 (TIM-3) is a type I trans-membrane
protein that was originally discovered in an effort to identify novel cell surface molecules
that would mark IFN-y-producing Th1 and Tcl cells. Tim-3 plays a key role in inhibiting
Th1 responses and the expression of cytokines such as TNF and INF-y, leading to the
suppression of tumoral immune response [125]. On T-cell activation, TIM-3 is recruited to
the immunological synapse with B-associated transcript 3 (Bat3) bound to the cytoplasmic
tail of TIM-3. When TIM-3 is engaged by a ligand, in most cases galectin-9, the conserved
tyrosine residues in the cytoplasmic tail become phosphorylated, leading to the release
of Bat3 and activates the downregulation of TCR signaling and suppression of T-cell
proliferation and survival [126]. In ccRCC, TIM-3 and PD-1 co-expression on CD8 T cells is
associated with worse outcomes including higher TNM stage, larger tumor size and lower
PFS [127].

Lymphocyte activation gene-3 (LAG-3, also known as CD223) is a cell surface molecule
that belongs to the immunoglobulin superfamily and is located near CD4. Like CD4,
LAG-3 binds to major histocompatibility complex-II (MHC-II) on antigen presenting cells
(APCs), but with a much stronger affinity [128], which prohibits the binding of the same
MHC molecule to TCR and CD4, thus directly hampering TCR signaling in immune
response [129]. LAG-3 is expressed in the membrane of multiple immune cells, including
CD4 T cells, CD8 T cells, and T-reg cells. Several studies have delineated that LAG-3 is
over-expressed on tumor-infiltrating CD8 T cells in various tumor types, including renal
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cell carcinomas [130]. LAG-3 overexpression leads to CD8 T cells exhaustion and resistance
to anti PD-1 inhibitors [131]. This interaction occurs without binding to MHC-II, which
have given rise to the discovery of additional tumor-related ligands, such as galectin-3 and
liver sinusoidal endothelial cell lectin (LSECtin). These ligands seem to play an important
role in the TME, although it remains unclear [132]. LAG-3 expression tends to be associated
with a lower OS in RCC [120,133].

T cell immunoglobulin and ITIM domain (TIGIT) is a membrane protein with an
extracellular IgV ligand-binding domain and an intracellular immune-receptor domain.
TIGIT is primarily expressed on T cells and NK cells and binds to the poliovirus receptor
PVR (CD155) and Nectin-2 (CD112) as a competitor to DNAM-1. DNAM-1 enhances
cytotoxicity of T lymphocytes and NK cells, and TIGIT blocks its function acting like
an immune suppressor. TIGIT has been found to be expressed on subsets of exhausted
intratumoral CD8+ T cells [134,135].

4. Discussion

Resistance to systemic therapies in RCC, either intrinsic due to presence of resistance
genes or acquired after initial tumor regression can directly impact the clinical course and
additional treatment approach of these patients. This review highlights the new insights
into key biological pathways underlying treatment resistance.

At the beginning of this century, treatment with TKIs that block the VEGFR has
revolutionized the RCC treatment landscape, resulting in a significant increase in terms of
life expectancy and quality of life for these patients. However, the benefit shown by these
initial treatments was limited.

Looking at initial resistance to VEGFR?2 inhibition by enhanced activity from other
VEGER receptors, multiple VEGER inhibitors have been designed trying to overcome this
obstacle. Moreover, the inhibition of the PI3K/Akt/mTOR pathway has become an option
to overcome PTEN downregulation. Thus, preclinical studies combining sunitinib with
PI3K/mTOR inhibitors, mTOR inhibitors or pan-AKT inhibitors, can restore sunitinib
effect and induce apoptosis in those PTEN-negative cells [136,137]. However, in the clinical
setting these combinations were related with increased toxicity requiring dose attenuation,
and efficacy was less than expected in comparison with single-agent sunitinib at full
doses [138].

In the FGF overexpression setting, lenvatinib, an oral inhibitor of FGFR, VEGF 1-3,
PDGEFR «, RET, and KIT, is able to overcome the FGF resistance mechanism and has
demonstrated activity in the first line setting in combination with pembrolizumab and
in subsequent treatment lines in combination with everolimus of patients with advanced
RCC [139]. Inhibiting the FGF pathway with brivanib (a first-class dual inhibitor of
VEGR2-3/FGFR1-2-3) in mice with pancreatic neuroendocrine tumors has resulted in
promising activity after failure to anti-VEGF treatment [140].

Other TKIs have been developed in the last few years. Cabozantinib has been designed
as a multi-tyrosine kinase inhibitor against VEGFR, KIT, RET, Tie2, cMET, and Axl inhibitor
among others. Molecular testing from tumor samples by Zhou et al. demonstrated that
cabozantinib could suppress Axl and MET activation including AKT and ERK downstream
cascades induced by chronic sunitinib treatment [30]. Therefore, cabozantinib has been
included in the therapeutic algorithm of patients with advanced RCC [141]. Crizotinib, a
MET inhibitor, has been also studied in combination with axitinib, showing decrement in
vascularity density along with suppressed tumor growth [142]. The role of crizotinib has
been focused on the subtype papillary RCC due to its MET inhibition, but clinical results
have not shown greater antitumor activity over other TKI VEGFR driven [143].

New pathways are being explored in order to reverse the resistance to TKIs. Ang/Tie
pathway has indeed become an interesting target for new drug development, as MEDI
3671 (a monoclonal antibody against Ang?2), trebananib (fusion protein which hampers
the binding of Ang1/2 to Tie 1/2) or CovX bodies have demonstrated the ability to inhibit
tumor growth and decrease vascular density [144-147].
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Alternatively, the regulation of epigenetic alterations has also been spotted as a tar-
get. Tazemetostat is an EZH2 inhibitor studied in multiple solid tumors with promising
results [148,149].

Lysosomal sequestration is a reversible resistance mechanism. A study conducted
in sunitinib resistant RCC cells revealed that lysosomal function was suppressed when
sunitinib was withdrawn from the cell cultures and drug sensitivity was retrieved [150].
Furthermore, alkalinizing lysosomes with an H+-ATPase inhibitor like bafilomycin has
been also studied for reversing sunitinib resistance since pH gradient plays a key role
in its sequestration. Notwithstanding, the excessive toxicity of this molecule constitutes
a hindrance for its use in vivo. Following this rationale, chloroquine is being studied in
preclinical assays showing interesting results in pancreatic neuroendocrine tumors (P-NET)
combined with sunitinib [151].

Looking at the future, ncRNA expression and SNPs seem to be new paths to explore
in further years. Long noncoding RNA IncASRS targeting with locked nucleic acids has
provided evidence that could overcome the resistance and restore sunitinib response. How-
ever, further studies are needed to elucidate the role of IncASRS as potential therapeutic
target as well as a clinical biomarker [57].

TME modulation has gained strength as a strategy to overcome resistance to TKIs. Per-
icytes have been conceived as interesting new targets to design novel drugs [66]. Pericyte
coverage is regulated by PDGFs family molecules and inhibiting PDGFRf in combina-
tion with antiangiogenic drugs can reduce pericyte coverage and inhibit tumor growth
in mouse model P-NETs [152]. However, decrement of pericyte can likewise increase
risk of metastatic dissemination and these strategies should always live in an intricate
equilibrium where tumoral progression can be favored. Moreover, TME regulation focus-
ing on the tumor endothelial cells with new molecules targeting the Ang-2 pathway and
DII4 inhibitors have demonstrated anti-tumor activity in sunitinib and sorafenib resistant
RCCs [62,63,153].

In recent years, strategies enhancing the immune system with the inhibition of immune
checkpoint proteins PD-1/PDL-1 and CTLA-4 have revolutionized the RRC therapeutic
landscape [128,140,154-157]. Nevertheless, there is still an important number of patients
who never benefit from these treatments or lose this benefit in a short period of time.
Taking this in consideration, big efforts have been taken in order to shed some light on the
resistance mechanisms which lead to tumor insensitivity to ICIs and disease progression.

Novel immune checkpoints (such as TIM-3 and LAG-3) have been analyzed as po-
tential targets, due to their responsibility in lymphocyte exhaustion and tumor immune
evasion. Thus, TIM-3 has been targeted alone or in combination with anti-PD-1/PD-L1,
with four ongoing phase I trials assessing antiTIM-3 antibodies in metastatic solid tumors
(NCT02608268, NCT02817633, NCT03099109, and NCT03066648) [158].

Furthermore, several clinical trials targeting LAG-3 (alone or in combination with
anti PD-1) in metastatic solid tumors including mccRCC patients are ongoing [159]. Re-
latlimab, an anti-LAG3 antibody with promising results in metastatic melanoma, is under
investigation in combination with nivolumab (NCT02996110). Eftilagimod-« (IMP321),
a soluble LAG-3 immunoglobulin fusion protein agonist has been evaluated in a phase I
clinical trial, showing a promising activity inducing memory CD8+ T cells, as well as an
acceptable toxicity [160]. XmAb22841, a bispecific antibody targeting CTLA-4 and LAG-3
is being evaluated in monotherapy or combination with pembrolizumab in select patients
with advanced solid tumors, including mccRCC (NCT03849469).

Other immune checkpoints are under research. In phase Ia/Ib and randomized phase
II clinical trials, tiragolumab (an anti-TIGIT antibody) had a tolerable safety profile with
promising efficacy (most notably in patients with non-small-cell lung cancer), and clinical
trials designed to assess the safety and efficacy of TIGIT inhibitors in patients with RCC are
currently ongoing. An early-phase trial exploring a V-domain immunoglobulin suppressor
of T cell activation (VISTA) inhibitor in patients with advanced-stage solid tumors is also
ongoing [161].
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Additionally, IDO-1 targeting has been one of the most promising approaches in
the last years. The phase I/II ECHO-202/KEYNOTE 037 where the combination of the
oral IDO-1 inhibitor epacadostat and PD-1 inhibitor pembrolizumab was tested, result
in an objective response in 25 of 62 patients (40%), including eight complete responses
and 13 patients with stable disease. In the mccRCC set, two patients presented responses
out of 11 [162]. However, the ECHO-301/KEYNOTE-252 phase III study (epacadostat +
pembrolizumab vs placebo in patients with unresectable or metastatic melanoma) failed to
improve PFS or OS [163]. These results have led to the withdrawal in the development of
IDO-1 inhibitors for the moment.

IFNYy pathway activation has been pointed out for its important role in sustaining the
immune response. STING and RIG-1 are basic mediators in the detection of cytosolic DNA.
The STING pathway activates nuclear factor-kappa B (NF-«B) and interferon regulatory
factor 3 (IRF-3) through the activity of IkB, enhancing the IFNy pathway and increasing
the production of proinflammatory cytokines [164]. RIG-1 contributes to the stimulation of
the immune system, favoring the production and activation of NK and CD8+ T cells [165].
Two phase I trials evaluating a STING agonist and a RIG-1 agonist as monotherapy or
in combination with ICI respectively, in patients with metastatic solid tumors including
mccRCC are ongoing (NCT03010176 and NCT03739138).

IL-2 is another promising target in the horizon of renal cancer treatment. Decades
ago, high-dose IL2 was commonly used to treat mccRCC, achieving complete and durable
responses in a subset of patients. However, the life-threatening toxicity associated with
high-dose IL2 restricted this therapy to a limited number of young patients without under-
lying comorbidities. Bempegaldesleukin is a pegylated IL2 which preferentially binds to
the beta-gamma subunit of the IL2 receptor. This interaction has shown a promotion of IL2
effects on T-effector cells, enhancing the expansion of effector elements, as well as depletes
intratumoral T-reg cells. In phase I studies, bempegaldesleukin has been well tolerated
with low grade 1-2 manageable adverse events, such as hypotension and edema. Despite
clinical efficacy in randomized trials has still not been proven, data from tumor and blood
analysis support the combinatorial use of bempegaldesleukin with ICI [166,167]. Other
studies evaluating the utility of modified versions of IL2 and combinations with ICIs are
also ongoing (NCT03861793, NCT03875079, NCT02989714, and NCT02964078).

Macrophage reprogramming is another promising approach nowadays, as diverse
therapeutic strategies have been suggested to suppress tumor-associated macrophage
recruitment, switching them back to the antitumor M1 phenotype [121]. Nevertheless,
several studies have reported that high M2 macrophage tumor infiltration is associated with
a more durable response to anti-PD-1 therapy [116,168]. This association was not found
in patients treated with TKIs. Colony stimulating factor 1 receptor (CSF1R) expression
has a key role allowing the switching of M1 macrophages into M2 tumor-associated
macrophages [169]. Combinations of CSFIR inhibitors and ICI are under investigation in
phase I trials (NCT02718911, NCT02526017).

Personalized neoantigen-based vaccines are a new compelling immunotherapy ap-
proach. Neoantigens are products of diverse tumoral mutations that can trigger tumor-
specific T cell responses since they are exclusively expressed by cancer cells, thus avoiding
vaccine “off target” effects. They can also propel immunological memory that boosts long
term responses and delay disease recurrence. Despite being associated with a moderate
tumor mutational burden, RCCs have an important proportion of frameshift indels and
T cell infiltration, and are likely to have several candidate neoantigens for vaccine de-
velopment. Phase I clinical trials with neoantigen-based vaccines in combination with
ICIs or IL2 enhancers are currently being explored in RCC (NCT02950766, NCT03289962,
NCT03548467, and NCT03633110) [170].

Finally, precision immunotherapy targeting surface antigens with chimeric antigen
receptor (CAR) T cells and MHC antigens with tumor infiltrating lymphocytes (TILs) are
under early development in RCC (NCT02830724, NCT03393936, and NCT03638206) [161].
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Probably, combination strategies between novel immunotherapies and approaches in
combination with “older” treatments such as TKIs could reverse the resistance mechanism
in RCC. However, it is necessary to point out, that these investigational combinations with
positive results in vitro/in vivo have to demonstrate efficacy and safety in further clinical
trials. Moreover, we need to develop predictive biomarkers to current therapies in order to
guide clinical decisions.

Predictive biomarkers of response to this target and immune-based therapies have
been largely studied and have become one of the major challenges in ccRCC treatment.
Currently, only the IMDC risk model (based on clinical features and initially designed
as a prognostic model) has been validated as a robust tool for treatment selection not
only for immunotherapy but also for TKI treatment [171-179]. Despite the PD-L1 ex-
pression and tumor mutational burden (TMB) have been broadly studied in many other
tumors as a ICIs predictive biomarker, their applicability in ccRCC have not been demon-
strated, mainly due to their unclear cutoff for positivity, intratumoral heterogeneity and
inconsistency between primary tumor and metastasis [172]. Other promising predictive
biomarkers have not bridged the investigational and clinical stages yet. Among these, neu-
trophil/lymphocyte ratio (NLR) [173,174], PBMR and molecular gene signatures [175,177]
are worth highlighting.

5. Conclusions

New therapeutic options for RCC have expanded rapidly over the past decade, with
the combination of TKIs and ICIs being the new cornerstone. Understanding the underlying
resistance mechanisms to these treatments is a driving force for survival improvement in
metastatic RCC.

Counteracting alternative modes of vascularization, EMT, lysosomal sequestration,
and alternative molecular pathways can overcome TKIs resistance and restore sensitivity
to these molecules. Tumor microenvironment modulation constitutes another fundamental
approach, since it participates in both resistance to TKI and ICI. Finally, novel immune
checkpoints like LAG-3 and TIM-3, as well as a renewed approach in cytokine therapy
with IL-2 are promising targets in development.

Further investigation is warranted to improve our knowledge of RCC biological
behavior and to develop successful treatment approaches.
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W N e

Simple Summary: The accumulated evidence on the role of epigenetic markers of prognosis in clear
cell renal cell carcinoma (ccRCC) is reviewed, as well as state of the art on epigenetic treatments for
this malignancy. Several epigenetic markers are likely candidates for clinical use, but still have not
passed the test of prospective validation. Development of epigenetic therapies, either alone or in
combination with tyrosine-kinase inhibitors of immune-checkpoint inhibitors, are still in their infancy.

Abstract: Clear cell renal cell carcinoma (ccRCC) is curable when diagnosed at an early stage, but
when disease is non-confined it is the urologic cancer with worst prognosis. Antiangiogenic treat-
ment and immune checkpoint inhibition therapy constitute a very promising combined therapy for
advanced and metastatic disease. Many exploratory studies have identified epigenetic markers based
on DNA methylation, histone modification, and ncRNA expression that epigenetically regulate gene
expression in ccRCC. Additionally, epigenetic modifiers genes have been proposed as promising
biomarkers for ccRCC. We review and discuss the current understanding of how epigenetic changes
determine the main molecular pathways of ccRCC initiation and progression, and also its clinical
implications. Despite the extensive research performed, candidate epigenetic biomarkers are not used
in clinical practice for several reasons. However, the accumulated body of evidence of developing
epigenetically-based biomarkers will likely allow the identification of ccRCC at a higher risk of pro-
gression. That will facilitate the establishment of firmer therapeutic decisions in a changing landscape
and also monitor active surveillance in the aging population. What is more, a better knowledge of
the activities of chromatin modifiers may serve to develop new therapeutic opportunities. Interesting
clinical trials on epigenetic treatments for ccRCC associated with well established antiangiogenic
treatments and immune checkpoint inhibitors are revisited.

Keywords: renal cell carcinoma; biomarker; DNA methylation; epigenetics

1. Current Management of Renal Cell Carcinoma

Renal cell carcinoma (RCC) is the seventh most common form of human neoplasm,
with an incidence of 10 new cases per 100,000 inhabitants in Western Europe and United
States. Its incidence is steadily rising due to increased incidental detection. Among the
genitourinary tumors RCC is the one with highest mortality, with approximately 76% global
5-year survival rate, and accounts for 2% of global cancer deaths in the world [1]. Probably
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the main clinico-pathological parameters, that predict prognosis in this malignancy, are
nuclear grade, tumor stage, cell type, tumor architecture, and tumor diameter [2]. However,
Fuhrman grade, node involvement, number of different metastatic sites, and whether
cancer-directed surgery is recommended and performed are the major factors involved in
the prediction of prognosis in metastatic RCC [3].

Histological variants characterize different subtypes within RCC [4]. The most com-
mon is clear cell RCC (ccRCC) that accounts for a total 75% of cases. Papillary RCC (pRCC)
is the second in terms of frequency, approximately 20%. Chromophobe RCC and its benign
counterpart oncocytoma account each for approximately 5%. Other rarer tumors enter in
the differential diagnosis of solid renal masses [5]. Both ccRCC and pRCC arise from the
proximal tubule while chromophobe RCC (chRCC) has an origin in the distal part of the
nephron. Each type has different morphology but also different genetics and behavior. Tu-
mor grade has prognostic value for ccRCC. An individual tumor can have mixed histology
and different subtypes can occasionally appear within the same kidney. Heterogeneity
of RCC stands at the molecular, genomic, histopathological, and clinical levels [6,7]. It
explains how appropriate tumor sampling is needed for a correct identification, and implies
great difficulty for the development of accurate diagnostic and prognostic markers. In fact,
among the many candidates investigated, no marker of ccRCC has reached the clinic today.

Sensitive and specific molecular markers for the diagnosis and monitoring of RCC
are lacking [8,9]. Tumor heterogeneity of the disease, worsened by specific histological
subtypes, also affect the search for accurate biomarkers [10]. Likely earlier detection and
better clinical monitoring of this malignancy might help to improve its prognosis [11].
Compared to other subtypes, ccRCC has a more unfavorable prognosis. Although, it is
curable when diagnosed early, no screening strategy is being used. Small renal masses
are often detected by imaging studies performed for other reasons and tend to be treated
by nephron-sparing surgery, although ablation or active surveillance when diagnosed in
an elder population is increasingly used. In this clinical situation, imaging monitoring
to evaluate clinical progression is mandatory in the absence of reliable molecular tumor
marker of disease progression. Many candidates, including a number of epigenetic markers
such as DNA methylation profiling, have been proposed both for screening and prognos-
tic evaluation [12-19]. In fact, DNA methylation presents itself as a potentially strong
biomarker to predict aggressive behavior and risk of tumor recurrence in patients with
apparently less aggressive renal tumors [20].

Radical nephrectomy or partial nephrectomy, that imply total or partial removal
of the kidney, are the main therapeutic basis of local and locally advanced disease [21].
Approximately 30% of the patients develop metastases, either synchronically or during
follow-up, and for the last decades have been treated with adjuvant or palliative classical
immunotherapy with interferon-a2b (IFN-a2b), high-dose interleukin-2 (IL-2), systemic
targeted therapies including tyrosine kinase inhibitors (TKI) targeting the VEGF signaling
axis (sorafenib, sunitinib, pazopanib, axitinib, lenvatinib, and cabozantinib) or mTOR
inhibitors (everolimus and temsirolimus) or the anti-VEGF monoclonal antibody beva-
cizumab. First-line options for metastatic ccRCC included sunitinib, pazopanib or the
combination bevacizumab plus interferon-« and second-line options were axitinib and
cabozantinib. Despite all treatment efforts, advanced disease implies very low survival
rates. Median duration of response was 9 months for the first-line setting and 6 months for
the second-line. In the absence of toxicity most of these agents have been given sequen-
tially until further disease progression. Cytoreductive nephrectomy was also advocated
whenever possible in cases with metastatic onset to reduce the tumor burden and avoid
further metastatic seed.

Many studies are currently evaluating the combination of anti-VEGF therapy with
the new generation of immunotherapy agents T-cell immune checkpoint inhibitors (ICI),
that include antibodies against programmed cell death protein ligand-1 (PDL1) avelumab
and atezolizumab, antibodies against programmed cell death protein 1 (PD1) nivolumab
and pembrolizumab, and the inhibitor of cytotoxic T-lymphocyte-associated protein 4
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(CTLA-4) ipilimumab. Blockade of the PD1-PDL1 axis promotes T cell activation and
immune killing of cancer cells. ICIs have very recently become first-line standards of care
as improved survival for ipilimumab and nivolumab combined has been demonstrated in
the intermediate and poor-risk group, while pembrolizumab plus axitinib combination is
recommended, for both unfavorable and favorable disease. Cabozantinib remains a valid
alternative for the intermediate and high-risk group. To summarize, in patients previously
treated with TKIs that progress, nivolumab, cabozantinib, axitinib, or the combination of
ipilimumab and nivolumab appear indicated; while in patients already treated with ICI,
any VEGF-targeted therapy previously unused together with ICI therapy appears a valid
option [22-25].

PDL1 immunohistochemical expression in tumor cells or in tumor-infiltrating mononu-
clear cells (TIMC) has been thoroughly evaluated as biomarkers for the prediction of ICI
response in metastatic disease. However, PDL1 expression is not a good predictive marker
and does not serve to assign the most convenient therapy. Response rates are better in
PDL1 positive tumors, but PDL1 negative ones also respond [26]. It is important to note
that the role of CTLA-4 expression in TIMC has been forgotten to evaluate response to
ICIL. Many issues are responsible for the failure to develop predictive biomarkers, to name
dynamic expression, and the aforementioned heterogeneity within primary tumor, and
between primary and metastases [27]. Seric levels of PDL1 could be a novel prognostic
factor in ccRCC and also a predictor of response to TKI-based therapy [28]. It is a paradox
that despite the fact that treatments for metastatic ccRCC are targeted, the approach for
immunotherapy is far from being targeted.

Abnormal epigenetic patterns will give new opportunities to develop novel therapies
in RCC. Some drugs targeting the epigenetic system are currently under investigation; how-
ever, strategies that combine therapies targeting epigenetic machinery with conventional
therapies for this malignancy, either targeting tyrosine kinases, mTOR or immune check-
points at different combinations are still at infancy. Maybe closer is the practical utility of
epigenetic therapies to solve or delay therapy resistance in ccRCC, and also to identify the
populations in which prolonged response to a certain therapy could be expected. Hopefully
the introduction of biomarkers into clinical practice will allow personalized patient care for
renal cancer [29,30].

2. Epigenetics of Clear Cell Renal Cell Carcinoma

Epigenetics studies the inheritable phenotype resulting from changes in gene expres-
sion without alteration of the DNA sequence. As such, cancer epigenetics deals with
the inheritable but reversible changes associated with gene expression dysregulation that
manifest in a pre-malignant phenotype with the genomic sequence unaltered. Interest in
epigenetic alterations associated with ccRCC provides an optimal scenario in the search
for new tumor markers in this malignancy, and also to develop new treatment strategies
facilitated by the reversibility of epigenetic modifications. The main epigenetic mechanisms
are DNA methylation, chromatin remodeling, post-translational histone modifications,
short-noncoding RNAs, also known as microRNAs (miRNA), and long-noncoding RNAs
(IncRNA) [31-33].

Interestingly, all the epigenetic modifications work together to regulate chromatin
structure and gene expression. Disruption of the epigenetic homeostasis may derive from
deregulation of epigenetic modifiers. That means altered epigenetic modifications can
be explained by changes in expression and function of epigenetics writers, erasers, and
readers. These changes can be due to genetic alterations, linking genetics, and epigenetics
in carcinogenesis.

Translational epigenetic research is a growing field to identify and validate new
markers leading to personalized medicine. Among the many epigenetic changes and
signatures identified in RCC, aberrant promoter methylation of more than 200 genes have
been reported and more than 120 miRNAs are deregulated [34]. According to several
recent systematic reviews of diagnostic DNA methylation biomarkers in this disease, none

135



Cancers 2021, 13, 2071

of the biomarkers proposed exceeds level of evidence III, which means their clinical utility
is limited [34,35]. Promising biomarkers should be validated not only in sample banks,
but also in prospective clinical trials before their use can be generalized [29]. In every case
after the publication of a potential biomarker, prospective cohort studies that increase the
evidence are lacking. Additionally, more standardized methodology is needed to facilitate
reproducibility, and that hinders clinical translation [35]. Bias in sample selection and
handling, DNA methylation detection methods and genomic location of the assay can also
bring confounding results. In addition, the selection of normal tissue for comparison with
neoplasia can be problematic because aberrant promoter methylation is an early event in
carcinogenesis allowing its detection in normal appearing tissue surrounding the tumor.
Finally, inter-individual study comparison is most often lacking for further biomarker
validation.

However, there is no doubt that DNA methylation and histone modification patterns
have a crucial role in the regulation of global and local gene expression and may play an
outstanding role both in carcinogenesis and tumor progression. Firstly, epigenetic deregula-
tion can lead precursor cells to proliferate and block their differentiation as seems to occur
in germ cell malignancies [36]. This is of primary importance in childhood renal kidney
tumors like nephroblastoma [37]. Probably the most interesting epigenetic mechanism
in ccRCC stands in common mutations in chromatin regulator genes that complement
the inactivation of Von Hippel Lindau (VHL) tumor suppressor gene (TSG), and Hypoxia-
inducible factors (HIF) pathway that allow tumor cell survival in a characteristic status
of pseudo-hypoxia. VHL gene is frequently inactivated in sporadic ccRCC by mutation,
loss of heterozygosity, or promoter hypermethylation [38]. In addition, several miRNAs
have been associated with VHL-HIF pathway. In particular, downregulation of MIR-30c
has been associated with loss of VHL in RCC [39]. However, little is known about the
relationship between IncRNAs and VHL-HIF pathway. A study comparing IncRNA ex-
pression profile in VHL-wild type and VHL-mutant RCC cell lines and demonstrated that
LncRNA-SARCC is differentially regulated in a VHL dependent manner in RCC cell lines
and tumor samples [40].

Recent genome-wide sequencing studies have revealed a number of mutations of
genes coding for epigenome modifiers and chromatin remodelers, like PBRM1 (40%),
SETD?2 (10%), KDM5C (10%), KDM6A (1%), and BAP1 (10-15%). Most of the mutations
of histone modifier genes described in ccRCC are truncating and inactivating mutations
producing loss of functions [41,42]. Apart from VHL mutations these are among the
most common somatic genetic abnormalities encountered in renal tumors [43,44]. Very
interestingly, 90% of sporadic ccRCC are affected by a 50Mb deletion on chromosome
3p where not only VHL but also PBRM1, BAP1, and SETD?2 are located and act as a
functional gene group [43]. The function of these epigenetic modifiers stands in DNA
repair and maintenance of genomic integrity by regulating splicing and other processes
like cytoskeletal regulation that also contribute to genomic stability. KDM5D and KDM6C
located on the Y chromosome, are homologs of the X-lined genes KDM5C and KDM6A,
and are often deleted in male patients with ccRCC [43]. Understanding how chromatin
modifiers contribute to RCC tumorigenicity will serve to develop the basis for therapeutic
interventions as well. Finally, it is important to recognize that epigenetic modifications
work together and can also regulate one another, thus diversifying their function. This
regulatory network has been defined as epigenetic crosstalk.

Epigenetic changes can be evaluated in samples obtained with minimal invasion (e.g.,
urine or plasma), and this represents an added attraction to introduce epigenetic studies in
the clinic. Obtaining DNA non-invasively from renal cells in urine is an ideal scenario for
epigenetically based detection of ccRCC. Additionally, DNA can be obtained from fresh
tumor or paraffin-embedded tissue. Liquid biopsy from direct washing of fresh biopsies
can be an optimal method as well, to evaluate epigenetic changes that would facilitate
accurate detection, tumor subtype determination, and evaluation of prognosis as well [45].
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More recently detection of RCC using plasma and urine cell-free DNA methylomes has
also been confirmed [46,47].

The potential of renal cancer epigenomics has been investigated later than in other
urologic malignancies, but the understanding of how genomics and epigenomics disturb
biologic functions and determine intratumor heterogeneity will help to explain the complex
reality of RCC and the differences in molecular cancer phenotypes [48]. The growing field
of knowledge to determine the real impact of altered epigenetic patterns and their role in
the diagnosis, monitoring, classification, prognosis, and treatment of kidney cancer is the
main objective of this review.

2.1. Abnormal DNA Methylation

DNA methylation is the most widely studied epigenetic modification so far, and
consists of the addition of a methyl group to the Cytosine within the CpG dinucleotide.
This epigenetic modification is a reversible process regulated by writers, DNA methyl
transferases (DNMT), erasers, and Ten-eleven translocation (TET). The maintenance of
DNA methylation through replication is ensured by DNA (cytosine-5)-methyltransferase
1 (DNMTT1) but de novo DNA methylation is mediated by DNMT3A and DNMT3B [49].
DNMTs transfer the methyl group from S-adenosyl methionine (SAM) to carbon-5 of
the cytosine. The proportion of CpG dinucleotides in the human genome is lower than
expected from the abundance of cytosine and guanine. The distribution of the CpGs is
not uniform and concentrates in short areas, called CpG islands, located mainly in the
promoter regions of approximately 60% of known genes [50]. Promoter DNA methylation
is a mark of transcriptional repression, while gene body DNA methylation is generally
associated with a permissive transcriptional state. This epigenetic modification is crucial in
several physiologic functions, including X-chromosome inactivation, silencing of tissue
specific genes, imprinting and genomic stability, and changes due to senescence. In normal
cells, around 80% of CpGs are methylated, including repetitive genomic sequences and
transposons but most of the CpG islands are unmethylated allowing gene expression when
necessary, but this methylation pattern is altered in malignant transformation. Two major
changes occur in cancer affecting DNA methylation: global DNA hypomethylation of
the genome and aberrant hypermethylation of the promoter region of TSGs. Age and
environmental changes also have a strong effect on DNA methylation. The methylation of
a gene promoter causes gene silencing through a transcription failure.

DNA hypomethylation primarily affects repetitive sequences and pericentromeric
regions that are methylated in normal cells. Loss of methylation at these elements in cancer
may result in chromosomal instability and mutations [50,51]. In addition, the hypomethy-
lation of CpG sites has been associated with the over-expression of oncogenes within
cancer cells and with deregulation of proteins involved in the complex balance between
methylation and the maintenance of the chromatin structure [50]. Hypermethylation of
CpG islands located in the promoter regions of some TSGs prevents gene expression and,
therefore, its protective role in the development of tumors. Gene silencing by promoter hy-
permethylation in cancer has been studied in depth and affects important functions for cell
cycle, DNA repair, cell adhesion and invasion, apoptosis, miRNA expression, metabolism
of carcinogens, and response to hormones. In particular, silencing of negative regulators
of cell cycle (RASSF1 and KILLIN), activation of Wnt pathway by suppression of Wnt
antagonists (SFRP1, SFRP2, SFRP5, and WIF-1), TGF-f activation by promoter methylation
of negative regulators (GATA-3, GREM-1, and SMAD-6) and silencing pro-apoptotic genes
(APAF-1) are the most important mechanisms that explain why gene hypermethylation
plays an important role in development and progression of RCC [33,52].

Characterizing methylation patterns and signatures in cancer is one of the bases
for the desired personalized medicine in the search for biomarkers. First of all, unlike
mutations and other genetic alterations, methylation always occurs in defined regions of
DNA and can be precisely detected with resolution [53]. Secondly, every tumor type has
a specific methylation profile, referred to as hypermethylome, somehow different from
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that of other neoplasia. Thirdly, methylation-specific PCR (MSP) derived methods enable
a fast, simple method to detect methylated alleles of a certain gene in samples with low
tumor content and even in biological fluids [54,55]. However, among the limitations to
generalize application of epigenetic markers in RCC is also cell type specificity and the
aforementioned heterogeneity of this malignancy [56].

2.1.1. DNA Methylation as Marker of RCC Diagnoses

Aberrant DNA methylation is an early event in carcinogenesis, thus DNA methylation
biomarkers has been implemented for the diagnosis of a wide range of malignancies includ-
ing prostate, colorectal, and pulmonary neoplasia [57]. Regarding RCC, LINE1 methylation
levels in leukocyte DNA measured prior to cancer diagnosis has been identified as a
biomarker of RCC risk among male smokers [58]. Diagnostic DNA methylation biomark-
ers, despite being very promising for RCC, have not reached clinical practice yet [35].
However, it is well known that some genes including APC, BNC1, CDH1, ECAD, GSTP1,
KTN19, IGFBP1, IGFBP3, MGMT, PTGS2, p14ARF, p16/CDKN2a, p16INK4a, RASSF1A,
RARB2, SRFP, TIMP3, UCHL1, and VHL are silenced in RCC by DNA methylation and this
could be useful for the diagnosis of RCC in tumor tissue, serum, or urine samples, both in
the familiar and sporadic forms [12,59-66]. Concordance between serum and tissue DNA
hypermethylation profile has been proved, especially with grade and tumor stage [67].

2.1.2. DNA Methylation as Marker of RCC Subtyping

Classification of sporadic RCC into different histologic subtypes is allowed by multi-
gene quantitative methylation profiling because DNA methylation signatures reveal cell
ontogeny and establish differences between precursor cells in the nephron [18,68]. VHL
methylation is restricted to ccRCC. RASSFIA and SPINT2 are more frequently methy-
lated in pRCC [63,69,70] while COL1A1 and IGFBP1 hypermethylation is more common
in ccRCC [62,63]. CDH1 methylation is significantly higher in ccRCC than in chRCC or
oncocytoma [63], important discrimination due to the benign nature of oncocytoma. In
fact, data from The Cancer Genome Atlas (TCGA) revealed that of all RCC subtypes, onco-
cytoma and chRCC are the most similar but, what is even more interesting, a signature of
30 hypermethylated genes distinguishes oncocytoma from chRCC [48,71] involved, among
others, in Wnt, MAPK, and TGEp signaling [48]. From a practical perspective the distinc-
tion between oncocytoma and ccRCC can be performed with very high sensitivity and
specificity using a three-gene promoter methylation panel (OXR1, MST1R, and HOXA9)
and this distinction could be very useful to allow unnecessary overtreatment if performed
in preoperative biopsies before nephrectomy [14].

2.1.3. DNA Methylation as Marker of RCC Prognosis

Although classical histologic parameters are the most valuable tools to evaluate
prognosis, nuclear grade and staging have some limitations to precisely predict the clinical
outcome in RCC. DNA methylation-based classification is highly relevant for clinical
management of RCC as it serves to identify the prognosis of different epigenetic subtypes.
In fact, DNA methylation data can classify inherent tumor heterogeneity into specific-
prognosis subgroups according to DNA methylation at promoter sites identified in The
Cancer Genome Atlas (TCGA) network [72]. Integrated genomic and epigenomic analysis
revealed significant correlations between the total number of genetic aberrations and
total number of hypermethylated CpGs [73]. In recent years, several groups have used
multi-omic data analysis to reveal groups of differentially methylated and expressed genes
in surgically resected specimens of RCC or in the open data of ccRCC in TCGA (TCGA
Research Network). The evidence generated confirms cluster analysis based on genome-
wide promoter methylation serves to identify panels of methylated genes associated to
ccRCC disease progression [17,34,72-83]. Some of these panels have been validated in
an independent retrospective cohort and some have been incorporated into prognostic
risk score models to enhance their prognostic biomarker effect [77,78]. However, none has
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been prospectively validated in multicenter studies [35]. Additionally, a methylated site
signature useful for prediction of prognosis has been identified for pRCC, validated in the
TCGA and GEO cohorts and incorporated in a nomogram that predicts an individual’s risk
of survival in pRCC [80]. Again, this panel has not yet been revalidated prospectively.

Some of the panels focus mainly on two or more genes for prognostic classification of
ccRCC patients [17,74,81-83]. Other investigations evaluate tumor prognosis and progres-
sion based on analyzing the functional role of a particular gene and the likely mechanisms
involved. In this sense, promoter CpG methylation of y-catenin is considered an indepen-
dent predictor for survival and disease progression [84]. Other hypermethylated genes
associated with worse RCC disease-specific survival are: GATA Binding Protein 5 (GATAS5),
that codify for a DNA-binding transcription factor [85,86]; Gremlin 1 (GREM1), related to
cytokine activity and bone morphogenic protein [87]; HIC ZBTB Transcriptional Repressor
1 (HIC1), related both to DNA-binding transcription factor activity and histone deacetylase
binding [88]; Junction Plakoglobin (JUP), related to protein homodimerization activity and
protein kinase binding [84]; neural EGFL like 1 (NELL1), linked to calcium ion binding [76];
Protocadherin 8 (PCDHS), also related to calcium ion binding [89]; Phosphatase and Tensin
Homolog (PTEN), related to protein kinase binding [90]; Ras Association Domain Family
Member 1 (RASSF1A) that encodes a protein similar to the RAS effector proteins [91,92];
sarcosine dehydrogenase (SARDH), associated to oxidoreductase activity [93]; and Secreted
Frizzled Related Protein 1 (SFRP1), related to G protein-coupled receptor activity [94,95].
Very recently some methylated genes with prognostic value in pRCC have also been
described [96].

2.2. Methyl-Binding Proteins

Methyl-binding proteins (MBP) are readers of DNA methylation. They bind to methy-
lated CpG nucleotides and induce gene silencing by recruiting repressor complex contain-
ing histones deacetylates (HDAC) linking the DNA methylation with histone modifica-
tions [97]. The MBP family is composed of human proteins MBD1, MBD2, MBD3, MBD4,
and MECP2. Each of them, with the exception of MBD3, is capable of binding specifically
to methylated DNA. Among them MBD?2 is the MBP with highest affinity for methylated
DNA. MBD2 alters the structure of chromatin and mimics chromatin remodeling or modi-
fication factors, and may serve as transcriptional repressor or activator, depending on the
cell context [98]. MBD2 upregulation has been reported in many different malignancies
such as RCC and is associated to neoplastic progression, with potential as a biomarker and
a therapeutic target [99].

2.3. Post-Translational Histone Modifications

Chromatin is a complex nucleoprotein structure formed by DNA, histones, and other
proteins. The DNA is wrapped around an octamer of histones (2H2A, 2H2B, 2H3, and 2H4)
that is the repeating unit of chromatin. The chemical modifications of amino acids in the
external tail of histone molecules determines changes in the chromatin structure. Lysine
residues can undergo methylation, acetylation, or ubiquitylation, while arginine residues
can be methylated and the serine residues phosphorylated [100]. The best studied histone
modifications are acetylation and methylation of lysine present at the N-terminal tails of
histones H3 and H4. These histone modifications are reversible and result from the balance
of two enzymatic activities: histone acetyltransferases (HAT) and histone deacetylases
(HDAC) regulate histone acetylation, while histone methyltransferases (HMT) and histone
demethylases (HDMT) regulate histone methylation. The combination of all histone
modifications builds the histone code that regulates all chromatin functions [39,101,102]
(Figure 1).
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Figure 1. Summary of the altered histone modifiers genes in RCC. Histone modifiers changes induce
gene expression deregulation and thus RCC initiation and progression. These alterations can be used
as biomarkers for RCC diagnosis and prognosis. H3Ac, global acetylation of histone H3; meK9H3,
methylated lys9 of Histone H3; meK27H3, methylated lys27 of Histone H3; meK4H3, methylated
lys4 of Histone H3.

Post-translational histone modifications play a very important role in regulating,
not only chromatin structure but also gene expression. Changes in the acetylation and
methylation state of histone tails convert loosely packed regions with high transcriptional
activity into densely packed ones with scarce activity. Acetylation is associated with a
more open conformation and is related with active transcription. The effect of methylation
depends on the residue affected and also on the degree of methylation; the methylation of
H3K4, H3K36, and H3K79 activates transcription while methylation of H3K9, H3K27, and
H4K20 produces repression [33,103].

Global histone modifications are likely markers of cancer prognosis in RCC [104].
Diminished H3K4me2 and H3K18Ac levels worsen prognosis [105] while acetylated his-
tone H3 (H3Ac) immunostaining inversely correlates with staging, Fuhrman grade, and
tumor progression [106]. Similarly, it has been suggested that H3K9Ac and H3K18Ac levels
could monitor patients with RCC after surgery, but as far as we know these likely markers
have not been confirmed in prospective validations [107,108]. H3K27 methylation levels
also correlate with established clinical-pathological variables and survival in RCC [104].
Additionally, H3K27me1/-me2/-me3 staining is significantly more intense in pRCC than
in ccRCC, and H3K27me3 levels are higher in oncocytoma than in RCC [104]. The mono-
methylation of histone H3 on lysine 27 (H3K27me1) plays key roles in the cellular processes,
interacts with the DNA sequence of the miRNAs and regulates the transcription of miR-
NAs [109]. The enrichment analysis of molecular function shows H3K27mel-associated
miRNAs are linked to RNA binding and protein binding involved in the transcription and
translation regulation. As a result, the biological roles of the H3K27mel appear closely
related to miRNAs downstream [109].
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Histone modifications alterations in cancer can be explained by changes in the activity
or expression of histone modifiers and readers, and these changes could be valuable in
cancer management. Different studies indicate that changes in histone modifications in
RCC are related to hypoxia and the prognostic relevance of associated alterations. There is a
strong relation between hypoxia and epigenetic regulation, especially histone modifications.
One of the mechanisms involved in the epigenetic-altered landscape in RCC related to
hypoxic effect is the regulation of Jumonji domain containing histone demethylases by
the mediator of hypoxic response HIFex [110]. A number of genes that encode histone-
modifying enzymes are mutated in ccRCC [41,111]. Inactivating mutations described
for SETD2 (H3K36 methyltransferase), KDM5C (H3K4 demethylase), KMD6A (H3K27
demethylase), MLL2 (H3K4 methyltransferase), Polybromo 1 (PBRM1), BRCA1 Associated
Protein-1 (BAPI) remain among the most interesting epigenetic mechanisms for ccRCC
progression. This merits a brief description of the function of some of them.

SETD?2, located at chromosome 3p near VHL, BAP1, and PBRM]1 genes, is inactivated
in approximately 10% of RCCs which results in global reduction in the histone mark
trimethylation of lysine 3 of histone H3 (H3K36me3) and a global loss of DNA methylation
across the genome. This gene is involved in genome stability as trimethylation of H3K36
by SETD2 is required for DNA repairing system through both homologous recombination
repair and mismatch repair [112,113]. DNMT3B-mediated de novo DNA methylation
occurs at the intron of genes marked with H3K36me3 but not those lacking H3K36me3.

Mutations in the switching defective/sucrose nonfermenting (SWI/SNF) chromatin
remodeling complex gene PBRM1 are identified in approximately 40% of ccRCC [114].
The SWI/SNF complex mobilizes nucleosome and modulates chromatin structure, thus
affecting transcription, DNA repair, cell proliferation, and cell death. It is essentially a key
regulator of gene expression and is associated with numerous transcription factors [115].
Inactivation of PBRM1I causes enhanced cell proliferation and cell migration. It also
regulates the expression of genes the products of which are involved in cell adhesion, like
E-cadherin [116]. Thus, inactivation of the PBRM1 TSG amplifies the HIF-response of
VHL negative ccRCC [117,118]. PBMR1 has been proposed as a tumor suppressor gene
in ccRCC since its re-expression in ccRCC cell lines lacking PBMR1 function decreased
cell proliferation by upregulating genes involved in cell adhesion and apoptosis [116].
PBRM1 is implicated in the regulation of gene expression through its bromodomains. In
particular, PBRM1 contains six bromodomains that bind acetylated histones, thus serving
as a reader for H3K14Ac, and target SWI/SNF chromatin remodeler complex to DNA
regulatory regions [119]. In addition, PBRM1 also binds to acetylated p53 and facilitates its
binding to regulatory elements at the promoter genes regulated by p53 in ccRCC [120].

BAP1 is also located very close to SETD2 and PBRM1 genes and is mutated in more
than 10% of ccRCCs. BAP1 forms a multiprotein complex with breast cancer type 1 (BRCA1)
susceptibility protein to regulate DNA damage response and cell cycle control, but its exact
function in ccRCC remains largely unknown [43].

Lysine Demethylase 6A (KDM6A) and Lysin Demethylase 5C (KDM5C) are X-linked
histone demethylase-coding genes located near each other in Xp11. KDM6A codifies a pro-
tein that demethylases lysine 27 in histone 3 (H3K27) and is mutated in only 1% of ccRCCs,
while KDM5C encodes H3K4 demethylase and its mutation is present in approximately 10%
of ccRCCs [41,121]. In urothelial bladder cancer KDM6A-deficient cells depend on EZH2, a
HMT that methylates lysine 27 on histone H3 (H3K27). Inhibition of EZH2 has been sug-
gested as an effective therapeutic approach to KDM6A-mutated tumors [122]. KDM5C acts
as TSG and its deficiency results in genomic instability and aggressive forms of ccRCC [123].
Interestingly both KMD6A and KDM5C are considered escape from X-inactivation tumor
suppressor or EXIT genes. Their homologues on chromosome Y, KDM6C, and KDM5D are
downregulated due to loss of chromosome Y in 40% of male patients with ccRCC [124].
This fact is most likely involved in male predominance of ccRCC.

Lysine-specific histone Demethylase 1A (LSD1 or KDM1A) can demethylate both
lysine 4 and lysine 9 of histone H3 (H3K4me and H3K9me), thereby acting as a co-activator
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or a co-repressor, depending on the context. It has been found as a part of several histone
deacetylase complexes, and silences genes by functioning as a histone demethylase. Con-
versely, it can also act as coactivator of androgen receptor (AR) dependent transcription
and is regulated by AR activity in renal cells [125]. The mammalian homolog of LSD1,
LSD2 has been associated with tumor stage and metastasis in ccRCC and, thus proposed as
a biomarker for ccRCC progression. Moreover, LSD1 and LSD2 expression was correlated
in metastatic ccRCC [126].

Enhancer of zeste homolog 2 (EZH2), as has been previously mentioned, codify for a
HMT acting as a transcriptional repressor through regulating the methylation of histone
H3 at lysine 27. Not much evidence exists regarding EZH2 in ccRCC but high tumor and
initial reports suggested EZH2 level was associated with less aggressive tumor phenotypes
and favorable prognosis [127]. However, more recent evidence has confirmed high EZH2
expression correlates with poor overall survival in RCC, especially in advanced disease
by promoting VEGF expression and cell proliferation while inhibiting apoptosis [128,129].
In agreement with these data, EZH?2 represses the expression of E-cadherin through in-
creased levels of H3K27me3, promoting epithelial mesenchymal transition (EMT) and
metastases [130].

These studies point out it is interesting to pay attention to the clinical significance
of mutations in histone or chromatin modifiers. Mutations in SETD2 and KDM5C are
mutually exclusive, as are mutations of PBRM1 and BAP1 [43]. BAP1 or KDM5C muta-
tions in ccRCC associate with aggressive disease, high Fuhrman grade, and metastatic
at presentation (Figure 1), that imply worse prognosis and instantaneous activation of
mTOR signaling [117,131]. However, mTOR activation in PBRM1 mutated tumors occurs
after long latency periods. Additionally, the clinical significance of SETD2 and PBRM1
mutations is not well known [43,132,133].

2.4. miRNAs

miRNAs are small non-coding RN As of approximately 22 nucleotides in length im-
plicated in posttranscriptional regulation of gene expression. miRNAs regulate a wide
spectrum of cellular processes acting as oncogene or as tumor suppressors of the genes
they regulate [134]. A number of functional studies have revealed deregulated miRNA
(either upregulation or downregulation) involved in cell cycle regulation, apoptosis, cell
adhesion, and extracellular matrix or metabolism with a key role in RCC [111,135-137].
In this sense, miR-21 is silenced by promoter methylation in RCC, and its expression
inhibits RCC growth through regulating LIVIN, a member of the inhibitor of apoptosis
proteins [138].

Numerous reports suggest circulating miRNAs have the potential to be used as
biomarkers in patients with RCC. However, findings are diverse, probably due to method-
ological differences and histological variations in the study cohorts. Initial studies eval-
uating the implications of serum miRNAs gave conflicting results [139,140]. Currently,
the use of two or more miRNAs for diagnosis and molecular classification of RCC is well
accepted, supporting miRNA signatures as clinical tools [141]. Most miRNAs are tandemly
clustered and co-expression patterns for miR-8, miR-199, miR-506, and other families are
downregulated in ccCRC [135].

Different miRNAs are deregulated in RCC. Upregulation of miR-1233 was observed
but no prognostic implication could be proved [139]. miR-378 and miR-451 combined serve
to identify cancer with 81% sensitivity and 83% specificity [142]. Similarly, miR-210 has 81%
sensitivity and 79% specificity for RCC diagnosis [143]. Combining miR-155 upregulation
and miR-141 downregulation improves discrimination of ccRCC [144]. However, the best
combination reported in terms of diagnostic accuracy could be miR-141 and miR-200b,
with 99% sensitivity and 100% specificity [145]. This panel also distinguished chRCC from
oncocytoma with 90% sensitivity and 100% specificity [145].

Regarding the prognostic role of miRNAs, overexpression of miR-221 and miR-32 are
predictors of RCC mortality [146,147]. Similarly, miR-30a-5p downregulation, probably due
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to aberrant promoter methylation, is common in ccRCC and can be evaluated both in tumor
tissue and urine samples to predict metastatic dissemination and worse survival [148].
Members of the miR-200 family and miR-205 promote EMT and reduced transcription and
expression of E-cadherin [149]. They are also induced by bone morphogenetic proteins, part
of the TGEf3 superfamily of proteins, that antagonizes EMT [150]. miR-454 accelerates RCC
progression via suppressing methyl-CpG binding protein 2 (MECP2) expression, which
may provide a novel potential target of RCC treatment in the future. MiR-454 inhibition
and MECP2 overexpression could both decrease the proliferative, migrative, and invasive
abilities of RCC cells and also serve as an independent prognostic factor in RCC [151].

In summary, profiling miRNA in RCC preludes development of new tumor mark-
ers [141,151-153] but probably even more interesting is the fact that many miRNAs, such as
miR-21, miR-155, miR-214, miR-31, and miR-146a, have been implicated in the regulation
of immune and stromal cells, and in the modulation of the host immune response [154].
miRNA signatures may be implicated in radio and chemosensitivity and also to predict
the response to TKI therapy [141]. Unfortunately, miRNAs occur in a wide spectrum of
diseased and benign conditions and are far from being specific for ccRCC, and this limits
the possibilities for their use in clinical practice.

2.5. IncRNAs

Long non-coding RNAs are a class of transcripts longer than 200 nucleotides that
do not codify for proteins and are emerging as regulators of important cellular functions.
Although their ultimate function is not very well known, several studies suggest they are
involved in apoptosis, cell migration, and cell cycle, and play very critical roles in gene
expression regulation, including gene transcription, post-transcriptional regulation, and
epigenetic regulation. Differential expression of IncRNAs has been identified in RCC and
normal renal tissue [155-157] but only a few of these IncRNAs have been studied in depth.

HOX transcript antisense intergenic RNA (HOTAIR) has been proposed as oncogene
silencing several TSGs working together with EZH2 and H3K27 histone mark [158]. HO-
TAIR favors the metastatic process of RCC by upregulation of the histone demethylase
KDMB6B and its target gene SNAII involved in EMT [159]. More interesting is the IncRNA
H19 that is expressed only during embryogenesis, but re-expressed triggered by HIF e in
neoplastic renal cells but not in normal kidneys. H19 is implicated, among others functions,
in epithelial to mesenchymal transition (EMT) and mesenchymal to epithelial transition
(MET) strongly suggesting an oncogenic role in RCC. In addition, H19 is overexpressed in
tumor tissues and has been proposed as an independent predictor for the clinical outcome
of RCC patients [160].

DNA methylation-deregulated and RNA m6A reader-cooperating (DMDRMR) is
another IncRNA recently recognized to facilitate tumor growth and metastasis in ccRCC.
DMDRMR binds insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3) to sta-
bilize target genes, including the cell cycle kinase CDK4 and several extracellular matrix
components (LAMAS5, COL6A1, and FN1) [161]. The cooperation between DMDRMR
and IGF2BP3 regulates target genes in an m6A-dependent manner and may represent a
potential diagnostic, prognostic, and likely therapeutic target in ccRCC.

Another IncRNA important in RCC is KCNQ1 downstream neighbor (KCNQ1DN),
downregulated both in neoplastic tissue and cell lines. In vivo experiments with nude
mice showed that KCNQI1DN overexpression repressed both the growth of xenograft
tumors and the expression of the oncogen c-Myc, thus representing a novel target for future
therapeutic options in RCC [96]. Reduced expression of KCNQI1DN is also observed in
Wilms’ tumor [162].

2.6. RNA Methylation

Recent studies also show that RNA methylation serves to epigenetically regulate
biological functions. The N6-methyladenosine (m6A) RNA methylation is the most fre-
quent, abundant, and conserved form of RNA methylation reported both in messenger
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RNAs and IncRNAs. Other well-characterized RNA modifications are 5-methylcytosine
(m5C), N7-methylguanosine (m7G), and pseudo-uridine [163,164]. Genome wide changes
in gene expression have been reported due to reversible changes in m6A methylation [165].
Same as DNA methylation or histone modifications, m6A methylation is regulated by
several methyltransferases, demethylases, and other RNA binding proteins. Methyltrans-
ferases involved in the generation of the m6A modification of RNA are m6A writers, while
demethylases causing m6A removal are termed m6A eraser. Many RNA binding proteins,
including IGF2BP1, IGF2BP2, IGF2BP3, YTHDF1, YTHDEF2, YTHDF3, YTHDC1, YTHDC2,
HNRNPC, HNRNPA2B1, and RBMX, act as m6A readers, and this regulatory process plays
a critical role in stem cell differentiation, development and tumor progression [166,167].
The body of evidence regarding RNA methylation in RCC is still scarce but the expression
of some m6A RNA methylation regulatory genes (IGF2BP3, KIAA1429, and HNRNPC)
have been recently described as independent predictors of prognosis in pRCC [168]. Other
studies point out the expression of RNA methylation modifiers as biomarkers of RCC
subtyping. VIRMA and YTHDC2 mRNA expression levels were lower in chRCC and
PRCC compared to ccRCC [169].

3. Epigenetic-Based Therapeutic Opportunities in ccRCC

Development of epigenetic therapies has been under extensive clinical investigation
for the last two decades and may become a promising strategy to restore silenced gene
expression both in malignant and non-malignant disease [149,170,171]. The rationale of
an epigenetic treatment should consist in reprogramming the pattern of gene expression
in cancer cells to result in the induction of apoptosis or in the loss of cell capacity for
uncontrolled proliferation and tumor growth, also making cancer more susceptible to
conventional therapies [172]. Epigenetic therapy targets three different protein categories:
writers, enzymes that establish epigenetic marks; erasers, enzymes that remove epigenetic
marks; readers, proteins that recognize epigenetics modifications, and, when recruited to
these marks, bring in other protein complexes to exert the desired function.

In the last decades, most of the studies have focused on the use of writers (DNMTs,
HATs, and HMTs) and erasers (TET, HDACs, and HDMs) as therapeutics targets, but
in recent years a number of studies show the potential use of epigenetic readers as new
therapeutic targets. This group of proteins include the bromodomain-containing family of
proteins that recognize acetylated lysine residues, the chromodomain-containing proteins
that bind to methylated histones, and MBDs, mentioned previously, that bind to methylated
DNA [171,173].

Until now DNMT and HDACs inhibitors have been approved by the US FDA for
the treatment of hematologic malignancies and myelodysplastic syndromes. These and
other drugs with the capacity to inhibit DNMT (decitabine, zacitidine, and guadecitabine)
or HDAC (vorinostat, panobinostat, romidepsin, entinostat, belinostat, and AR-42) are
being investigated in solid malignancies for their potential to reactivate the expression of
silenced TSGs [170,171,174]. There are great expectations for the therapeutic potential and
pharmacologic development of these and other agents in early clinical studies in urologic
cancer, and more specifically in RCC [149,175]. The role of nutritional interventions affect-
ing epigenetic changes has also been taken into account in breast and prostate cancers [176],
but not so far in RCC. The development of new drug alternative for ccRCC has been very
promising in the last decades but we can say epigenetic therapy for kidney cancer remains
in its infancy.

Future development combination therapies may follow the lead of hematologic ma-
lignancies and investigate epigenetic treatments in cases in which current antiangiogenic
treatments or immunotherapies (mainly TKIs or ICIs) have failed. However, currently, only
phase I/1I clinical trials on single-agent or combined therapies for RCC have been com-
pleted and the response rate observed is poor and disappointing, with only few patients
simply reaching stable disease (Table 1).
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Table 1. Epigenetic treatments alone or in combination with other treatments used in clinical trials
conducted on patients with metastatic or unresectable renal cell carcinoma, or in advanced solid
tumors including renal cell carcinoma (clinicaltrials.gov, accessed on 1 March 2021). HDAC: Histone
deacetylase; DNMT: DNA methyltransferase. Ref.: reference number as cited in the text.

Epigenetic Drug Combined Therapy Phase Trial Registry Ref.
HDAC Inhibition
Vorinostat - I NCT00278395 -
Vorinostat Isotretinoin /1 NCT00324740 -
Vorinostat Bevacizumab /11 NCT00324870 [177]
Vorinostat Sirolimus 1 NCTO01087554 [178]
Vorinostat Ridaforolimus 1 - [179]
Vorinostat Pembrolizumab I NCT02619253 -
Panobinostat Sorafenib 1 NCT01005797 -
Panobinostat - 1I NCT00550277 [180]
Panobinostat Everolimus I/11 NCT01582009 [181]
Entinostat Isotretinoin 1 - [182]
Entinostat 1L-2 I/11 NCT01038778 [183]
Entinostat 1L-2 /1 NCT03501381 -
Entinostat Atezolizumab plus /Il NCT03024437 -
Bevacizumab
Entinostat Nivolumab plus Ipilimumab I NCT03552380 -
Depsipeptide - I - [184]
Romidepsin - I NCT01638533 -
Romidepsin - I NCT00106613 [185]
Belinostat - 1 NCT00413075 [186]
DNMT Inhibition
Azacytidine IFN-o I NCT00217542 -
Azacytidine Valproic Acid I - [187]
Azacytidine Bevacizumab I/11 NCT00934440 -
Decitabine - I - [188]
Decitabine 1L-2 I - [189]
Decitabine IFN-o I NCT00561912 -
Decitabine Anti-PD-1 I/11 NCT02961101 -
Decitabine MBG453 1 NCT02608268 -
Decitabine Oxaliplatin I NCT04049344 -
Oligonucleotide MG98 - I/11 NCT00003890 [190]
Oligonucleotide MG98 IFN-« I/1 - [191]
Other Therapeutic Strategies
miRNA MRX34 - 1 NCT01829971 -
Oligonucleotide GTI-2040 Capecitabine I/11 NCT00056173 [192]
Oligonucleotide IFN-o I NCT00059813  [193]
Oblimersen

3.1. DNMT Inhibition Alone or in Combination with Other Therapies

DNMT inhibitors (DNMTi) are cytidine analogues that block the DNMT activity
when incorporated into DNA and also induce their degradation. So, DNMTi produce
passive DNA demethylation and induce the expression of genes that have been silenced by
promoter DNA methylation, thus reactivating silenced TSGs in cancer. The exposure of
different tumor cells to low doses of DNMTi cause apoptosis, reduced cell cycle activity,
and decreased stem cell function [194].

Azacytidine (Dacogen®) and decitabine (Vidaza®) are approved by the FDA for the
treatment of hematologic malignancies and myelodysplastic syndromes. Guadecitabine
(SGI-110), a next-generation hypomethylating agent, is also used in patients with relapsed
or refractory acute myeloid leukemia with acceptable efficacy and tolerability profile [195].
Additionally, a phase III trial to evaluate guadecitabine as second-line in patients with
myelodysplastic syndromes or chronic myelomonocytic leukemia previously treated with
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hypomethylating agents is being conducted (EudraCT 2015-005257-12). A rational design
of new combination strategies to further exploit the epigenetic mode of action of these
two drugs in different areas of clinical oncology was proposed, especially in combination
approaches with other anticancer strategies [196].

3.1.1. Azacytidine (5-Azacytidine)

Epigenetic therapy is a promising potential therapy for solid tumors. Integrative
expression and methylation data analysis of 63 cancer cell lines (breast, colorectal, and
ovarian) after treatment with the DNMTi azacytidine demonstrated significant enrichment
for immunomodulatory pathways. These results suggest the possibility of a broad immune
stimulatory role for DNA demethylating drugs in solid malignancies [197]. On the other
hand, suppressed cell proliferation (>50% reduction in colony formation assay) with
azacytidine therapy was detected, both in cell lines with VHL promoter methylation and
also in some RCC cell lines without VHL TSG methylation, thus suggesting that multiple
methylated TSGs might determine the response to demethylating therapies [198].

A phase I trial enrolled 55 patients with advanced neoplastic disease, that included
two patients with RCC, to evaluate the combination of azacytidine subcutaneously ad-
ministered with oral valproic acid. One patient with RCC presented a stable disease for
6 months with a significant increase in histone acetylation. Grade 1 and 2 toxicities were
reported [187]. Another phase I trial was performed to evaluate the side effects and best
dose of recombinant interferon alfa-2b together with azacytidine for patients with stage
III or stage IV melanoma or stage IV kidney cancer that cannot be removed by surgery
(NCT00217542). Results have not been published. A phase II trial was specifically intended
to evaluate low dose decitabine plus interferon alfa-2b in advanced renal cell carcinoma
(NCTO00561912) but was terminated early due to slow accrual and unavailable treatment
agent. Another study evaluated the effectiveness of azacytidine and bevacizumab in ad-
vanced RCC (NCT00934440) with the intention to identify the maximum tolerable dose
and assess toxicity. Overall, three different doses were evaluated for each drug. Dose for
azacytidine ranged between 35 and 75 mg/m?/day for 7 days. All patients presented
adverse effects of different degree. Time to progression registered was 5.6 months. Results
have not been published.

3.1.2. Decitabine (5-Aza-2'-Deoxycytidine)

Preclinical evidence with the DNMTi decitabine is abundant in renal cancer cell lines.
Decitabine inhibits the proliferation of RCC cells via G2/M cell cycle arrest by suppressing
p38-NF-«B activity [199]. It also induces apoptosis by regulating the Wnt/ 3-catenin signal
pathway through re-expression of sSFRP2 gene [200]. Additionally, combined treatment with
decitabine and valproic acid, a HDAC inhibitor, synergistically inhibits cell growth and
migration in ccRCC cell lines [201]. These evidences support targeting DNA methylation
with decitabine to treat advanced RCC.

Monotherapy with decitabine was investigated in a phase I study at different doses
from 2.5 to 20 mg/m? on days 1-5 in 31 patients with refractory malignancies, including
three patients with RCC. Decreased DNA methylation after treatment was evidenced both
in tumor and in peripheral blood mononuclear cells. Decitabine also decreased DNMT1
and induced tumor apoptosis [188].

Another phase I trial which evaluated sequential low-dose decitabine plus high-
dose IL-2 presented some interesting results in modulating the toxicity and anti-tumor
activity of immunotherapy in melanoma, but not in RCC. In this study decitabine caused
grade 4 neutropenia lasting more than a week in most patients, and a trend toward a
higher incidence of toxicity with increasing decitabine doses was evidenced [189]. The
combination of low-dose decitabine with IFNa2b was also evaluated in advanced RCC
(NCT00561912), but results have not been reported.

Resistance of RCC to the apoptosis-inducing effects of IFNs was postulated to result
from epigenetic silencing of genes by DNA methylation [202]. Decitabine and selective

146



Cancers 2021, 13, 2071

depletion of DNMT1 by phosphorothioate oligonucleotide antisense were used to reverse
silencing, in cells resistant to apoptosis induction by IFN«2 and IFN{. The proapop-
totic tumor suppressor RASSF1A was reactivated by DNMT1 inhibitors in the cell lines
investigated and this was associated with demethylation of its promoter region [203].
The combination of anticancer agents and epigenetic drugs sustains a novel thera-
peutic strategy. The effectivity rate of chemotherapy for RCC is very low and the high
expression of certain drug transporters in the kidney, like the human organic cation trans-
porter OCT?2, is partly responsible for this multidrug resistance. Combined treatment using
the DNMT inhibitor decitabine and the HDAC inhibitor vorinostat significantly increased
the expression of OCT2 in RCC cell lines, which sensitized these cells to oxaliplatin [204].
In this sense, a phase II trial with decitabine combined with oxaliplatin in patients with
advanced RCC (NCT04049344) is currently recruiting patients in Zhejiang Cancer Hospital,
with the intention of evaluating whether decitabine sensitizes RCC cells to oxaliplatin.

3.1.3. MG98

Another inhibitor of DNMT, the antisense oligodeoxynucleotide MG98 was intra-
venously administered at a dose of 360 mg/m? twice weekly for three consecutive weeks
out of four in 17 patients with advanced RCC receiving a median of two cycles with no
objective responses. Mild hematologic toxicity, elevation of transaminases, fatigue, fever,
and nausea were observed [190]. Despite the disappointing results, MG98 was investigated
in combination with IFN«2b in patients with advanced RCC [191]. Another phase-II trial
explored two schedules of MG98 with IFN«2b and described frequent disease stabilization
and partial response in one case [205].

3.2. HDAC Inhibition Alone or in Combination with Other Therapies

HDAC inhibitors (HDACi) are approved for cutaneous T-cell lymphoma and periph-
eral T-cell lymphoma. They have dose and compound dependent pleiotropic effects. They
induce epigenetic effects either through histone acetylation or by influencing the acetylation
status of nonhistone or non-nuclear proteins. A synergy between DNA demethylation and
histone deacethylase inhibition has been confirmed to re-express genes silenced in cancer
cells [206]. However, from the clinical perspective, some compounds have followed a more
productive clinical investigation than others, but today none is approved to treat ccRCC.

3.2.1. Vorinostat

Clinical trials with HDACi in RCC have given mixed results. A phase I trial evaluated
the anti-tumor activity of vorinostat (SAHA) as oral agent in 14 patients with advanced
RCC (NCT00278395) and showed toxicity in 50% of the cases and 14% serious adverse
events. Another study (NCT00324870) evaluated oral vorinostat with becacizumab and
observed 18% response rate, mainly partial responses, with an acceptable toxicity and a
median overall survival of 13.9 months, thus suggesting clinical activity [177].

A phase I study of sorafenib and vorinostat in patients with advanced solid tumors
with expanded cohorts in RCC and non-small cell lung cancer (NSCLC) used oral vorino-
stat 200-400 mg to establish the recommended phase II dose (NCT00635791). Although
tolerable in other tumor types, sorafenib associated to vorinostat was not found tolerable
without dose reductions or delays in RCC and NSCLC patients. No complete response was
seen but minor responses were observed in RCC [207]. Another dose-limiting toxicity trial
with vorinostat plus isotretinoin (NCT00324740) was also performed in 12 patients with
recurrent or advanced RCC, of which 33% suffered well tolerated adverse effects, mainly
anorexia and weight loss.

Since AKT activation is a possible mechanism of resistance to mTOR inhibitors, adding
vorinostat (or another HDACi) was proposed as a route to circumvent AKT-mediated
resistance to mTOR inhibitors in experimental studies performed on synovial sarcoma
cells [208]. The combination of sirolimus and vorinostat has yielded preliminary anticancer
activity in patients with refractory Hodgkin lymphoma, perivascular epithelioid tumor,
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and hepatocellular carcinoma [178]. Based on these findings another study explored the
combination of HDAC and mTOR inhibition in RCC and other solid malignancies. In
total, 13 patients with RCC (10 ccRCC and 3 pRCC) were treated with vorinostat and
ridaforolimus. Using a dose escalation design, various dose combinations were tested
concurrently in separate cohorts. Dosing was limited by thrombocytopenia. Two patients,
both with papillary RCC, maintained stable response 54 and 80 weeks, respectively [179].
Additionally, a phase I study with dose finding and extension cohorts using pembrolizumab
and vorinostat in patients with advanced or metastatic RCC, urothelial cancer or prostate
cancer (NCT02619253) has concluded recruitment, but results are under evaluation.

3.2.2. Panobinostat

Preclinical studies with the pan-deacetylase inhibitor panobinostat (LBH589) have
shown induced cell cycle arrest and apoptosis in renal cancer cells and a reduction in tumor
size using xenografts mice models [209]. A phase II study was performed to evaluate the
activity of panobinostat in refractory renal carcinoma (NCT00550277). In total, 20 patients
with advanced ccRCC who had received previous therapy with at least one angiogenesis
inhibitor and one mTORi were treated with panobinostat 45 mg orally, twice a week, and
evaluated every 2 months. Panobinostat was generally well-tolerated but 30% experienced
serious adverse effects. There were no objective responses and all patients progressed or
stopped treatment within the first 4 months [180].

A synergistic activity of dual HDAC and mTOR inhibition was confirmed in Hodgkin
lymphoma and multiple myeloma cell lines [210,211]. A phase I, dose-finding trial for
everolimus combined with panobinostat in advanced ccRCC was performed (NCT01582009).
Overall, 21 patients completed this trial which was recently published. Oral everolimus
5 mg daily and panobinostat 10 mg 3 times weekly (weeks 1 and 2) given in 21-day cycles
was the maximum tolerated dose. Improved clinical outcomes were not demonstrated as
the median time to disease progression was 4.1 months [181].

Synergistic effects have been observed in the combination of TKi, such as imatinib,
dasatinib, or sorafenib, with an array of HDACi including vorinostat, romidepsin, or
panobinostat [212]. As an example, combination therapy with panobinostat and so-
rafenib proved to significantly decrease vessel density and tumor volume, and also to
increase survival in hepatocellular carcinoma xenografts [213]. Regarding RCC, a phase I
study of panobinostat in combination with sorafenib in soft tissue, renal and lung cancers
(NCT01005797) was started in 2009 and, with a long history of changes and latest version
submitted on 2017, its findings have not yet been reported.

3.2.3. Entinostat (MS-275)

Entinostat reverts retinoid resistance by reverting Retinoic acid receptor 32 (RAR32)
epigenetic silencing in a human RCC model and has a synergistic anti-tumor activity
in combination with 13-cis-retinoic acid compared with single agents, suggesting that
the combination of HDACi and retinoids represents a novel therapeutic approach for
RCC [214]. This observation led to a phase I study with entinostat in combination with
13-cis-retinoic acid in patients with metastatic or advanced solid tumors or lymphomas
(NCT00098891). The combination was reasonably well tolerated and the recommended
doses were 4 mg/m? once weekly for entinostat and 1 mg/kg/day for 13-cis-retinoic acid.
However, no tumor response was evidenced [182].

There are two very interesting trials that are evaluating the combination of entinostat
with IL-2. Both are active trials that hopefully will be completed by 2024. One is a phase
I/11 trial that studies the side effects and best dose of entinostat when given together with
IL-2 and the clinical evolution of metastatic RCC with this regime (NCT01038778) [183].
The other is also a phase I/II multicenter, randomized, open label study between high
dose IL-2 (3 courses of high dose interleukin 600,000 units/kg administered IV every 8 h
on Days 1-5 and Days 15-19, maximum 28 doses) vs. high dose IL-2 (same dose) plus
entinostat (5 mg orally given every 2 weeks starting on day 14) in ccRCC (NCT03501381).
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These trials have been prolonged because the clinical management with high-dose IL-2
has been abandoned with the advent of antiangiogenic and immune-checkpoint inhibiting
drugs.

Consequently, two new trials that evaluate entinostat in combination with more actual
therapies for ccRCC are currently open. One of these trials, still recruiting patients, evalu-
ates the combination of atezolizumab with entinostat and bevacizumab in patients with
advanced RCC (NCT03024437). This study will assess the immunomodulatory activity
of entinostat in patients receiving the PD-L1 inhibitor atezolizumab. Additionally, the
combination with bevacizumab provides an effective VEGF inhibition to potentiate the
immune response and anti-tumor effect induced by atezolizumab [25]. The overall hypoth-
esis is that entinostat will increase the immune response and anti-tumor effect induced
by the PD-L1 inhibition by suppressing Treg function, based on the hypothesis that low
dose HDACi will have a suppressive function on Tregs but not on effector T-cells. The
dose of entinostat starts with 1 mg and is escalated up to 5 mg. The proposed dose and
schedule for atezolizumab and bevacizumab follows the standard of the phase III study
IMmotion151 (NCT0242082) [215].

The other active clinical trial on the association between HDACi and ICI investigates
entinostat with nivolumab plus ipilimumab in previously treated RCC (NCT03552380).
This is a phase II, open-label, safety, pharmacodynamic and efficacy study radiologically
assessed for patients with metastatic RCC who have progressed on ipilimumab plus
nivolumab regimen. The trial starts with a dose finding study for oral entinostat. Following
the first 4 cycles of multiple combination treatment ipilimumab will be discontinued, and
treatment with entinostat and nivolumab continued until disease progression or prohibitive
toxicity. Anti-tumor activity is being assessed every 6 weeks.

3.2.4. Other HDACi

Other compounds with HDAC] activity have been investigated and, although selected
for preclinical investigation, their pharmacological development has not been completed.
Depsipeptide, a cyclic peptide, was isolated from Chrombacterium violaceum during a
screening program for anti-oncogene agents. It exerts potent anti-tumor activity against hu-
man tumor cell lines and xenografts [216]. A phase II study was performed in patients with
metastatic RCC but showed insufficient activity and investigation was abandoned [184].

Romidepsin (FK228) also showed anti-proliferative activity in vitro against multiple
mouse and human tumor cell lines and in vivo in human tumor xenograft models [185],
but an exploratory phase II trial evaluating its activity and tolerability in patients with
metastatic RCC progressive following or during immunotherapy (NCT00106613) was
undertaken but results have not been communicated.

Belinostat (PXD101) is another HDACi that has been investigated in patients with
advanced refractory solid tumors including mainly colorectal cancer. Stable disease was
observed in 39% of the patients included and, among them in 1 of 6 patients with RCC [186].
However, no further investigation has been performed with this compound in RCC.

AR-42 is another HDACi currently investigated in patients with multiple myeloma
and T- and B-cell lymphomas [217]. Inhibition of pancreatic cancer cells by regulating p53
expression, inducing cell cycle arrest, particularly at the G2/M stage, and activating multi-
ple apoptosis pathways has been demonstrated [218]. Combined AR-42 and pazopanib
have been investigated in advanced sarcoma and RCC (NCT02795819). Of 6 patients
recruited, 4 were evaluated for response, and stabilization of disease was confirmed in 2;
however, the trial was interrupted because of unacceptable toxicity.

3.3. Other Epigenetic Therapies

A more targeted epigenetic therapy based on strategies other than demethylation
and histone deacethylase inhibition has been sought after for decades. The strategies
investigated include silence miRNAs that are overexpressed, such as, for example anti-
mRNA oligonucleotides, miRNA-mask antisense oligonucleotides, and miRNA sponges
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to restore the expression of miRNAs that are downregulated. Some studies point out
the use of miRNAs as therapeutics and several clinical trials are currently trying miRNA
molecules [219]. However, specific delivery of these miRNA-based therapies is challenging,
if not impossible. The only therapy of this kind investigated today for RCC was MRX34.
MRX34 miRNA mimics the tumor suppressor miRNA34 and was tested in a phase I
clinical trial for advanced or metastatic RCC and other cancers. Unfortunately, the trial was
abandoned early because of serious immunologic adverse events (NCT01829971).

Oblimersen (G3139) is a phosphorothioate antisense oligonucleotide used for chronic
lymphocytic leukemia and for advanced melanoma. It targets the sequence around transla-
tion initiation of the bcl-2 mRNA inhibiting its translation, resulting in decreased levels of
the bcl-2 protein, an apoptotic inhibitor expressed in some types of cancer and linked to
tumor drug resistance. Therefore, this target has the potential to enhance the efficacy of stan-
dard cytotoxic chemotherapy. In RCC cells, oblimersen induced a specific downregulation
of Bcl-2, mainly through a Fas-dependent pathway, and was considered a potential therapy
for metastatic RCC in combination with IFN-« [220]. However, a phase II study with
oblimersen and IFN-o in metastatic RCC revealed oblimersen did not appear sufficiently
active to warrant further development in advanced RCC [193].

GTI-2040 is another antisense agent that targets the small subunit component of
human ribonucleotide reductase and displays potent anti-tumor activity against different
neoplasia [221]. A synergistic effect with IFN-« for apoptosis and decreased proliferation
was suggested [192]. However, a phase I/II study of GTI-2040 and capecitabine in patients
with RCC gave very disappointing results [222].

Tazemetostat (EPZ-6438), a EZH2 selective inhibitor, was approved for the treatment
of advanced epithelioid sarcoma and its effect in enhancing the therapeutic response
to 5-fluorouracil in colorectal cancers has been recently confirmed [223]. Other EZH2
inhibitors are now under clinical evaluation and offer alternative approaches to target
this HMT [224]. IncRNAs are also a promising source to develop new target therapies in
the future. Many deregulated IncRNA interact with EZH?2 to silence TSGs and to induce
EMT. As a result, inhibitors of EZH2 and consequently H3K27 methylation remain a very
interesting opportunity to develop future RCC therapies [149].

Another opportunity of epigenetic therapy stands in the phenomenon of synthetic
lethality that describes a relationship between two genes, the loss of which is incompatible
with cell survival. So, contrary to gain-of-function mutations in oncogenes, loss-of-function
mutations in TSGs are even more challenging to approach from the therapeutical perspec-
tive. Loss-of function mutations in chromatin modifiers has several theoretical applications.
For example, loss of SETD2 becomes synthetically lethal with loss of mitotic inhibitor
protein kinase Weel [113], loss of BAP1 is synthetically lethal with simultaneous inhibition
of EZH2 or PRC2 [225], and a third mechanism is loss of PBRM1, ARID1A, and some com-
ponents of the SWI/SNF complex, together with inhibition of EZH2 [44,226]. Additionally,
PBRM1 loss promotes immunogenicity in RCC by activation of IFN-responsive genes and
probably also confers sensitivity to immune checkpoint inhibitors [44]. Hopefully future
developments can take advantage of the improved knowledge in epigenetic modifiers
activity in ccRCC to support new therapeutic approaches.

3.4. Caveats and Limitations of Epigenetic Therapy

Targeting the epigenome appears an attractive treatment option for RCC because the
epigenetic dysregulation of this neoplasia is very extensive and affects many different signaling
pathways and tumor hallmarks. The classical concept of an epigenetic therapy centers on the
restoration of a neoplastic epigenetic pattern to a normal one. However, the initial therapeutic
experience with the drugs available today has been certainly disappointing.

Epigenetic therapy has a robust preclinical base, but many problems remain and
need be solved before its generalization. The most important limitation is the lack of
selectivity because epigenetic events are ubiquitously distributed across normal and cancer
cells. Cancer cells can be sensitive to this regulation, but normal cells have the ability to
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compensate for these epigenetic changes [227]. Besides, demethylating agents not only
restore the expression of genes that have been aberrantly silenced during tumor progression,
but also activate genes that are normally repressed by promoter DNA methylation. Another
limitation is the need to determine the most important epigenetic alterations for a particular
neoplasia. In fact, results of epigenetic therapy in hematologic malignancies are impressive,
but not in solid tumors. In addition, all the clinical trials performed are early clinical phase
studies, and the number of patients treated with epigenetic therapies and the length of
these treatments has been very limited, making difficult the evaluation of long-term safety
and real-practice clinical efficacy.

The issue that ccRCC is subject to extensive intra-tumoral heterogeneity is an evident
drawback for the development of diagnostic and therapeutic strategies and remains a challenge
in modern oncology [10,228]. Multi-regional sequencing has confirmed that renal tumors
often harbor different sub-clones that can differ in their spectra of mutations in different
epigenetic regulatory tumor suppressor genes. These findings suggest that new therapeutic
strategies targeting gene dosage and epigenetic modification should be considered for improved
personalized cancer medicine [229]. Single-cell technology and multisite tumor sampling could
represent an opportunity to overcome this obstacle [230,231].

The modern paradigm of treatment for metastatic RCC is based on antiangiogenic
therapy and combined immune modulation. A realistic potential application of epigenetic
therapy today would be to reverse the resistance to treatment with antiangiogenic drugs
once they became unresponsive [232,233]. Another promising possibility in treating ad-
vanced ccRCC would be the combination of epigenetic drugs and modern immunotherapy
using antibodies that block programmed cell death protein 1 (PD1) and its ligands [234].
It would be desirable that epigenetics-based treatments could re-sensitize the host im-
mune response to immunotherapies and restore immunogenicity enforcing the expression
of tumor associated antigens, checkpoint ligands in tumor cells, and antigen-processing
machinery components [235]. Recent data show that PBRM1 loss is associated with a
less immunogenic tumor microenvironment and upregulated angiogenesis [236]. PBRM1
deficient RenCa subcutaneous tumors in mice are more resistant to ICI, and a retrospective
analysis of the IMmotion150 trial also suggests that PBRM1 mutation reduces benefit from
immune checkpoint blockade [151,215].

Nevertheless, the role of PBRM1 mutations in ccRCC in relation to the immune
microenvironment is not totally clear. PBRM1 loss of function may alter global tumor-cell
expression profiles and influence responsiveness to ICI. Recent studies show truncating
mutations in PBRM1 increase the clinical benefit of ICI therapy in patients with metastatic
ccRCC [237,238]. PBRM1 alterations have also been clinically validated as marker of ICI
responsiveness in RCC but the effect on response and survival is modest and has been
mainly observed in the subset of patients who received prior antiangiogenic therapy [239].
The value of PBRM1 mutations in the first-line ICI setting needs further investigation.

The position and results achieved by standard therapies in metastatic ccRCC based
on TKIs, m-TORIs, and ICIs, alone or in combination, cannot be easily achieved by other
novel therapies. So, epigenetic treatments, via several signaling mechanisms involving
both tumor cells and host immune cells, might enhance the efficacy of immune checkpoint
therapy in RCC [240]. The combination of epigenetic therapy and immunotherapy is
being intensively investigated, and novel trials will be needed to elucidate this role as
adjunctive therapy. Epigenetic inhibitors are able to reverse or overcome immune resistance
to immunotherapy treatment through upregulation of chemokine expression, antigen
processing and presentation machinery, and immune checkpoint molecules [241]. As such,
the rationale is that the epigenetic modifiers can be used to prime and sensitize T cells to
immunotherapy. Administering “epitherapy” in conjunction with ICI could decrease T-cell
exhaustion and avoid immunotherapy resistance.

Additionally, genetic alterations in histone modifier genes in RCC could not only be
responsible for the pathogenesis of the disease but also represent potential biomarkers of
response to immunotherapies [242]. In this sense, despite the initial failure of epigenetic
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treatments to reach the clinic, epigenetic therapy is currently a promising strategy for anti-
cancer treatment and for development of new ccRCC tumor markers. However, optimized
modern epigenetic treatment options, possibly in combination with other treatments, still
remain to be discovered.

4. Conclusions

Epigenetic studies have provided a large body of evidence regarding hypermethylated
genes, histone-modifying enzymes or miRNAs and new challenges at bench side of patients
with RCC. Less invasive diagnosis, histologic subtyping, clinical monitoring of the disease
and prognostic evaluation will surely benefit from this increased epigenetic knowledge.
However, despite the evidence accumulated, no pure epigenetic biomarker has completed
evaluation in phase III studies or is commercially available for clinical use in ccRCC.
Prospective multicenter validation is needed before a novel generation of biomarkers
become accessible and have the potential to make great strides in personalized medicine.
Additionally, early clinical trials have been conducted to evaluate epigenetic therapies
for RCC, either alone or in combination with other therapies including IFN-a2b, IL-2,
anti-VEGF, TKIs, and mTOR inhibitors. Newer clinical trials are ongoing to investigate
the combination of epigenetic treatments with the ICIs pembrolizumab and atezolizumab.
There is no doubt that the study of renal cancer epigenetics is still in a formative stage and
its application to develop new therapeutic strategies is no more than promising.
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Simple Summary: Clear cell renal cell carcinomas (ccRCC) have several distinct immunological
features, including a high degree of immune infiltration and relatively low mutational burdens,
the resistance to cytotoxic chemotherapy, and relative sensitivity to anti-angiogenic therapy and
immunotherapies. Immune checkpoint inhibitor (ICI) therapy has become standard care in the
treatment of ccRCC, but a better understanding of the molecular and cellular characteristics of ccRCC
is needed to truly optimize the use of ICI therapy. With a focus on cancer immunology, we summarize
the clinical trials of ICIs in ccRCC, the molecular and cellular correlates of these clinical trials, and the
single-cell RNA sequencing studies to provide a comprehensive overview of the immune landscape
within the ccRCC tumor microenvironment, in particular in the context of ICI therapy. We will
discuss potential molecular and cellular biomarkers that can be used to predict therapeutic responses
in ccRCC patients.

Abstract: Several clinicopathological features of clear cell renal cell carcinomas (ccRCC) contribute to
make an “atypical” cancer, including resistance to chemotherapy, sensitivity to anti-angiogenesis
therapy and ICIs despite a low mutational burden, and CD8* T cell infiltration being the predictor
for poor prognosis-normally CD8" T cell infiltration is a good prognostic factor in cancer patients.
These “atypical” features have brought researchers to investigate the molecular and immunological
mechanisms that lead to the increased T cell infiltrates despite relatively low molecular burdens,
as well as to decipher the immune landscape that leads to better response to ICIs. In the present
study, we summarize the past and ongoing pivotal clinical trials of immunotherapies for ccRCC,
emphasizing the potential molecular and cellular mechanisms that lead to the success or failure of
ICI therapy. Single-cell analysis of ccRCC has provided a more thorough and detailed understanding
of the tumor immune microenvironment and has facilitated the discovery of molecular biomarkers
from the tumor-infiltrating immune cells. We herein will focus on the discussion of some major
immune cells, including T cells and tumor-associated macrophages (TAM) in ccRCC. We will further
provide some perspectives of using molecular and cellular biomarkers derived from these immune
cell types to potentially improve the response rate to ICIs in ccRCC patients.

Keywords: single-cell RNA sequencing; immune landscape; cancer immunotherapy; clear cell renal
cell carcinoma

1. Introduction

Renal cell carcinomas (RCC) arise from the renal epithelium and account for more
than 90% of cancers occurring in the kidney [1]. There are about 76,000 new cases an-
nually in the U.S. and 403,000 worldwide, accounting for about 3% of all cancers [2,3].
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About 70% of patients with RCC have localized tumors at the time of diagnosis, and
12% of the cancer patients have metastatic tumors [4]. Approximately 50% of patients
with localized RCC ultimately develop metastatic disease, and the 5-year survival rate
of patients with metastatic RCC is approximately 14% [1,5,6]. In general, about 25% to
50% of patients with primary RCC experience recurrence following nephrectomy after five
years [7]. RCC is histologically classified into subtypes, of which clear cell RCC (ccRCC)
is the most common-accounting for more than 80% of RCCs, followed by papillary RCC
and chromophobe RCC [1,4]. ccRCC is characterized by the abundance of glycogen and
lipids in the cytosol [1,4]. Most patients with ccRCC show chromosomal 3p loss and
genomic mutations in the Von Hippel-Lindau Tumor Suppressor (VHL) allele [8], followed
by secondary loss of multiple tumor suppressor genes, including PBRM1, SETD2, BAP1,
and/or KDM5C [9]. The VHL inactivation stabilizes hypoxia-inducible factors (HIFs) in
ccRCC, including HIF1x and HIF2e [10]. The activation of HIFs leads to transcriptional
activation of numerous HIF target genes, including vascular endothelial growth factor
(VEGF), which is one of the major known mechanisms responsible for high angiogenesis
and inflammatory response in the ccRCC tumor microenvironment [10,11].

Tyrosine kinase inhibitors (TKIs) are representative first-line anti-angiogenic targeted
therapies to inhibit VEGF and its receptor (VEGFR) signaling in patients with metastatic
ccRCC. These TKIs are effective, with a limited number of patients showing complete
remission of ccRCC [12]. Generally, however, these targeted therapies are only palliative,
and the utility of this therapy is frequently limited by drug resistance [13].

The Food and Drug Administration (FDA) approved the use of nivolumab (anti-PD-1)
for patients with RCC in 2015. Since then, numerous clinical trials have demonstrated
the safety and efficacy of a variety of immune checkpoint inhibitors (ICI) for RCC pa-
tients [14,15]. Spontaneous immune activation is thought to contribute to the regression
of 1 to 7% of ccRCC patients [16-19]. Early clinical trials enhancing T cell proliferation
through high-dose interleukin 2 (IL-2) achieved up to 20% of therapeutic response [20].
ICI monotherapy showed 25 to 42% response rates in ccRCC patients [15,21]. In studies
evaluating ICI in combination with anti-VEGF or TKIs as a first-line therapy, it significantly
improved the clinical outcome in patients with ccRCC, showing an objective response
rate (ORR) of 50 to 59%, including 4 to 12% complete response (CR) rates, depending on
experimental settings [21-25]. Meanwhile, phase III clinical trials investigating ICI in com-
bination with TKIs reported 48% to 82% of treatment-related adverse events with grade 3
or higher [22,23,25-27]. Safety evaluation reveals that the combinatorial therapy does not
appear to present significantly higher toxicities compared with sunitinib monotherapy [28].
Patients with metastatic ccRCC reported better health-related quality of life given the
combination treatment compared to sunitinib [29,30].

Genetic [31-38], molecular [21,22,25,38-40], and clinicopathological characteristics
[38,41-44] of ccRCC have not been able to fully predict clinical outcomes and prognosis
of patients. RCC has distinct immunological characteristics in regard to pathogenesis and
treatment, distinguishing it from other types of cancer that respond to ICI therapy. RCC
harbors a relatively low mutational burden, which is expected to produce low neoantigens
for antigen presentation, a situation that is often associated with a poor response to ICI
therapy. Counterintuitively, RCC is known to be highly immunogenic, resulting in the infil-
tration of immune cells, including CD8" T cells [45,46] with high cytotoxic activity [45,47].
Unlike most solid tumors, where the infiltration of CD8* T cells is normally associated with
a good prognosis [44], increased CD8" T cell infiltration is not associated with prognosis in
some studies [35,43,48,49] and actually predicted a poor prognosis in other studies [41-43].
Moreover, certain types of mutations that are associated with increased tumor antigen
presentation and CD8" T cell infiltration in most solid tumors, such as missense mutations,
are not correlated with T cell infiltration in RCC [45,47,50]. The expression of immune
checkpoints, such as programmed cell death protein 1 (PD-1) and programmed death-
ligand 1 (PD-L1), have not been convincingly shown to predict clinical response to ICI in
RCC [21,22,25,38-40]. Meanwhile, new characteristics have been uncovered as potential
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factors that enable the prediction of clinical response to ICI. For example, human endoge-
nous lentivirus virus expression or defective antigen presentation may be a key factor for
poor response to ICI in ccRCC patients [38,45]. Taken together, current basic, translational,
and clinical research underscores the need to further investigate the tumor immune mi-
croenvironment in ccRCC to predict patient outcomes, to identify patients who are likely
to respond to immunotherapy, and/or to determine new immunotherapy modalities to
treat patients who are not responsive to current ICI therapy.

Single-cell RNA sequencing (scRNAseq) technology dissects the dynamic and het-
erogeneous tumor microenvironment by characterizing the transcriptome and genome
at the single-cell level, providing a prominent method for painting a detailed picture of
the immune landscape when studying cancer immunology [51,52]. Integrating various
components of scRNAseq transcriptome into multi-omics measurements provides a better
understanding of cell identity, fate, and function in the context of both normal biology and
pathology [52,53]. The application of scRNAseq to renal parenchyma or kidney cancer is
just at its inception and is helping provide a clearer understanding of cell of origin, tu-
mor and immune cell heterogeneity, immune-suppressive microenvironment, therapeutic
response, and ultimately prediction of prognosis [54-62].

Here, we summarize the landmark clinical trials for immunotherapy applied to ccRCC
and translational scRNAseq research focusing on ccRCC, which is the most immunogenic
subtype among RCC subtypes [56]. This review provides translational evidence and
potential targets that can be utilized to improve cancer immunotherapy.

2. Immunotherapeutic Updates of ccRCC
2.1. Cytokine-Based Immunotherapy

IL-2 is a cytokine that modulates immunity and tolerance by acting on lymphoid cells,
including CD8* T cells, as a growth factor and activator [63]. The activation of CD8" T
cells facilitates the tumor-killing effect through the recognition of neoantigens presented
by the tumor cells [63]. The FDA approved the usage of high-dose IL-2 (600,000 IU/kg) in
metastatic RCC in 1992 based on the pooled results of several phase II studies [64,65], rep-
resenting the first FDA-approved immunotherapy for RCC. These pooled results showed
a 14% overall ORR, with 5% of patients having a CR and 9% having a partial response
(PR). An even higher dose of IL-2 (720,000 IU/kg) was administered to metastatic RCC
patients, yielding a 20% ORR and 9% CR [66]. Similar results supporting the efficacy
of a higher dose of IL-2 have been reported [64,67]; and intriguingly, the favorable re-
sponse of high dose IL-2 was associated with PD-L1 expression, regardless of the patients’
clinical classification [68]. High-dose IL-2 is clinically administrated with intensive care
requiring an inpatient hospital stay but with a subset of responders who have extremely
durable responses. Several studies have determined the efficacy of interferon-« 2a (IFN«2a)
and found anti-tumor effects on patients with advanced ccRCC with an ORR of 6% to
10% [69-71]. The ORRs of the two cytokines are in general low in ccRCC patients, and the
major hurdle for their clinical use also lies in the significant toxicities affecting multiple
major organs [72,73].

2.2. Tyrosine Kinase and mTOR Inhibitors

Following IL-2 therapy, clinical treatment of ccRCC moved more towards the use of
tyrosine kinase inhibitors (TKIs) targeting VEGFA /VEGFR pathway and neoangiogenesis,
including sunitinib, sorafenib, and cabozantinib for treating ccRCC patients [74-76]. In
2006, sunitinib was introduced to treat metastatic RCC patients as the first-line therapy after
the phase III trial showed that patients with sunitinib treatment had a significantly longer
PFS, compared to those who were treated with IFN« [76]. Sorafenib was another classical
TKI approved as second-line therapy for patients who had disease progression following
conventional therapy for ccRCC. Treatment with sorafenib significantly prolonged the PFS
in advanced ccRCC patients when compared to placebo [75]. In subsequent years, more
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TKI inhibitors with higher potency and more specificity, including pazopanib, cabozantinib,
axitinib, and lenvatinib, were added to the treatment options for RCC patients [74,77-80].
Temsirolimus and everolimus are two inhibitors for the mammalian target of ra-
pamycin (mTOR) that have been approved for treating RCC patients. mTOR is a highly
conserved protein kinase that regulates HIFs-related metabolism and proliferation of ccRCC
cells via the PI3K and Akt pathways [81-83]. In 2007, FDA approved treatment with tem-
sirolimus following a phase III clinical trial in patients with metastatic RCC [84]. Patients
receiving temsirolimus alone experienced longer overall survival (OS) and PFS than those
who received IFN« alone. Everolimus was approved by FDA in 2009 for patients who
failed sunitinib and sorafenib treatment [85], after showing clinical efficacy in patients who
failed to respond to these therapies. Although numerous clinical trials and studies as de-
scribed above have demonstrated the superior efficacy of TKIs to previous cytokine-based
therapy, most ccRCC patients will develop acquired resistance within one year [86].

2.3. Immune Checkpoint Inhibitors

Currently, immune checkpoint blocking agents, including antibodies that inhibit PD-1,
PD-L1, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), are being successfully
investigated and applied to the patients with ccRCC.

The first clinical trial of ICIs in ccRCC was conducted in 2007, attesting to the effect
of CTLA-4 blockade in patients with metastatic RCC [87]. The phase II study included
patients receiving either 3 mg/kg followed by 1 mg/kg or only 3 mg/kg of ipilimumab
(anti-CTLA-4) for 3 weeks. One of the 21 patients with a lower dose and five of 40 patients
with a higher dose had partial responses. There is a significant correlation between patients
with autoimmune events and tumor regression, suggesting that the reinvigoration of CD8"
T cells promotes the tumor-killing effect. However, due to limited efficacy, the use of
ipilimumab as monotherapy for RCC was halted.

A second clinical trial of ICIs in patients with ccRCC attested to the effect of PD-1
blockade on patients with ccRCC, with an ORR of 27% (9 out 33 patients) [14]. In this later
phase II study, patients with metastatic ccRCC previously treated with anti-VEGF therapy
were administrated 0.3, 2, or 10 mg/kg nivolumab (anti-PD-1). The median PFS was
2.7 months, 4.0 months, and 4.2 months respectively. The OS was 18.2 months, 25.5 months,
and 24.7 months respectively [88]. In CheckMate 025, a phase III study, patients previously
treated with anti-angiogenic therapy received either 3 mg of nivolumab or 10 mg of
everolimus [15,89]. Although progression-free survival showed no difference between
the two treatments, the OS for nivolumab was 25.0 months compared to 19.6 months for
everolimus (p = 0.002) [89]. Also, the nivolumab-treated group showed a greater response
rate (25% compared to 5% in the everolimus-treated group). Extended follow-up confirmed
the superior efficacy of nivolumab over everolimus.

The first combination therapy was initiated in 2012, attesting to the efficacy of nivolumab
with sunitinib, pazopanib, or ipilimumab [90,91]. Patients treated with nivolumab plus
sunitinib showed a 55% ORR and median PFS of 12.7 months. For the group treated with
nivolumab plus pazopanib, the ORR was 45% and PFS was 7.2 months. The nivolumab
plus ipilimumab treatment was divided into two dose regimens: patients received either
3 mg/kg of nivolumab and 1 mg/kg of ipilimumab or 1 mg/kg of nivolumab and 3 mg/kg
of ipilimumab. Both treatment regimens had an ORR of about 40% and a 2-year OS of
68%. The nivolumab group showed a lower rate of adverse events (38.3%) compared to
the ipilimumab group (61.7%). In the phase III CheckMate 214 trial, the combination of
nivolumab with ipilimumab was tested against sunitinib alone [21,27,92]. According to
the criterion from the International Metastatic RCC Database Consortium (IMDC), inter-
mediate and poor-risk patients receiving nivolumab + ipilimumab had a survival rate of
75% at 18-months compared to a 60% survival rate at 18 months for sunitinib. The ORR
was 42% for the group treated with nivolumab plus ipilimumab, compared to 27% for the
group treated with sunitinib. The CR was 9% and 1% in the combination and monotherapy,
respectively. In the follow-up study, the nivolumab plus ipilimumab combination had a
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superior OS to the sunitinib therapy within the intermediate and poor-risk and intent to
treat patients.

Because anti-VEGF treatment was found to have immunomodulatory effects on differ-
ent types of immune cells, including myeloid cells and regulatory T cells (Treg) [93-96],
clinical trials with the combination of ICIs and anti-VEGF agents were investigated in
RCC. In an open-label phase III trial (Keynote 426), 861 patients with previously untreated
advanced ccRCC were assigned to either axitinib plus pembrolizumab (anti-PD-1) or suni-
tinib alone group [25,97,98]. The 1-year survival rate was 89.9% for the combination group
compared to 78.3% for the sunitinib alone. The median PFS for the combination treatment
was also significantly higher than the sunitinib alone group (15.1 months vs. 11.1 months).
The ORR was 59.3% and 35.7%, respectively. The study revealed that patients treated with
axitinib plus pembrolizumab demonstrated a better response in all three IMDC risk groups,
regardless of PD-L1 expression. Another clinical trial (Clear/Keynote 581) confirmed the
superior efficacy of the combination of pembrolizumab (anti-PD-1) plus lenvatinib—a TKI
targeting RET, KIT, PDGFR, and VEGFRs—over everolimus [26]. In this phase III trial, 1069
untreated patients with ccRCC were assigned to pembrolizumab plus lenvatinib, lenvatinib
plus everolimus, or sunitinib at a 1:1:1 ratio. The ORR was 71%, 53.5%, and 36.1%, and the
median PFS was 23.9 months, 14.7 months, and 9.2 months for the experimental arms of
pembrolizumab plus lenvatinib, lenvatinib plus everolimus, and sunitinib, respectively.
Encouraging results were also obtained in the CheckMate 9ER trial where 651 untreated
patients with advanced ccRCC were assigned to treatment with either Nivolumab (240 mg
every 2 weeks) plus cabozantinib (40 mg once daily)—a TKI targeting AXL, RET, MET, TIE-
2, and VEGFRs—or sunitinib (50 mg once daily for 4 weeks of each 6-week cycle) [22,99].
This phase III study showed that the combination significantly improved PFS and OS as
compared to sunitinib alone. At 18.1 months of median follow-up, patients who received
the combination had a median of 16.6 months of PFS with a 55.7% ORR, whereas those who
received sunitinib alone had a median PFS of 8.3 months and a 27.1% ORR. At 12 months,
the probability of OS was higher in the combination arm (85.7%) compared to those in the
control arm (75.6%). The clinical benefit of the nivolumab and cabozantinib over sunitinib
was observed regardless of PD-L1 expression.

The JAVELIN Renal 101 trial compared the combination of avelumab (anti-PD-L1) plus
axitinib with sunitinib alone [23,100,101]. Patients with PD-L1 positive tumors (as defined
by >1% of immune cells immunohistochemistry (IHC)-staining positive within the tested
tumor area) showed a median PFS of 13.8 months for the combination therapy compared to
7.2 months for the sunitinib alone. The ORR was 55.2% and 25.5%, respectively. This study
showed that avelumab plus axitinib could be an effective therapy for patients with PD-L1
positive ccRCC. However, the follow-up study on biomarker analysis revealed that the
expression of PD-L1 was not correlated with a better response and PFS in patients receiving
avelumab plus axitinib [33]. Another approved combination therapy for metastatic RCC is
atezolizumab (anti-PD-L1) with bevacizumab—a monoclonal antibody targeting VEGFA.
In the phase III study (IMmotion 151), patients were randomly assigned to atezolizumab
with bevacizumab or sunitinib alone [24,30]. The median PFS survival was 11.2 and
7.7 months for the PD-L1 positive population (as defined by >1% of immune cells IHC-
staining positive within the tested tumor area), tested with atezolizumab plus bevacizumab
or sunitinib alone, respectively. There was a difference in OS, but the patients experienced
fewer treatment-related adverse events.

Altogether, based on clinical trials and publications, the clinical benefit of immune
checkpoint inhibitors and their combination with anti-angiogenic agents is evident in both
untreated and treated patients with advanced ccRCC. Clinically relevant results from the
phase III clinical trials are summarized in Table 1.
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Table 1. Updated phase III clinical trials investigating immunotherapies for advanced ccRCC.

Study Name Identifier Agent Target Total ORR TRAE 3+ Citations
CheckMate 025*  NCT01668784  Nivolumab PD-1 821 23% 19% [15,89]
Nivolumab PD-1
CheckMate 214 NCT02231749 ng?niﬁaab CTLA4 1096 39.1% 47.9% [21,27,102]
. Atezolizumab PD-L1
IMmotion 151 NCT02420821 0" VEGE 915 37% 40% [24,30]
Avelumab PD-L1
JAVELIN Renal 101 NCT02684006 oo RTK 886 52.5% 71.2% [23,101,103]
Pembrolizumab PD-1 o o
CLEAR NCTO2811861 102 RTK 1069 71% 82.4% [26]
Pembrolizumab ~ PD-1
Keynote426  NCT02853331 0 0™ RIK 861 60.4% 66.4% [25,97,98]
Nivolumab PD-1 o
CheckMate 9ER ~ NCT03141177 10 " RTK 651 56.6% 75.3% [22]

* This study used Everolimus as a control arm. Other studies used Sunitinib as a control arm. Abbreviation: ORR; objective response rate,
TRAE; treatment-related adverse event, RTK; receptor tyrosine kinase.

2.4. Ongoing Clinical Trials

Table 2 summarizes the ongoing phase III clinical trials that cover a wide range
of critical issues, including the efficacy of newly developed ICIs, the role of immune
checkpoint in the previously established experimental arms, the efficacy of ICI as adjuvant
therapy on the rate of recurrence following nephrectomy [104-106], and the effect of salvage
ICI following progression on ICI treatment [107]. In addition, other studies are also testing
the role of small molecules inhibitors in combination immunotherapy [108], the effect of
IL-2 in combination with ICI [109], the efficacy of ICI on brain metastasis [110], and the
optimal sequence of ICIs [111].

Briefly, the COSMIC-313 study is now being conducted to evaluate the efficacy of
cabozantinib in combination with nivolumab and ipilimumab as the first therapy using a
triplet. The study is designed to determine whether the addition of cabozantinib leads to
clinical benefit over the combination of the ICIs as far as patient’s PFS and OS. PDIGREE is
another clinical trial investigating the therapeutic role of cabozantinib in patients who have
completed receiving nivolumab and ipilimumab therapy. PIVOT-09 is being conducted to
examine the effect of bempegaldesleukin (IL-2 agonist) in combination with nivolumab
versus either sunitinib or cabozantinib, and this clinical trial will compare the ORR and OS
in an intermediate or poor-risk group of untreated ccRCC patients.

Another study (NCT04736706) will determine the efficacy, safety, and the specific
role of belzutifan (HIF-2 inhibitor) [115] and quavonlimab (anti-CTLA-4) in combination
with pembrolizumab and lenvatinib. Clinical trials of RAMPART, CheckMate 914, IM-
motion010, and NCT03055013, will determine the post-surgical clinical benefit of ICIs
(anti-PD1/PD-L1 and/or anti-CTLA-4) versus active monitoring in patients with partial
or total nephrectomy. NCT04510597 will study the role of cytoreductive nephrectomy in
combination with systemic ICI in ccRCC patients. CheckMate-67T is being conducted to
study the efficacy, safety, and tolerability of nivolumab when patients are given the ICI
subcutaneously. NCT04157985 will determine the optimal treatment duration of anti-PD-1
and PD-L1 therapies.

In summary, clinical evidence is sufficient to demonstrate that ccRCC is highly im-
munogenic and has great potential for durable response to immunotherapy. The next
step is to solve the riddle of why only some patients have clinical benefits during ICI
treatment, while others show intrinsic or acquired resistance to ICIs and ensuing disease
progression and poor prognosis. Various molecular features of ccRCC obtained from bulk
multi-omics approaches cannot precisely predict patients’ prognosis and clinical response
to ICI, at least in part due to the substantial heterogeneity in immune cell contents in ccRCC.
scRNAseq is the most comprehensive tool to study immune cells at the genome-wide and
single-cell levels in order to uncover immune cell heterogeneity. Using scRNAseq to define
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the complex ccRCC immune microenvironment offers unique opportunity to elucidate
potential mechanisms and/or markers for response to ICI therapy, as well as possible
targets for improving response rates to IClIs.

Table 2. Ongoing phase III clinical trials investigating immunotherapies for advanced ccRCC.

Study Name Identifier Agent Target Control
Nivolumab PD-1
COSMIC-313 NCT03937219 [108] Ipilimumab CTLA-4 Nivolumab and Ipilimumab
Cabozantinib RTK
Bempegaldesleukin IL-2 agonist Sunitinib
na NCT03729245 [109] Nivolumab P Cabozantinib
Keynote 564 NCT03142334 [105] Pembrolizumab PD-1 Placebo
Contact 03 NCT04338269 [107] Atezolizumab PD-LL Cabozantinib
IMmotion 010 NCT03024996 [106] Atezolizumab PD-L1 Placebo following nephrectomy
PDIGREE NCT03793166 [111] CI\aI}iJvo(;l;inti?\}i)b ]I){I%(] Nivolumab following Nivolumab and Ipilimumab
CheckMate 914 NCT03138512 [104] Iﬁﬁ;?nlﬁﬁzbb CI";]I?:- 4 Placebo following nephrectomy
PROSPER NCT03055013 [112] Nivolumab PD-1 Monitoring after nephrectomy
Nivolumab PD-1 This clinical trial examines the safety of ICI in RCC patients with
CheckMate 920 NCT02982954 [113] Ipilimumab CTLA-4 either brain metastasis or Karnofsky Performance Status 50-60%
Pembrolizumab PD-1
na NCT04736706 Quavonlimab CTLA4 Pembrolizumab and lenvatinib
Lenvatinib RTK
Belzutifan HIF2
na NCT04523272 AgB2450 PR Sunitinib
na NCT04394975 Toripatimab o Sunitinib
Nivolumab PD-1 .
na NCT03873402 Ipilimumab CTLA-4 Nivolumab
y Durvalumab PD-1 -
RAMPART NCT03288532 [114] Tremelimumab CTLA-A4 Monitoring after nephrectomy
CheckMate 67T NCT04810078 Nivolumab PD-1 This clinical trial examines the safefylanq efficacy of
subcutaneous Nivolumab injection
Nivolumab PD-1 This el il he eff ; 4
Pembrolizumab PD-1 is clinical trial examines the efficacy of cytoreductive
PROBE NCT04510597 Axitinib RTK nephrectomy in combination with ICT
Avelumab PD-L1
Nivolumab PD-1
na NCT04157985 Pi‘;ﬁ;’.}i\ﬁﬁ)ﬂb CI"I)']BI-&- 4 This clinical trial examines the length of treatment with ICI.
Atezolizumab PD-L1

Abbreviation: ICI; immune checkpoint inhibitor, RTK; receptor tyrosine kinase, na; not applicable.

3. Single-Cell Genomics to Study the Tumor Microenvironment

Single-cell genomics determines the genetic, epigenetic, or chromatin structure infor-
mation at the single cell level with optimized next-generation sequencing (NGS) technolo-
gies. scRNAseq has become a potent tool to provide a higher resolution of the transcriptome
for individual cells. scRNAseq can be used to study the cellular heterogeneity for given
tissues to identify a rare and novel cell population that would not be detected by conven-
tional methods, to determine cell state transitions affected by intrinsic and extrinsic stimuli,
to understand differential genes/pathway alterations between cell populations, and to
explore the clonal status of T or B cells when combined with T or B cell receptor sequencing,
etc. [116,117]

Here we summarize published studies adopting scRNAseq technology with a fo-
cus on cancer immunology of ccRCC (Table 3). We will introduce some basic concepts
and common processes of scRNAseq technology, including scRNAseq library prepara-
tion and common computational analyses. In detail, single-cell analysis technologies,
including scRNAseq, and their applications in cancer immunology have been previously
reviewed in detail [51,117]. Different scRNAseq library preparation methods have been
reviewed [118,119]. Current studies applying scRNAseq technology to RCC have largely
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adopted a droplet-based platform provided by 10x Genomics. As such, we mainly focus
on a droplet-based microfluidic system for scRNAseq library preparation.

Table 3. scRNAseq studies identifying and characterizing immune environment associated with ccRCC progression and

response to ICIL.

Patient Number Control Group Experimental Group Cell Number Platform Citation
10x Genomics
3 PB ccRCC 25,688 droplet-based [58]
10x Genomics
11 ANT ccRCC 163,905 droplet-based [61]
10x Genomics
9 ANT ccRCC 29,131 droplet-based [56]
10x Genomics
13 ANT Advance stages of ccRCC 164,722 droplet-based [60]
. . Primary and metastatic .
Primary and metastatic 10x Genomics
8 ccRCC (LN), ICT-untreated ccRCC (LN, lung, abdomen), 34,326 droplet-based (5]
ICI-treated
ANT and primary ccRCC, PB, ANT’ and mu1t1-reg1qns 10x Genomics
6 ICl-untreated of primary and metastatic 167,283 droplet-based [55]
ccRCC (LN), ICI-treated P
PB and multi-regions of
PB and multi-regions of primary and metastatic 10x Genomics
2 primary ccRCC, ccRCC (adrenal gland, bone, 26,456 [38]

ICI-untreated

nephrectomy bed),

droplet-based

ICI-treated

Abbreviation: scRNAseq; single-cell RNA sequencing, ICI; immune checkpoint inhibitor, LN; lymph node, ccRCC; clear cell renal cell
carcinoma, PB; peripheral blood, ANT; adjacent non-tumor tissue.

3.1. Basic Concept and Experiment-Related Workflow of Microfluidic-Based scRNAseq

Microfluidic droplet-based scRNAseq has been used as one of the useful platforms
to study single-cells in cancer immunology [118-120]. The droplet-based microfluidic
system does not necessarily need cell sorting but needs high viability cells for preserving
molecular states and reads either 3’ or 5’ end of the transcripts with barcoding and unique
molecular identifier (UMI) tagging [118-120]. Droplet-based scRNAseq is characterized
by high cellular resolution, low amplification noise, and high cost-effectiveness for the
transcriptome quantification of large numbers of cells [118-120]. Also, it is more suitable
for the identification of diverse cell types and measurement of gene expression changes
between conditions [118-120].

The microfluidic system automates parallel sample partitioning and captures the
single cells into individual oil droplets containing uniquely barcoded beads called Gel
Beads-In Emulsions (GEM) [118,120]. Poly(A) tail at the 3’ end of RNA extracted from a
single-cell in an individual GEM is bound to millions of the barcoded oligonucleotides with
high capture efficiency and reverse transcribed to the first strand of DNA. Subsequently,
a second strand synthesizing process and a PCR amplifying process are conducted to
generate analysis-ready transcriptomes on a cell-by-cell basis from the complementary
DNA (cDNA) libraries [120]. Illumina sequencer is widely used for library sequencing,
including published ccRCC scRNAseq studies. The directed 5 or 3’ chemistry allows for
98 base pair sequencing, limiting the mutational analysis of sequences. Cell Ranger from
10x Genomics, one of the frequently used computational pipelines for handling raw data
files, provides wrapper functions that support the packages required for the raw data
pre-processing pipeline [118].

After data pre-processing, including quality control, sequence alignment, and quantifi-
cation of the raw sequence, a gene expression matrix is generated from the reads mapped
to exon regions with high mapping quality. R toolkit Seurat has been used for the data
processing, generating the Seurat object as an input file for subsequent processes [121].
Bioconductor-based workflow and Scanpy are also popular toolkits for R and python users,
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respectively [122,123]. Data analysis and visualization follow a standard preprocessing
workflow that includes selection and filtration of cells based on quality control, data nor-
malizatio