
mdpi.com/journal/cancers

Special Issue Reprint

Clear Cell Renal Cell 
Carcinoma 2022–2023

Edited by 

José I. López and Claudia Manini



Clear Cell Renal Cell Carcinoma
2022–2023





Clear Cell Renal Cell Carcinoma
2022–2023

Editors
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Claudia Manini, Estı́baliz López-Fernández, Gorka Larrinaga and José I. López
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Clear cell renal cell carcinoma (CCRCC), by far the most common renal cancer subtype,
is an aggressive tumor variant, serving in recent years as a prolific test bench in cancer
research. Many of the recent advances in our knowledge about intratumor heterogeneity,
tumor evolution, eco-oncology, metastatic competence, and therapeutic resistance have
been achieved by analyzing this neoplasm [1–3]. The varied spectrum of papers collected
in this Special Issue, composed of five articles, six reviews, one systematic review, and one
commentary, confirms this fact.

Here, basic researchers and clinicians from Italy, Japan, USA, Spain, South Africa,
Sweden, Romania, and Germany present their findings from very different perspectives,
i.e., the role of the complement system in the immune background of tumors [4], imaging-
based biomarker identification [5], the relevance of the immune microenvironment [6,7],
the influence of clock genes and the circadian rhythm in tumor therapy [8], the morpho-
logical/molecular characteristics of cystic CCRCCs [9], the single-cell RNA-sequencing
signature of primary and metastatic neoplasms [10], an extensive review of tumor biomark-
ers in CCRCC [11], the nitric oxide cycle-related pathways of this tumor [12], the current
trends and complications of partial and radical nephrectomy in CCRCC [13], the characteris-
tics of the intratumor immune heterogeneity in non-metastatic tumors [14], the importance
of NPC1 targeting in CCRCC [15], and a comparison between the efficacy of immune
checkpoint inhibitors (ICI) and tyrosine kinase inhibitors (TKI)/everolimus in the adjuvant
therapy of CCRCC [16].

Panebianco et al. [4] review the role of the complement system (CS) in fostering the
growth and progression of CCRCC through its interaction with the tumor microenvi-
ronment. The authors detail first the physiology of the CS, including the canonical and
non-canonical pathways of complement activation and its negative regulators. Then, they
analyze the role of the CS in cancer in general and in CCRCC in particular. Finally, the CS
as a possible target in cancer therapy is considered. They conclude that CS may represent a
predictive marker in the evaluation of immune checkpoint inhibitors-based therapies.

Posada Calderon et al. [5] focus on the difficulties of distinguishing renal cell carcinoma
from other renal diseases based on current techniques of imaging. Magnetic resonance
imaging (MRI) and positron emission tomography (PET)/CT using different radiolabeled
molecules such as 18F-fluorodeoxyglucose, 124I-cG250, radiolabeled prostate-specific mem-
brane antigen, and 11C-acetate, together with a computational approach to CT images,
are unveiling some data; however, in the opinion of the authors, these data still require
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standardization and external validation before their integration into clinical practice. In this
sense, recent research proposes two new feature selection strategies in the interpretation of
radiomics studies to predict molecular and clinical targets in CCRCC [17].

In their first contribution to this Special Issue, Shapiro et al. [7] review the complexity
of the immune microenvironment in renal cell carcinomas with special focus on CCRCC.
The authors contextualize the issue starting with the immune response to cancer in general
and the cells involved in the tumor immune microenvironment. Then, they follow with
the characteristics of the immune environment in renal cancer, paying special attention
to the different lymphocyte subsets involved and to tumor-associated macrophages. The
role of tumor neoantigens and the genomic correlations with the immune response, as
well as the predictive and prognostic ability of the immune microenvironment in CCRCC
survival, have been also considered in their review. They conclude by emphasizing the
critical importance of the tumor immune microenvironment in the understanding of the
still hidden mechanisms operating in this neoplasm.

CCRCC exhibits resistance to standard chemotherapy, and the objective of current
first-line therapies is to control tumor angiogenesis via tyrosine TKIs and to inhibit immune
checkpoints through ICIs [18], which indicates the importance of the tumor microenvi-
ronment (TME) in the intricate biology of the CCRCC ecosystem. The interplay between
cancer-associated fibroblasts (CAF), a predominant constituent of tumor stroma, and im-
mune cells in the TME emerges as a decisive factor in CCRCC progression and in therapeutic
responsiveness [19–21]. Through cytokine secretion, CAFs have the capability to induce
the differentiation of M2 macrophages and attenuate the cytotoxic capacity of CD8 cells,
fostering an immunosuppressive milieu [19,22]. In addition, CAFs’ remodeling actions
on the extracellular matrix impede the arrival of tumor-killing immune cells [22]. CAFs
exhibit abundant expression of fibroblast activation protein-α (FAP) [23], a key player in
these biological phenomena [22]. Both mRNA and immunohistochemical FAP expression
in CAFs correlate with poor prognosis and limited response to TKIs and ICIs [20,21,24].
Current evidence suggests that FAP is a promising biomarker and a target for histopatho-
logical imaging, advanced radio-diagnostics, and emerging therapeutic modalities [25]. As
a recent example of diagnostic usefulness, FAP+ CAFs specifically concentrate at the point
of stromal invasion in colonic biopsies with uncertain invasion, thus helping in diagnosing
adenocarcinoma microinvasion [26].

In a very interesting article, Fujita et al. [6] analyze the association of the tumor immune
microenvironment in the primary tumor with the intervals of metastases. For this pur-
pose, the authors considered synchronous (metastases within 3 months) and metachronous
(metastases after 3 months) CCRCC in a series of 568 patients. They found that PD-L1
expression in tumor-infiltrating immune cells and immunophenotypes of the primary
tumor were different according to the time recurrence, with the increased PD-L1 expres-
sion and the inflamed phenotypes being associated with shorter recurrences and tumor
aggressiveness. These findings agree with previous experiences with inflamed [27] and
PD-L1+ [28] CCRCC.

The circadian rhythm is involved in the regulation of cellular differentiation and
physiology. Santoni et al. [8] revisit the influence of the altered expression of clock genes
on the onset of cancer. The authors first consider the role of clock genes in cancer focusing
specifically on renal cell carcinoma tumorigenesis and prognosis. They also analyze the
circadian variations in cytokines and chemokines and their influence on the efficacy of im-
munotherapy and targeted therapy. They conclude that the role of the circadian clock genes
in patients with renal cell carcinoma deserves further investigation since they represent
potential therapeutic targets.

Pini et al. [9] review the morphological and molecular characteristics of cystic clear cell
renal cell carcinomas. They point specifically to CCRCC with cystic changes, multilocular
CCRCC, and clear cell papillary renal cell carcinomas. This short review provides useful
criteria for pathologists when making a differential diagnosis in daily practice. The review
includes a complete list of references on this topic.
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A review of the recent advances in single-cell RNA-sequencing of CCRCC (primary
and metastatic) [10] shows the importance of new tools in unveiling cancer biology. The
authors revisit the origin of tumor cells in CCRCC, the transcriptomic identity of metasta-
sizing cells, the role of the tumor microenvironment, immune and non-immune, in cancer
progression, and the treatment opportunities of metastatic and non-metastatic CCRCCs.

Since CCRCC is a paradigm of intratumor heterogeneity, the selection of the best
treatment modality in every CCRCC patient is a difficult task. In a systematic review, Dani
et al. [11] present valuable insights into the spectrum of biomarkers available in predicting
treatment response, prognosis, and therapeutic monitoring in patients with metastatic
disease. The authors revisit retrospective studies and analyze prospective options in
immunotherapy, VEGF-TKIs, and mTOR treatment strategies.

Ene et al. [12] analyze the role of the nitric oxide (NO) in the therapy of CCRCC.
The authors review fundamental aspects such as the disruption of NO homeostasis, the
dysregulation ureagenic cycle, the upregulation of glutamine, the cellular depletion of
arginine, hyperammonemia, the reduction in branched-chain amino acids, the inactivation
of VHL and the accumulation of HIFs, and the endogenous inhibition of NO synthesis.

Surgical trends and complications in partial and radical nephrectomy are reviewed
by Pyrgidis et al. [13], using the GeRmAn Nationwide Inpatient Data provided by the
Research Data Center of the Federal Bureau of Statistics of Germany between 2005 and
2021. The authors compare the perioperative morbidity, mortality, hospital stay, and costs
between patients who underwent partial and radical nephrectomies. They show that the
number of partial nephrectomies increased in this period. The authors detect an increment
in comorbidities and risk factors in patients selected for radical nephrectomy. For example,
statistically significant differences were detected in several clinical complications, such as
transfusion, sepsis, acute respiratory failure, acute kidney disease, thromboembolism, ileus,
surgical wound infection, 30-day mortality, and intensive care unit admission, between the
two groups.

The second contribution of Shapiro et al. [14] points to the immune cell infiltration
heterogeneity in non-metastatic CCRCC. The authors find that an increased number of CD8
cells within the tumor is associated with a decreased likelihood of progression to metastatic
disease. In addition, they find that CD8 cells situated in close proximity to tumor cells are a
sign of non-metastatic evolution in these patients. These findings strengthen the role of
CD8 cells as a prognostic biomarker in CCRCC.

Proliferating cancer cells have greater requirements for cholesterol than non-tumor
cells, and Fazliyeva et al. [15] show in their study that CCRCC cells have redundant
mechanisms of cholesterol acquisition; for example, all major lipoproteins have comparable
ability to support tumor cell growth and are equally effective in counteracting the antitumor
activity of TKIs. Interestingly, the endolysosomal cholesterol transport regulated by the
Niemann–Pick type C1 (NPC1) protein is a therapeutic target because this is a point where
lipoproteins-derived cholesterol trafficking routes converge and may be simultaneously
targeted in CCRCC patients.

Ossato et al. [16] aim in their study to compare the efficacy of mTOR, TKI, and CI
inhibition therapies in metastatic CCRCC using a reconstruction of individual patient data
from Kaplan–Meier curves. This novel approach allowed the authors to conduct all indirect
head-to-head comparisons between these agents in a context in which no ‘real’ comparative
trials have been conducted.

To conclude, this Special Issue comprises the recent experience of basic researchers
and clinicians in several key issues of CCRCC pathogenesis, evolution, and treatment
modalities that currently impact patient prognosis. Once more, the convenience of promot-
ing multidisciplinary and translational approaches in cancer research is highlighted using
CCRCC as a test bench.
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Simple Summary: In recent years the first-line treatment of advanced renal cancer cell was imple-
mented by new combination strategy. However, despite numerous research efforts, the choice of the
type of treatment is still entrusted to clinical parameters. In this review we deepened the role of the
complement system (CS) as a prognostic and predictive marker in kidney cancer. In particular, we
described the physiology of the CS, its interaction with the tumor microenvironment and its role in
oncogenesis and tumor progression. Based on the data reported in the literature, we concluded that
the CS has a negative prognostic role in this pathology and its predictive role of response to immune-
checkpoint inhibitors should be tested in prospective studies in order to optimize personalization of
treatment for our patients, with the aim of reducing toxicity.

Abstract: In recent years, the first-line available therapeutic options for metastatic renal cell carcinoma
(mRCC) have radically changed with the introduction into clinical practice of new immune checkpoint
inhibitor (ICI)-based combinations. Many efforts are focusing on identifying novel prognostic and
predictive markers in this setting. The complement system (CS) plays a central role in promoting
the growth and progression of mRCC. In particular, mRCC has been defined as an “aggressive
complement tumor”, which encompasses a group of malignancies with poor prognosie and highly
expressed complement components. Several preclinical and retrospective studies have demonstrated
the negative prognostic role of the complement in mRCC; however, there is little evidence on its
possible role as a predictor of the response to ICIs. The purpose of this review is to explore more
deeply the physio-pathological role of the complement in the development of RCC and its possible
future use in clinical practice as a prognostic and predictive factor.

Keywords: mRCC; complement; classical pathway; “aggressive complement” tumor; biomarkers;
immunotherapy

1. Introduction

In recent years, we have witnessed a change in the implementation of first-line treat-
ment options for metastatic renal cell carcinoma (mRCC), with the introduction into clinical
practice of two different immune checkpoint inhibitor (ICI)-based combinations, not directly
compared to each other: the dual ICI regimen of ipilimumab + nivolumab (Ipi/Nivo) [1]
or combinations of an ICI plus a VEGFR tyrosine kinase inhibitor (ICI + TKI) [2–5]. All
the pivotal studies leading to the approval of ICI-based combinations stratified patients

Cancers 2024, 16, 490. https://doi.org/10.3390/cancers16030490 https://www.mdpi.com/journal/cancers
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according to the International Metastatic RCC Database Consortium (IMDC) prognostic
risk score, which relies only on clinical features [6]. Therefore, one of the main goals of
the translational research aims at identifying new prognostic and predictive biomarkers
of mRCC in tumor tissue, in order to select at diagnosis the patients who would benefit
more from ICI rather than TKI. The identification of new biomarkers is essential for a better
characterization of this disease and a tailored treatment selection [7–13]. One of the aspects
that research has deepened in terms of RCC is the role of the complement system (CS) as a
modulator of the tumor microenvironment (TME) and a possible prognostic and predictive
factor in RCC. In fact, there is considerable evidence that the CS could play a key role in
RCC progression and metastatization [14,15]. Roumenia et al. identified RCC as part of the
so-called “aggressive complement tumors”, which are characterized by a high expression
of the complement components of the classical and alternative pathways and are associated
with a worse prognosis [16]. Moreover, some preclinical studies evaluated the predictive
role of the CS in mRCC as an immune-sensitive marker [17,18].

The purpose of this review is to elucidate the role of the complement in the TME,
particularly in RCC, and to evaluate its possible use as a prognostic and predictive factor of
response to ICI-based combinations.

2. The Physiology of the Complement System

The complement was first discovered in 1996 by Jules Bordet. The scientist did not
observe bacterial lysis when serum containing antibodies against bacteria, preheated to a
temperature of 56 ◦C, was incubated with the pathogens. Therefore, since it was already
known that antibodies are heat-resistant, he hypothesized the presence of an additional
heat-labile serum component that could assist the action of the antibody-mediated ly-
sis, which was named the “complement” [19]. The complement system (CS) involves
about 50 constituents, such as pattern recognition molecules (PRM), protein components,
proteases, regulators, and cell surface receptors [20], which are produced mostly by the
liver [21]. At the beginning, the CS was considered part of innate immunity due to the
important role it plays in opsonization, chemotaxis, the lysis of pathogens, and inflamma-
tion. However, new evidence shows that the CS acts as a bridge between our innate and
adaptive immunity, as it is able to increase the antibody response, promote the T cell re-
sponse, eliminate self-reactive B cells, and enhance immunologic memory. In addition, the
CS maintains cell homeostasis by eliminating cellular debris and immune complexes [22].
The activation of the complement occurs according to a mechanism called a “cascade” with
sequential activation of the various components that circulate in inactive form (zymogens).
The CS can be activated in canonical and non-canonical manners [14].

2.1. Canonical Pathways of Complement Activation

There are three canonical pathways of complement activation: classical, alternative,
and lectin-driven. All three canonical pathways lead first to the formation of C3 convertase,
which, in turn, cleaves C3 into two proteins (C3a and C3b). C3b is part of the C5 convertase
that cleaves the C5 protein into C5a and C5b. C5b binds C6 and C7, forming the C5b,6,7
complex. C7, which is a hydrophobic protein, allows the insertion of the C5b,6,7 complex
into the lipid double layer of the microbial membrane, where it becomes a receptor for C8
(complex C5b–8). The last step in the formation of the membrane attack complex (MAC)
is the binding of the complex C5b–8 with C9. Then, the complex C5b–9 polymerizes and
forms a pore in the bacterial membrane, which ultimately leads to the lysis of the cell
(Figure 1).
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Figure 1. Canonical pathways of the complement activation and interaction of the coagulation system
with the CS. Abbreviations. C1 INH, C1 inhibitor; DAF, decay-accelerating factor, or CD55, cluster of
differentiation 55; C4BP, C4, binding protein; MCP, membrane cofactor protein, or CD46, cluster of
differentiation 46; FH, factor H; FD, factor D; FI, factor I; MAC, membrane attack complex.

2.1.1. Classical Pathway

Classical pathway (CP) activation starts with the binding of the C1 fraction to the
constant immunoglobulin domains IgG and IgM complexed to the antigen. The C1 fraction
is a protein complex composed of C1q, C1r, and C1s subunits: C1q is assigned to the
antibody binding, while C1r and C1s have protease activity. The binding of C1q to the
immunoglobulins’ Fc region leads to the activation of C1r, which cleaves and activates C1s.
C1s cleaves the next component of the complement cascade, the C4 fraction, generating C4a
and C4b fragments: the first is released in the fluid phase, while the second will bind on
the microbial surface. Another important component is the C2 fraction, which is cleaved by
C1s after the binding with the C4b fragment, generating soluble C2b and C2a. C2a remains
physically associated with the C4b fragment bound to the microbial surface. The complex
C4b2a represents the C3 convertase of the CP [23] (Figure 1).

2.1.2. Lectin Pathway

The lectin pathway (LP) is antibody-independent. It is activated by the interaction of
microbial polysaccharides with circulating lectins such as mannose-binding lectin (MBL).
MBL interacts with the associated serine protease (MASP), whose members are MASP-1,
MASP-2, and MASP-3. MASP proteins have a homologous structure to that of the C1r and
C1s proteases of the C1 fraction and perform very similar functions. The protein MASP-1
can form a tetrameric complex with MASP-2 similar to that formed by the subunits C1r
and C1s; specifically, MASP-2 cleaves C4 and C2. The events resulting from this reaction
are identical to those occurring in the classical pathway [24] (Figure 1).

2.1.3. Alternative Pathway

The alternative pathway (AP) is activated by direct C3 binding to the bacterial wall or
antibodies. C3 proteolysis forms C3b, which covalently binds to the microbial surface. This
bond induces exposure to an additional binding site for factor B (FB). FB, which binds to
C3b, is cleaved by a plasma serine protease called factor D (FD). The cleavage generates a
small fragment called Ba and a large fragment called Bb that remains linked to C3b. The
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C3bBb complex represents the C3 convertase of the AP. C3b fragments, generated by the
cleavage of C3, can bind to the surface of the microbe or bind to the C3 convertase itself,
leading to the formation of a complex containing a Bb fragment and two C3b fragments
(C5 convertase) [25] (Figure 1).

2.1.4. Anaphylatoxins

C3a, C5a, and C4a represent the anaphylatoxins produced by the activation of the CS.
C4a has been shown to play a possible role in the activity of macrophages and monocytes,
but further studies are needed to discover the receptors and functions of this anaphyla-
toxin [26–28]. C3a and C5a exert their important inflammatory role through the C3aR and
C5aR receptors expressed on the cells of the immune system, such as non-myeloid cells [29].
In particular, C3a and C5a have the following functions: (a) contribute to the activation
of macrophages, eosinophils, and neutrophils by stimulating the production of reactive
oxygen species (ROS); (b) promote chemotaxis; (c) stimulate the release of histamine from
mast cells; (d) and promote vasodilation [29–33]. The role of the C5CL2 receptor, which
binds both C5a and C3a, is still unclear [34].

Anaphylatoxins also play a fundamental role in adaptive immunity. The CR2 receptor,
expressed by B cells, contributes to the activation of B-lymphocytes after interaction with
C3d-opsonized pathogens [35–37]. C3a and C5a are able to modulate the differentiation of
T cells through the production of specific cytokines from the T cells and antigen-presenting
cells (APC) [37,38]. Furthermore, local C3 synthesis by the dendritic cells is necessary to
induce a Th1 response [39].

2.2. Non-Canonical Pathways of Complement Activation
2.2.1. Complement Activation through Coagulation Factors

Several studies have shown the possibility of activating the CS through proteases
belonging to the coagulation system, and vice versa. Moreover, the CS may have both
procoagulant (MAC) and anticoagulant action (C5a) [40] (Figure 1). For example, as
reported in Table 1, factor XII is able to activate C1r and MASP1; thrombin leads to the
activation of MASP1, MASP2, C3, and C4, whereas it inhibits the CS pathway by activating
DAF [41–45]. Table 1 summarizes the interactions between the complement and coagulation
systems.

Table 1. The relationship between the complement and coagulation systems.

Factor Substrate

Action of the
Complement/Coagulation Factor on

the Substrate:
Activated (+)/Inactivated (−)

References

Factor XIIa C1r + [37]

Factor XIII,
Fibrinogen, Fibrin,

Thrombin
MASP1 + [38,40,42,43]

Fibrin, Thrombin MASP2 + [43,46,47]

Thrombin, Factor
VII, Factor IXa,

Factor Xa, Factor
Xia, Kallikrein,

Plasmin

C3 and C5 + [40,48–53]

Platelets C3 + [50,51,54,55]

Thrombin DAF +
(− complement activity) [41]

MAC, C5a Tissue Factor + [56,57]

Complement Heparin - [58]
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2.2.2. Local Complement Production

Although the majority of complement components are produced by the liver, new
evidence has suggested also the local production of C3 and C5. T cells are among the first
discovered to be C3 producers. C3 is expressed in the lysosomes and the endoplasmic
reticulum of resting T lymphocytes. T-cell-expressed protease cathepsin L (CTSL) processes
C3 into biologically active C3a and C3b. “Tonic” intracellular C3a generation is required
for homeostatic T cell survival through mTOR activation. This intracellular CS is defined
as a “complosome” (Figure 2A).

Figure 2. Local complement activation: the fundamental role of “complosome”. (A) T-cell-expressed
protease cathepsin L (CTSL) processes C3 into biologically active C3a and C3b. “Tonic” intracellular
C3a generation is required for homeostatic T cell survival through mTOR activation. This intracellular
CS is defined as “complosome”. (B) As a result of T cell activation, the activated intracellular
complement and complement receptors are secreted by T cells; C3a and C3b bind to C3aR and
CD46 (membrane cofactor protein, MCP), respectively, and promote protective T Helper1 (Th1)
differentiation. The activation of T cell receptors (TCRs) promotes also intracellular C3, C5, FH,
FD secretion. Moreover, intracellular C5 activation (induced by CD46) and stimulation of C5a
receptor 1 (C5aR1) promote pyrin-domain-containing protein 3 (NLRP3) inflammasome assembly,
caspase-1-dependent interleukin-1β secretion, and induction of Th1 functional activation. In the
early stages, CD46 promotes differentiation and expansion of T cells into Th1 effector lymphocytes.
However, in the second phase, CD46, in association with the IL-2 receptor (IL-2R), leads to a Th1
restriction, promoting the secretion of IL-10. This is associated with the expression of C5aR2 via
surface-shuttled C5a/C5a-desArg, which probably has a role in assisting this inhibitory signal. In
addition, a synergistic effect has been observed between Toll-like receptor (TLR) and complement
receptors expressed on the antigen-presenting cells (APCs). Abbreviations. APC, antigen-presenting
cells; CTSL, T-cell-expressed protease cathepsin L; MHC II, major histocompatibility complex class II;
TLR, Toll-like receptor; C3aR, C3a receptor; C5aR, C5a receptor; IL-2R, interleukin-2 receptor; NLRP3,
NLR family pyrin-domain-containing 3.
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As a result of T cell activation, the activated intracellular complement and complement
receptors are secreted by the T cells; C3a and C3b bind to C3aR and CD46 (membrane
cofactor protein, MCP), respectively, and promote protective T Helper1 (Th1) differenti-
ation [27,59,60]. The activation of the T cell receptors (TCRs) promotes also intracellular
C3, C5, FH, and FD secretion. Moreover, intracellular C5 activation (induced by CD46)
and stimulation of C5a receptor 1 (C5aR1) promote pyrin-domain-containing protein 3
(NLRP3) inflammasome assembly, caspase-1-dependent interleukin-1β secretion, and the
induction of Th1 functional activation [61,62]. In the early stages, CD46 promotes the
differentiation and expansion of T cells into Th1 effector lymphocytes. However, in the
second phase, CD46, in association with the IL-2 receptor (IL-2R), leads to a Th1 restriction,
promoting the secretion of IL-10. This is associated with the expression of the C5aR2 via
surface-shuttled C5a/C5a-desArg, which probably has a role in assisting this inhibitory
signal [60,63]. In addition, a synergistic effect has been observed between Toll-like receptor
(TLR) and the complement receptors expressed on the antigen-presenting cells (APCs) [64].
These mechanisms emphasize the importance of paracrine and autocrine complement
secretion in the T-cell/APC interaction (Figure 2B), with the possibility of complement
intracellular storage not being restricted to the immune cells.

2.3. Complement Negative Regulators

Several complement regulators (either soluble or membrane-bound) prevent aberrant
activation of the CS (Figure 1). In particular, the negative regulators of the CS include:

(a) C1 inhibitor (C1 INH) is a competitive inhibitor of the C1r-C1s complex and MASP2
and interferes with the C3b–factor B interaction, blocking the activation of all three
canonical pathways of CS;

(b) C3 and C5 convertase inhibitors: C4b-binding protein (C4BP) controls the activation
at the C4 level of the CP and LP; factor H (FH) competes with FB to C3b-bond;
complement receptor 1 (CR1) is capable of binding both C3b and C4b, displacing
the link with Bb and C2b, and acts as a co-factor for factor I (FI), which degrades the
fragment C3b; membrane cofactor protein (MCP) is capable of binding both C3b and
C4b, displacing the link with Bb and C2b, respectively; and decay-accelerating factor
(DAF) accelerates the decay of C3 convertases.

(c) MAC formation inhibitors: CD59 prevents the binding of the C9 fraction; S protein
binds the C5b,6,7 complex, inhibiting insertion into the membranes; clusterin binds to
C7 and the β-subunit of C8 and C9, inhibiting the correct complex assembly [65–67].

3. Cancer and Complement

The first evidence of an intrinsic interplay between the complement and cancer was
demonstrated with the introduction of rituximab into lymphoma treatment. Rituximab is a
chimeric (murine/human) monoclonal antibody that targets the CD20 receptor, expressed
by the B cells. In particular, rituximab activates the classical pathway of the CS through
the binding of its Fc portion to the C1q component. The activation of the complement
results in the opsonization and lysis of cancer cells and in the recruitment of immune cells
with phagocytic properties (i.e., macrophages and neutrophils) [14,68]. The complement
has a dichotomous role in the tumor microenviroment (TME): in fact, the physiological
complement concentrations activate the immune system’s response to cancer cells, whereas
an aberrant and chronic activation of the CS has been related to an immunosuppressed
TME [69]. Moreover, cancer cells evade the CS’s activity by hyper-expressing negative
complement regulators such as CD35, CD46, CD55, and CD59 [70,71].

Complement proteins are produced in the TME by tumor-infiltrating immune cells and
cancer cells and have access to the TME through vessels [72,73]. Complement activation
is a response to tumor neoantigens and it has been shown to promote growth, progres-
sion, invasiveness, and tumor metastasization [74]. C5a is involved in the recruitment of
myeloid-derived suppressor cells (MDSCs), resulting in suppressed antitumor immune
responses [75]. The MDSCs inhibited the effector T cells, promoted angiogenesis, and were
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associated with an increased expression of immunomodulators such as programmed cell
death 1 ligand 1 (PD-L1), arginase 1 (ARG1), cytotoxic T-lymphocyte antigen 4 (CTLA4),
interleukin 10 (IL-10), IL-6, and lymphocyte-activation gene 3 (LAG3) in a murine model of
lung cancer [76]. In addition, C5a promotes the extrusion of neutrophil extracellular traps
(NETs), which are fibers of extracellular DNA released from the neutrophils. In particular,
the nuclear protein high-mobility group box 1 (HMGB1) seems to be an endogenous stim-
ulus produced by tumor cells that mediates the induction of NETosis in C5a-stimulated
polymorphonuclear MDSCs (PMN-MDSCs). Furthermore, C5a facilitates the migration
of these cells into the tumor, reducing the surface expression of β1 and β3 integrins and
upregulating CD11b, a mediator of leukocyte extravasation [77].

Similar to C5a, C3a is involved in neutrophil recruitment [78]. Specifically, C3aR-
dependent NETosis conduces coagulation and N2 polarization, promoting tumorigenesis.
This shows a novel link between coagulation, neutrophilia, and complement activation [79].
Both C3a and C5a recruit tumor-associated macrophages (TAMs) and determine their
differentiation into an M2-like phenotype, driving the immunosuppression of the T cells
and tumor promotion [80,81]. M2 TAMs produce vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF) chemokines, IL-17, IL-23, TGF-β, and other growth
factors that determine the stimulation of vascular endothelial cell proliferation and the
release of metalloproteases (MMPs), favoring tumor neovascularization, invasiveness, and
progression [82–84].

A new C1q+ TAM subpopulation was recently identified in the TME. The chemokine
CXCL-10, secreted by the C1Q+ TAM, activates and recruits CD8+ and CD4+ T cells,
especially Th1 cells, binding to the receptor CXCR3 expressed by these immune cells.
C1q+ TAM, favors T cell exhaustion. Moreover, C1q seems to perform the following func-
tions: (a) activating an extracellular complement cascade and promoting chronic inflamma-
tion; (b) interacting with the endothelial cells promoting neoangiogenesis; (c) regulating
macrophage polarization through autocrine action, interacting with LAIR1 (Figure 3).

Fibroblasts are also able to secrete C1q-containing exosomes and influence M2-like
macrophage differentiation [85]. Autocrine stimulation of C3aR and C5aR1, expressed in
the tumor cells, promotes tumor proliferation, triggering the phosphoinositide 3-kinase
(PI3K)–AKT pathway [73]. Similarly, the C5b–C9 deposited on the cancer cells activates
signal transduction pathways and induces cell cycle progression [86,87].

With regard to invasiveness and metastatization, both C3a and C5a play a role: C3a in-
hibits the expression of E-caderin, while C5a, through a C5aR1-mediated signal, stimulates
the production of MMPs [88,89]. C3a activates the WNT–β-catenin pathway and enhances
tumor cell proliferation, migration, and stemness in a mouse model with cutaneous squa-
mous cell carcinoma [90].

Long pentraxin (PTX3) has been defined as a possible link between inflammation
and cancer. PTX3 in physiological conditions acts as a functional ancestor of antibodies.
It has an opsonic function via the Fc receptors, activates and regulates the complement
cascade, regulates inflammation, and has a role in vascular biology [91–96]. Particularly,
PTX3 binds C1q, activating the CP of the CS [93,96,97], modulates the LP by interacting
with M-ficolins and MBL [98], and interacts with FH, modulating negatively AP activation
through the recruitment of FH in PTX3-opsonized cells [99]. Therefore, PTX3 can be consid-
ered an oncosuppressor gene able to block complement-induced tumorigenesis. In fact, in
knockout mice lacking the PTX3 gene, major susceptibility to mesenchymal and epithelial
carcinogenesis; complement C3 deposition and higher C5a circulating levels, macrophage
infiltration, cytokine production, and angiogenesis were observed. Therefore, this preclini-
cal model suggests evidence of the central role of PTX3, as driven by complement activated
macrophages, in counteracting tumor progression and of its loss potentially contributing
to TME immunosuppression [100]. Moreover, loss of PTX3 was associated with genetic
instability, contributing to malignant transformation [101].
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Figure 3. Activation of the CS in an RCC microenvironment. The first step is represented by C1q
TAM secretion that contributes to pro-tumoral TAM phenotypes, T cell exhaustion, adhesion of tumor
cells to the extracellular matrix, and neoangiogenesis. RCC cancer cells produce C1r and C1s, leading
to an active C1 complex formation. This, in association with IgG deposits on tumor cells, promotes
the classical pathway of the CS. Tumor cells also secrete the subsequent complement components,
leading to C4 and C3 activation fragment deposition (C4b, C4d and C3b, iC3b, C3d). Moreover,
anaphylatoxins C3a and C5a produced by the activation of the classical pathway modulate tumor
cells and TME. Abbreviations: TAMs, tumor-associated macrophages; mDCs, myeloid dendritic cells.

4. The Prognostic Role of the Complement in Renal Cell Carcinoma

Based on the complement component gene expression analysis from The Cancer
Genome Atlas (TCGA)’s database, four groups of neoplasms were characterized, including
the so-called “aggressive complement” tumors. This group includes kidney renal clear
cell carcinoma (KIRC), lung squamous carcinoma (LUSC), uveal melanoma (UVM), lower-
grade glioma (LGG), and glioblastoma (GBM). The “aggressive complement” cancers
highly express factors of both the classical and alternative pathways, which are significantly
correlated with a worse prognosis [16]. Two important studies investigated the prognostic
role of the C1q, C1s, C3, and C4 components in RCC [102,103]. Roumenia et al. conducted
a study aimed at understanding the activation mechanisms of the CS in RCC and its impact
on patients’ clinical outcome. This study included an analysis of cell culture, mouse models,
three retrospective cohorts of patients (with a total of 303 patients), and a prospective cohort
of 7 patients, affected by stages I–IV ccRCC. Immunohistochemistry analyses of the C1q
expression were conducted. Firstly, tumors were scored into three groups according to
the percentage of C1q non-neoplastic cells: score 0 (weak): <1%; score 1 (intermediate):
1–30%; and score 2 (strong): >30%. Later, given the worse prognosis of patients with a
score of 2 compared to those with scores 0–1, all subsequent evaluations were performed
separating tumors into C1q high (score 2) and C1q low (scores 0 to 1) staining. The same
score was used for the histological coloration criteria of cytoplasmic C4/C3 and C4d/C3d
deposits on the tumor cell membranes. The analysis was first performed on 106 patients
with stages I–IV ccRCC (Cohort 1), which revealed that the expression of C1q was a
significant negative prognostic factor in the overall population, but specifically in patients
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with advanced stage disease (III–IV stages) for both overall survival (OS) (p < 0.002) and
progression-free survival (PFS) (p < 0.004). These findings were then validated using cohorts
2 and 3. Immunofluorescence analysis showed that macrophages were the major cell type
producing C1q in ccRCC tumors (80% of the C1q+-infiltrating cells were CD68+CD163+
macrophages), whereas the tumor cells stained negative for cytoplasmic C1q. Moreover,
the M5 macrophage subtype was the principal C1q productor, associated with exhausted
T cells. In fact, a positive correlation was found between the C1q+ cell density and PD-1
(p = 0.012), as well as LAG3 (p = 0.0008) in the 102 patients of cohort 1. A correlation
between the C1q gene expression and exhausted T cell markers was confirmed in ccRCC
tumors in publicly available transcriptomic data from the TCGA database (n = 537). The
co-localization of IgG deposits and C1q on the surface of the tumor cells (30% of cases)
and the co-localization of C1q with C4d staining (about 50% of samples) demonstrated
in situ CP activation in RCC. Patients with a high density of C4-producing tumor cells
and high C4d deposits had a significantly worse OS (p = 0.007) and PFS (p = 0.013). C1q,
C4, and C4d were independent prognostic factors in both univariate and multivariate
analyses, as opposed to C3 and C3d. Moreover, the ablation of C1q, C4, and C3 in mice was
associated with decreased tumor growth. Impaired vascularization and downregulated
VEGF-C gene expression were observed in a C1q knockout murine model [102]. This study
confirmed the intra-tumoral activation of the CS, thanks to the in loco production of C1q by
the macrophages and given the tumor cells’ secretion of C3 and C4. Of note, C1q seemed
to have a role in the angiogenesis and contributed to an immunosuppressed TME [102].
This study demonstrated for the first time the negative prognostic role of the complement
components in RCC; moreover, it used cellular and animal models to reconstruct the intra-
tumoral biological pathways through which complement activation occurs in RCC. This
was fundamental to understanding the biological rationale behind the negative prognostic
value of the CS, as well as its possible predictive role in identifying patients more likely to
respond to ICIs.

The second study was conducted on three cohorts of patient affected by any stage
of RCC [103]. Cohort 1 was a retrospective series of 82 patients, while cohorts 2 and 3
were prospective and enrolled 26 and 92 patients, respectively. In these two prospective
cohorts, higher plasma C4d levels had a negative prognostic impact in terms of PFS, albeit
not a statistically significant one. A trend between high levels of C4d tissue deposition and
increased plasma C4d was observed in cohort 3. Moreover, co-localization of C1q with
C1s and C4d with C1s indicated the CP of the CS as the main source of C4d deposition.
Furthermore, combining the C4d deposits and C4d plasma values, it was possible to
distinguish patients with a poor prognosis (high/high) from those with an intermediate
(low/high) and good prognosis (low/low), respectively. Based on immunohistochemical
sample examination of cohort 1, patients in the high-C1s group (C1s expressed in >30%
of tumor cells) had a significantly decreased OS (p = 0.006) and PFS (p = 0.004) compared
with those in the low-C1s group (C1s expression < 30%). High levels of C1s expression
were correlated with TNM and metastatic status and they were associated with a worse
prognosis for early disease stages (I and II), but not for advanced RCC (stage III and
IV) in the ccRCC TCGA cohort. No correlation was observed between C1s expression
and Fuhrman grade. These results were confirmed also in cohorts 1 and 3. Moreover,
the prognostic value of C1s was independent regardless of other complement activation
markers, indicating the possible cascade-independent role of C1s. C1s is involved also
in tumor cell proliferation. In fact, silencing of C1S in Caki-1 and A498 cells induced a
decrease in the proliferation capacity. The number of C1s+ cells within the tumor correlated
with increased CD8+ T cell infiltration and PD-1 expression as detected using IHC in
cohort 1, but this was not observed for C4d deposits or plasma C4d and C3, underling the
potentially complement-independent role of C1s in the modulation of the TME [104]. Based
on these results, the authors hypothesized a noncanonical intracellular function of C1s. In
particular, three nonexclusive processes were suggested: (i) tumor cells secreted C1r, C1s,
C3, C4, and C5, which, in association with C1q macrophage production, led to the canonical
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complement cascade activation; (ii) C1s modified the tumor cell transcription program
and phenotype and promoted their proliferation and survival; (iii) a complex synergic
interaction between the C1q-producing tumor cells and T cells was observed. In fact, IFNγ

stimulated the production of C1s. The C1s-expressing tumor cells failed to activate CD4
and CD8 T cells. In contrast, C1s depletion in the tumor cells resulted in the aberrant
expression of MHC class I and alleviated the inability of the tumor cells to activate the CD8
T cells [103]. Therefore, this study suggested that C1s not only took part in the activation of
the classical complement pathway cascade but it also promoted tumor cell proliferation
and would appear to have a role in conditioning tumor immunogenicity (higher T cell
infiltrate and PD-L1 expression). In summary, this second study confirmed the negative
prognostic value of the CS and in particular of C1s, in line with what was previously
reported by Roumenine et al. Moreover, it evaluated for the first time the complement as a
circulating biomarker, showing a correlation between plasmatic CS values and C4d tissue
expression [103].

Based on the results of the previous two studies, a mechanism of classical pathway
activation of the complement in “aggressive complement” tumors has been proposed
(Figure 3). The first step is represented by C1q TAM secretion, which contributes to pro-
tumoral TAM phenotypes, T cell exhaustion, the adhesion of tumor cells to the extracellular
matrix, and neoangiogenesis. RCC cancer cells produce C1r and C1s, leading to an active C1
complex formation. This, in association with the IgG deposits on the tumor cells, promotes
the classical pathway of the CS. Tumor cells also secrete the subsequent complement
components, leading to C4 and C3 activation fragment deposition (C4b, C4d, C3b, iC3b,
C3d). Moreover, the anaphylatoxins C3a and C5a produced by the activation of the classical
pathway modulate the tumor cells and TME [16].

The role of other complement components in ccRCC was explored more deeply. An
Asian study conducted on 272 RCC patients who underwent nephrectomy demonstrated
the negative prognostic impact of high C5a histochemical expression in term of disease-free
survival (DFS) (p = 0.079) and OS (p = 0.011), with a statistical significance for OS observed
only for stages III and IV (p < 0.001) [59].

A more recent study confirmed the negative prognostic significance of a high expres-
sion of C5a in mRCC. This trial included 231 patients that received a TKI (sorafenib or
sunitinib as first-line treatment). All tissue samples analyzed (mainly from nephrectomy
and only a minority from metastases) were obtained prior to the start of TKI treatment.
High immunohistochemical expression of C5a was significantly correlated with a worse
OS and PFS (p = 0.0199 and p = 0.0138, respectively). C5a expression was significantly
correlated with the MMP9 (p = 0.000), vimentin (p = 0.000), tumor PD-L1 (p = 0.001), stromal
PD-L1 (p = 0.002), PD-1 (p = 0.003), and Ki67 (p = 0.000) expression levels. Additionally,
high levels of C5a expression were strongly correlated with resistance to TKI (p < 0.001).
Multivariate analysis identified C5a expression as an independent prognostic factor for
mRCC patient outcomes [105].

Another study clarified the prognostic role of C3, analyzing three gene expression
datasets (GSE36895 contained data from 29 ccRCC tissue samples and 23 tumor adjacent tis-
sue samples; GSE53757 from 72 ccRCC samples and 72 tumor-adjacent samples; GSE66272
from 26 ccRCC samples and 26 tumor-adjacent samples) and a cohort of RCC patients in
the TCGA database. Survival analysis was conducted only for this last cohort. In particular,
C3, FN1, and C3AR1 were all more highly expressed in the RCC tissues (n = 539) than
healthy renal tissues (n = 72) (p < 0.001). However, the protein levels of C3 and FN1, but
not of C3AR1, were significantly higher in the RCC tissues than in normal kidney tissues.
The RCC patients with high C3 or FN1 expression had a poorer OS (all p < 0.05). High C3
expression was also associated with significantly worse relapse-free survival (RFS). C3AR1
had no prognostic value in terms of both OS and RFS [106]. These studies were concordant
and supported the negative prognostic significance of the CS in RCC.

The role of FH, which is part of the AP, was also explored in RCC. From histochemical
tissue examination, the expression of FH was heterogeneous since it was possible to
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recognize both extracellular (mb-FH) and intracellular (int-FH) deposits. The co-localization
of mb-FH with IgG suggested complement activation. Tumor cells were the main cells
staining positive for FH. This study examined four cohorts of patients, three of which
included ccRCC patients. Retrospective cohorts 1 and 2 enrolled a total of 224 patients and
cohort 4 prospectively analyzed 61 patients. Histological analysis was conducted on cohorts
1 and 2, while cohort 4 was considered for plasma analysis. The Mb-FH deposits did not
impact survival, whereas a high int-FH density was significantly correlated with a worse
outcome. FH-silenced ccRCC cell lines were characterized by an alteration in proliferation,
the cell cycle (arrested at G0–G1), morphology, viability, and migration. Int-FH but not
mb-FH seemed to be essential for the tumor cell phenotype. Therefore, int-FH could play a
role as a regulator of complement activation and impact the survival outcomes [107].

PTX3 was evaluated as a prognostic and predictive factor in a prospective cohort of
168 RCC patients. Both in cell lines and tissue samples, PTX3 was more highly expressed
in cancer cells than in healthy ones. Moreover, PTX3 was co-localized with C1q, CD59,
C3aR, and C5R. At time of diagnosis, the PTX3 serum levels were higher in the patients
with RCC compared to healthy controls (p < 0.001) and significantly correlated with a high
Fuhrman grade (G3–4 vs. G1–2 p < 0.01), lymph node involvement (N1 vs. N0 p = 0.0008),
and visceral metastases (M1 vs. M0 p < 0.001). Patients with low baseline PTX3 levels
(<165.0 pg/mL) showed a significantly higher 10-year OS rate as compared with ccRCC
patients with high PTX3 serum levels (73.7% vs. 48.4%, p = 0.002) [108].

Thus, all studies examined (Table 2) were concordat on the negative prognostic value
of different components of the CS, although a prospective, large, and more homogeneous
cohort of patients is required for their validation, and further analyses are highly expected
for assessing their potential role as predictors of response at the immunotherapy stage.

Table 2. Negative prognostic components of the complement system investigated in RCC.

Study

Negative
Prognostic

Complement
Factor Evaluated

Laboratory
Investigation

Patients (n)

Type of Study
[R:

Retrospective;
P: Prospective]

Stage (%) Survival Outcome

L.T.
Roumenina

et al.,
Cancer

Immunol.
Res.,

2019 [102]

C1q
C3
C4

C4d

IHC

Cohort 1: 106 R

I (40)
II (6)

III (41)
IV (14)

C1q
OP: PFS p = 0.008, OS

p = 0.0016
Stage I–II: PFS

p = 0.711, OS p = 0.256
Stage III–IV: PFS
p = 0.00356, OS

p = 0.00198

C4c OP: PFS p =
0.0235, OS p = 0.0299

C4d OP: PFS p = 0.013,
OS p = 0.007

C3 OP: PFS p = 0.0349,
OS p = 0.07

Cohort 2: 154 R

I (40)
II (5)

III (54)
IV (2)

C1q:
Stage I–II: PFS

p = 0.527,
Stage III–IV: PFS

p = 0.0109

Cohort 3: 43 R IV (100)
C1q: PFS p = 0.00276,

OS p = 0.00126
C4d: PFS p = 0.0176
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Table 2. Cont.

Study

Negative
Prognostic

Complement
Factor Evaluated

Laboratory
Investigation

Patients (n)

Type of Study
[R:

Retrospective;
P: Prospective]

Stage (%) Survival Outcome

M.V. Dau-
gan et al.
Cancer

Immunol.
Res.,

2021 [103]

C1s
C4d deposits
Plasma C4d

IHC
IHC

Plasma

Cohort 1: 82 R

I (40)
II (6)

III (39)
IV (15)

C4d deposits OP: PFS
p = 0.00176

Cohort 2: 26 P / Plasma C4d OP: PFS
p = 0.09

Cohort 3:92
(longer FU) P

I (54)
II (8)

III (17)
IV (18)

Plasma C4d OP: PFS
p = 0.0125

Wei Xi et al.
Scientific
Reports,
2016 [59]

C5a IHC 272 R

I (62)
II (8)

III (24)
IV (7)

OP: OS p = 0.011, DFS
p = 0.079

Stage I–II: OS p = 0.845
Stage III–IV: OS

p < 0.001

C.
Yang et al.

IJBM,
2023 [105]

C5a IHC 231 IV OS p = 0.0199, PFS
p = 0.0138

Dong et al.,
BMC

2021 [106]

C3
C3AR1

Transcriptomics
analysis

532
(TCGA-KIRC

dataset)
R

C3 OP: OS p = 0.0004,
RFS p = 0.007

C3AR1 OP: OS
p = 0.204, RFS p = 0.323

Daugan et al.
Cancer

Immunol.
Res.,

2021 [107]

mb-FH
int-FH

IHC

Cohort 1: 133 R

I (0)
II (24)

III (64) IV
(9)

OP mb-FH: DFS
p = 0.14

OP int-FH: DFS
p = 0.004

Cohort 2:91 R

I (5)
II (22)
III (48)
IV (8)

OP mb-FH: PFS
p = 0.226, OS p = 0.627

OP int-FH: PFS
p = 0.0274, OS

p = 0.0727

Netti et al.
Aging

(Albany
NY).

2020 [108]

PTX3 Plasma Cohort 1: 168 R

pT1 (62)
pT2 (14)
pT3 (21)
pT4 (3)

pN+ (20)
cM+ (18)

10-yr OS rate: 73.7%
↓PTX3 vs. 48.4%
↑PTX3, p = 0.002

Abbreviations: IHC, immunohistochemistry; OP, overall population; OS, overall survival; PFS, progression-free
survival; C4d, C4 deposits: RFS, relapse-free survival; DFS, disease-free survival. Up arrows: “high level”; down
arrows: “low level”.

5. The Complement System as a Possible Therapeutic Target

Rees et al. measured the plasma serum levels of some complement components,
including C1q, C3, C5, FB, FD, FH, FI, C3c, sCD59, and s5b-9 (terminal complement
complex—TCC) in a prospective sample of 24 mRCC patients prior to the initiation of
immunotherapy (nivolumab monotherapy or a combination of ipilimumab and nivolumab).
The concentration of plasma complement proteins was correlated with the time to next
treatment (TNT). Patients with FH and FD levels below the cutoff had a worse response to
ICIs, while low levels of both FI and TCC were associated with a better response and longer
TNT. The authors also proposed an algorithm in order to select ICI-sensitive patients: low
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levels of TCC were predictive of the ICI response. In the presence of high TCC values,
high C5 levels determined a good response to ICIs [17]. This study also evaluated a
murine RCC model resistant to ICIs. Mice treated with C3aR1 (SB290157) and C5aR1
(PMX53) inhibitors had reduced tumor growth. The correlation between tumor growth
and complement activation was not evaluated. Genetic deficiencies and pharmacological
blockade of the complement receptors improved TIL function (increased production of IFN-
γ). In conclusion, the complement appears to act as an additional checkpoint in RCC [17].
Although this prospective study enrolled limited series of mRCC patients and did not lead
to robust conclusions, it is of great interest and suggests further prospective investigation
to better clarify the predictive role of the CS in immunotherapy so as to guide treatment
selection in the near future.

Another preclinical study evaluated a double block of both C5a and PD-1 in a syn-
geneic mouse model based on the subcutaneous growth of 393P cells that constitute a
KRAS-driven lung adenocarcinoma. The combination of anti-C5a and anti-PD-1 mono-
clonal antibodies resulted in a significant reduction in tumor growth, showing the syner-
gistic effect of the combined inhibition of both immune checkpoints and the complement,
warranting additional studies for evaluating this potential synergistic therapeutic strat-
egy [18].

6. Discussion

Our review further explored the central role of the CS and in particular the activation
of the CP in RCC. Chronic imbalanced activation of the CS (especially the CP) negatively
modulates the activity of the immune system, leading to an immunosuppressed TME.
This favors tumor growth and progression [109]. A mechanism of complement activity
proposed in RCC considers the C1q-secreting TAMs central in the first step of intra-tumor
complement activation [16,102]. Then, the complex interaction between the tumor cells
secreting the other components of the complement (C1r, C1s, C3, and C4), the MDSCs,
and exhausted T lymphocytes leads to proliferation, increased tumor invasiveness, and
neoangiogenesis, which ultimately results in tumor progression. In addition, there is new
evidence regarding non-canonical mechanisms that involve the CS and that make the
scenario even more complex [102–104,107].

All the studies reported in our review, although retrospective, agree on the negative
prognostic role of the CS components’ expression. Specifically, high levels of complement
factors, tested in both tissue and plasma, are correlated with a worse outcome in RCC
patients, mainly in the advanced stages (III–IV) [59,102,103,106–108]. However, these data
need be validated prospectively.

Furthermore, the role of the CS as a predictor of the response to ICIs is of great interest,
warranting further investigation. The only prospective study that evaluated the predictive
role of the CS involved a limited number of patients with mRCC (24 total) but could be a
first exploratory study for the realization of a prospective clinical validation trial. In fact,
this study identified 11 plasma-detectable complement proteins (C1q, C3, C5, FB, FD, FH,
FI, C3c, sCD59, and s5b-9), which were quantified prior to treatment with ICIs (nivolumab
or ipilimumab/nivolumab). The study hypothesized an algorithm for selecting those
patients more likely to respond to ICIs based on the plasma values of TCC and C5a [17].
The above findings show that the complement could play a crucial role in determining an
immunosuppressed TME.

Therefore, high levels of CS components could identify highly immunosuppressed
tumors, which therefore could be more responsive to ICIs. In this setting, ICIs would
restore the proper activity of the immune system against cancer cells. This evidence
demonstrates that high complement levels could be predictive of ICI response and this
could be used as a positive predictive factor in clinical practice. Indeed, as already stated
before, several studies have demonstrated a correlation between high levels of complement
factors and the expression of molecules such as PD-L1 and LAG3. This is representative
of an exhausted TME, which is therefore more susceptible to the action of ICIs [102]. In
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fact, exhausted CD8+ TILs with a mild expression of PD-1 could be re-activated by a PD-
1/PD-L1 blockade [110–112]. However, the role of the CS in the development of treatment
resistance to ICIs in mRCC has yet to be clarified, as there are conflicting data. Probably,
the complex interaction between the TME and tumor cells has a fundamental role in the
response to immunotherapy and anti-angiogenic agents [27,113].

It is important to notice that most of these studies evaluated only complement acti-
vation in tumor tissue. It would be interesting to evaluate the role of the CS as a dynamic
biomarker of response/resistance in the course of immunotherapy by evaluating plasma
levels. In fact, having a dynamic marker that could be easily evaluated in plasma during
systemic therapy could be fundamental in selecting those patients who would benefit most
from immunotherapy rather than anti-VEGFR-based treatments.

The CS represents only one of the pathways studied in order to identify new prog-
nostic and predictive biomarkers in mRCC patients. In recent years, given the advent
of ICI-based combinations as a first-line therapy for mRCC, the research has focused on
the definition of biological features, including new immune-modulatory and angiogene-
sis gene expression signatures (GESs) that could play a role as predictors of response to
guide clinicians in the selection of the most active combination. Therefore, exploratory
analyses from four main randomized prospective trials (JAVELIN Renal 101, IMmotion151,
IMmotion150, and CheckMate 9ER) of ICI-based combinations in treatment-naïve mRCC
patients tried to identify potential biomarkers of response, however, without any defini-
tive conclusion. Motzer et al. investigated GESs in histological samples from the phase
3 JAVELIN Renal 101 trial (evaluating avelumab plus axitinib as a first-line therapy for
mRCC patients compared to sunitinib monotherapy). This analysis demonstrated that the
expression of immune signatures, which included natural-killer-cell-related transcripts, as
well as chemokine- and cytotoxic-T-cell-related elements, was associated with an improved
PFS with ICI-based treatment compared to anti-VEGFR monotherapy [114]. Similarly,
an exploratory analysis of integrated RNA sequencing (RNA-seq) and targeted somatic
variant analysis from tumor samples of the IMmotion151 study (comparing atezolizumab
plus bevacizumab to sunitinib) defined seven clusters of RCC associated with a different
response to ICI-based combinations and VEGFR-TKI alone. The T-effector/proliferative
cluster (number 4), proliferative cluster (number 5), and snoRNA cluster (number 7) re-
sponded better to immunotherapy. Moreover, regardless of the clusters, among the patients
responding to immunotherapy, genes associated with the proliferation and immune path-
ways were more expressed. On the other hand, the patients responding to sunitinib showed
a major expression of genes associated with VEGF signaling (hypoxia) [9]. A translational
exploratory analysis from IMmotion150 was conducted with the aim of defining molec-
ular biomarkers potentially correlated with the clinical outcome in each treatment group
(atezolizumab vs. atezolizumab + bevacizumab vs. sunitinib). This analysis indicated that
tumor mutation and neoantigen burdens were not associated with PFS, whereas angiogen-
esis, the T-effector/IFN-γ response, and myeloid inflammatory gene expression signatures
were strongly and differentially associated with PFS within and across the treatments [10].
During the 2023 ASCO Genitourinary Symposium, Choueiri presented the results of a
post hoc molecular analysis on pre-treatment tumor samples from the CheckMate 9ER
trial. The study compared the combination of nivolumab and cabozantinib with sunitinib
in a first-line setting for mRCC patients. The analysis identified a high angio-GES was
associated with a longer PFS compared to a medium and low angio-GES in patients receiv-
ing nivolumab + cabozantinib; however, the predictive value of all seven GESs was not
confirmed using Cox PH models. In addition, no single gene with predictive value was
identified [8].

Further prospective studies are needed to confirm and deepen the role of the CS in
RCC. It would be interesting, based on the study of Reese et al. [17], to design clinical
studies aimed at evaluating the efficacy of combining ICIs with a complement inhibitor.
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7. Conclusions

In actuality, the treatment selection in first-line mRCC therapy is currently based on the
IMDC’s prognostic factors, which rely only on clinical data and do not reflect the molecular
heterogeneity of RCC tumors. Preliminary gene sequencing studies have paved the way for
the identification of those tumors more sensitive to ICIs rather than to anti-VEGFR agents.
However, further studies are highly expected to identify prognostic and predictive factors
that can also be applied in clinical practice. In particular, the goal would be to identify
an easily detectable, reproducible, and highly specific molecular profile able to select the
best treatment option for each patient for a tailored personalized treatment approach. In
fact, identifying patients who could benefit from immunotherapy alone could lead to more
personalized and less toxic treatment strategies, such as the possibility of intermittent use of
VEGFR-TKIs while maintaining immunotherapy in those patients with a disease response
after initial induction with the ICI-TKI combo [115].

In conclusion, the CS, in consideration of its role in modulating immunogenicity and
angiogenesis in RCC, could represent a dynamic marker with a predictive value of the
response to ICI-based therapies. Further prospective investigations are highly awaited.
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Simple Summary: Current imaging techniques do not reliably distinguish renal cell carcinoma
from other renal diseases. This review summarizes recent advances in other imaging methods
for the diagnosis and monitoring of potential kidney tumors. Magnetic resonance imaging (MRI),
positron emission tomography (PET)/CT using various radiolabeled molecules to detect specific
cancer-associated features, and computational extraction of data from CT images have all proven
useful for various purposes, but more research is needed to verify their reliability.

Abstract: Cross-sectional imaging is the standard diagnostic tool to determine underlying biology in
renal masses, which is crucial for subsequent treatment. Currently, standard CT imaging is limited in
its ability to differentiate benign from malignant disease. Therefore, various modalities have been
investigated to identify imaging-based parameters to improve the noninvasive diagnosis of renal
masses and renal cell carcinoma (RCC) subtypes. MRI was reported to predict grading of RCC and
to identify RCC subtypes, and has been shown in a small cohort to predict the response to targeted
therapy. Dynamic imaging is promising for the staging and diagnosis of RCC. PET/CT radiotracers,
such as 18F-fluorodeoxyglucose (FDG), 124I-cG250, radiolabeled prostate-specific membrane antigen
(PSMA), and 11C-acetate, have been reported to improve the identification of histology, grading,
detection of metastasis, and assessment of response to systemic therapy, and to predict oncological
outcomes. Moreover, 99Tc-sestamibi and SPECT scans have shown promising results in distinguishing
low-grade RCC from benign lesions. Radiomics has been used to further characterize renal masses
based on semantic and textural analyses. In preliminary studies, integrated machine learning
algorithms using radiomics proved to be more accurate in distinguishing benign from malignant
renal masses compared to radiologists’ interpretations. Radiomics and radiogenomics are used to
complement risk classification models to predict oncological outcomes. Imaging-based biomarkers
hold strong potential in RCC, but require standardization and external validation before integration
into clinical routines.

Keywords: imaging; renal cell carcinoma; biomarker; renal mass; radiomics; radiogenomics

1. Introduction

Renal cell carcinoma (RCC) has an incidence of 12 per 100,000 in North America,
and a peak incidence at the age of 60–70 years [1]. RCC incidence continues to rise, with
an estimated 79,000 new cases and 13,920 deaths from RCC in 2022 in the United States
alone [2]. The most common histologic subtype of renal cell carcinoma is clear-cell renal
cell carcinoma (ccRCC), with five-year survival rates declining by stage of the disease.
In the industrial world, the incidence of localized RCC continues to rise, with almost
70% of tumors being detected incidentally [3,4], secondary to increased utilization of
abdominal imaging.

Cancers 2023, 15, 354. https://doi.org/10.3390/cancers15020354 https://www.mdpi.com/journal/cancers
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Current challenges in the treatment of renal cell carcinoma include diagnostic un-
certainty, which leads to both under- and overtreatment of the disease. Conventional
cross-sectional imaging techniques do not allow for the discrimination of malignant tu-
mor sub-types, nor can they differentiate between benign lesions. Additionally, current
imaging gives us opaque insight into patients with metastatic disease and its response
to and progression with therapeutics. In recent years, research has focused on improved
imaging techniques to enhance diagnostic precision and prognosis in patients with renal
tumors. Advancements in the field have been multi-factorial, from enhancements in current
ultrasound and cross-sectional imaging technologies, nuclear medicine studies, and the
field of radiomics, which infers renal mass insights from radiologic data. In this review,
we summarize and analyze the future of imaging modalities, and the advancements in
radiomics and radiogenomics as they develop new ways of diagnosing and distinguishing
renal cell masses (Table 1).

Table 1. Summary of imaging-based parameters.

Imaging Technique/Model Description Advantages Disadvantages

MRI

Multiparametric MRI

DWI uses water particle
movement to identify
tumor-like tissue, which has
slower movement of water
particles, and calculated an
apparent diffusion
coefficient (ADC)

Can be used to calculate
likelihood of cancer vs.
non cancer
Can predict Fuhrman grade
with a of 78% and 86%
sensitivity and
specificity, respectively.

Studies use a variety of
non-standardized parameters
for MRI that have not been
validated in a larger
population setting
Poor-lipid AMLs remain a
challenge to distinguish from
chromophobe RCC
and oncocytomaPerfusion MRI (DCE,

DSC, ASL)

Works by assessing perfusion
at the micropapillary level,
calculating changes in signal
before and after contrast (DCE
and DSC) or detecting water
protons in blood (ASL)

Different histologic subtypes
of RCC have different
perfusion coefficients.
ASL MRI can be used to
predict response to treatment
with sunitinib and pazopanib,
with responders having
higher baseline
tumor perfusion

PET-CT

18F-FDG

FDG binds to metabolically
active tissue, signaling
cancer activity.
From a meta-analysis, pooled
sensitivity to detect renal
lesions is 62% and
specificity 88%.

Proposed surrogate for tumor
aggressiveness, with
maximum SUV of lesions in
patients with advanced RCC
is independently associated
with overall survival, also
related to higher Fuhrman
grade, higher stage and
sarcomatoid features.

Limited applicability in RCC
due to physiologic uptake in
renal parenchyma.
Limited also by practicality,
cost, and variable results
across multiple studies.

Girentuximab,
Xr-Girentuximab to CA-IX

CA-IX is a protein that is
overexpressed in
VHL-mutated pathways and
expressed in 95–100%
of ccRCC.
Average sensitivity and
specificity of 86.2% and 85.9%,
respectively for
identifying ccRCC.

Studies are validated with
surgical pathology.
Multiple ongoing studies for
different molecules that target
CA-IX. Recently zirconium
girentuximab showed
promising sensitivity and
specificity of 86% and 86% in
identifying ccRCC.

Long half life time of
girentuximab, where injection
needs to be administered 2–6
days prior to imaging.
Logistics and timing of
molecule remain main barriers
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Table 1. Cont.

Imaging Technique/Model Description Advantages Disadvantages

Tc-MIBI SPECT/CT

99Tc-sestamibi accumulates in
cells with high mitochondrial
content and low multidrug
resistance (MDR) pump
expression, which are
characteristic of
renal oncocytoma.
Sensitivity of 87.5% and a
specificity of 95.2% in
differentiating oncocytomas
and HOCTs

Widespread and usability of
99Tc-sestamibi SPECT/CT and
high concordance of imaging
findings with pathology,
results are promising in the
identification of oncocytomas

Other benign pathologies
such as chronic sclerosis,
fibroma, hydatid cyst and
angiomyolipoma don’t have
any uptake.

PSMA/PET

PSMA is a cell surface protein
that is expressed in prostatic
tissue and also in
neovasculature of some
cancers, including RCC,
specifically clear cell histology

Increased sensitivity of PSMA
PET/CT in detecting distant
metastasis, with sensitivities
of 89–95%, compared to
67–78% with conventional
CT scan
Can predict presence of
adverse histopathological
characteristics (necrosis,
sarcomatoid an
rhabdoid features)

Evaluation of primary lesions
is limited, and studies have
small sample sizes. Non
ccRCC masses have a low
PSMA uptake.
Use may be limited to
metastatic clear cell histology.

C-acetate PET

11C-acetate is actively
incorporated into tumor cells
and is integrated in cellular
lipid structures. Has high
uptake rates in papillary
and ccRCC.

Better sensitivity rates than
FDG PET.
Using dual tracer c-acetate
and FDG PET, AML was
differentiated from RCC with
sensitivity and specificity of
94% and 98%, respectively.

Evidence based on small
sample size studies
Differentiating AML and RCC
would require dual complex
imaging techniques and there
is no added information
on histology.

Radiomics

Objective and detailed
analysis of imaging
characteristics analyzed via
quantitative methods and
statistical models.
Specific morphological
characteristics, texture
analysis and intensity of
different parameters within
the tumor can be standardized
and integrated into algorithms
and AI models to predict
tumor malignancy, histology,
grade and molecular
characteristics. Convolutional
Neural network (CNN) is a
deep learning algorithm that
processes pixel and clinical
data to create models to
predict malignancy of
renal masses.

Reported AUC of 0.87 for
differentiating benign versus
malignant renal masses
Radiomic models have
reported to be superior to
conventional radiological
interpretation of images in
distinguishing histologic
subtypes and presence of
sarcomatoid features
Investigated as a biomarker
for response to therapy, and
texture analysis was found to
be an independent factor
associated with time to
progression in patients with
metastatic RCC being treated
with TKI

Lack of generalizability and
clinical application. There is
few external validity and
reproducibility of studies
because of insufficient access
to cades and images that serve
for the creation of the models.
Most studies are compared to
surgical specimens, which
implies a selection bias.
Intra-tumoral heterogeneity
may not be accounted for as
there are only few areas of the
tumor that are used for
imaging analysis and creation
of models
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Table 1. Cont.

Imaging Technique/Model Description Advantages Disadvantages

Radiogenomics

Genetic pathways express
with different phenotypic
imaging characteristics, so
radiogenomic is the
integration of radiomics with
genetic tumoral data and
molecular signatures.

Reported genetic associations
with imaging characteristics
for VHL, KDMC5, BAP1,
and MUC4.
Radiogenomic Risk Score
(RSS) was developed to
identify CT imaging features
that are correlated to genetic
signatures that have shown to
predict oncological outcomes.
This risk score was shown to
correlate with progression free
survival and response
to treatment

Known genetic alterations in
RCC have a very low
prevalence, and are mostly
applicable to ccRCC
Given the complexity of
molecular pathways,
heterogeneity within the
tumor and change in time, it is
challenging to make direct
correlations of gene and
molecular pathways to
specific imaging findings

MRI: magnetic resonance imaging; CT: computerized tomography; DWI: Diffusion-weighted imaging; DCE:
dynamic contrast-enhanced; DSC: dynamic susceptibility contrast; ASL: arterial spin labeling; RCC: renal cell
cancer; FDG: fluorodeoxy-glucose; SUV: standardized uptake value; CA-IX: carbonic-anhydrase XI; ccRCC: clear
cell RCC; HOCTs: hybrid oncocytic/chromophobe tumors; AI: artificial intelligence; AUC: area under the curve;
TKI: Tyrosin kinase inhibitors.

2. Magnetic Resonance Imaging (MRI)

Multiparametric MRI (mpMRI) allows for the evaluation of anatomic as well as func-
tional characteristics of renal masses [5]. Specifically, diffusion MRI and perfusion MRI
have been studied as imaging tools to aid in differentiating tumor histology or subtype,
and assessing the response to treatment [6]. MRI has been proposed as an alternative to
computed tomography (CT), which is limited in its ability to identify benign lesions such
as fat-poor angiomyolipomas (AMLs) and oncocytomas [7,8]. Diffusion-weighted imaging
(DWI) quantifies the mobility of protons that are associated with water (Brownian motion).
Tissue that is highly cellular, such as tumors, restricts water molecules’ movement, and
thus appears as a high-intensity signal on DWI, and has a low apparent diffusion coefficient
(ADC) [9]. A systematic review and meta-analysis including four studies that used DWI
to differentiate between malignant and non-malignant lesions showed DWI to have 86%
sensitivity and 78% specificity. In this meta-analysis, DWI used to differentiate high-grade
and low-grade RCCs had an area under the curve (AUC) of 83%, reflecting moderately
accurate test performance. However, there were no standardized criteria to compare ra-
diological findings to different imaging modalities or pathological specimens [10]. These
values are comparable to those associated with CT scans, where the sensitivity has been
reported to be 88% and the specificity 75% [11]. Using diffusion MRI, parenchymal wash
index, and ADC ratio were correlated with clear-cell RCC Fuhrman grade, with a pooled
sensitivity and specificity of DWI to differentiate between high and low grades of 78% and
86%, respectively [12,13].

Perfusion MRI, which assesses tissue perfusion at the micropapillary level, offers
the possibility of improving performance characteristics. There are three main types
of perfusion MRI: dynamic contrast-enhanced (DCE), dynamic susceptibility contrast
(DSC), and arterial spin labeling (ASL) [6,14]. DCE and DSC calculate changes in signal
intensity before and after intravenous gadolinium contrast injection, which measures
perfusion parameters. ASL does not require intravenous contrast, and measures perfusion
by detecting water protons in the blood [14]. Using ASL perfusion MRI, Lanzman et al.
compared pre-operative MRI perfusions of 42 patients with various types of renal masses.
The RCC histology was associated with different mean perfusion levels, with papillary
RCC having lower perfusion levels than all other RCC types, and oncocytomas having
significantly higher perfusion levels than RCCs [15].

Differentiating fat-poor AML and RCC based solely on imaging is a known challenge.
In a systematic review and meta-analysis by Wilson et al., MRI was found to be 83%
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sensitive and 90% specific for the detection of fat-poor AMLs, with an AUC of 0.93 [16]. In a
retrospective study of 109 renal masses, Kay et al. developed an MRI diagnostic algorithm
comprising 11 MR imaging features to determine the most likely histology of a renal mass.
They found a sensitivity and specificity of 85% and 76%, respectively, for predicting clear
cell histology, and 80% and 94%, respectively, for predicting papillary histology. Their
algorithm, however, was weak in predicting chromophobe, oncocytoma, and fat-poor AML
histologies [17]. Using this algorithm, Canvasser and colleagues developed a clear cell
likelihood scale of 1 (less likely) to 5 (most likely), and found a sensitivity of 78% and a
specificity of 90% for scores of 4 and 5 [18]. The clear cell likelihood scale was evaluated
in a larger retrospective cohort of 454 renal masses, and the authors found a 93% positive
predictive value for a score of 5, and a sensitivity and specificity of predicting clear-cell
RCC of 91% and 56%, respectively, for scores of 4 and 5 [19]. Although these scales do not
provide insight into tumor aggressiveness, they may be used to help select treatment for
small renal masses, and to determine candidates for surveillance [5].

There is a growing interest in using mpMRI, not only to predict renal mass histology
and behavior, but also to assess response to therapy. In a prospective mixed cohort of
treatment-naïve and exposed patients, Tsai et al. evaluated changes in tumor ASL MRI
perfusion as a measure of response to sunitinib and pazopanib treatment for metastatic
RCC. Perfusion on MRI imaging, as evaluated by objective response rate, was compared
among 6 responders and 11 non-responders at multiple time points during treatment and
up to disease progression. Responders had a higher baseline tumor perfusion than non-
responders (404 mL/100 g/min vs. 199 mL/100 g/min; p = 0.02), suggesting this could aid
in identifying responders to therapy with tyrosine kinase inhibitors [20]. In a prospective,
randomized, double-blinded trial that compared sorafenib and placebo, DCE MRI was also
evaluated as a pharmacodynamic biomarker of response to sorafenib in metastatic RCC. Of
the 44 patients with two available MRIs for comparison, two DCE parameters (area under
the contrast concentration versus time curve 90 s after contrast injection [IAUC90], and
volume transfer constant of contrast agent [Ktrans]) were evaluated. Although patients
with high baseline Ktrans had better progression-free survival (PFS) compared to patients
with low baseline Ktrans (log-rank p = 0.027), there was no significant association between
change in IAUC90 and Ktrans with PFS [21].

In summary, while multiple studies have evaluated the use of MRI to predict the
histology and grade of renal masses, and to assess response to treatment in metastatic
RCC, they were generally small studies that used a variety of non-standardized mpMRI
metrics [14]. Future studies are needed to validate the use of these metrics and demonstrate
their usefulness in clinical scenarios.

3. Contrast-Enhanced Ultrasound

Ultrasound is a widely used diagnostic tool, and in many settings is the first modality
used to evaluate renal pathologies. Focal lesions, hydronephrosis, and vascular pathologies
can be identified, whereas benign lesions cannot be reliably distinguished from malignan-
cies by conventional ultrasound [22]. Therefore, contrast-enhanced ultrasound (CEUS) has
been proposed to visualize RCC characteristics. The contrast agent used for ultrasound is
based on microbubbles, and amplifies the signal of microvascular structures [23]. CEUS
has been shown to highly differentiate RCC from oncocytoma and angiomyolipoma [24,25].
In one study, combining CEUS parameters showed a 93% sensitivity and 100% specificity
for renal malignancies [26]. Furthermore, a study of 85 patients with 93 renal masses
showed that peak intensity and time to peak intensity in CEUS differed between clear-cell
RCC, chromophobe RC and papillary RCC [27]. Additional studies have shown specific
enhancement characteristics compared to clear-cell RCC [28]. CEUS has also been used
in the diagnostic setting. For example, Lamuraglia et al., in 2006, showed that CEUS
holds predictive value in metastatic RCC patients treated with the multi-kinase inhibitor
sorafenib [29]. Similarly, Williams et al. reported significant changes in CEUS along with
anti-angiogenic therapy of metastatic RCC, although CEUS parameters did not correlate
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with progression-free survival or best response rate to therapy [30]. Current research
focuses on the assessment of CEUS to predict the response to immunotherapy in metastatic
RCC (NCT05206942).

In summary, CEUS is a diagnostic modality that offers potential advantages in the
characterization of renal masses, including enhanced diagnostic performance, character-
ization of renal mass histologic subtypes, its low cost, its low barrier to access, and the
absence of ionizing radiation. Additional studies are needed in larger settings to vali-
date these findings, including understanding performance characteristics in patients with
different habitus.

4. Positron Emission Tomography–Computed Tomography (PET/CT)

Molecular or nuclear imaging studies rely on in vivo visualizations of biological pro-
cesses at a cellular and molecular level, using radiopharmaceutical compounds that bind to
a molecule of interest [5]. In RCC specifically, nuclear imaging allows for the identification
of not only anatomic locations, but also for molecular pathways and processes that are
associated with specific histologic features and tumor behavior. Multiple positron emission
tomography (PET) radiotracers have been developed and studied as both prognostic and
predictive biomarkers in RCC [6,31].

4.1. 18F-Fluorodeoxy-Glucose (FDG) PET/CT

While 18F-fluorodeoxy-glucose (FDG)-PET is the most common and well-known
radiotracer used in other cancers, it has limited applicability in RCC due to its variable
activity in primary and metastatic tumors, as well as physiologic uptake in normal renal
parenchyma [5]. In a meta-analysis of 14 studies that assessed this modality in advanced
RCC, the pooled sensitivity and specificity of FDG-PET/CT were 62% and 88%, respectively,
for renal lesions, and 79% and 90%, respectively, for extrarenal lesions [32]. Despite variable
uptake at the individual lesion level, the maximum standardized uptake value (SUVmax)
of lesions in patients with advanced RCC has been independently associated with overall
survival (OS) and PFS [33,34]. FDG-PET/CT activity has been proposed as a surrogate
for tumor aggressiveness, as it has also been correlated with higher Fuhrman grade, TNM
stage, and sarcomatoid features, and can aid in the prediction of progression and in clinical
decision making [35–38]. Additionally, the detection of metastatic or recurrent sites was
evaluated in a recent meta-analysis that included 14 studies [39]. The pooled sensitivity was
described with 0.86, and specificity with 0.88 [39]. Accordingly, FDG-PET may be a useful
re-staging tool for RCC, but current evidence is mostly based on retrospective studies, and
lacks prospective investigations [39]. Hou et al. focused on the clinical value of FDG-PET in
papillary RCC, and reported a similar sensitivity of 81% in the primary lesion and 100% in
recurrent lesions [40]. These preliminary retrospective studies are promising, and need to
be confirmed in larger prospective studies. Limitations to the use of FDG-PET/CT include
practicality, cost, and variable results across multiple studies [41].

4.2. 124I-cG250 (124I-Girentuximab)

Girentuximab, formerly known as antibody cG250, is one of the most promising nu-
clear imaging methodologies in the characterization of solid renal masses [5]. It selectively
binds to carbonic anhydrase IX (CA-IX), a protein that is overexpressed in VHL-mutated
pathways in response to hypoxic conditions, and is expressed in 95 to 100% of clear-cell
RCCs [6,42,43]. A multi-center phase III trial, the REDECT trial, evaluated the diagnostic
efficacy of 124I-girentuximab PET/CT and contrast-enhanced CT (CECT) in identifying
clear-cell RCC in patients with indeterminate renal masses that were scheduled for surgical
resection. Imaging was performed 2–6 days after intravenous administration of giren-
tuximab, and prior to surgical resection. Imaging readings were classified as clear-cell
RCC and non-clear-cell RCC, which were then compared to final surgical pathologies. In
195 patients that had imaging and pathology available for analysis, the average sensitivity
and specificity were 86.2% and 85.9%, respectively, for girentuximab-PET/CT, and 75.5%
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and 46.8%, respectively, for CECT. Furthermore, the inter-reader agreement was higher
for girentuximab PET/CT [44]. Although the limitations of this study included a bias in
patient selection, using only pre-surgical candidates, nevertheless, it provides the most ac-
curate validation of pathology with imaging using PET/CT. Different radiotracers targeting
CA-IX are currently being studied to improve clinical practice to reduce the long half-life of
girentuximab. The molecule F-VM4-037, which is reported to have an 18-minute plasma
half-life, has been studied in a phase II trial to allow same-day imaging [45]. Although the
performance characteristics of this approach appear to be promising, logistics and timing
remain ongoing barriers and, additionally, advancements in the technology will need to be
validated in order for it to be used in clinical practice.

There is currently a prospective, open-label, multi-center phase III trial evaluating the
performance characteristics of girentuximab (an anti-CAIX monoclonal antibody) labelled
with 89Zr, to evaluate indeterminate renal masses to differentiate clear-cell RCC from other
renal masses (ZIRCON Trial; NCT03849118). Its preliminary results were reported recently,
and exceed the predetermined sensitivity and specificity study targets, with the imaging
agent delivering 86% sensitivity and 87% specificity [46]. The phase I study showed in all
ten cases a good toxicity profile, and was able to differentiate between clear-cell RCC and
non-clear-cell RCC renal mass [47]. This technology is also being examined for diagnostic
and therapeutic purposes in the STARLITE 2 Phase II study which evaluates the efficacy
of Lu177 conjugated to girentuximab + nivolumab (anti-PD-1) systemic therapy. In a
theranostic approach, Girentuximab could be labelled with 177Lu, a beta- emitter, that
could induce single-strand DNA breaks into RCC cells. These agents are promising, and
future research will focus on their incorporation into clinical practice.

4.3. Prostate-Specific Membrane Antigen (PSMA)–Targeted PET/CT

Prostate-specific membrane antigen (PSMA) is a cell surface protein that is overex-
pressed in prostate cancer, as well as in the neovasculature of some solid tumors, including
RCC. PSMA-targeted imaging was first described in metastatic RCC by Demirci et al.
in 2014 [48]. Small studies have reported the sensitivity of F-DCFPyL PSMA PET/CT
in detecting distant metastases to range from 88.9% to 94.7%, compared with 66.7% to
78.0% for conventional CT scans [49–51]. For localized renal masses, Golan et al. found
that the mean SUVmax of 68Ga-PSMA-11 PET/CT was significantly higher in malignant
as compared to benign lesions, and its washout coefficient K2 was significantly lower in
cancerous tissue [52]. Gao et al. reported that SUVmax of the same tracer could effec-
tively differentiate high vs. low (WHO/SIUP grade I-II vs. III-IV) grade in 36 cases of
clear-cell RCC. Furthermore, 68Ga-PSMA-11 PET/CT could predict the presence of adverse
histopathological characteristics, such as necrosis and sarcomatoid and rhabdoid features,
with an AUC of 0.89 [53]. Both of these studies, however, have small sample sizes, and
are not consistent with prior studies that show a high-background signal, limiting the
evaluation of primary masses [54,55]. In general, most studies of PSMA-targeted PET/CT
have included mostly clear-cell RCC, but the few non-clear-cell RCC lesions evaluated
by this approach have shown lower uptake than surrounding renal parenchyma [55]. In
particular, a meta-analysis described that PSMA PET/CT may also be suitable for chromo-
phobe RCC, due to its relevant PSMA expression [56]. In contrast, only 13.6% of papillary
RCC demonstrate a PSMA expression and therefore, FDG PET is the preferred dynamic
imaging modality [56,57]. Based on the inconsistency of PSMA uptake in non-clear-cell
RCC, PSMA PET is not appropriate for staging RCC subtypes other than clear-cell and
chromophobe RCCs [56,58].

The specificity of PSMA PET/CT to patients with clear-cell RCC may limit its routine
clinical use in the localized setting. However, this technique could potentially become
useful in patients with metastatic disease as a way to measure treatment response or disease
progression. Additional studies are warranted to validate these findings.
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4.4. 11C-Acetate PET-CT

The radiotracer 11C-acetate is actively incorporated into tumor cells and integrated
into cellular lipid structures, and may be helpful in distinguishing between malignant
and benign lesions [59]. In the imaging of RCC, 11C-acetate has shown high uptake rates
in clear-cell RCC, and even higher uptake rates in papillary RCC [60]. Additionally, in
comparison to FDG-PET/CT, 11C-acetate-PET/CT is reported to have better sensitivity for
detecting RCC [61]. 11C-acetate was evaluated as part of a dual-tracer technique with FDG
PET/CT for the differentiation of AML from RCC; it was reported to have a sensitivity of
94% and a specificity of 98% [62]. In a case report, 11C-acetate was reported to predict early
response to sunitinib in metastatic RCC. In summary, 11C-acetate is a promising radiotracer
that may have the potential to be used to stage RCC, but evidence is based on small sample
sizes. This tracer may also be relevant to the differentiation of AML from RCC as part of a
complex dual imaging technique

5. Single Photon Emission-Computed Tomography (SPECT Scan)
99Tc-Sestamibi SPECT/CT

As previously mentioned, a key limitation of several imaging modalities is their lim-
ited ability to distinguish benign from aggressive RCC tumors, such as clear-cell RCC
and oncocytoma [63,64]. 99Tc-sestamibi, a widely used nuclear imaging agent, offers the
ability to differentiate these tumors based on their mitochondrial content. 99Tc-sestamibi
is a lipophilic cationic mitochondrial imaging agent that accumulates in cells with high
mitochondrial content and low multidrug resistance (MDR) pump expression, which are
characteristic of renal oncocytomas [5,65]. In contrast, clear-cell and chromophobe RCC
masses have a higher MDR pump expression and low mitochondrial activity, although
chRCC has generally higher mitochondrial activity than clear-cell RCC [65,66]. In a prospec-
tive study by Gorin et al., the use of preoperative 99Tc-sestamibi single photon emission
computed tomography (SPECT)/CT in detecting oncocytomas was assessed in 50 presurgi-
cal patients with T1 renal masses, and results were compared to final surgical pathologies.
The authors found a sensitivity of 87.5% and a specificity of 95.2% in differentiating onco-
cytomas from hybrid oncocytic/chromophobe tumors [67]. Sistani et al. validated these
findings and found that in 29 patients with 31 renal masses, all oncocytic lesions were
positive on 99Tc-sestamibi SPECT/CT, whereas uptake was low in chromophobe RCC and
absent in other RCC subtypes [68]. In a 90-patient study by Asi et al., strong 99Tc-sestamibi
uptake was observed in 10 of 10 oncocytomas, while none was seen in most malignant
lesions, except in 5 chromophobe RCC and 3 oncocytic papillary RCC masses. Other benign
pathologies, such as chronic sclerosis, fibroma, hydatid cyst, and angiomyolipoma, also
showed no uptake. The authors reported a positive predictive value of 60% and a negative
predictive value of 91.3% in predicting benign pathologies. Additionally, they reported
a relative uptake of 0.49 as an optimal cutoff to discriminate oncocytomas from other
pathologies [69]. Given the already widespread use of 99Tc-sestamibi SPECT/CT and the
high concordance of imaging findings with pathologies, results support further evaluation
of its use in the identification of oncocytomas and other benign renal lesions.

6. Radiomic and Radiogenomic Biomarkers

6.1. Radiomics

Radiomics and radiogenomics are two closely related fields with promising develop-
ments in characterizing cancers, predicting their behavior, and assessing treatment response.
Radiomics consists of high-throughput extraction of quantitative data and the application
of high-order statistical models to medical imaging to yield more objective and detailed
analyses [5,70]. To make results more reproducible and interpretations more reliable, ra-
diomic features quantifying morphological, intensity related, textural, and co-occurrence
characteristics of CT, FDG-PET, and T1-weighted MRI features are being standardized [70].
These predefined quantitative radiomic features can be integrated into algorithms and
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artificial intelligence models to predict malignancy, tumor histology, tumor grade, and
molecular characteristics [5].

Several radiomics models, most using texture analysis, have been designed and re-
ported to be highly accurate in differentiating benign from malignant renal masses [71–73].
Varghese et al. evaluated 31 texture metrics of contrast-enhanced CT on 174 renal masses,
and compared these findings with surgical pathologies. They found that six specific texture
analysis features—entropy, entropy of fast-Fourier transform magnitude, mean, uniformity,
information measure of correlation 2, and sum of averages—had high AUC values, with a
mean AUC of 0.87 for differentiating benign versus malignant renal masses [72]. Further-
more, Uhlig et al. used machine learning algorithms to predict the malignancy of renal
masses using 120 standardized radiomic features, and their diagnostic accuracies (base on
surgical pathology) were compared with the those of blinded radiologists’ assessments.
The sensitivity and specificity of their models were higher than radiologists’ diagnoses
(0.88 vs. 0.80; p = 0.045, and 0.67 vs. 0.50; p = 0.083, respectively), with an AUC of 0.83
compared to 0.68 (p = 0.47) [73].

Other studies have also used convolutional neural network (CNN), a type of deep
learning algorithm that processes images using pixel data recognition, in order to create
models to differentiate malignant masses based on imaging [74–77]. In one of the largest
series, Xi et al. developed a CNN model that included clinical and radiologic MRI data of
1162 renal lesions. This model was superior to radiological experts’ interpretations, with an
accuracy of 0.70 vs. 0.60 (p = 0.053), sensitivity of 0.92 vs. 0.80 (p = 0.017), and specificity of
0.41 vs. 0.35 (p = 0.450), respectively.

Using radiomics, various models have been reported to distinguish specific histologic
features in renal masses. The accuracy of some models has exceeded conventional interpre-
tation of radiologists, including those for CT to differentiate fat-poor AML from clear-cell
RCC [78,79], oncocytomas from chromophobe RCC [80], and papillary type I from papillary
type II RCC [81,82]. Similarly, such models have also been used to determine the presence
of sarcomatoid features in clear-cell RCC, and to predict their nuclear grade [83–85].

Radiomics has also been investigated as a means of predicting responses to targeted
therapy. In a retrospective analysis of 39 patients with 87 metastatic sites, Goh et al.
compared the correlation of contrast-enhanced CT texture analysis parameters, at baseline
and after two doses of tyrosine kinase inhibitors, with their progression with those of
standard criteria. They reported texture analysis to be an independent factor associated
with time to progression, supporting its potential to improve assessment and predict good
response to therapy [86].

Although radiomics has promising utility for the diagnosis and assessment of renal
masses and their response to therapy, its potential is limited by a lack of generalizability
and clinical application. A recent systematic review and meta-analysis of 57 publications
by Ursprung et al., of which 34 involved machine learning and artificial intelligence,
reported that several similar characteristics have been investigated, but they have not been
introduced into clinical practice because of a lack of external validation and reproducibility.
This may be due to limited access to the codes and images that are used for the analysis
and creation of the models [87].

One limitation to current radiomic analysis of renal masses is the fact that in most
studies, the findings are compared to surgical pathologies, creating the possibility of selec-
tion bias. Additionally, some radiomics studies only analyzed single segments of the tumor,
and therefore could not assess intratumoral heterogeneity, which may be an important
factor in RCC [87]. This remains a promising field; however, prospective, randomized, and
multicenter trials are required to accelerate its incorporation into clinical practice.

6.2. Radiogenomics

Radiogenomics is the integration of radiomics with genetic data and molecular signa-
tures, based on the underlying principle that genetic alterations lead to distinct phenotypic
imaging characteristics [5,6,88]. For clear-cell RCC specifically, the thorough analysis of
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genetic alterations with prognostic significance has led to an increased interest in the
relationship between genomic signatures and imaging characteristics [88].

Karlo et al. analyzed the relationship of contrast-enhanced CT findings to genetic
alterations in VHL, PBRM1, SETD2, KDM5C, and BAP1 genes in 233 patients with clear-cell
RCC. For VHL, they described a mutation frequency of 53.2% and imaging characteristics
of well-defined tumor margins, nodular tumor enhancement, and gross appearance of
intratumoral vascularity. KDMC5 and BAP1 had mutation frequencies of 6.9% and 6.0%,
respectively, and were significantly associated with evidence of renal vein invasion. PBRM1
mutations were observed in 28.8% of patients and, together with VHL mutations, were
significantly more common among solid clear-cell RCC. BAP1, KDMC5, and SETD2 muta-
tions, with a frequency of 7.3%, were absent in multi-cystic clear-cell RCC [89]. In a similar
study by Shinagare et al., BAP1 mutations were significantly associated with ill-defined
margins and the presence of calcifications, while MUC4 mutations were associated with an
exophytic growth pattern [90].

Radiogenomics has also been studied and integrated into models that can predict
outcomes and response to treatment. Jamshidi et al. demonstrated how targeted, non-
invasive, imaging-based surrogates of molecular assays (SOMA) can be constructed and
used to determine outcomes in clear-cell RCC. They developed the Radiogenomic Risk
Score (RRS), using a library of CT imaging features that have been correlated to genetic
signatures shown to predict oncological outcomes. They followed 70 patients prospectively,
classified RRS as high vs. low, and showed that the RSS predicts disease-specific survival,
with a median survival of 40 months in patients with high RRS vs. 120 months in patients
with low RRS (p = 0.00024) [91]. In another study, the ability of RRS to predict radiologic
PFS was evaluated in patients with metastatic RCC undergoing presurgical treatment
with bevacizumab in a phase II clinical trial. Patients with high RRSs on pretreatment
CT scans had a median radiological PFS of 6 months vs. >25 months for patients with
low RRSs (p = 0.005). Furthermore, overall survival differed significantly between the two
cohorts: 25 months among high-RRS patients vs. >37 months among those with low RRSs
(p = 0.03) [92]. These results must be interpreted carefully, as imaging characteristics may
reflect tumor biology, and not necessarily the response to treatment.

The limitations of radiomics also apply to radiogenomics. In addition, the known
genetic alterations in RCC have a very low prevalence, which may limit the utility of
radiogenomics. Furthermore, image characteristics, as they relate to genetic alterations,
may not be consistent in all phases of imaging, and given the complexity of molecular
pathways, heterogeneity within the tumor, and change over time, it is challenging to make
direct correlations to specific imaging findings. This field will continue to expand with
the advancement of knowledge regarding the relationships among genetic alterations,
molecular pathways, and prognosis and response to treatment [5,88].

7. Future Directions

There are currently multiple trials focusing on the imaging of RCC and indeterminate
renal masses. An early stage study is currently investigating hyperpolarized 13C pyruvate
MRI to differentiate benign from malignant renal masses (NCT04687969). Due to the charac-
teristic increased lactate production in malignant tissue, the conversion of hyperpolarized
13C pyruvate to lactate can be visualized with MRI, and makes this noninvasive pathway
specific technique a promising approach in visualizing renal masses [93]. Another trial is
investigating the use of a machine learning algorithm in patients undergoing PET/MRI us-
ing [18F]-DCFPyL, a PSMA ligand, in solid tumors including renal masses to assess tumor
aggressiveness (NCT04687969). Aggressiveness assessed in imaging will be compared to
the final histopathology in 50 patients, and patients will undergo up to three scans to evalu-
ate longitudinal differences. With respect to treatment response, Mittlmeier et al. reported
a pilot study that revealed a potential approach to predict early response to tyrosine-kinase
inhibitors in metastatic RCC using 18F-PSMA PET/CT [94]. The theranostics approach,
involving molecular imaging and a subsequent targeted therapy using the same radiotracer,
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represents an exciting modality in clear-cell renal cell carcinoma. The natural association of
neovascularization in clear-cell RCC and PSMA expression may allow for targeted ther-
apy using 177Lu-PSMA in highly aggressive RCC [57,95]. Furthermore, a combination of
PSMA-targeted therapy and immunotherapy may also be a promising approach [57].

8. Conclusions

Various imaging platforms are currently being studied that offer significant promise
to better inform the diagnosis and prognosis of patients with RCC. Although most tech-
nologies described here are not yet ready for routine clinical use, advances in imaging will
soon help clinicians make better informed management decisions.
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Simple Summary: The association between the tumor immune microenvironment (TIME) of primary
lesions and time to metastasis remains unknown. The aim of our retrospective study was to inves-
tigate the differences in the TIME of primary lesions based on time intervals to metastasis, mainly
between the synchronous group (SG; metastasis within 3 months) and metachronous group (MG;
metastasis after 3 months), and its association with clinicopathological parameters in patients with
metastatic renal cell carcinoma (mRCC). SG showed more immunogenic feature of TIME (PD-L1
positivity, CD8+ TIL infiltration) and poor prognostic pathological features (WHO/ISUP grade 4,
necrosis, lymphovascular invasion, infiltrative growth pattern, and sarcomatoid differentiation). In
addition, we observed that the time to metastasis differed by TIME characteristics (PD-L1 status,
immunophenotype), which were associated with the WHO/ISUP grade. The TIME of primary lesions
could affect the time to metastasis.

Abstract: Biological or immunological differences in primary lesions between synchronous and
metachronous metastatic renal cell carcinoma (mRCC) have been reported. However, the association
between the tumor immune microenvironment (TIME) of primary lesions and time to metastasis
remains unknown. We investigated the differences in the TIME of primary lesions based on time
intervals to metastasis, mainly between the synchronous group (SG; metastasis within 3 months)
and metachronous group (MG; metastasis after 3 months), and its association with clinicopatho-
logical parameters in patients with mRCC. Overall, 568 patients treated first-line with vascular
endothelial growth factor receptor inhibitors comprised the analysis population (SG: N = 307 [54.0%];
MG: N = 261 [46.0%]). SG had a higher proportion of patients with poor prognostic pathological
feature tumors: WHO/ISUP grade 4, necrosis, lymphovascular invasion, infiltrative growth pattern,
and sarcomatoid differentiation. Regarding the TIME, more immunogenic features were seen in SG
than MG, with a higher PD-L1 positivity and a lower proportion of the desert phenotype. This is the
first study to examine the differences in the TIME of primary lesions in patients with mRCC based on
the time intervals to metastasis. The TIME of primary lesions could affect the time to metastasis.
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1. Introduction

Approximately two thirds of patients with renal cell carcinoma (RCC) have localized
disease and undergo radical nephrectomy with curative intent. However, 20% of these
patients develop distant metastasis, that is, metachronous metastasis. The remaining one
third of the patients with RCC present with metastasis at diagnosis, that is, synchronous
metastasis. The prognosis of synchronous and metachronous metastatic RCC (mRCC) is
different [1,2], with the time from diagnosis to treatment of less than 1 year being one of the
most important risk factors for poor survival in both International Metastatic Renal-Cell
Carcinoma Database Consortium (IMDC) and Memorial Sloan-Kettering Cancer Center
(MSKCC) prognostic models for mRCC [3,4].

Previous reports have documented biological or immunological differences in primary
lesions between synchronous and metachronous mRCC [5,6]. However, the association
between the tumor immune microenvironment (TIME) of the primary lesion, the source of
metastasis, and the time to metastasis has not been studied.

Furthermore, the TIME also influences the efficacy of immune-oncology (IO) drugs,
such as anti–programmed cell death protein 1 (PD-1)/programmed death ligand 1 (PD-L1)
and anti–cytotoxic T-lymphocyte–associated protein 4 (CTLA-4) antibodies [7,8]. Currently,
IO combination therapies, including IO plus IO (e.g., nivolumab plus ipilimumab) or IO
plus vascular endothelial growth factor receptor inhibitor (VEGFRi; e.g., pembrolizumab
plus axitinib, avelumab plus axitinib, nivolumab plus cabozantinib, and pembrolizumab
plus lenvatinib), are the standard first-line (1L) therapy for patients with mRCC [9].

Development of IO therapy is expanding into the area of adjuvant RCC [10]. Pem-
brolizumab showed significant improvement in disease-free survival (DFS) in the high-risk
RCC which included M1NED, defined as resection of the primary tumor and solid, iso-
lated, soft-tissue metastases [11]. Thus, understanding the relationship between time to
metastasis and the TIME of the primary lesion will help in selecting the optimal therapy.

The TIME can be described by the presence or absence of immune cells in the tu-
mor area, the location of immune cells (infiltrated or excluded), the type of immune cells
(anti-tumor immunity or immune suppressive cells, such as regulatory T cells and myeloid-
derived suppressor cells), and the T cell status (activation, exhaustion, dysfunction) [12].
RCC is one of the immunogenic tumors, known as having a complex tumor microenviron-
ment with immune suppressive cells [13]. We examined how PD-L1 expression and the
immunophenotype of tumor-infiltrating immune cells in primary lesions differ by time to
metastasis and its association with clinicopathological parameters in patients with mRCC.

2. Materials and Methods

2.1. Study Design and Outcomes

This report is based on an additional analysis of a dataset from a previous multicenter,
retrospective study that compared overall survival (OS) by PD-L1 expression status in
patients with recurrent or mRCC who had received systemic therapy (the ARCHERY
study [14]). We investigated the differences in the TIME of the primary lesions between
synchronous and metachronous mRCCs with different time intervals to metastasis.

2.2. Patients

A total of 770 patients with recurrent or mRCC who had started systemic therapy
between January 2010 and December 2015 at 29 institutions in Japan were enrolled in the
ARCHERY study. Of these, 381 patients underwent radical nephrectomy and 389 under-
went cytoreductive nephrectomy. Only patients whose formalin-fixed paraffin-embedded
nephrectomy specimens could be obtained were registered in this retrospective study.
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Patients with other coexisting malignancies or those treated with checkpoint inhibitors as
1L systemic therapy were excluded [14].

An exploratory study was conducted using the ARCHERY database (the JEWEL
study), in which patients with an unknown International Society of Urologic Pathologists
(ISUP) grade in the ARCHERY study were excluded (N = 4). To improve the homogeneity
of the population, we focused on patients from the ARCHERY study who had received
1L tyrosine kinase inhibitor (TKI; ie, VEGFRi) therapy (N = 569). The analysis population
consisted of 568 patients, excluding one of the TKI-treated patients whose time to metastasis
was not specified (Figure S1).

This study was registered in the UMIN Clinical Trials Registry (JEWEL study, UMIN000043415)
and conducted with the approval of the institutional review board of the 29 study facilities.
Furthermore, we obtained approval from the institutional review board of MINS (Reference
number: 210204; approval date: 18 February 2021), a nonprofit organization. Informed
consent was obtained from all participants, and the study was conducted in accordance
with the Declaration of Helsinki.

2.3. Assessment of Histology and Immune Status

Hematoxylin-eosin–stained specimens were evaluated by two central pathologists.
PD-L1 expression in tumor-infiltrating immune cells was analyzed using the VENTANA
SP142 assay (Ventana Medical Systems, Inc., Tucson, AZ, USA, #740-4859). According to
PD-L1 expression on immune cells (ICs), patients were classified as either PD-L1 negative
(IC0 [PD-L1-expressing IC < 1%]) or PD-L1 positive (IC1 [IC: ≥1% but <5%], IC2 [ IC: ≥5%
but <10%], or IC3 [IC: ≥10%]) [15]. Three distinct immunophenotypes—inflamed (many
CD8-positive T cells diffusely infiltrate into tumor cell nests), excluded (CD8-positive T cells
infiltrate around tumor cell nests but not into them), and desert (no or few CD8-positive
T cells infiltrate around and/or into tumor cell nests)—were identified using CD8 im-
munostaining [16]. The immunohistochemical assessments were performed during the
central pathological review, and PD-L1 expression was evaluated independently by two
central pathologists.

2.4. Time to Metastasis

Time to metastasis was defined as the time from the date of the “initial diagnosis”
to the “date of metastasis.” Information on whether the patient had distant metastasis
at the time of initial diagnosis was collected from electronic data capture. For patients
who did not have distant metastasis at the time of initial diagnosis, the “date of distant
metastasis” was defined as the “date of recurrence.” For patients who had distant metastasis
at the time of initial diagnosis, the “date of distant metastasis” was defined as the “date of
initial diagnosis.”

Patients who had metastasis at the time of nephrectomy and patients who experienced
metastasis within 3 months after nephrectomy were categorized as the “synchronous group”
(SG). Patients who experienced metastasis 3 months after nephrectomy were categorized as
the “metachronous group” (MG). There is no consensus on when the onset of metastasis
should be considered metachronous—previous reports have referred to onset after the
time of diagnosis (>0 months) [17], after 3 months [2], and after 6 months [5]; the 3-month
cutoff was chosen for this study. Patients in the MG were further categorized into four
subgroups based on the time interval from initial diagnosis to recurrence: 3–12 months,
>12–24 months, >24 months–5 years, and >5 years after nephrectomy.

2.5. Statistical Analysis

Baseline characteristics were summarized by time-to-metastasis categories, and stan-
dardized differences (SDs) were calculated as a measure of the difference between the two
groups. A logistic model was constructed with categorized time to metastasis (SG/MG) as
the response variable and baseline characteristics as the candidate explanatory variables to
explore baseline variables relevant to time-to-metastasis categorization. Stepwise selection
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began with no variables selected and was used for explanatory variable selection in the
multivariable logistic model. Variables that met the entry or removal criteria were added or
removed until a stable set of explanatory variables was obtained. The Wald test was used to
determine explanatory variables in the multivariable logistic model, with two significance
levels: α = 0.05 for variable addition and α = 0.05 for removal. Time-to-metastasis distribu-
tions were estimated using the Kaplan-Meier method for several baseline characteristics,
with confidence intervals (CIs) of the median estimated using the Brookmeyer–Crowley
method. Univariate Cox proportional hazards models were used to estimate the hazard
ratios (HRs) and CIs. The mean, difference, and CIs of time to metastasis were also cal-
culated as all patients were not censored. All p-values provided were interpreted in a
descriptive manner.

3. Results

3.1. Baseline Characteristics of Patients with Synchronous and Metachronous mRCC

In total, 568 patients with mRCC were included in the analysis. Of these, 307 (54.0%)
had synchronous metastasis and 261 (46.0%) developed metastasis 3 months after nephrec-
tomy. The baseline characteristics at the time of initial diagnosis of SG and MG are shown
in Table 1. The median age was 64.0 [range: 23, 87] years in SG and 64.0 [30, 85] years in
MG. The distribution of World Health Organization (WHO)/ISUP grades was different
between SG (grade 1/2: 29.6%, grade 3: 38.1%, and grade 4: 32.2%) and MG (grade 1/2:
47.5%, grade 3: 37.5%, and grade 4: 14.9%). The proportion of patients with grade 1/2
tumors was lower in SG than in MG (29.6% vs. 47.5%, SD: −0.4), while the proportion of
patients with grade 4 tumors was higher in SG than in MG (32.2% vs. 14.9%, SD: 0.4). The
proportions of patients with other poor prognostic pathological features (necrosis [50.8%
vs. 34.9%, SD: 0.3], lymphovascular invasion (LVI) [30.6% vs. 19.2%, SD: 0.3], sarcomatoid
differentiation [16.3% vs. 5.4%, SD: 0.4], and infiltrative growth pattern [28.3% vs. 21.1%,
SD: 0.2]) were higher in SG than in MG.

Table 1. Baseline characteristics at the time of initial diagnosis of synchronous and metachronous
metastatic renal cell carcinoma.

Characteristic,
n (%)

Synchronous a

(N = 307)
Metachronous b

(N = 261)

Total
(N = 568)

p-Value c Standardized
Difference

Sex d

Male 238 (77.5) 196 (75.1) 434 (76.4) 0.497 0.1
Female 69 (22.5) 65 (24.9) 134 (23.6) −0.1

Age
Mean (standard deviation) 63.2 (10.9) 62.8 (10.3) 63.0 (10.6) 0.623 0.0

Median [range] 64.0 [23, 87] 64.0 [30, 85] 64.0 [23, 87]
Age category d

<65 y 164 (53.4) 140 (53.6) 304 (53.5) 0.473 0.0
≥65 and <75 y 94 (30.6) 88 (33.7) 182 (32.0) −0.1

≥75 y 49 (16.0) 33 (12.6) 82 (14.4) 0.1
Histology d

Clear cell 286 (93.2) 241 (92.3) 527 (92.8) 0.706 0.0
Non–clear cell 21 (6.8) 20 (7.7) 41 (7.2) 0.0

Sarcomatoid component d

Absent 257 (83.7) 247 (94.6) 504 (88.7) <0.0001 −0.4
Present 50 (16.3) 14 (5.4) 64 (11.3) 0.4

Growth pattern d

Expansive 97 (31.6) 110 (42.1) 207 (36.4) 0.021 −0.2
Infiltrative 87 (28.3) 55 (21.1) 142 (25.0) 0.2

Indeterminable 123 (40.1) 96 (36.8) 219 (38.6) 0.1
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Table 1. Cont.

Characteristic,
n (%)

Synchronous a

(N = 307)
Metachronous b

(N = 261)

Total
(N = 568)

p-Value c Standardized
Difference

Fuhrman grade d

Grade 1/2 78 (25.4) 107 (41.0) 185 (32.6) <0.0001 −0.3
Grade 3 154 (50.2) 126 (48.3) 280 (49.3) 0.0
Grade 4 75 (24.4) 28 (10.7) 103 (18.1) 0.4

WHO/ISUP grade d

Grade 1/2 91 (29.6) 124 (47.5) 215 (37.9) <0.0001 −0.4
Grade 3 117 (38.1) 98 (37.5) 215 (37.9) 0.0
Grade 4 99 (32.2) 39 (14.9) 138 (24.3) 0.4

Necrosis d

Absent 150 (48.9) 169 (64.8) 319 (56.2) 0.0007 −0.3
Present 156 (50.8) 91 (34.9) 247 (43.5) 0.3

Indeterminable 1 (0.3) 1 (0.4) 2 (0.4) 0.0
Lymphovascular invasion d

Absent 195 (63.5) 194 (74.3) 389 (68.5) 0.0074 −0.2
Present 94 (30.6) 50 (19.2) 144 (25.4) 0.3

Indeterminable 18 (5.9) 17 (6.5) 35 (6.2) 0.0
TIME

PD-L1 expression
IC0 153 (49.8) 181 (69.3) 334 (58.8) <0.0001 −0.4
IC1 88 (28.7) 56 (21.5) 144 (25.4) 0.2
IC2 38 (12.4) 16 (6.1) 54 (9.5) 0.2
IC3 28 (9.1) 8 (3.1) 36 (6.3) 0.3

PD-L1 expression d

Negative e 153 (49.8) 181 (69.3) 334 (58.8) <0.0001 −0.4
Positive f 154 (50.2) 80 (30.7) 234 (41.2) 0.4

Immunophenotype d

Desert 109 (35.5) 133 (51.0) 242 (42.6) 0.0001 −0.3
Excluded 169 (55.0) 119 (45.6) 288 (50.7) 0.2
Inflamed 29 (9.4) 9 (3.4) 38 (6.7) 0.2

a Defined as metastasis ≤ 3 months of initial diagnosis of renal cell carcinoma. b Defined as metastasis diagnosed
> 3 months after initial diagnosis. c p-values were calculated using the chi-square test for categorical variables
and Kruskal-Wallis test for continuous variables. d Candidate explanatory variables in the multivariable logistic
regression model of metachronous/synchronous renal cell carcinoma; results are shown in Table 2. e Defined as
IC0. f Defined as IC1/2/3. ISUP, International Society of Urologic Pathologists; PD-L1, programmed death ligand
1; TIME, tumor immune microenvironment; WHO, World Health Organization.

Table 2. Multivariable logistic regression analysis of synchronous/metachronous metastasis.

Selected Variable a Definition of OR b Adjusted OR b

[95% CI]
p-Value c

PD-L1 expression Positive/Negative 1.76 [1.22, 2.55] 0.0026

WHO/ISUP grade Grade 3/Grades 1, 2 1.38 [0.93, 2.05] 0.110
Grade 4/Grades 1, 2 2.58 [1.59, 4.20] 0.0001

Lymphovascular invasion Present/Absent 1.60 [1.06, 2.40] 0.024
a All candidate explanatory variables are described in Table 1 (sex, age category at initial diagnosis, PD-L1
expression, immunophenotype, histology, sarcomatoid component, growth pattern, Fuhrman grade, WHO/ISUP
grade, necrosis, and lymphovascular invasion). Explanatory variable addition and removal were based on
stepwise selection with α = 0.05. b Odds for synchronous/metachronous. c p-value was calculated using
the Wald test for a parameter of the multivariable logistic regression model. CI, confidence interval; ISUP,
International Society of Urologic Pathologists; OR, odds ratio; PD-L1, programmed death ligand 1; WHO, World
Health Organization.

SG showed higher PD-L1 positivity (50.2% vs. 30.7%, SD: 0.4) than MG. Regarding
immunophenotypes, the proportion of the desert phenotype was lower (35.5% vs. 51.0%,
SD: −0.3), while that of the inflamed phenotype was higher (9.4% vs. 3.4%, SD: 0.2) (Table 1)
in SG compared with MG.
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3.2. Multivariable Logistic Regression Analysis of Metachronous/Synchronous Metastasis

The multivariable logistic regression model selected PD-L1 expression, WHO/ISUP
grade, and LVI as explanatory variables (Table 2).

Although the distribution of immunophenotype was different between SG and MG
(Table 1), the immunophenotype was not selected as an explanatory variable in the model,
possibly because of the strong association between immunophenotype and PD-L1 expres-
sion and WHO/ISUP grade. PD-L1 positivity showed a distinct difference (desert vs.
excluded vs. inflamed: 9.1% vs. 62.5% vs. 84.2%, respectively). The proportions of patients
with WHO/ISUP grade 1/2 (52.5% vs. 29.5% vs. 7.9%) and grade 4 (14.5% vs. 27.4% vs.
63.2%) tumors were also considerably different (Table S1).

3.3. TIME and Time to Metastasis

The median time to metastasis was 6.5 months (95% CI: 2.5, 8.3) in PD-L1–negative
patients and 0 months (95% CI: not applicable [NA], NA) in PD-L1–positive patients (HR:
1.57, 95% CI: 1.33, 1.86, Figure 1A).

 

Figure 1. Kaplan-Meier curve of time to metastasis by (A) PD-L1 status or (B) immunophenotype.
a p-values were calculated using the Wald test for a parameter of the univariate Cox proportional
hazards model. CI, confidence interval; NA, not applicable; PD-L1, programmed death ligand 1;
ref., reference.

The median time to metastasis was 6.6 months (95% CI: 0.0, 9.0) for desert, 0 months
(95% CI: 0.0, 0.8) for excluded, and 0 months (95% CI: NA, NA) for inflamed immunophe-
notypes (HR desert vs. excluded: 1.35 [95% CI: 1.13, 1.60], HR desert vs. inflamed:
1.77 [95% CI: 1.26, 2.50], Figure 1B).

PD-L1 positivity and immunophenotype of the five subgroups categorized accord-
ing to the time interval from initial diagnosis to metastasis (≤3 months, >3–12 months,
>12–24 months, >24 months–5 years, and >5 years) are shown in Figure 2 and Table 3.
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Figure 2. Distribution of immunological features by time to metastasis (100% stacked bar chart).
(A) PD-L1 status by time from initial diagnosis to metastasis. (B) Immunophenotype by time from
initial diagnosis to metastasis. PD-L1, programmed death ligand 1.

PD-L1 positivity was highest for time to metastasis ≤ 3 months (50.2%) and tended
to decrease with increasing time of metastasis (>3–12 months: 42.0% and >12–24 months:
23.1%). However, it was similar in the groups with confirmed metastasis after 12 months
(>12–24 months: 23.1%, >24 months–5 years: 27.9%, and >5 years: 23.8%; Figure 2A and
Table 3). With a 12-month cutoff point for the time to metastasis, PD-L1 positivity was
48.5% in the ≤12 months group (N = 388) and 25.6% in the >12 months group (N = 180).
The SD was 0.5 (Table S2).

The total number of patients with the inflamed phenotype was 38 (6.7%); therefore,
the number of patients within each category was also quite small. The proportion of
patients with the desert phenotype tended to increase with increasing time to metastasis
(≤3 months: 35.5%, >3–12 months: 40.7%, >12–24 months: 50.0%, >24 months–5 years: 59.3%,
and >5 years: 54.8%; Figure 2B and Table 3).

3.4. Pathological Features and Time from Initial Diagnosis to Metastasis

The pathological characteristics of the five subgroups categorized according to the time
interval from initial diagnosis to metastasis (≤3 months, >3–12 months, >12–24 months,
>24 months–5 years, and >5 years) are shown in Table 3.

The proportion of patients with different LVI and WHO ISUP grades, which were
suggested to be related to metachronous/synchronous disease based on the multivariate
analysis, showed a similar trend.

The proportion of patients with LVI differed between time to metastasis < 12 months
and >12 months (≤3 months: 30.6% and >3–12 months: 28.4% vs. >12–24 months:
13.5%, >24 months–5 years: 15.1%, and >5 years: 16.7%). The proportion of patients
with grade 1/2 tumors was also different when time to metastasis was <12 months vs.
>12 months (≤3 months: 29.6% and >3–12 months: 25.9% vs. >12–24 months: 50.0%,
>24 months–5 years: 59.3%, and >5 years: 61.9%; Table 3).

With a 12-month cutoff point for the time to metastasis, the proportion of patients with LVI
was 30.2% in the ≤12 months group (N = 388) and 15.0% in the >12 months group (N = 180).
The SD was 0.4. The proportions of patients with grade 1/2 (28.9% vs. 57.2%, SD: −0.6) and
grade 4 (29.9% vs. 12.2%, SD: 0.4) tumors were also distinctly different (Table S2).
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Table 3. Baseline characteristics by time from initial diagnosis to metastasis.

Characteristic,
n (%)

Time from Initial Diagnosis to Metastasis
Total

(N = 568)
p-Value a≤3 mo

(N = 307)
>3–12 mo
(N = 81)

>12–24 mo
(N = 52)

>24 mo–5 y
(N = 86)

>5 y
(N = 42)

Sex
Male 238 (77.5) 60 (74.1) 39 (75.0) 63 (73.3) 34 (81.0) 434 (76.4) 0.832

Female 69 (22.5) 21 (25.9) 13 (25.0) 23 (26.7) 8 (19.0) 134 (23.6)
Age

Mean (standard deviation) 63.2 (10.9) 63.2 (11.4) 62.9 (10.0) 63.7 (9.8) 60.2 (9.5) 63.0 (10.6) 0.281
Median [range] 64.0 [23, 87] 65.0 [30, 85] 63.0 [32, 81] 66.0 [35, 81] 61.0 [38, 84] 64.0 [23, 87]
Age category

<65 y 164 (53.4) 39 (48.1) 31 (59.6) 41 (47.7) 29 (69.0) 304 (53.5) 0.179
≥65 and <75 y 94 (30.6) 27 (33.3) 15 (28.8) 34 (39.5) 12 (28.6) 182 (32.0)

≥75 y 49 (16.0) 15 (18.5) 6 (11.5) 11 (12.8) 1 (2.4) 82 (14.4)
Histology
Clear cell 286 (93.2) 74 (91.4) 46 (88.5) 79 (91.9) 42 (100.0) 527 (92.8) 0.274

Non–clear cell 21 (6.8) 7 (8.6) 6 (11.5) 7 (8.1) 0 (0.0) 41 (7.2)
Sarcomatoid component

Absent 257 (83.7) 74 (91.4) 46 (88.5) 85 (98.8) 42 (100.0) 504 (88.7) 0.0002
Present 50 (16.3) 7 (8.6) 6 (11.5) 1 (1.2) 0 (0.0) 64 (11.3)

Growth pattern
Expansive 97 (31.6) 23 (28.4) 23 (44.2) 45 (52.3) 19 (45.2) 207 (36.4) 0.0044
Infiltrative 87 (28.3) 27 (33.3) 10 (19.2) 11 (12.8) 7 (16.7) 142 (25.0)

Indeterminable 123 (40.1) 31 (38.3) 19 (36.5) 30 (34.9) 16 (38.1) 219 (38.6)
Fuhrman grade

Grade 1/2 78 (25.4) 21 (25.9) 20 (38.5) 42 (48.8) 24 (57.1) 185 (32.6) <0.0001
Grade 3 154 (50.2) 46 (56.8) 24 (46.2) 40 (46.5) 16 (38.1) 280 (49.3)
Grade 4 75 (24.4) 14 (17.3) 8 (15.4) 4 (4.7) 2 (4.8) 103 (18.1)

WHO/ISUP grade
Grade 1/2 91 (29.6) 21 (25.9) 26 (50.0) 51 (59.3) 26 (61.9) 215 (37.9) <0.0001

Grade 3 117 (38.1) 43 (53.1) 13 (25.0) 28 (32.6) 14 (33.3) 215 (37.9)
Grade 4 99 (32.2) 17 (21.0) 13 (25.0) 7 (8.1) 2 (4.8) 138 (24.3)
Necrosis
Absent 150 (48.9) 37 (45.7) 35 (67.3) 63 (73.3) 34 (81.0) 319 (56.2) <0.0001
Present 156 (50.8) 43 (53.1) 17 (32.7) 23 (26.7) 8 (19.0) 247 (43.5)

Indeterminable 1 (0.3) 1 (1.2) 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.4)
Lymphovascular

invasion
Absent 195 (63.5) 54 (66.7) 43 (82.7) 68 (79.1) 29 (69.0) 389 (68.5) 0.0081
Present 94 (30.6) 23 (28.4) 7 (13.5) 13 (15.1) 7 (16.7) 144 (25.4)

Indeterminable 18 (5.9) 4 (4.9) 2 (3.8) 5 (5.8) 6 (14.3) 35 (6.2)
TIME

PD-L1 expression
IC0 153 (49.8) 47 (58.0) 40 (76.9) 62 (72.1) 32 (76.2) 334 (58.8) 0.0005
IC1 88 (28.7) 22 (27.2) 9 (17.3) 18 (20.9) 7 (16.7) 144 (25.4)
IC2 38 (12.4) 9 (11.1) 3 (5.8) 3 (3.5) 1 (2.4) 54 (9.5)
IC3 28 (9.1) 3 (3.7) 0 (0.0) 3 (3.5) 2 (4.8) 36 (6.3)

PD-L1 expression

Negative b 153 (49.8) 47 (58.0) 40 (76.9) 62 (72.1) 32 (76.2) 334 (58.8) <0.0001
Positive c 154 (50.2) 34 (42.0) 12 (23.1) 24 (27.9) 10 (23.8) 234 (41.2)

Immunophenotype
Desert 109 (35.5) 33 (40.7) 26 (50.0) 51 (59.3) 23 (54.8) 242 (42.6) 0.0008

Excluded 169 (55.0) 46 (56.8) 25 (48.1) 30 (34.9) 18 (42.9) 288 (50.7)
Inflamed 29 (9.4) 2 (2.5) 1 (1.9) 5 (5.8) 1 (2.4) 38 (6.7)

a p-values were calculated using the chi-square test for categorical variables and Kruskal-Wallis test for continuous
variables. b Defined as IC0. c Defined as IC1/2/3. ISUP, International Society of Urologic Pathologists; PD-L1,
programmed death ligand 1; TIME, tumor immune microenvironment; WHO, World Health Organization.
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3.5. Clinical Characteristics at the Time of 1L Treatment

The clinical characteristics at the time of 1L treatment are shown in Table 4. The median
age at the time of initial diagnosis was different between the groups: 64.0 [range: 23, 87] in
SG and 68.0 [31, 89] in MG. The distribution of the IMDC risk groups was different between
SG (favorable: 3.6%, intermediate: 64.8%, and poor: 31.6%) and MG (favorable: 39.5%,
intermediate: 51.3%, and poor: 9.2%).

Table 4. Clinical characteristics at the time of first-line treatment of synchronous and metachronous
metastatic renal cell carcinoma.

Characteristic,
n (%)

Synchronous a

(N = 307)
Metachronous b

(N = 261)

Total
(N = 568)

p-Value c Standardized
Difference

Sex
Male 238 (77.5) 196 (75.1) 434 (76.4) 0.497 0.1

Female 69 (22.5) 65 (24.9) 134 (23.6) −0.1
Age (year)

Mean (standard deviation) 63.8 (10.9) 66.4 (10.3) 65.0 (10.7) 0.0032 −0.2
Median [range] 64.0 [23, 87] 68.0 [31, 89] 66.0 [23, 89]
Age category

<65 y 155 (50.5) 102 (39.1) 257 (45.2) 0.021 0.2
≥65 and <75 y 100 (32.6) 100 (38.3) 200 (35.2) −0.1

≥75 y 52 (16.9) 59 (22.6) 111 (19.5) −0.1
ECOG PS category

0, 1 251 (81.8) 212 (81.2) 463 (81.5) 0.400 0.0
≥2 38 (12.4) 27 (10.3) 65 (11.4) 0.1

Unknown 18 (5.9) 22 (8.4) 40 (7.0) −0.1
IMDC risk group

Favorable 11 (3.6) 103 (39.5) 114 (20.1) < 0.0001 −1.0
Intermediate 199 (64.8) 134 (51.3) 333 (58.6) 0.3

Poor 97 (31.6) 24 (9.2) 121 (21.3) 0.6
White blood cells

≤ULN 253 (82.4) 231 (88.5) 484 (85.2) 0.107 −0.2
>ULN 49 (16.0) 26 (10.0) 75 (13.2) 0.2

Indeterminable 5 (1.6) 4 (1.5) 9 (1.6) 0.0
Neutrophils

≤ULN 219 (71.3) 187 (71.6) 406 (71.5) 0.144 0.0
>ULN 63 (20.5) 42 (16.1) 105 (18.5) 0.1

Indeterminable 25 (8.1) 32 (12.3) 57 (10.0) −0.1
Neutrophil–lymphocyte ratio

<2.9 135 (44.0) 131 (50.2) 266 (46.8) 0.021 −0.1
≥2.9 147 (47.9) 97 (37.2) 244 (43.0) 0.2

Indeterminable 25 (8.1) 33 (12.6) 58 (10.2) −0.1
CRP (mg/dL)

<0.3 92 (30.0) 129 (49.4) 221 (38.9) <0.0001 −0.4
≥0.3 199 (64.8) 114 (43.7) 313 (55.1) 0.4

Indeterminable 16 (5.2) 18 (6.9) 34 (6.0) −0.1
Hemoglobin

≥LLN 112 (36.5) 153 (58.6) 265 (46.7) <0.0001 −0.5
<LLN 190 (61.9) 104 (39.8) 294 (51.8) 0.5

Indeterminable 5 (1.6) 4 (1.5) 9 (1.6) 0.0
Platelets
≤ULN 258 (84.0) 243 (93.1) 501 (88.2) 0.0020 −0.3
>ULN 44 (14.3) 14 (5.4) 58 (10.2) 0.3

Indeterminable 5 (1.6) 4 (1.5) 9 (1.6) 0.0
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Table 4. Cont.

Characteristic,
n (%)

Synchronous a

(N = 307)
Metachronous b

(N = 261)

Total
(N = 568)

p-Value c Standardized
Difference

Corrected serum calcium (mg/dL)
≤10 250 (81.4) 223 (85.4) 473 (83.3) 0.058 −0.1
>10 39 (12.7) 18 (6.9) 57 (10.0) 0.2

Indeterminable 18 (5.9) 20 (7.7) 38 (6.7) −0.1
Lactate dehydrogenase

≤ULN × 1.5 273 (88.9) 241 (92.3) 514 (90.5) 0.370 −0.1
>ULN × 1.5 19 (6.2) 12 (4.6) 31 (5.5) 0.1

Indeterminable 15 (4.9) 8 (3.1) 23 (4.0) 0.1
Albumin
≥LLN 95 (30.9) 128 (49.0) 223 (39.3) <0.0001 −0.4
<LLN 199 (64.8) 123 (47.1) 322 (56.7) 0.4

Indeterminable 13 (4.2) 10 (3.8) 23 (4.0) 0.0
a Defined as metastasis ≤ 3 months of initial diagnosis of renal cell carcinoma. b Defined as metastasis diagnosed
> 3 months after initial diagnosis of renal cell carcinoma. c p-values were calculated using the chi-square test for
categorical variables and Kruskal-Wallis test for continuous variables. CRP, C-reactive protein; ECOG, Eastern
Cooperative Oncology Group; IMDC, International Metastatic Renal Cell Carcinoma Database Consortium; LLN,
lower limit of normal; PS, performance status; ULN, upper limit of normal.

Comparing the sites of metastasis in SG and MG, a higher proportion of lung (SG vs. MG,
69.1% vs. 55.6%, SD: 0.3) and lymph node (26.4% vs. 17.6%, SD: 0.2) involvement was ob-
served in SG, while a higher proportion of pancreas (2.6% vs. 6.5%, SD: −0.2) involvement
was observed in MG (Table S3).

The median OS after 1L VEGFRi treatment was 29.5 months (95% CI: 25.1, 32.5) in SG
and 44.2 months (95% CI: 36.5, 51.1) in MG (HR, 0.74 [95% CI: 0.60, 0.91]) (Figure S2).

4. Discussion

Metastasis is seen in synchronous mRCC at the time of diagnosis, while metachronous
metastasis develops after nephrectomy for localized RCC. In this study, we investigated
the differences in PD-L1 expression and immunophenotype of tumor-infiltrating immune
cells in primary lesions, mainly between SG and MG, based on time intervals to metastasis
and its association with clinicopathological parameters in patients with mRCC.

4.1. The Difference in Baseline Characteristics between SG and MG

At the time of initial diagnosis, a higher proportion of poor prognostic pathological
features were seen in SG compared with MG (WHO/ISUP grade 4, necrosis, LVI, infiltrative
growth pattern, and sarcomatoid differentiation). Similarly, regarding the TIME, more
immunogenic features were observed in SG than in MG: PD-L1 positivity (50.2% vs. 30.7%,
SD: 0.4), proportion of desert phenotype (35.5% vs. 51.0%, SD: −0.3), and inflamed pheno-
type (9.4% vs. 3.4%, SD: 0.2). These pathological/immunological differences between SG
and MG were consistent with previous reports and support poor prognosis in SG compared
with MG [2,5,6].

4.2. Association between TIME and Time to Metastasis

Several previous reports have shown an association between TIME and pathological
grade; T-cell infiltration with the expression of several checkpoint proteins (e.g., PD-1 and
PD-L1/2) was observed to be associated with a more aggressive phenotype, higher patho-
logical grade, and sarcomatoid differentiation [18–21]. In addition, T-cell infiltrating tumor
types with checkpoint protein expression were considered to have a worse prognosis than
those with the immune desert phenotype in both metastatic and localized RCC [20,22,23].
We observed that PD-L1 positivity was associated with a shorter time to metastasis. Among
immunophenotypes, the desert phenotype was associated with a longer time to metastasis
than the excluded phenotype. Moreover, an association between PD-L1 expression, im-
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munophenotype, and ISUP grade was observed. Thus, our observations were consistent
with those of previous reports [18–23].

In most other tumors, including melanoma, colorectal cancer, and lung cancer, the
immunogenic features of the TIME (tumor infiltration by CD8+ T cells; inflamed phenotype)
are considered to be markers of good prognosis [24,25], while they are associated with poor
prognosis in RCC [20]. Although this is thought to be due to the strong association between
the TIME and pathological grade in RCC, a more detailed study on the TIME is needed.

We examined the association between the TIME and synchronous/metachronous
disease, including other pathological features. PD-L1 expression, WHO/ISUP grade, and
LVI were associated with synchronous/metachronous disease. To our knowledge, this is
the first report to show this association, and we consider the results to be a recommenda-
tion to evaluate each of the TIME and pathological features for better understanding of
synchronous/metachronous RCC.

4.3. Clinical Importance of Time to Metastasis and TIME

We observed that PD-L1 positivity differed between metastases within 12 months and
metastases > 12 months. However, this observation was not very obvious in the distribution
of the immunophenotypes.

A trend of differential prevalence within and after 12 months of time to metastasis was
also observed for pathological features other than PD-L1 expression. LVI and WHO/ISUP
grade 1/2, which were selected in the synchronous/metachronous logistic model, showed
similar trends as PD-L1 expression. All SDs with a 12-month cutoff point for the time to
metastasis supported this observation.

These results suggest that even if a metastasis is categorized as metachronous, if the
time to metastasis is <12 months, the tumor environment is close to that of a synchronous
metastasis. Specifically, the tumor environment of a metastasis that develops within
12 months is immunologically more tumor-infiltrating lymphocyte (TIL)-infiltrated and
PD-L1-expressing and pathologically of a higher grade than the tumor environment of a
metastasis that develops after 12 months.

The MSKCC risk classification in the cytokine era [3] and the IMDC risk classification in
the targeted therapy era [4] are most widely used in the prognostic factor models of mRCC.
Both classifications include “time from diagnosis to treatment of less than 12 months” as
a risk factor. The “time from diagnosis to treatment” is “the time from initial diagnosis
to confirmation of metastasis.” Therefore, the observation that both PD-L1 positivity and
pathological features tended to differ at about 12 months in our study might support the
setting of 12 months as the cutoff point in IMDC and MSKCC. The IMDC/MSKCC criteria
do not include pathological grade or other pathological features that are considered as
prognostic factors, but this may be because of employing the 12-month cutoff as a factor to
explain pathological features.

4.4. Clinical Importance of TIME in the Current IO Era

The rapid evolution from TKI to immunotherapy with checkpoint inhibitors has
dramatically changed treatment outcomes in mRCC [9]. The results from different studies
also suggest a trend toward different subgroups of patients benefiting from checkpoint
inhibitors and VEGFRi. In the post hoc analysis of the CheckMate 214 trial (nivolumab plus
ipilimumab vs. sunitinib), although the overall response rate (ORR) of sunitinib decreased
as the number of risk factors increased (50–16%), the ORR of nivolumab plus ipilimumab
was consistent across any number of IMDC risk factors (ranging from 39% to 44%) [26].
Furthermore, while longer OS and a higher ORR were observed with nivolumab plus
ipilimumab than with sunitinib across tumor PD-L1 expression levels, the magnitude of
benefit was higher in the population with 1% or greater PD-L1 expression [7]. In addition,
in RCC with sarcomatoid histology, which is known to be associated with a poor response
to VEGFRi, both avelumab plus axitinib and nivolumab plus ipilimumab showed better
efficacy outcomes compared with sunitinib in the post hoc analysis [8,27].
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The post hoc biomarker analysis of iMmotion150 (atezolizumab plus bevacizumab, ate-
zolizumab vs. sunitinib) and iMmotion151 (atezolizumab plus bevacizumab vs. sunitinib)
based on gene expression associated with “tumor angiogenesis,” “pre-existing immunity,”
and “immunosuppressive myeloid inflammation” showed that these signatures were dif-
ferentially associated with progression-free survival (PFS)/OS across treatments [21,28].
Favorable trends of PFS/OS for atezolizumab plus bevacizumab were observed in tumors
characterized by high T-effector gene expression, but not in tumors characterized by high
angiogenic gene expression [21,28]. The immunophenotype evaluated in our study as-
sessed the localization of TILs relative to the tumor area [20] and may represent the status
of the pre-existing immunity.

In summary, IMDC risk, pathological features (sarcomatoid histology and tumor
angiogenesis), and the TIME (status of pre-existing immunity, PD-L1 expression, and
T-effector gene expression) are considered key factors in selecting 1L treatment for mRCC.
With the advent of IO combination therapies, it is important to select treatment according
to tumor type [29], but the TIME has not yet been evaluated in clinical practice.

Our study showed that the TIME of synchronous metastasis or tumors with shorter
time to recurrence was immunologically more TIL-infiltrated and PD-L1-expressing and
pathologically of a higher grade than that of metachronous metastases. We also observed
that the IMDC risk distribution at the time of the 1L therapy was worse in SG than in
MG (favorable/intermediate/poor: 3.6%/64.8%/31.6% vs. 39.5%/51%/9.2%), and the
OS under VEGFRi therapy was shorter in SG than in MG (median OS: 29.5 months vs.
44.2 months, HR: 0.74 [95% CI: 0.60, 0.91]). Thus, our study showed that the timing of
metastasis is related to the TIME of the primary tumor and OS under VEGFRi treatment.
As immune markers have not been evaluated in the current clinical practice of RCC, it
is possible that the timing of metastasis reflects the TIME and may be useful in selecting
1L treatment.

4.5. Limitations

This study had several limitations. First, the patients included in this study underwent
nephrectomy and received VEGFRi as 1L systemic therapy. However, since we evaluated
the time to metastasis before systemic therapy and not OS, the results were not affected
by systemic therapy. The response to IO drugs is unknown in this cohort. In this study,
surgical specimens were used in all patients, and about half of the specimens were from
cytoreductive nephrectomy. However, considering the results of the CARMENA study [30]
and the fact that there are a certain number of patients who cannot undergo surgery,
we thought it necessary to examine the use of needle biopsy specimens. Second, we
analyzed the immune status of the primary tumors. The TIME of metastatic lesions,
which is the target of systemic therapy, especially in the MG, might be different from the
TIME of the primary lesions at the time of nephrectomy. Only patients who underwent
radical nephrectomy were included in the SG group. The TIME of SG patients who
cannot undergo radical nephrectomy might be different from that of patients who can
undergo cytoreductive nephrectomy. Third, owing to the retrospective nature of the study,
unmeasured confounding factors and/or selection bias could have affected the study
results. Fourth, PD-L1 expression status was analyzed in tumor-infiltrating immune cells
but not in tumor cells. Factors that were not considered in this study, such as PD-L1
expression status in tumor cells and gene expression [31,32] or mutation analysis, should
be investigated in the future.

5. Conclusions

In conclusion, this is the first study to examine the differences in the TIME charac-
teristics of primary lesions in patients with mRCC based on the time to metastasis. We
demonstrated that PD-L1 expression in tumor-infiltrating immune cells and immunophe-
notypes of the primary lesions differed according to the time to recurrence. A synchronous
or shorter time to recurrence was associated with increased PD-L1 expression in tumor-
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infiltrating immune cells, more inflamed and excluded phenotypes, and fewer desert
phenotypes. In the IO era, an understanding of the TIME of primary lesions might provide
useful insights regarding the choice of 1L systemic therapy in patients with mRCC.
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Simple Summary: Over the last decade there has been a significant increase in the number of
therapies that activate the host’s immune system to target and eliminate renal cell carcinoma (RCC)
tumors. The superior efficacy of these agents demonstrates that host control of RCC requires a
robust and effective immune response. Given the increasing incorporation of immune activating
agents into routine clinical practice for the management of RCC, it is important for researchers and
clinicians to understand the characteristics of the immune microenvironment in RCC tumors. The
purpose of this review is to describe the concepts of the anti-tumor immune response to RCC and to
provide a detailed summary of the current understanding of the immune response to RCC tumor
development and progression. Additionally, this article explores how components of the immune
microenvironment are being used to predict response to therapy and patient survival.

Abstract: Scientific understanding of how the immune microenvironment interacts with renal cell
carcinoma (RCC) has substantially increased over the last decade as a result of research investigations
and applying immunotherapies, which modulate how the immune system targets and eliminates
RCC tumor cells. Clinically, immune checkpoint inhibitor therapy (ICI) has revolutionized the
treatment of advanced clear cell RCC because of improved outcomes compared to targeted molec-
ular therapies. From an immunologic perspective, RCC is particularly interesting because tumors
are known to be highly inflamed, but the mechanisms underlying the inflammation of the tumor
immune microenvironment are atypical and not well described. While technological advances in
gene sequencing and cellular imaging have enabled precise characterization of RCC immune cell
phenotypes, multiple theories have been suggested regarding the functional significance of immune
infiltration in RCC progression. The purpose of this review is to describe the general concepts of the
anti-tumor immune response and to provide a detailed summary of the current understanding of the
immune response to RCC tumor development and progression. This article describes immune cell
phenotypes that have been reported in the RCC microenvironment and discusses the application of
RCC immunophenotyping to predict response to ICI therapy and patient survival.

Keywords: renal cell carcinoma; immune microenvironment; tumor immunology; immune checkpoint
inhibitor; immunotherapy
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1. Introduction

In 2022, renal cell carcinoma (RCC) accounted for most of the estimated 79,000 new
diagnoses of kidney cancer and 13,920 deaths, making it one of the most common malignan-
cies in the United States [1,2]. For clinically localized or locally advanced disease, surgery
is the primary treatment, but tumors with aggressive features, such as high tumor grade,
presence of tumor thrombus, tumor necrosis and peritumoral fat invasion, may have higher
rates of metastatic progression [3,4]. Consequently, RCC has been the focus of tumor mi-
croenvironment (TME) research to understand mechanisms of pathogenesis and to inform
treatment approaches. Previously, angiogenic components of the TME in RCC emerged
as promising targets, with improved survival demonstrated in metastatic RCC (mRCC)
using tyrosine kinase inhibitors [5]. More recently, immune checkpoint inhibitors (ICI)
have shown superior outcomes compared to tyrosine kinase inhibitor and mTOR inhibitor
therapies in advanced RCC clinical trials [6–9]. Understanding the immunologic aspects
of the RCC TME will be important to developing new therapeutic targets and prognostic
signatures. Although ICIs have shown success for RCC treatment [10,11], our understand-
ing of the mechanisms of anti-tumor immune response and immune dysregulation in RCC
remains limited. This review aims to summarize our understanding of the basic concepts
of RCC tumor-immune biology and discusses in detail the attempts to use components of
the RCC immune microenvironment as prognostic and predictive biomarkers.

2. The Immune Response to Cancer

The tumor immune microenvironment is shaped by the response of the immune
system to tumor cell development, which is distinct from the response to external pathogens.
For example, recognition of “non-self” antigens on bacteria allows targeting and removal
while avoiding autoimmunity. However, tumor cells are unique because non-synonymous
somatic mutations of host genes produce “neoantigens” that may be recognized by immune
cells as foreign, triggering a host immune response, which has been described as the
“cancer-immunity cycle” (Figure 1) [12]. Tumor cell recognition is initiated primarily by
dendritic cells (DCs), which act as the main antigen presenting cells (APCs) within the body.
Neoantigens are captured and processed by DCs in the tumor microenvironment, which
has migrated to the tumor under the influence of pro-inflammatory signals [13]. Certain
types of mutations, such as frameshift mutations, may result in significantly altered peptide
sequences leading to more robust immune responses [14]. Measures of tumor mutational
burden (TMB) have been used as an indirect measure of neoantigen production and have
been found to be associated with survival and improved response to ICI therapy in some
tumors, such as melanoma and NSCLC; however, prior studies have suggested that TMB is
less predictive of ICI success in RCC [14,15].
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Figure 1. The renal cell carcinoma cancer immune cycle. Depiction of the immune response cycle to
renal cell carcinoma. Dendritic cells (DCs) and other antigen presenting cells (APCs) are recruited
to the tumor microenvironment where renal cell carcinoma (RCC) tumor neoantigens are captured,
processed and then presented by DCs and APCs on MHC I and MHC II molecules (step 1). DCs and
other APCs migrate to tumor draining lymph nodes (TDLNs), where they present tumor neoantigens
to T cells (step 2). Naïve CD8+ T cells undergo a two-phase process to gain effector functions (as
proposed by Prokhnevska et al. [16]). In phase 1, naïve CD8+ T cells become activated stem-like CD8+

T cells, which migrate to the tumor microenvironment and have the ability to replicate but do not
yet possess effector functions. In phase 2, the stem-like CD8+ T cells differentiate into effector cells
by a second co-stimulatory signal from tumor resident DCs. These terminally differentiated effector
CD8+ T cells target and destroy tumor cells (step 4). This releases more RCC neoantigens, further
potentiating the cancer immune cycle (step 5).

After neoantigen capture and processing by DCs and other APCs, cells migrate to
tumor draining lymph nodes and present neoantigens to T cells, which become primed and
activated leading to effector T cell responses. One critical step of the cancer-immunity cycle
is the adaptive immune system recognizing that neoantigens are foreign and bypassing
central tolerance. Activation of T cells triggers both effector and regulatory responses,
and the balance of these two responses determines the overall tumor destruction. After
activation, effector cells infiltrate into the tumor through specialized vascular endothelial
cells with the aid of pro-inflammatory cytokines and chemokines. Accordingly, T cells
recognize cancer cells expressing neoantigens loaded on MHC class I molecules with the
T cell receptor (TCR) which ultimately results in killing the cancer cell [12,13]. CD8+ T
cells release death-inducing granules containing granzymes and perforin which can create
cancer cell membrane pores allowing enzyme entry and cell death [17]. Additionally,
CD8+ can induce apoptosis by activating the FasL/Fas pathway, which activates caspases
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and endonucleases, leading to fragmentation of cancer cell DNA [17]. Tumor cell death
releases more tumor neoantigens, which stimulates and reinforces the cancer-immune
cycle. Acting as a negative balance or checkpoint, immune regulatory signals can dampen
the host adaptive immune response and produce a pro-tumorigenic microenvironment.
For example, expression of PD-L1 on tumor cells binds to PD-1 on CD8+ T cells resulting
in reduced cytotoxicity, proliferation and response to TCR stimulation [13]. Inhibition
of negative immune regulatory responses (by blocking PD-1 or CTLA-4 signaling) is the
central tenant of ICI therapy and has been successful in improving immune destruction
and clearance of multiple tumor types including RCC.

The recognition of tumor neoantigens and creation of an effector response within the
tumor draining lymph nodes has been dogma and extrapolated from research investigating
response to viral infections. More recent studies suggest that the adaptive immune response
to tumors may be more complex. Prokhnevska et al. demonstrated a two-phase process
in a mouse model of RCC [16]. First, CD8+ T cells are primed within the tumor draining
lymph node. These stem-like CD8+ T cells (expressing TCF1 and PD-1) proliferate but do
not express effector molecules associated with tumor cell killing. The stem-like CD8+ T
cells then migrate to the tumor via chemokine signaling and express co-stimulatory recep-
tors, maintaining a stem-like phenotype until a second phase of co-stimulation by APCs
generates an effector transcriptional program necessary for tumor cell killing (Figure 1) [16].
This two phase effector T cell activation is thought to have implications for ICI therapy.
Blocking PD-1 may promote activation and proliferation of stem-like CD8+ T cells, but a
second stimulatory signal is required from APCs within the TME, which leads to an effector
CD8+ T cell response and tumor killing. The necessity of a second stimulatory signal could
help explain why there is significant variation in responses to anti-PD-1/PD-L1 therapies
among different RCC tumors and between patients [16].

Heterogeneity and distribution of different immune cells within the TME is vast and
varies significantly among different tumors [18]. In addition, the immune microenviron-
ment composition within tumors changes as tumors evolve over time. More advanced
tumors often develop a more immunosuppressive phenotype with decreased involvement
of effector T cells [19,20]. For example, as colorectal tumors evolve from stage T1 to T4, T cell
tumor infiltration significantly decreases [19]. In RCC, more advanced stages are associated
with an increase of exhausted CD8+ T cell phenotypes and expression of an immunosup-
pressive M2 macrophage phenotype [20]. Although the distribution of immune cells within
the TME has been frequently shown to be prognostic of clinical outcomes [18,21], it is
critical to understand that tumor-immune interactions are dynamic and vary over time.

3. Cell Types of the Tumor Immune Microenvironment

The cancer microenvironment, including the immune microenvironment is a dynamic
pathological ecosystem [22,23]. Several organs and tissues including the bone marrow,
blood, spleen and tumor-draining lymph nodes form an interconnected immunological
network to help create and deliver immune cells to the TME. The distribution of immune
cell phenotypes within the TME influence tumor growth and patient outcomes. There are
two main categories of immune cells: cells that comprise the innate and adaptive immune
system. Broadly, components of the innate immune system include macrophages, dendritic
cells, neutrophils, myeloid derived suppressor cells, natural killer (NK) cells, eosinophils,
basophils, mast cells and innate lymphoid cells [24]. Components of the adaptive immune
system include T cells (e.g., CD4+ and CD8+ T cells) and B cells. Many of these cell types
have significant plasticity and can gain different phenotypes depending on the surrounding
microenvironment signals and cellular interactions.

Macrophages are commonly observed immune cells in the RCC TME. These tumor
associated macrophages (TAMs) have significant plasticity and vary between the M1 and
M2 phenotypes. M1 cells have a tumor suppressive phenotype and express proinflamma-
tory cytokines, which potentiate TH1 responses [24,25]. M2 macrophages tend to have a
pro-tumorigenic, immunosuppressive phenotype [24]. Tumor cells can influence which
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phenotype a macrophage adopts by secreting IL-4 promoting the M2 phenotype, which
has demonstrated the ability to remodel the surrounding tumor stroma, promoting tumor
invasion [24,25]. Additionally, TAMs may repress cytotoxic T cells through a number
of proposed mechanisms. These include depletion of L-arginine and reactive oxygen
species generation, or they may modulate T cell function through expression of regulatory
cytokines, such as IL-10 and TGF-β [26]. In general, RCC tumors with high infiltration
of TAMs may limit anti-tumor T cell responses and are associated with a poor progno-
sis [27,28].

Dendritic cells are the primary innate immune cells that activate T cell mediated
immune responses [29,30]. Dendritic cells are considered “professional antigen presenting
cells” and uptake, process and present antigens through MHC class I and MHC class
II molecules. Dendritic cells stimulate T cell activity through secretion of cytokines that
induces T cell differentiation [30]. Other immune cells, such as B cells and macrophages, can
also present antigens to T cells, but DCs are the most active T cell stimulating cells. Dendritic
cells are broadly classified into classical DCs (cDCs), which can be further categorized as
cDC1 and cDC2 subtypes, plasmacytoid DCs (pDCs) and monocyte-derived inflammatory
DCs (moDCs) [31]. Similar to macrophages, the DC phenotype exists on a spectrum and
DCs infiltrating tumors can be immunogenic or tumor tolerogenic. Tumors can also secrete
cytokines to induce particular DC transcriptional and metabolic pathways that promote a
tolerant environment such that DC will drive TH2 and Treg responses, such as pathways
that involve IDO, Arg1, iNOS, and STAT3 [24]. Given their phenotypic plasticity, the role
of DCs in tumor control is variable. As with other cell types, the DC phenotype may be
tumor stage dependent, and as tumors become more advanced, DCs may shift from a
tumor suppressive to tumor promoting phenotype [24].

Another important member of the innate immune system is the natural killer (NK)
cell. These innate lymphoid cells have cytotoxic effector functions [24,25]. Tumor cells are
typically destroyed by CD8+ T cells, which rely on the expression of MHC class I molecule
expression on the tumor cell surface for T cell recognition. Tumor cells can evade immune
detection through the mutation or down regulation of MHC class I molecules. NK cells
recognize and target cells that lack MHC class I expression in the TME as a mechanism to
prevent immune evasion; however, NK cells are less efficient at destroying tumor cells com-
pared to CD8+ T cells [13]. Gene expression data from The Cancer Genome Atlas (TCGA)
revealed that ccRCC tumors had the highest probability of immune infiltration for several
immune cell types, including NK cells compared to other tumor types [32]. Other studies
using RCC patient-derived xenografts also demonstrate RNA signatures for inflamed RCC
tumors, including tumors with heavy NK cell infiltration [33]. NK cells express a number
of inhibitory immune checkpoint proteins similar to T cells including TIM-3, LAG-3 and
TIGIT (T cell immunoglobulin and ITIM domain) as well as stimulatory checkpoints, such
as 4-1BB, which may be potential targets for future therapeutic exploitation [34].

T cells are a major component of the adaptive immune response to RCC, which may
determine how a tumor progresses over time [21]. Two major classes of T cells exist
expressing either CD4 or CD8 cell surface proteins. CD4+ T “helper” cells can be divided
into various phenotypic subtypes. TH1 cells are associated with an anti-tumor phenotype
and help to stimulate a cytotoxic CD8+ T cell response via the production of IL-2 and
IFNγ. Conversely, TH2 and Treg CD4+ cells have more pro-tumorigenic phenotypes and
lead to a reduced antitumor response through the production of inhibitory cytokines (e.g.,
IL-10, TGFβ and IL-35). T follicular helper (TFH) cells are another CD4+ subtype that
express BCL-6, which have been found in tertiary lymphoid structures and interact with B
cells to stimulate anti-tumor antibody production. T regulatory (Treg) cells express CD4,
CD25 and FOXP3 [35], which primarily function to promote peripheral tolerance and
prevent autoimmunity secondary to chronic T cell activation as seen in the TME [36]. These
cells are hypothesized to help promote tumor growth by suppressing cytotoxic effector
cells [35]. While these cells appear to have a pro-tumorigenic function, their presence
has been associated with both a poor and favorable prognosis, as their presence may be
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indicative of an ongoing robust cytotoxic T cell response to the tumor [36]. Treg cells within
the TME have been demonstrated to promote loss of effector CD8+ T cell function through
secretion of IL-35 leading to T cell exhaustion and upregulation of multiple inhibitory
receptors (PD-1, TIM-3, LAG-3) on CD8+ T cells [37].

The primary anti-tumor effector cells are CD8+ T cells [38], which can be divided into
different phenotypes based on differential gene expression. These phenotypes include
naïve, effector, memory and exhausted CD8+ T cell phenotypes. Effector T cells are critical
to anti-tumor immunity and express genes associated with cytotoxic activity, including
GZMA, GZMB and NKG7 [38]. Historically, it was believed that CD8+ T cells gain effector
functions within tumor draining lymph nodes (TDLN), as is seen during viral infections,
but recent work in RCC and prostate tumors demonstrates that some CD8+ T cells may
undergo a two-phase activation process starting in the TDLN and ending with a second
stimulatory signal in the TME [16]. CD8+ T cells recognize tumor cells through the T cell
receptor (TCR) interacting with neoantigens loaded on MHC class I molecules present on
the tumor cell surface.

Higher neoantigen load produced by homogenous tumor cells has been demonstrated
to promote more effective immune surveillance in lung cancer. The investigators speculate
that higher neoantigen heterogeneity may yield a lower antigen “dose”, which may not
effectively stimulate an immune response [15]. This concept is relevant to RCC as these
tumors tend to be highly heterogenous. Intratumoral heterogeneity may potentially result
in a spatially heterogenous neoantigen load and a less effective CD8+ T cell response. Over
time and as the tumor progresses, CD8+ T cells will begin to exhibit an “exhausted” pheno-
type within the TME. This appears to be a gradual change and not necessarily a distinct
group of CD8+ cells. CD8+ T cells will begin to express various levels and combinations of
inhibitory receptors, such as TIM-3, CTLA-4, LAG-3 and PD-1, and stimulation of these
receptors leads to contraction of the immune response [25,38]. Modulation of the exhausted
CD8+ T cell phenotype through inhibition of these receptors (such as PD-1 and CTLA-4
blockade) is the basis for ICI therapy and is the current first line systemic therapy for
metastatic and adjuvant high risk ccRCC.

Another critical member of the adaptive immune response to tumors are B cells, which
can be subdivided into naïve, IgM memory, switched memory, germinal center, plasmablast,
plasma cells and B regulatory (Breg) cells [39]. B cells localize in tumor draining lymph
nodes and in ectopic lymphoid structures called tertiary lymphoid structures (TLS) in
the TME [40]. Within TLS, B cells can undergo maturation from naïve B cells to memory
B cells and plasma cells (Figure 2), which then propagate into the tumor bed. B cell
phenotypes within the TME are highly heterogenous and B cells can exhibit both pro- and
anti-tumorigenic functions. Anti-tumorigenic functions of B cells include the production
of tumor specific antibodies and T cell priming and activation as well as direct cytotoxic
activity. Conversely, Breg cells can produce cytokines, such as IL-10, which inhibit cytotoxic
CD8+ T cell activity [41]. B cells can also lead to immune tolerance and secrete cytokines
that promote cancer cell growth [40]. In general, B cell infiltration has been correlated
with improved clinical outcomes among multiple tumor types [41]; however, in ccRCC,
higher expression of B cell associated genes was associated with worse prognosis based on
analysis of TCGA gene expression data [42]. Additionally, increased Breg infiltration has
been associated with a poor prognosis in various tumor types [41,43].
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Figure 2. Components of the renal cell carcinoma tumor immune microenvironment. This figure
demonstrates some of the many immune components of the tumor microenvironment. Mature tertiary
lymphoid structures are composed of a germinal center containing follicular dendritic cells, B cells
which differentiate into plasma cells secreting antibodies and a surrounding T cell zone composed
of CD4+ and CD8+ T cells, which can be activated by antigen presenting cells. High endothelial
venules (expressing PNAd) are also present within TLS, which are specialized capillaries that aid
in lymphocyte migration. Plasma cells migrate from the TLS along fibroblast tracks via chemokine
signaling [44] and continue to produce antibodies that bind to RCC tumor cells. This allows for
antibody dependent cellular cytotoxicity (ADCC) when cells such as NK cells and macrophages
recognize and destroy antibody bound tumor cells. Additionally, cytotoxic CD8+ T cells target tumor
cells presenting neoantigens loaded on MHC class I molecules (i.e., T cell mediated cytotoxicity).
Binding of these MHC class I molecules to the T cell receptor leads to the release of granzymes and
perforin from the T cell, which creates pores in the tumor cell membrane and subsequent tumor cell
death leading to further tumor neoantigen release.

4. Characteristics of the Renal Cell Carcinoma Tumor Immune Microenvironment

RCC is known to be one of the most highly immune infiltrated solid tumors containing
a heterogeneous population of infiltrating immune cells [45,46]. Using the TCGA, a study
by Rooney et al. used an RNA-based metric of immune cytolytic activity by measuring
expression of granzyme A (GZMA) and perforin (PRF1), which are upregulated in activated
CD8+ T cells. Among 18 different untreated primary tumor subtypes, ccRCC demonstrated
the highest cytolytic activity of all tumors [47]. These findings were confirmed in a similar
study that evaluated 19 different cancer types using the TCGA and demonstrated ccRCC
and lung adenocarcinoma to have the highest T cell and overall immune infiltration gene
signature score [48].
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Different histologic subtypes of RCC have significantly different immune microenvi-
ronments, highlighting the tumor cell’s ability to generate or alter the immune response
differently among the various RCC subtypes. Clear cell RCC has the highest degree of
immune infiltration compared to either papillary or chromophobe RCC based on TCGA
immune gene signature analyses [49]. Chromophobe RCC is associated with an increased
TH17 gene signature; while IL-8 and CD56 NK cell gene signatures are increased in pap-
illary RCC [49]. In an effort to identify a prognostic biomarker for RCC, Ricketts et al.
identified that the TH2 gene signature, among various other immune cell gene signatures,
was the only one correlating with poor survival among all RCC subtypes, including clear
cell, papillary and chromophobe [49]. Conversely, the TH17 gene signature was associated
with prolonged survival in ccRCC only [49].

Chevrier et al. conducted a detailed analysis of the RCC immune microenvironment
by performing mass cytometry on 73 ccRCC tumors and 5 matched normal kidney samples,
which provided a comprehensive “immune atlas” of RCC tumors [50]. Tumors within this
study consisted of all grades and also included four patients with metastatic disease. The
analysis demonstrated T cells to be the most common immune cell within the RCC immune
microenvironment (composing 51% of immune cells), and myeloid cells (31%), NK cells
(9%) and B cells (4%) were the next most common. Among T cells, various phenotypes
were detected, including 11 different CD8+ T cell phenotypes and 8 CD4+ T cell phenotypes.
Tumors demonstrated broad expression of PD-1 across T cell phenotypes; however, other
inhibitory receptors, such as CTLA-4, 4-1BB and TIM-3, had more variable expression,
which has implications related to therapeutic targeting of PD-1 versus other inhibitory
molecules that may be involved with T cell exhaustion [50]. This study also characterized
17 different tumor associated macrophage (TAM) phenotypes, and demonstrated the
transition between immature circulating monocytes to mature tissue macrophages. TAMs
with high CD38 expression were associated with higher Treg cells or exhausted T cells,
which may indicate that CD38+ TAMs modulate T cell activity in the RCC TME. Importantly,
different TAM populations demonstrated prognostic ability with clinical metrics [50].

Using paired single-cell RNA and T cell receptor sequencing in four ICI-naïve and
two ICI-treated metastatic ccRCC patients, Krishna et al. dissected the RCC immune
microenvironment, finding 5 CD8+ T cell phenotypic clusters, 5 CD4+ T cell clusters,
2 monocyte clusters, 3 dendritic cell clusters and 4 TAM clusters. Multiregional tumor
sampling also demonstrated significant intratumoral immune diversity, with certain tumor
regions with extensive T cell infiltration, while other portions were T cell excluded or TAM
infiltrated. Interestingly, an ICI-resistant tumor was characterized by T cell exclusion and
had the highest prevalence of TAM populations compared to all other tumors evaluated,
raising the possibility that an immunosuppressive TAM and T cell exclusion phenotype
may result in ICI resistance [27]. This study also demonstrated that tissue-resident CD8+

T cells (expressing CD69, ZNF683, CD103, PCD1 and LAG3) may promote anti-tumor
immunity and appear to expand after ICI administration. The investigators speculate that
tissue-resident T cells may swiftly recognize neoantigens and produce cytotoxic effector
molecules, similar to their ability to rapidly respond to pathogenic infections [27].

Renal cell carcinoma tumors have significant TME spatial heterogeneity which impacts
the density and phenotypes of immune cells across the tumor. Investigations of spatial
heterogeneity have demonstrated that the degree of T cell exhaustion strongly correlates
with the cell’s location within the tumor. The physical location of the immune cells may
drive T cell receptor clonotype enrichment to a greater extent than the tumor’s somatic
mutation heterogeneity [51]. A study by Li et al. demonstrated that T cell clonotypes
were enriched in only certain regions across the tumor, and these regions had negligible
differences in somatic mutations [51]. Additionally, particular TAM phenotypes appear to
enrich in either the tumor core or invasive front. The study also demonstrated that T cell
clones appear to infiltrate tumors and undergo a gradual phenotypic transformation from
activation to dysfunction. Taken together, these data suggest that sampling a single tumor
region will unlikely reflect the extent of T cell (i.e., T cell receptor) clonal expansion across
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the entire tumor. The study also demonstrated that the location of the tumor and immune
cell interaction impacts the ability of the tumor to progress. Renal cell carcinoma cells
expressing an epithelial-mesenchymal transition (EMT) gene program, which is critical for
metastatic competence, were more abundant at the tumor/normal tissue interface. These
EMT-high RCC cells colocalized with IL-1β expressing macrophages, which can break
down the surrounding collagen-rich stroma. This suggests that macrophages may help to
promote tumor invasion [51].

How cells interact and organize in the TME is important for an effective immune
response. Tertiary lymphoid structures (TLSs) have been increasingly recognized as pos-
sible sites of tumor antigen recognition and generation of adaptive immune responses
locally within the TME [44,52–64]. Tertiary lymphoid structures are organized aggregates
of immune cells that arise, unlike lymph nodes, postnatally in non-lymphoid tissues [62].
The organization of TLS consists of an inner zone of CD20+ B cells surrounded by T cells,
mimicking lymph follicles of secondary lymphoid organs (Figure 2) [55,62]. T cells within
TLSs consist of CD4+ TFH, TH1, Tregs and CD8+ cytotoxic T cells. CD21+CD23+ follicu-
lar dendritic cells are also present. The TLS is surrounded by specialized blood vessels
called high endothelial venules (HEVs) that promote lymphocyte extravasation into the
TME [54]. Tertiary lymphoid structures appear to have the ability to generate adaptive
immune responses to tumor cells independent of more distant tumor draining lymph
nodes. Mice lacking secondary lymphoid organs can still generate antitumor immune
responses including effective T cell priming within intratumor TLS [55]. In RCC specifically,
spatial transcriptomic analyses of primary tumor samples have shown TLSs to be sites
of plasma cell maturation, which then migrate from TLS into the nearby TME guided by
local fibroblast chemokines [44]. The plasma cells secrete IgG antibody which then binds
and induces tumor cell apoptosis, possibly through a macrophage induced mechanism as
evidenced by the higher infiltration of CD68+ macrophages surrounding IgG bound tumor
cells [44]. Tertiary lymphoid structures and B cells localized within TLSs also appear to
promote ICI response. Higher expression of B cell related genes was shown to be present
in metastatic RCC tumors responsive to ICI. These intratumoral B cells were shown to
localize within TLSs, and patients with higher TLS density were more likely to respond to
ICI therapy [64].

One common research strategy is to categorize the intensity and type of immune
responses within individual RCC tumors to describe the spectrum of immune responses.
The phenotypes typically range from tumors that have a severely limited or absent immune
infiltration to tumors that are heavily infiltrated with immune cells. Table 1 lists tumor
immune microenvironment classification systems and the relative prognosis associated
with each class. The classifications often not only incorporate the quantity of immune
cell infiltration but also the degree of activation of individual immune cells. For exam-
ple, Clark et al. characterized the immune infiltration using transcriptomic profiles into
four categories: (1) CD8+ inflamed tumors which had high CD8+ infiltration with an effec-
tor gene signature characterized by increased IFNγ signaling; (2) CD8- inflamed tumors
characterized by an innate immune signature with increased dendritic and macrophage
cells in the TME; (3) VEGF immune desert tumors with a high stromal gene signature,
increased endothelial cells and enrichment of an angiogenesis signature; and (4) metabolic
immune desert tumors, which had low immune and stromal scores as well as increased
mTOR signaling and a unique metabolic profile. The lack of immune cells in the metabolic
immune desert tumors suggests that a hypoxic, nutrient poor microenvironment may
be immunosuppressive [65]. This demonstrates just one of many classification systems,
which in general demonstrate a spectrum of immune infiltration, and no consensus has
been reached as to which classification system is most prognostic or predictive of systemic
therapy response. These classification systems also suggest an evolution of the immune
response to tumors over time. Further studies have investigated how the immune response
evolves as tumors progress.
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4.1. Immune Microenvironment Changes during Tumor Development and Treatment

The immune microenvironment is dynamic, and the phenotype of immune cells
within the tumor changes over the course of tumor development. Recent investigations
have focused on how the immune cell phenotypes alter over the course of tumor devel-
opment [34,51,69]. Braun et al. evaluated how the immune cell phenotypes change from
early to advanced (i.e., metastatic) disease stages. The investigators profiled immune cells
from ccRCC tumors using single-cell transcriptomics from 13 patients with advancing
disease stage [20]. The study demonstrated within T cell populations, there was marked
transcriptional heterogeneity consisting of 19 individual populations of T cells including
Treg cells, CD4+ with activated or central memory phenotypes, CD8+ tissue resident mem-
ory cells, and a large population of exhausted CD8+ T cells. Six of the CD8+ populations
expressed markers of exhaustion such as PD-1, TOX and TIM-3 at high or moderate levels,
indicating a terminally exhausted phenotype. Another group of CD8+ T cells expressed
cytotoxic molecules consistent with an effector population. A group of three CD8+ clusters
expressed ZNF683 (HOBIT), PRDM1 (BLIMP-1) and ITGAE (CD103), indicative of a tissue-
resident memory phenotype. Among the CD4+ T cell population, 3 broad phenotypes
were identified including an activated, central memory and Treg population. Among early
stage ccRCC tumors, effector CD8+ T cells were enriched while metastatic ccRCC tumors
were enriched for terminally exhausted CD8+ T cells. With advancing disease stage, there
was an increase in expression of inhibitory checkpoints such as PD-1, TIM-3 and LAG-3.
Markers of progenitor or stem-like T cells, including TCF1 and T-bet, were increased early
but decreased with disease progression. Overall, these data demonstrate a progressive
T cell exhaustion with advancing disease stage. Tumors begin with an initial infiltration
of cytotoxic CD8+ T cells followed by progressive immune dysfunction leading to termi-
nally exhausted CD8+ T cells in advanced disease stages [20]. Interestingly, terminally
exhausted CD8+ T cells were highly clonal (based on TCR sequencing) and represented
a high proportion of the total number of T cells within the TME, suggesting a possible
limited number of neoantigens are being targeted by T cells [20]. The findings by Braun
et al. were confirmed by another study demonstrating that T cell clones entering ccRCC
tumors undergo a phenotypic transition over time from an effector state to progressive
dysfunction and ultimately terminal exhaustion with advancing disease stage [51].

Tumor associated macrophages (TAMs) also shift phenotypically with advancing
disease stage. Early-stage tumors contain TAMs expressing more proinflammatory genes;
however, TAMs shift to an anti-inflammatory gene signature with advancing disease.
Additionally, the expression of M2 genes, which are associated with a pro-tumorigenic
microenvironment, increases with metastatic disease [20]. M2 TAMs interact with CD8+ T
cells through expression of multiple T cell immune checkpoint ligands, including PD-L1,
CD80 and CD86 (which bind CTLA-4), CD155 (binds TIGIT) and Galectin-9 (binds TIM-3),
and these interactions are associated with a worse overall survival [20]. Modulation of
terminally exhausted T cells by inhibiting molecules, such as PD-1, PD-L1 and CTLA-4,
is the basis for ICI therapy, which has led to significant improvements in the survival of
patients with advanced RCC.

The immune microenvironment additionally shifts in response to ICI therapy. Bi
et al. investigated immune microenvironment changes before and after ICI therapy, using
single-cell transcriptomic dissection of mRCC tumor biopsies [70]. TAMs in responders
to ICI therapy shift to a pro-inflammatory state, possibly secondary to IFNγ, produced
by CD8+ T cells. Also, CD8+ T cells express higher levels of co-inhibitory receptors and
effector molecules such as GZMB, PRF1 and IFNG [70]. Despite this significantly more
inflammatory immune microenvironment in responders to ICI therapy, these tumors also
had a profound increase in CD8+ T cell checkpoint genes and TAM anti-inflammatory
signaling genes, suggesting a possible route to eventual ICI resistance [70].
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4.2. Renal Cell Carcinoma Tumor Antigens and Genomic Correlations with Immune Response

As discussed, tumor neoantigens are critical components for immune cell recognition.
Tumor mutational burden (TMB) is often used as a surrogate marker for neoantigen pro-
duction and has been predictive of ICI responsiveness and degree of immune infiltration in
multiple tumor types. However, RCC tumors only demonstrate a relatively moderate TMB,
which has not been reliably predictive of RCC response to ICI therapy [34,71,72]. Compared
to melanoma and non-small cell lung cancer, which harbor 10–400 mutations/megabase,
ccRCC only harbors about 1.1 mutation/megabase. Although measured TMB is lower,
RCC still demonstrates one of the highest levels of immune infiltration, particularly T cell
infiltration, in the TME compared to other tumor types [71]. One possible explanation for
this may be how TMB has been previously quantified, with the most common method
being measurement of single nucleotide variants (SNVs). However, SNVs may not always
produce inflammatory neoantigens which might confound TMB data for RCC. Mutations
caused by insertions and deletions (“indels”) are much more likely to cause frameshifts
leading to altered protein structures and formation of neoantigens that are recognized by
immune cells. While RCC may have lower TMB, indels are highly abundant in RCC, which
may lead to a higher neoantigen load and immune infiltration [73,74], despite relatively
low measured SNV.

Beyond TMB, investigations have been performed linking particular RCC genotypes
to the degree of tumor immune infiltration. The central pathway of tumor development
in ccRCC is caused by the loss or inactivation of the tumor suppressor VHL located on
chromosome 3p. Loss of VHL is often associated with loss of other tumor suppressor genes
including PBRM1, BAP1 and SETD2, which are also located on chromosome 3p [75]. VHL
inactivation causes stabilization of hypoxia inducible factors, HIF-1α and HIF-2α [75,76].
HIF activation causes expression of genes regulating angiogenesis, glycolysis and apop-
tosis [75]. HIF proteins also impact the tumor immune microenvironment [77]. In an
immune competent murine autochthonous model of ccRCC, Hif2a deletion led to increased
expression of immune infiltration mRNA signatures, antigen presentation and interferon
activity. Additionally, greater effector CD8+ T cell infiltration (expressing markers of CD69
and perforin) was detected. In general, mice with HIF2a deletions developed less tumors
compared to HIF1a mutants, which may be related to greater anti-tumor immune response
secondary to HIF2a deletion [77]. In summary, activation of HIF-2α in ccRCC may act as a
suppressor of T cell inflammation [77,78].

Mutations in PBRM1 and BAP1 are also critical driver events of ccRCC tumor develop-
ment and are known to be prognostic for outcomes in RCC [75]. Studies have investigated
their impact on the immune microenvironment. A cohort of metastatic ccRCC patients had
whole exome sequencing (WES) of tumor tissue. Tumors harboring PBRM1 loss of function
(LOF) mutations were more likely to respond to ICI therapy [71]. Additionally, PBRM1 LOF
mutations were associated with lower expression of immune-inhibitory ligands within the
tumor [71]. A separate study demonstrated that mRCC primary tumors containing trun-
cating PBRM1 mutations were less immune infiltrated overall and had a lower total CD8+

T cell infiltration compared to tumors with intact PBRM1 [68]. Loss of PBRM1 function
causes a reduction in IFNγ-STAT1 signaling in both murine and human RCC cell lines; thus,
PBRM1 inactivation leads to a less immunogenic TME [79]. Conversely, tumors harboring
BAP1 mutations have been associated with heavy CD8+ T cell inflammation [33,65].

4.3. The Predictive and Prognostic Capability of the Tumor Immune Microenvironment in RCC

One goal of immune microenvironment research has been to identify immune based
biomarkers that have the ability to prognosticate patient survival as well as predict re-
sponse to ICI or anti-angiogenic therapies. Multiple investigations have identified potential
biomarkers with occasionally conflicting results [32,34,48,49,65–69,73,80–83]. Table 2 lists
some immune based biomarkers evaluated in multiple studies [84]. Studies have been
heterogeneous in terms of the stage of tumors evaluated (early versus advanced stage),
number of samples taken from individual tumors, whether the primary or metastatic tumor
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was sampled, and differences in how the immune microenvironment was evaluated (based
on bulk or single cell sequencing signatures, immunofluorescence, biopsies versus whole
slides, etc.). These differences make comparisons of potential biomarkers among studies
difficult but there are some consistent themes within the available data.

Table 2. Renal cell carcinoma immune based biomarkers.

Biomarker Description Investigational Use Limitations

PD-L1 [6,10,84] Cell surface protein

• Prognostic biomarker
• Predictive biomarker for

ICI response

• Studies failed to show utility as
either prognostic or predictive

• Tumor spatial heterogeneity,
lack multi-region sampling

• Cellular expression
heterogeneity

• Lack of standardized assay

Tumor Mutational
Burden [80]

Number of non-synonymous
somatic mutations in tumor DNA

• Predictive biomarker for
ICI response

• Studies failed to show predictive
capacity

• RCC has low TMB
• Lack of standardized assays

Tumor Neoantigen
Burden [80]

Number of immunogenic
tumor-specific proteins

(neoantigens) predicted by
quantity of somatic mutations

• Predictive biomarker for
ICI response

• Studies failed to show predictive
capacity

• Lack of standardized predictive
algorithms to determine
neoantigen load

Renal 101 Immuno
signature [85] 26-gene immune based signature

• Prognostic of
progression free survival
in setting of ICI therapy

• Has not been used outside of
clinical trial setting

T-effector score
[80]

Five gene signature (CD8A,
EOMES, PRF1, IFNG, CD274)

• Prognostic of
progression free survival
in setting of ICI +
anti-VEGF therapy

• Has not been used outside of
clinical trial setting

Myeloid
inflammation [80]

Six gene signature (IL-6, CXCL1,
CXCL2, CXCL3, CXCL8, PTGS2)

• Prognostic of
progression free survival
in setting of ICI +
anti-VEGF therapy

• Has not been used outside of
clinical trial setting

Multiple studies have evaluated the immune microenvironment’s relation to patient
prognosis. Renal cell carcinoma tumors that are heavily infiltrated with T cells have been
associated with a worse prognosis compared to many other solid tumors in which T
cell infiltration is often associated with a favorable prognosis [32,34,48]. Clear cell RCC
tumors that are heavily infiltrated with T cells as measured by gene-based signatures are
correlated with higher stage and grade as well as worse cancer specific survival [48]. Clark
et al. demonstrated across a range of ccRCC tumor stages, from localized to metastatic,
tumors classified as CD8+ inflamed, were associated with worse overall survival and other
poor prognostic features, including higher BAP1 mutations, higher grade tumors and
increased PD-1/PD-L1 expression [65]. Similarly, Giraldo et al. evaluated the immune
microenvironment of metastatic ccRCC tumors and demonstrated patients with high CD8+

infiltration had about a twofold increase in risk of mortality compared to tumors with
low CD8+ infiltration [82]. Another study of localized ccRCC tumors demonstrated that
the ratio between effector T cell to Treg cells was positively correlated with a lower rate
of recurrence in localized ccRCC tumors [83]. An exhaustive phenotypic characterization
of immune cells within localized ccRCC tumors using flow cytometric analysis showed
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that tumors at high risk of early progression contained a population of CD8+ PD-1+ cells
that co-expressed TIM-3 and LAG-3 and exhibited an exhausted phenotype with decreased
cytotoxic potential, polyclonality and enrichment of M2 TAMs [66]. These tumors, termed
“immune regulated”, may be ideal for post-nephrectomy adjuvant ICI therapy [66,86]. Thus,
not only the density of particular immune cells, for example CD8+ T cells, but also their
phenotype (i.e., activated, exhausted) is critical in determining their prognostic capability.
Currently, no immune-based gene signatures or biomarkers have been identified for routine
clinical use to improve clinical decision making.

In addition to prognosis, studies have evaluated the ability of the immune microenvi-
ronment to predict response to systemic therapies for RCC, most often in the metastatic
setting. A phase II trial, IMmotion150, evaluated anti-PD-L1 therapy (atezolizumab) with
or without an anti-VEGF antibody (bevacizumab) compared to the tyrosine kinase inhibitor,
sunitinib. One theory is that VEGF, which is upregulated in ccRCC, may enhance cancer im-
mune evasion and blocking VEGF with bevacizumab may improve the immune activation
triggered by atezolizumab [86]. As part of this trial, investigators evaluated gene signatures
of the TME and how they correlated with clinical outcomes. The trial demonstrated the
addition of bevacizumab to atezolizumab improved progression free survival compared
to either atezolizumab or sunitinib alone among tumors with ≥1% PD-L1 positivity [80].
Among tumors with a high Teffector gene signature (defined by increased expression of
CD8A, EOMES, PRF1, IFNG, CD274), the combination of atezolizumab + bevacizumab had
significantly improved progression free survival compared to sunitinib monotherapy. This
was further confirmed by the phase III IMmotion151 trial, which again demonstrated that
tumors with a Teffector signature had an improved objective response rate and progression
free survival when treated with atezolizumab + bevacizumab compared to sunitinib [87].
A study by Hakimi et al. evaluated 409 tumors by unsupervised clustering of microarray
data from patients with metastatic ccRCC treated with either pazopanib or sunitinib as part
of the COMPARZ trial [67]. The study identified 4 biologically distinct molecular “clusters”
with different therapeutic responses. Cluster 4 had the worst overall and progression free
survival probability, and this cluster was associated with less frequent PBRM1 mutations
as well as enrichment for TP53 and BAP1 mutations. In regard to the immune microenvi-
ronment, cluster 4 had significant enrichment for inflammatory signatures including IFNγ

gene signatures as well as the highest total immune infiltrate of the 4 clusters. Immune
deconvolution analysis demonstrated that macrophages were the dominant immune pop-
ulation within this cluster. Macrophage infiltration, particularly the M2 phenotype, was
associated with worse overall survival among all patients. When determining response
to TKI therapy, patients with a high angiogenesis gene signature and low macrophage
infiltration had the best response to TKI therapy, thus serving as a predictive biomarker
among patients within this trial but having not been further validated [67].

Carlisle et al. evaluated how T cell response in RCC was affected by ICI therapy
and how a patient’s preexisting immune response to RCC may correlate with response
to ICI therapy [81]. Investigators collected peripheral blood before and after ICI therapy
administration in 36 mRCC patients (27 clear cell and 9 non-clear cell patients). Patients
with increased expansion of HLA-DR+CD38+CD8+ T cells had the largest reductions in
tumor size and longest progression free survival. This T cell phenotype expressed high
levels of cytotoxic effector genes, including perforin-1, GZMB and IFNγ. Additional
immunofluorescence studies of the primary tumors demonstrated that tumors harboring
greater infiltration of CD8+ T cells, more TCF-1+CD8+ T cells and more MHCII+ cells were
more likely to benefit from ICI therapy [81]. In regard to TCF-1+CD8+ T cells, a prior study
had demonstrated that kidney tumors harbor these cells in areas of APCs. TCF-1+CD8+ T
cells have stem-like properties, allowing them to produce more effector CD8+ T cells [88].
The presence of these intra-tumoral niches predict the magnitude of T cell infiltration and
patient survival. Tumors that progress appear to lose these intra-tumoral niches, suggesting
a possible mechanism of tumor immune escape [88]. Overall, similar to biomarkers for
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prognostication, a definitive, clinically useful predictive immune based biomarker has yet
to be developed.

5. Future Directions

As further knowledge is gained exploring the tumor immune microenvironment, this
may lead to successful new therapies exploiting the tumor-immune interaction, including
treatments targeting tumor specific antigens, multi-antigen vaccines, personalized peptide
vaccines and engineered T cell therapies [89]. Future therapies to overcome the inhibitory
immune checkpoints beyond CTLA-4 and PD-1/PD-L1, such as therapies targeting LAG-3,
TIM-3 and TIGIT, may be clinically beneficial since immune exhaustion and subsequent
tumor escape remains critical for RCC progression. Additionally, investigations are under-
way to target immune metabolic pathways and stimulatory checkpoints (4-1BB and OX40),
which may enhance immunotherapy responses [34].

Another potentially impactful factor shaping the immune response to renal cell car-
cinoma is the host microbiome. Numerous studies have shown that the gut microbiome
influences the immune response to tumors, and therapeutic responses may be improved via
its modulation [90–93]. Specific bacteria can stimulate the production of pro-inflammatory
cytokines or anti-inflammatory cytokines. The byproducts of microbial metabolism can
act as carcinogens. Also, the microbiome can educate immune cells, thus determining an
individual’s overall immune response [94]. A recent phase 1 randomized trial by Dizman
et al. randomized 30 treatment-naïve patients with mRCC to nivolumab and ipilimumab,
with or without daily oral CBM588. CBM588 is a bifidogenic live bacterial product. Progres-
sion free survival was significantly longer in patients receiving ICI therapy with CBM588
(12.7 vs. 2.5 months, HR 0.15 95% CI 0.05–0.47, p = 0.001) with no significant difference
in toxicity between study arms [95]. These data reinforce similar findings from patients
with non-small cell lung cancer receiving CBM588. Possible mechanisms include increased
propionate, a short chain fatty acid that has anti-tumor properties. The microbiota may
upregulate chemokines, such as those involved in dendritic and cytotoxic T cell recruitment.
These findings warrant further validation. Continued investigation of the host microbiome
will likely help develop therapies to augment current and future immune activating agents.

It is necessary to explore a variety of clinical and behavioral variables that may impact
tumorigenesis, immune response and treatment outcomes. For example, one interesting
area of research includes the role of the circadian rhythm in the immune response to RCC.
Clock genes, such as CLOCK, BMAL1, PER and CRY, regulate many processes, including
cell division and metabolism [96]. Some studies have shown that alteration of these genes
is linked to poor prognosis in RCC. Additionally, the circadian rhythm can influence the
RCC immune microenvironment, which can impact tumor surveillance and response to
therapy [96].

A possible future experimental roadmap to understand the immune microenviron-
ment in RCC will likely include the following components: comprehensive molecular
profiling including single-cell RNA sequencing and spatial transcriptomics/proteomics
to identify different immune cell populations and activation status, validation of these
populations through flow cytometry and immunohistochemistry, functional evaluation of
immune cell populations both in vitro and in vivo, immune checkpoint analysis to deter-
mine the expression of checkpoint molecules in RCC tumor samples and their association
with patient outcomes and tumor infiltrating lymphocyte isolation and characterization
with T cell receptor sequencing to assess clonality and antigen specificity. Additionally,
investigators should perform preclinical testing of novel immunotherapies developed from
the insights gained from the prior steps. This should be followed by clinical translation
of these novel immunotherapies to patients to generate new or synergistic therapies that
improve patient survival and quality of life. Finally, studying long term outcomes of current
and new therapies will help develop biomarkers for treatment response.

70



Cancers 2023, 15, 2500

6. Conclusions

Renal cell carcinoma is one of the most highly immune infiltrated tumors and often
responds to ICI therapy. Increasing our understanding of the RCC tumor immune microen-
vironment is critical for future progress [89]. Immune based biomarkers that are prognostic
and predictive are continually being investigated. Tissue heterogeneity significantly limits
the development of broadly applicable biomarkers, and further efforts to understand the
intra- and inter-tumoral immune microenvironment heterogeneity are underway. Future
studies should focus on other RCC histologic subtypes as the majority of studies to date
have been conducted in the clear cell subtype. Finally, research should continue to in-
vestigate the impact of localized therapy, such as surgery, ablation and radiation on the
tumor-immune interaction, and how these therapies can be effectively combined with
systemic therapies to understand the optimal multidisciplinary approach to RCC treatment
that improves patient survival and quality of life.
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Simple Summary: Circadian rhythms are physical, mental, and behavioral changes that follow a
24-h cycle. These natural processes primarily respond to light and dark, and affect most living things,
including animals, plants, and microbes. Circadian rhythm is also involved in the regulation of
cellular differentiation and physiology as well as in the modulation of the immune system. Some
genes controlling circadian rhythm may be implicated in the occurrence of common malignant
cancers, including renal cell carcinoma. Recent studies showed that time-of-day infusion directly
conditions the efficacy of immunotherapy in patients with cancer. Drugs targeting the circadian
clock have been identified and their role in the era of immunotherapy should be investigated. In this
review, we illustrate the role of clock genes in kidney cancer onset, progression and prognosis, and
the potential therapeutic consequences of this emerging evidence.

Abstract: Circadian rhythm regulates cellular differentiation and physiology and shapes the immune
response. Altered expression of clock genes might lead to the onset of common malignant cancers,
including Renal Cell Carcinoma (RCC). Data from Cancer Genome Atlas (TCGA) indicate that clock
genes PER1-3, CRY2, CLOCK, NR1D2 and RORα are overexpressed in RCC tissues and correlate
with patients’ prognosis. The expression of clock genes could finely tune transcription factor activity
in RCC and is associated with the extent of immune cell infiltration. The clock system interacts
with hypoxia-induced factor-1α (HIF-1α) and regulates the circadian oscillation of mammalian
target of rapamycin (mTOR) activity thereby conditioning the antitumor effect of mTOR inhibitors.
The stimulation of natural killer (NK) cell activity exerted by the administration of interferon-α,
a cornerstone of the first era of immunotherapy for RCC, relevantly varies according to circadian
dosing time. Recent evidence demonstrated that time-of-day infusion directly affects the efficacy
of immune checkpoint inhibitors in cancer patients. Compounds targeting the circadian clock have
been identified and their role in the era of immunotherapy deserves to be further investigated. In this
review, we aimed at addressing the impact of clock genes on the natural history of kidney cancer and
their potential therapeutic implications.

Keywords: circadian rhythm; clock genes; renal cell carcinoma; immunotherapy; HIF
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1. Introduction

The circadian rhythm is a hierarchically cyclic system that regulates the daily oscil-
lations of physiological processes and can respond to external environmental changes
to maintain internal homeostasis [1]. Starting in the 1980s, studies culminating in the
characterization of the first clock gene (CG) in Drosophila melanogaster paved the way for
the characterization of additional genes and proteins, leading to what is presently known
as the circadian clock (CC) [2].

CC genes control and sustain circadian rhythms in many pathophysiologic pro-
cesses [3]. Disruptions in circadian rhythms are implicated in several pathologies such
as diabetes, cardiometabolic and neurodegenerative disorders, and cancer. Circadian dis-
turbance by shiftwork, jet lag, late night light exposure, and late-night food binging has
been long linked to increased cancer risk. Furthermore, loss of circadian rhythmicity in
patients has been associated with poor response to anti-cancer therapies and increased
early mortality rates amongst cancer patients [4].

Renal Cell Carcinoma (RCC) is one of the most common urinary cancers worldwide,
with a predicted increase in incidence in the coming years [5,6]. Partial or total nephrectomy
is the gold standard curative treatment approach for patients with localized disease. Unfor-
tunately, up to 30% of patients present with local or distant recurrence after surgery, thus
requiring palliative systemic therapies [7,8]. From 2005–2015, tyrosine kinase inhibitors
(TKIs) targeting vascular endothelial growth factor receptor (VEGFR) have represented the
mainstay of metastatic renal cell carcinoma (mRCC) treatment [9]. Immunotherapy, as a
single agent, in doublets, or in combination with anti-VEGFR TKIs, has rapidly become a
cornerstone of the RCC therapeutic armamentarium since the approval of nivolumab in
2015, leading to a marked improvement in patients’ quality of life (QoL) and survival [10,11].
Although crucial advancements have been made to cure this disease, most mRCC patients
have primary or acquired resistance to targeted therapy and immunotherapy, thus under-
lining the necessity of developing novel, personalized therapeutic approaches.

In this review, we explored the role of clock genes in kidney cancer occurrence, pro-
gression, and prognosis and their potential therapeutic implications.

2. Role of Clock Genes in Cancer

Mounting evidence supports the existence of molecular interconnections between CC
and cancer. Many recognized cancer hallmarks such as copious metabolic demands, a fa-
vorable inflammatory microenvironment, immune suppression, and resistance to cell death,
have a well-established circadian component. Hence, it might be conceivable that oncogenic
transformation may lead to malfunctioning of the CC, which in turn creates a homeostatic
imbalance, facilitating cancer growth and progression; on the other hand, it could be also
speculated that CC malfunction could predispose to oncogenic transformation.

The CC genes can be divided into two operation levels: systemic and cellular [11].
The central clock at a systemic scale, known as the “master” clock, is regulated by the
central nervous system in the anterior hypothalamus [12] and is responsible for coor-
dinating the cell-autonomous clocks in peripheral tissues and the brain in response to
environmental stimuli [13]. At the cellular level, the CC genes are regulated by positive and
negative transcription-translation loops which control the rhythmicity of cellular, metabolic,
and physiologic events [14]. At the transcriptional level, the clock is driven by positive
loop regulators: basic helix–loop–helix heterodimeric transcription factors regulate the
expression of key circadian genes, which are the negative regulators of the circadian loop.
Modifications of some circadian genes at the translational level regulate protein stability,
control nuclear entry of repressor protein complexes, and impact the clock’s autoregulatory
feedback loops [14].

There are eight core CC genes involved with the circadian rhythm: Period1 (PER1),
period2 (PER2), period3 (PER3), cryptochrome1 (CRY1), cryptochrome2 (CRY2), aryl hydro-
carbon receptor nuclear translocator-like protein 1 (BMAL1), neuronal PAS domain protein
2 (NPAS2), and circadian locomotor output cycles protein kaput (CLOCK). The PER1, PER2,
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and PER3 genes regulate cell growth, proliferation, and apoptosis [15,16], CRY1 and CRY2
regulate the transcription G1/S and G2/M cell cycle checkpoints [17], while BMAL1 and
NPAS2 inhibit the proliferation and invasion of cancer cells by suppressing the c-Myc
transcription factor [18]. The CLOCK gene enhances VEGF-mediated angiogenesis in can-
cer cells and metastatic invasion by interacting with HIF-1α/BMAL1 [19]. Interestingly,
down-regulation of PER1-3, CRY2, NPAS2, BMAL1, as well as CLOCK gene expression, cor-
relates with high histological grade and poor prognosis [20] and short survival in different
cancers [21,22].

The epithelial-to-mesenchymal transition (EMT) is a crucial step in cancer progression
and enables cancer cell metastasis. Low expression of PER2 led to the activation of EMT
genes TWIST1 and SLUG and promoted cancer metastasis [23]. In addition, some com-
ponents of the CC have a significant antitumor effect through cell cycle arrest, the DNA
damage response, and correlation with essential pathways, including the p53 [24].

Investigations are currently ongoing to evaluate other CC genes, such as casein kinase
1ε (CK1ε), receptor subfamily 1 group D member 1/2 (NR1D1/2), RAR-related orphan
receptor α and β (RORα/β), timeless (TIMELESS) and timeless-interacting protein (TIPIN).
To date, although far more aware of their essential role in feedback loop regulation, data on
the real contribution of these CC genes in cancer development and progression are still not
sufficient or conclusive [25].

3. Role of Circadian Clock Genes in Renal Cell Carcinoma Tumorigenesis
and Prognosis

Animal models of genetic disruption of CC genes have been strongly associated with
different cancers, including RCC, prostate, breast, colon, liver, pancreas, ovary, and lung
malignancies [26]. In Wilms tumors, rare kidney cancers that primarily affects children, the
expression of CLOCK protein is dramatically reduced in tumor cells, suggesting that the
CC molecular axis may be disrupted in dedifferentiation-mediated embryonal tumors [27].

In RCC, the CC circuitry is deregulated, and the altered expression of CC genes might
contribute to tumor onset and progression (Figure 1).

Figure 1. Role of Circadian Clock genes in the onset of Renal Cell Carcinoma.
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Mazzocoli et al. [28] evaluated the expression of CC genes by DNA microarray assays
and qRT-PCR in 11 RCC primary tumors and matched healthy tissues. They documented
down-regulation of PER2, TIMELESS and TIPIN and up-regulation of SERPINE1 genes.
Furthermore, a statistically significant correlation between mRNA levels of PER2 and
CSNKIE, PER2 and TIPIN, PER2 and SERPINE1, TIMELESS and TIPIN, TIMELESS and
CSNKIE, TIPIN and CSNKIE was reported [28].

CC system also shapes the activity of the mammalian target of rapamycin (mTOR)
pathway, which is crucial for the development of RCC (Figure 2) [29].

Figure 2. Relationship between HIF and CLOCK pathway. Under circadian light cycles, CLOK
protein combines with BMAL1 protein to generate BMAL1/CLOCK heterodimer, which cause
transcriptional activation of core clock genes (for example, transcription of PER2); this in turn inhibits
BMAL1/CLOCK dimer activity. Meanwhile, the BMAL1/CLOCK dimers activate the transcription
of the Rev-Erb-α/β and RORα/β genes, and the resulting translated proteins inhibit and promote the
transcription of BMAL1, respectively. PER pathway regulates many transcriptional–translational
processes influencing the whole cell metabolism and particularly mitochondrial activity. Together
with the mTOR axis, hypoxia inducible factor (HIF) pathway orchestrates responses to oxygen and
nutrient availability. HIF-1α can increase the amplitude of the PER2 circadian rhythm oscillation;
colocalize with BMAL1 on E-box regions to increase expression of circadian and HIF target genes;
CLOCK and BMAL1 can also express the HIF-1α gene. HIF patwhay activation and mitochondrial
respiration can interplay with immune response. BMAL1 = Brain and Muscle ARNT-Like 1; REVERB
α/β (REV-ERB-α and REV-ERB-β) = nuclear receptors that regulate the expression of genes involved
in the control of circadian rhythm, metabolism and inflammatory responses; RORα/β = RAR-related
orphan recep-tor alpha/beta; CLOCK = circadian locomotor output cycles protein kaput; PER2 =
period2; PER = period; mTORC2 = mammalian target of rapamycin complex-2; HIF1α and HIFβ =
hypoxia inducible factor-α and hypoxia inducible factor-β.

The expression levels of mTOR proteins show a 24-h rhythm in RCC tissues, mainly
due to the activity of the ubiquitination factor Fbxw7, which is regulated by the circadian
regulator D-site-binding protein. Of note is the fact that, the administration of everolimus,
an oral mTOR inhibitor, improved survival in animal models during periods of elevated
mTOR expression [30].

Together with the mTOR pathway, hypoxia inducible factor (HIF) pathway orches-
trates responses to oxygen and nutrient availability. HIF plays a vital role in renal tu-
morigenesis, being constitutively activated by inactivation of the von Hippel-Lindau gene.
Recently, the role of HIF as a potential therapeutic target in RCC patients has been sup-
ported by the positive results obtained by Belzutifan (MK-6482), a potent selective small
molecule inhibitor of the HIF-2α subunit [31]. In Caki-2 RCC cell lines, an interaction
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between PER2 and HIF has been observed. Indeed, it has been shown that HIF-1α can
increase the amplitude of the PER2 circadian rhythm oscillation by directly binding to the
HIF-binding site located on the PER2 promoter [32].

As for the prognostic role of CC genes, the analysis of Cancer Genome Atlas (TCGA)
data reported that the overexpression of PER1-3, CRY2, CLOCK, NR1D2, and RORα, as well
as the under-expression of TIMELESS and NPAS2, were correlated with longer survival
in patients with RCC [33]. Furthermore, the expression of PER2, DBP, PER3, CRY2, and
RORα, has been shown to be significantly associated with kidney cancer prognosis [34].
Interestingly, in this study the expression of PER2, DBP, PER3, CRY2, and RORα genes was
positively associated with the infiltration levels of CD4 and CD8 T cells [34].

4. Circadian Variations of Cytokines and Chemokines Involved in Renal
Cell Carcinoma

Pro-inflammatory cytokines, such as Interleukin (IL)-1, IL-6 and tumor-necrosis factor
(TNF)-α, and the expression of inflammatory chemokines (i.e., CXCL9 and CXCL10) has
been associated with RCC tumor growth, angiogenesis, and response to therapy [35–37].
On the other hand, anti-inflammatory cytokines, including IL-10 and transforming growth
factor (TGF)-β, and non-inflammatory chemokines (i.e., CCL17 and CCL24) produced by
M2 phenotype tumor-associated macrophages (TAMs) promote tissue remodeling and
angiogenesis in RCC microenvironment [38].

Moreover, the levels of several cytokines and chemokines involved in RCC onset and
progression vary during the 24 h day. In this regard, it has been observed that the secretion
of IL-6 varies during daytime, with two nadirs at about 8.00 and 21.00. Of note, IL-6
secretion is strictly associated with the sleep-wake rhythm and results high in disorders of
excessive daytime sleepiness such as narcolepsy and obstructive sleep apnea [39].

Furthermore, TNF-α and TGF-β have been shown to regulate the transcription of the
CC genes [40]. In turn, circadian oscillations of TNF-α gene expression are regulated by
clock genes BMAL1 and CLOCK1 [41].

As for chemokines, the PER2 gene regulates the levels of CCL5 (Rantes), a C-C
chemokine secreted by T lymphocytes late after activation, fibroblasts, epithelial cells,
and endothelial cells after stimulation by TNF –α and interleukin-1β [42].

5. Evidence on the Time-of-Day Influence on the Efficacy of Immunotherapy and
Targeted Therapy

The time-of-day of treatment administration has emerged as a potential factor on the
effectiveness of anticancer drugs. These chrono-pharmacological phenomena result of bot
from the pharmacodynamics and pharmacokinetics of these agents, which are affected
by the activity of CC genes. In this regard, Hori et al. reported that the delivery of anti-
cancer drugs to tumor tissues varies following the circadian oscillations of blood flow in
tumor tissues [43]. Similarly, studies in mice reported reduced tumor growth when cyclin-
dependent kinase 4/6 (CDK4/6) drugs were administered in a time-dependent manner,
showing higher efficacy in a morning dosing regimen compared to nighttime dosing [44].

Chronotherapy is defined as the administration of a treatment in coordination with the
body’s circadian rhythms; the aims of chronotherapy were the optimization of efficacy and
minimization of adverse events. In the study led by Deprés-Brummer et al. in 1991 [45],
ten patients with advanced RCC or melanoma were treated with 15–20 MU/m2/day
recombinant alpha-interferon-2b through a continuous 21-day intravenous schedule at
circadian modulated rate. Compared with standard administration schedules, this circadian
infusion schedule registered a significant increment in the total daily dose and dose intensity,
with seven of the ten patients alive at a median follow-up of 15 months and two patients
who continued chronotherapy for at least 9 and 13 months, respectively.

In 2009, Shiba et al. [46] investigated the expression of type-1 interferon receptor
(IFNAR2) in peripheral blood mononuclear cells (PBMC) from RCC patients highlighting a
peak at night, followed by a downregulation within 48 h from IFN-alpha administration
and a subsequent recovery within further 48 h. These findings were in line with the results
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published in 1995 on the seven-day continuous infusion of IFN-α through a circadian
schedule with maximum delivery between 6 p.m. and 3 a.m. [47].

Immunotherapies targeting immune checkpoint receptors or ligands such as Cytotoxic
T-Lymphocyte-Associated protein-4 (CTLA-4), Programmed Death -1 (PD-1) and its ligand
(PD-L1), are currently being widely exploited in clinical trials for multiple cancer types.
Nonetheless, these agents are known to induce a significant inflammatory response and
immune-related adverse events [48]. Since immune cell trafficking and inflammatory
pathways are under CC control, applying a chronotherapy approach could help mitigate
the associated toxicity issues [49]. The influence of time-of-day infusion on the effectiveness
of immune checkpoint inhibitors has been recently investigated by Qian et al. in patients
with advanced melanoma treated by ipilimumab, nivolumab, or pembrolizumab [50].
Specifically, patients 20% who had received at least of infusions after 4.30 pm (the cut
off time delineating the onset of the evening) reported the worst overall survival (OS)
[Hazard Ratio (HR) 1.31, 95% Confidence Interval (CI) 1.00–1.71, p = 0.046]. Accordingly, at
a propensity score-matched analysis, median OS was shorter in patients who received at
least 20% of immunotherapy infusions after 4.30 pm (4.8 years vs. not reached, HR 2.04,
95%CI: 1.08–2.98, p = 0.023) [50,51].

More recently, our group had observed that patients treated by dual immune check-
point inhibitors or by the combination of immune checkpoint inhibitors with anti-VEGR
TKIs before 4.30 pm had a significantly longer median PFS compared with those with the
latest administration (12.3 vs. 5.6 months; HR 2.28: 95%CI 1.1–5.15; p = 0.048). Overall
Survival data were not mature but demonstrated a trend toward improved survival for
patients with earlier infusion administration (HR 2.33 p = 0.16) [52].

6. Emerging Strategies to Modulate Clock Genes in Patients with Cancer

Compounds targeting the CC have been developed as potential therapies for clock-
related diseases, including cancer. Oshima et al. [53] identified by phosphoproteomics a
potent and selective inhibitor of CK2 named GO289. This molecule can inhibit multiple
phosphorylation sites on clock proteins, including PER2 S693, leading to decreased cancer
cell growth. More recently, Borgo et al. [54] compared the efficacy and selectivity of
CK2 inhibitors through a phosphoproteomics approach, concluding that both GO289 and
CX4945 showed negligible off-target effects and high inhibitory efficacy against CK2.

Currently, an observational study (COMBOREIN, NCT03571438) investigating the
treatment of RCC patients’ cell cultures with the combination of CK2, and ATM inhibitors
(compared to sunitinib, pazopanib, or temsirolimus) is ongoing, with the study completion
date estimated at 30 September 2024.

Promising strategies to modulate clock proteins in patients with cancer consist of
small molecules targeting biological clock, and synthetic anticancer chronobiotics directed
against mammalian circadian clock components (i.e., CRYs, REV-ERBs, and RORs), as well
as casein kinases [55].

7. Discussion

It is well known that CC genes and the cell cycle are tightly coupled, cooperating for proper
cell functioning, and the dysregulation of the CC can significantly affect cell homeostasis and
promote cancer development [3]. While the functions of the CC genes in normal physiology
have been fully elucidated, studies of CC gene alterations in cancer are still lacking, leaving a
gap in the clarity and description of their functions in neoplastic cells.

In RCC, the lack of validated biomarkers of efficacy or resistance of current therapeutic
approaches strongly supports the necessity of exploring a spectrum of clinical and behav-
ioral variables that could impact on patient outcome. Diet [56,57], fasting [58], concomitant
medications [59–62], physical activity [63], and various other factors have been linked to
immunotherapy efficacy in RCC. In this scenario, dosing time is an emerging element to be
considered while managing RCC patients.
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Including chronotherapy in daily therapy for RCC may offer a more effective and less
toxic approach, although biomarkers for chronotherapy strategies’ efficiency still need to
be adequately defined [64]. Nevertheless, the results on the timing of immune checkpoint
administration in patients with melanoma and RCC clearly indicate the clinical relevance
of chronotherapy.

Well-designed, larger-size, and higher-quality cancer patient cohort studies are needed
to investigate the precise impact of CC genes on the pathobiological behaviors of cancers.
Additional in vitro and in vivo experiments and ad hoc clinical trials are warranted to
better elucidate CC involvement in RCC biology, with the ultimate aim to improve patient
prognosis and QoL. Finally, we need to plan dedicated clinical trials to assess: (1) the
combination of emerging drugs regulating the CC with current standards; (2) the employ-
ment of CC targeting agents as maintenance treatment, (3) and as adjuvant treatment in
patients with high-risk of relapse. In particular for mRCC, we could hypothesize to design
a randomized trial aimed to assess the impact of treatment administration before and after
4.30 p.m.

8. Conclusions

Role of CC genes and circadian rhythm in patients with RCC is an intriguing and
recent area of research, particularly considering the new findings on the impact of circadian
rhythm in anticancer therapy. To date, evidence clearly supports the idea that CC genes
and proteins may represent future therapeutic targets and the time of administration of
immunotherapy drugs during the day is a nonnegligible factor.

Author Contributions: Conceptualization, M.S., G.S., J.M.-C. and E.G.; writing—original draft
preparation, M.S., G.S. and S.B.; writing—review and editing, M.S., J.M.-C., G.S., E.T.L., F.M., V.M.,
G.M., B.L.R., E.G. and S.B; supervision, S.B. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: E.G. has received honoraria for speaker engagements, advisory roles or funding
of continuous medical education from Adacap, AMGEN, Angelini, Astellas, Astra Zeneca, Bayer,
Blueprint, Bristol Myers Squibb, Caris Life Sciences, Celgene, Clovis-Oncology, Eisai, Eusa Pharma,
Genetracer, Guardant Health, HRA-Pharma, IPSEN, ITM-Radiopharma, Janssen, Lexicon, Lilly,
Merck KGaA, MSD, Nanostring Technologies, Natera, Novartis, ONCODNA (Biosequence), Palex,
Pharmamar, Pierre Fabre, Pfizer, Roche, Sanofi-Genzyme, Servier, Taiho, and Thermo Fisher Scientific.
E.G. has received research grants from Pfizer, Astra Zeneca, Astellas, and Lexicon Pharmaceuticals.
J.M.-C. declares consultant, advisory or speaker roles for IPSEN, Roche, Pfizer, Sanofi, Janssen, and
BMS; he also received research grants from Pfizer, IPSEN and Roche. The other authors declare no
conflict of interest.

References

1. Rosbash, M. Circadian Rhythms and the Transcriptional Feedback Loop (Nobel Lecture). Angew. Chem. Int. Ed. 2021, 60,
8650–8666. [CrossRef] [PubMed]

2. Reddy, P.; Zehring, W.A.; Wheeler, D.A.; Pirrotta, V.; Hadfield, C.; Hall, J.C.; Rosbash, M. Molecular Analysis of the Period Locus
in Drosophila Melanogaster and Identification of a Transcript Involved in Biological Rhythms. Cell 1984, 38, 701–710. [CrossRef]
[PubMed]

3. Takahashi, J.S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 2017, 18, 164–179. [CrossRef]
[PubMed]

4. Gu, F.; Gomez, E.C.; Chen, J.; Buas, M.F.; Schlecht, N.F.; Hulme, K.; Kulkarni, S.V.; Singh, P.K.; O’Connor, R.; Ambrosone, C.B.;
et al. Genes Relevant to Tissue Response to Cancer Therapy Display Diurnal Variation in mRNA Expression in Human Oral
Mucosa. J. Circadian Rhythm. 2021, 19, 8. [CrossRef] [PubMed]

5. Santoni, M.; Piva, F.; Porta, C.; Bracarda, S.; Heng, D.Y.; Matrana, M.R.; Grande, E.; Mollica, V.; Aurilio, G.; Rizzo, M.; et al.
Artificial Neural Networks as a Way to Predict Future Kidney Cancer Incidence in the United States. Clin. Genitourin. Cancer 2021,
19, e84–e91. [CrossRef]

6. Allemani, C.; Matsuda, T.; Di Carlo, V.; Harewood, R.; Matz, M.; Nikšić, M.; Bonaventure, A.; Valkov, M.; Johnson, C.J.; Estève,
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Simple Summary: Renal cancer is a common malignant neoplasm. Indeed, not every cancer is
created equal, as there are different entities with specific morphological and molecular features.
These differences also lead to different clinical behaviors, ranging from benign to highly aggressive
neoplasms. In renal cancer, it is not unusual to have cystic hollow spaces. Clear cell renal cell
carcinoma is the most frequent type of renal cancer, and it can be cystic. Distinguishing it from other
subtypes of renal carcinomas can, in some cases, be challenging.

Abstract: A wide variety of renal neoplasms can have cystic areas. These can occur for different
reasons: some tumors have an intrinsic cystic architecture, while others exhibit pseudocystic degener-
ation of necrotic foci or they have cystically dilated renal tubules constrained by stromal neoplastic
cells. Clear cell renal cell carcinoma (CCRCC), either solid or cystic, is the most frequent type of renal
cancer. While pseudocysts are found in high-grade aggressive CCRCC, cystic growth is associated
with low-grade indolent cases. The latter also form through a cyst-dependent molecular pathway,
and they are more frequent in patients suffering from VHL disease. The differential diagnosis of
multilocular cystic renal neoplasm of low malignant potential and clear cell papillary renal cell
tumor can be especially hard and requires a focused macroscopical and microscopical pathological
analysis. As every class of renal tumor includes cystic forms, knowledge of the criteria required for a
differential diagnosis is mandatory.

Keywords: renal cell carcinoma; cystic renal neoplasm; differential diagnosis

1. Introduction

Renal cancer is a common malignant neoplasm whose classification has been expand-
ing over the decades [1]. There are, indeed, more frequent and rarer subtypes of tumors,
some of which are molecularly defined [2,3]. Morphological analysis is, however, still the
basis of pathological diagnosis, and cystic areas can be present in a wide variety of renal
neoplasms (whether benign or malignant) as minor or dominant components [4,5]. They
are estimated to be present in 5–15% of lesions, where they reflect an inherent architecture
of the tumor [4,6]. They must be distinguished from the pseudocystic degeneration of
necrotic foci: while cystic growth is associated with a more indolent behavior, tumoral
necrosis is present in aggressive masses [5]. This is especially true in cystic clear cell renal
cell carcinoma (CCRCC), which is also the most frequent cystic renal cancer [4]. Cystic
CCRCC is more frequent in patients with Von Hippel–Lindau (VHL) syndrome, and differ-
ent molecular patterns are also implicated in its development compared with solid cases [4].
Nevertheless, cystic CCRCC is not classified as a separate pathologic entity. By contrast,
multilocular cystic renal neoplasm of low malignant potential (MCNLMP) is independently
identified in the WHO classification, despite molecular overlaps with CCRCC [5]. Cystic
areas can be present in non-renal-cell neoplasms of the kidney as well, further complicating
the diagnostic process [4]. In this review, we address the main morphological and molecular
features of cystic CCRCC, together with its main differential diagnoses.

Cancers 2023, 15, 3352. https://doi.org/10.3390/cancers15133352 https://www.mdpi.com/journal/cancers
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2. Macroscopic and Microscopic Features of Cystic CCRCC

According to the 2019 Bosniak classification (BC), the term “cystic renal mass” can
be applied to neoplasms with a predominant cystic pattern and less than 25% enhancing
tissue [7,8]. This term has an agnostic character, as it can imply both benign and malignant
lesions [7,8]. A distinction must be made between renal cysts, which are benign, and solid
neoplasms with minor cystic components. The latter are more likely to be malignant with
pseudocystic degenerative areas with tumoral necrosis [7,8]. Both cystic growth pattern and
pseudocystic degeneration can occur in CCRCC [6]. Less than 5% of CCRCCs have multiple
cysts as their predominant architecture [4]. The minimum amount of cystic architecture
necessary to define cystic CCRCC varies in the literature. Some authors mirror BC, as
they require cystic areas of at least 75% [9], while others lower the threshold to 50% [10].
Interestingly, both cutoffs have proven to discriminate CCRCCs associated with a better
prognosis [9,10].

Macroscopically, cystic growths appear as variably sized hollow spaces filled with
clear or hemorrhagic fluid, with a clear separation from adjacent solid neoplastic tissue.
Cysts can be single or multiple, with or without internal septations. When multiple cysts are
predominant, the neoplasm can, overall, resemble a multilocular cyst. Evident solid areas
have instead the typical golden-yellow color, with reddish hemorrhagic foci. Pseudocystic
degenerative areas contain, instead, darker, denser, hemorrhagic material with cellular
debris. They are more frequently centrally located within the lesion, and they can be
surrounded by soft, greyish necrotic tissue. Vital parts of the tumor can also have, apart
from the typical colors, whitish areas, where sarcomatoid differentiation is present.

Microscopically, along with macrocysts, even solid regions of CCRCCs can reveal a
microcystic growth pattern (Figure 1A–D). Microcysts arise within tumoral nests, and cystic
spaces are usually filled with red blood cells. Cells at the border of these microcysts do not
have significantly different histological and immunohistochemical (IHC) features compared
with solid acini. They have clear cytoplasm and variably sized nucleoli. Nuclei are usually
basally located, although occasional apical alignment can be present. Positive labeling
is present for carbonic anhydrase IX (CAIX) in a diffuse, box-shaped fashion, together
with CD10, RCC, Vimentin and pan-cytokeratin. High-molecular-weight cytokeratins
(HMWCKs) and CK7 are usually negative.

Microscopical analysis of cystic CCRCC usually reveals bland-looking clear cells with
a low grade of differentiation (i.e., G1–G2 WHO grading). The epithelial coating of cysts,
different from solid areas, is more likely to be CK7-positive, a feature that can be misleading
in small biopsy samples. Nevertheless, HMWCKs are negative. In cases with a marked
predominance of cystic growth, sampling of the capsule and septation can reveal clear cell
clusters exceeding a 20× (1 mm) microscopic field, which is sufficient for a diagnosis of
cystic CCRCC. Another criterion is the presence of an expansile growth of clear cells large
enough to alter the contours of the capsule/septum. Finally, necrosis or vascular invasion
could be present. Cellular clusters below the 20×/1 mm cutoff without expansile growth,
necrosis or vascular invasion allow instead a diagnosis of MCNLMP [5].

Pseudocystic degenerative areas are filled with nuclear and cytoplasmatic debris of
necrotic cells, together with varying numbers of red blood cells (Figure 2A–D). No epithelial
lining can be identified, and the surrounding tissue can be necrotic as well. Vital neoplastic
cells are high-grade (i.e., G3–G4 WHO grading). Blandly eosinophilic cytoplasm and
hyaline globules are commonly found in high-grade CCRCC, which can be misleading if
clear cell areas cannot be identified. Moreover, CAIX tends to become positive near necrotic
areas in different types of renal neoplasms as a hypoxia-induced factor [11,12]. As such,
the diagnosis of high-grade pseudocystic CCRCC can be challenging and requires more
extensive sampling.
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Figure 1. Cystic Clear Cell Renal Cell Carcinoma. (A) The gross specimen features a multiloculated,
predominantly cystic nodule with variably thin walls and greyish solid areas. (B) (H&E) Low-power
view of the lesion shows multiple, scattered, blood-filled cystic spaces, along with solid, whitish areas.
(C) (H&E, 10×) Cysts are delimited by an epithelial lining with the same features of solid pericystic
tissue. Around bigger cysts, higher magnification reveals the presence of microcystic spaces within
neoplastic acini. No prominent nucleoli are evident at 10×. (D) (H&E, 40×) In this low-grade lesion,
nucleoli are either very bland or absent, even with a high-power view.

Figure 2. Pseudocystic Clear Cell Renal Cell Carcinoma. (A) Macroscopically, the nodule has a large
hemorrhagic area surrounded by whitish and yellowish solid tissue. (B) (H&E) Low-power view
shows a blood-filled area with blueish material at the border with the adjacent solid, whitish neoplastic
tissue. (C) (H&E, 10×) The cystic area at the bottom of the picture, along with red blood cells, also
contains blueish necrotic debris. Vital neoplastic cells at the top show prominent nucleoli already at
this magnification, as it is a high-grade lesion. Other areas also showed rhabdoid cells. (D) (H&E, 40×)
There is no clear-cut boundary between the necrotic debris on the right and vital solid neoplastic tissue
on the left of the picture. This must be considered a pseudocyst rather than a cyst.
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3. Molecular Features of Cystic CCRCC

In CCRCC, tumor-initiating molecular alterations involve the deletion of the 3p chro-
mosome [13]. Specifically, loss of the 3p25 region is observed in 85% of CCRCCs [14]. As
the Von Hippel–Lindau (VHL) tumor-suppressor gene is located in this area of the DNA,
3p25 deletion leads to the loss of one allele. The second VHL allele is, instead, inactivated
either by mutation or methylation. Mutations of VHL are found in 64% of CCRCCs [14].
VHL protein is implicated in different molecular mechanisms, including microtubular
stabilization for cilia formation and inhibition of the alpha subunit of hypoxia-inducible
factor (HIF) [15,16]. When VHL is mutationally inactivated, the accumulation of HIFα
upregulates vascular endothelial growth factor (VEGF), inducing angiogenesis. After initi-
ating factors, other molecular events drive tumoral evolution towards different neoplastic
subtypes [13,17]. For example, BAP1 and PBRM1 are two evolution-driver onco-suppressor
genes (also located on chromosome 3p) mutated in 13% and 36% of CCRCCs, respec-
tively [14]. Their mutations are mutually exclusive, leading to CCRCCs with different
features. BAP1-mutated CCRCC is a high-grade neoplasm with poor vascularization,
including renal cell carcinoma with sarcomatoid and rhabdoid features [18–20]. In these
cases, also, CDKN2A deletions and increased expression of MYC transcriptional programs
can be present [18]. Moreover, BAP1-mutated CCRCCs can be composed of large tumoral
cells with abundant cytoplasm and a papillary architecture (reminiscent of RCC with MITF-
family rearrangement), along with IHC positivity for racemase/AMACR and CK7 [19].
In addition, a rich T lymphocyte infiltration can be present. Such an immune-inflamed
phenotype is characterized by immune activation and increased cytotoxic immune infiltra-
tion with upregulation of antigen presentation machinery genes and PD-L1 expression [18].
Infiltrated tumors are also enriched for chromosomal losses of 9p21.3 [21]. PBRM1-mutated
CCRCC is a low-grade neoplasm with high levels of angiogenesis and lower levels of
inflammation. Novel mutations can also be acquired by neoplasms during therapy with
small molecules, giving rise to acquired drug resistance [22].

Different molecular patterns seem to be implied in the formation of cystic CCRCC, for
which a cyst-dependent CCRCC progression pathway has been identified [4]. As previously
mentioned, VHL contributes to cilia formation through microtubule stabilization. Loss
of VHL is followed by an aberrant orientation of newly formed microtubules, which, in
turn, hinders ciliogenesis. Such an effect upregulates the cell cycle, since cells without
cilia cannot rest in the G0 phase, as differentiated cells would do. Therefore, cilia can
be considered tumor-suppressor organelles, and their absence promotes the transition
towards malignancy [23]. Loss of cilia is also associated with cyst development caused by
impaired cellular signaling [15]. This process happens both in sporadic cystic CCRCC, as
well as in inherited diseases, such as polycystic kidney disease (PKD) and VHL disease
(VHLd) [24,25]. PKD and VHL diseases are therefore both considered among so-called
ciliopathies [26]. The latter is an autosomal-dominant tumor syndrome: patients suffering
from it develop renal cysts and CCRCC in 60% and 30% of cases, respectively [5,27].
Renal cancer in VHLd has been reported as early as 16 years of age, with a mean age
of 37 years [28]. Renal cysts in VHLd are also potential precursors of CCRCC, as their
epithelial linings can demonstrate dysplastic areas as well as loss of the remaining VHL
non-genetically mutated allele [4]. It follows that CCRCC in VHLd is often both cystic
and bilateral. Interestingly, just as VHL is an early cancer-initiator gene that requires
further downstream molecular events, cyst formation cannot rely on VHL deficiency
alone [23,29]. A critical role is played by GSK3β, a protein kinase that regulates cell
proliferation, microtubule assembly, stability and dynamics [15]. Combined loss of VHL
and GSK3β disrupts ciliary maintenance, and it is considered a key player in the cyst-
dependent CCRCC progression pathway. The role of GSK3β is, however, yet to be fully
elucidated, as evidence has also shown higher levels of expression both in PKD and in some
CCRCCs [30,31]. According to these studies, its inhibition might actually be therapeutically
useful to hinder cystic expansion and the progression of both PKD and CCRCCs [30,31].
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4. Differential Diagnosis of Cystic CCRCC

As already mentioned, the range of renal neoplasms with cystic areas is wide. It
encompasses every WHO group of tumors of the kidney (i.e., renal cell, metanephric,
mixed epithelial and stromal, mesenchymal, embryonal and germ-cell tumors), including
frequent and rare, adult and pediatric, and inherited and sporadic forms [5]. Attention
must therefore be paid to patient age and the bilaterality of lesions. Pathological analysis
must focus on the cellular lining of cysts, as well as the pericystic stroma and possible solid
areas which can be focal.

Cystic areas in frequent renal neoplasms, such as chromophobe carcinoma, papillary
carcinoma and oncocytoma, are possible but rather unusual [5]. Although rarer, the main
differential diagnosis for cystic-predominant CCRCC is MNCLMP. Since the vast majority
of CCRCCs harbor the VHL mutation, 3p copy number loss or both, tumors with clear
cell histology lacking these alterations can often be reclassified as different established or
emerging entities [32]. However, in the case of MNCLMP, there are molecular overlaps
with cystic CCRCC, including deletion of the 3p chromosome and similar mutated genes
which are part of the cyst-dependent pathway [5,33]. For this reason, MNCLMP might be
considered a subtype of CCRCC, at the most indolent end of the spectrum. Nevertheless,
it also has distinct clinical, morphological and molecular features that allow a separate
classification [5,33,34]. MNCLMP accounts for less than 5% of renal tumors. It is usually
incidentally detected as a monolateral lesion in patients slightly younger than CCRCC
patients (median age: 55 vs. 62). The macroscopic appearance is entirely composed of
variably sized cysts with a small total diameter (usually pT1, i.e., ≤7 cm) [5]. Neither
solid nodules nor necrotic foci can be present. Even microscopical necrosis is not accepted,
together with rhabdoid/sarcomatoid differentiation, lymphovascular invasion, frequent
mitoses or any atypical mitosis. The epithelial lining of the cysts features one to a few layers
of clear cells. Nuclei are randomly distributed, without a predilection for the apical portion
of cells, and they must be low-grade (G1–G2 WHO grading). The capsule and septa are
fibrous, and they can include clusters of clear cells, but they must be small (i.e., <1 mm or
<20× microscopic area). When diagnostic criteria are strictly applied, tumors identified as
MNCLMPs have a benign clinical behavior [5]. IHC analysis is not of aid in differential
diagnosis with respect to CCRCCs, as they have the same profile [35]. Apart from the
molecular similarities between MNCLMP and CCRCC, the former has also been shown
to have a lower frequency of mutations. Six genes have been found significantly more
frequently mutated in cystic CCRCC: SETD2, GIGYF2, FGFR3, BCR, KMT2C and TSC2 [36].
These are potential candidate genes that could help to elucidate the mechanisms in the
development and progression of CCRCC, as well as in the differential diagnosis with
MNCLMP [36].

Another benign renal cell tumor that can be nearly entirely cystic, featuring bland-
looking clear cells, is clear cell papillary renal cell tumor (CCPRCT) (Figure 3A–D). Histolog-
ically, nuclei are oriented towards the luminal apex of the cells [37,38]. As in cystic CCRCC,
CK7 is positive. However, CCPRCT also expresses HMWCKs (specifically, CK34βE12).
CAIX signal has a cup-like pattern (i.e., with a missing luminal border), while CD10 is
negative. Nevertheless, CCPRCT and low-grade CCRCC can have histologically identical
areas, and unequivocal diagnosis of CCPRCT on needle biopsy may not be possible [5].
Molecularly, CCPRCTs have a distinct miRNA expression profile which also lacks the
pattern typically associated with aggressive neoplastic behavior [39].

A cystic architecture combined with prominent nucleoli in epithelial cells can be found
in WHO/ISUP category 5 neoplasms: tubulocystic RCC (TcRCC), acquired cystic disease-
associated RCC (ACD-RCD), and eosinophilic solid and cystic RCC [2,5]. These neoplasms
have a potentially misleading nucleolar appearance, as they look high-grade (equivalent
to WHO grade 3) despite an indolent clinical behavior. They have eosinophilic cytoplasm,
which distinguishes them from cystic CCRCCs. Moreover, TcRCC is composed of small cystic
areas, which macroscopically reminds one of a sponge, rather than a multiloculated cyst. The
cellular morphology ranges from flat to columnar, sometimes even with hobnail cells. Despite
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high-grade nucleoli, poorly differentiated or sarcomatoid areas must be absent, and the mitotic
count is minimal. Differently from CCRCCs, CAIX is negative and racemase/AMACR is
positive. ACD-RCDs are often multiple and bilateral solid masses in the setting of acquired
cystic disease. As in VHLd, cysts are possible precursor lesions, and an ACD-RCD is often
an intracystic mass. They are, however, derived from a history of long-term dialysis rather
than an inherited gene mutation. Other than cystic areas, tubules lined by a multilayered
epithelium with cytoplasmic vacuolation yield to a cribriform sieve-like pattern of growth.
Other architectures might be present as well (e.g., papillary and solid). Oxalate crystals can be
numerous within neoplastic tissue, and they are highlighted by polarized light. Both CD10 and
racemase/AMACR are positive. In eosinophilic solid and cystic RCC, yellowish solid tissue
is mixed with cystic spaces. Neoplastic cells are eosinophilic, but they also have basophilic
intracytoplasmic inclusions surrounded by a clear halo (such inclusions are usually compared
with Leishmania parasites). Binucleation and hobnail cellular profiles can also be present.
Immunophenotypically, they are characterized by positive CD10 and racemase/AMACR,
with a negative reaction for CAIX.

Figure 3. Clear Cell Papillary Renal Cell Tumor. (A) (H&E) Low-power view shows multiple blood-
filled areas with fibrotic walls. (B) (H&E, 10×) The epithelial lining is composed of cuboidal to
low-columnar clear cells. Nuclei in low-columnar cells tend to be oriented towards the cellular
luminal apex. Nucleoli are not prominent. (C) (H&E) As the name of the tumor implies, papillary
areas can also be present alongside cystic areas and they can protrude inside the cystic lumen.
(D) (CAIX, 40×) Immunohistochemistry for CAIX signal has a cup-like pattern (i.e., with a missing
luminal border). This pattern is typical of clear cell papillary renal cell tumors. The neoplasm is also
CK7- and HMWCK-positive, while CD10 is negative.

While cystic CCRCCs have fibrotic septa and capsules, other neoplasms are biphasic
with specific stromal proliferations. Angiomyolipoma with epithelial cysts (AMLEC) is
a rare subtype of angiomyolipoma, a benign mesenchymal tumor of the kidney which
is part of the perivascular epithelioid cell (PEC)/PEComa tumor family. The majority of
AMLECs are sporadic lesions, mainly occurring in middle-aged females, but some may
be part of tuberous sclerosis. The latter may be suspected in young patients, with no sex
predilection. Along with solid areas predominantly composed of smooth muscle and blood
vessels, in AMLEC, cystic spaces are present. They have a cuboidal-to-hobnail epithelium
and a dense pericystic stroma, similar to the cambium layer in rhabdomyosarcoma. The
epithelium is cytokeratin-positive, while the cambium-like stroma and solid areas are
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cytokeratin-negative and positive for melanocytic markers (HMB-45, melan-A and MiTF).
Adult cystic nephromas (ACNs) and mixed epithelial and stromal tumors (MESTs) are two
other closely related biphasic neoplasms that usually arise in women [40–42]. Their biphasic
nature is embodied by a renal cell epithelial component, along with the proliferation of
bland-looking spindle stromal cells (Figure 4A–C). The morphology recalls ovarian stroma,
together with the expression of estrogen and progesterone receptors, as well as inhibin.
While ACN is entirely cystic, MEST has solid, whitish areas with different patterns of
growth (e.g., glandular, papillary and thyroid-like). Pediatric cystic nephroma (PCN) is
a similar lesion, epidemiologically restricted to children (usually males) below 2 years of
age, and is molecularly characterized by a DICER1 mutation [43]. While it can be cured by
radical excision, it can also be part of DICER1 syndrome. The latter is characterized by an
increased risk of developing benign and malignant diseases, including Sertoli–Leydig cell
tumors, pleuropulmonary blastoma and embryonal rhabdomyosarcoma. If any immature
nephroblastic element is present in a PCN-like lesion, the diagnosis switches to cystic
partially differentiated nephroblastoma (CPDN) [5]. While nephroblastoma has a slight
female preponderance and is a malignant neoplasm, CPDN is more frequent among males,
and it is cured by surgery in stage I disease. CPDN lacks solid nodules both on gross
and microscopic examination. Cystic septa are lined hobnail epithelial cells, and the walls
contain primitive WT1-positive blastemal cells that differentiate into abortive tubules or
glomerulus-like structures.

Figure 4. Mixed Epithelial and Stromal Tumor. (A) (H&E) Low-power view shows multiple empty
cystic areas with fibrotic walls. (B) (H&E, 10×) The epithelial lining is flat and bland, while the
pericystic stroma has foci with higher cellularity. Stromal cells are spindled and bland. These foci can
be focal and hard to find. (C) (Estrogen Receptor, 40×) Immunohistochemistry for estrogen receptors
is positive in stromal cells. They are also reactive for progesterone receptors and inhibin.
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Metanephric stromal tumor is another pediatric renal neoplasm which can have cystic
areas. Solid parts show a concentric peritubular growth of spindle cells expressing CD34
and with BRAF v600e mutation [5,44,45]. While tubules are more commonly unaltered
by the encircling spindle cells, some become obstructed and therefore cystically dilated,
rendering a cystic gross appearance. This is a third mechanism of cystic formation, along-
side the aforementioned cystic architectural growth and pseudocystic degeneration in
necrotic areas.

Renal teratomas are rare, most often cystic and mature, with mixed epithelial and
stromal elements [5,46]. They can be pure or accompanied by a yolk-sac component.
Microscopically, cystic spaces can be lined by a keratinizing squamous epithelium with
skin adnexa or, alternatively, by a thick fibromuscular stroma without any lining. Generally
speaking, considering the rarity of primary renal teratomas, more frequent diseases must
always be ruled out, including renal metastasis from a distant germ-cell tumor, direct
extension from a retroperitoneal germ-cell tumor and teratoid nephroblastoma [5,46].

5. Conclusions and Future Directions

Our knowledge about CCRCC pathogenesis and its molecular features has been
increasing over the years. This is important not only for identifying different subtypes of
CCRCC, but it also allows us to track novel therapeutic targets and diagnostic markers.
While there are molecular overlaps between cystic CCRCC and MCNLMP, there are also
some significant differences. The validation of such data and the implementation of
molecular studies in daily pathology practice will be of great aid in challenging differential
diagnoses. Moreover, further clarifying the role of GSK3β in the formation and progression
of cystic renal lesions could lead to a targetable protein in the treatment of cystic CCRCC,
as well as PKD.
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CAIX Carbonic Anhydrase IX
CCPRCT Clear Cell Papillary Renal Cell Tumor
CCRCC Clear Cell Renal Cell Carcinoma
CPDN Cystic Partially Differentiated Nephroblastoma
HIF Hypoxia-Inducible Factor
HMWCK High-Molecular-Weight Cytokeratin
IHC Immunohistochemical
MEST Mixed Epithelial and Stromal Tumor
MiTF Melanocyte-Inducing Transcription Factor
MCNLMP Multilocular Cystic Renal Neoplasm of Low Malignant Potential
PEC Perivascular Epithelioid Cell
PCN Pediatric Cystic Nephroma
PKD Polycystic Kidney Disease
TcRCC Tubulo-Cystic Renal Cell Carcinoma
VEGF Vascular Endothelial Growth Factor
VHL Von Hippel–Lindau
VHLd Von Hippel–Lindau disease
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Simple Summary: In recent years, several therapeutic advances have been made in clear cell renal cell
carcinoma (ccRCC) resulting in novel treatment regimens of increased effectiveness. These advances
are largely due to breakthroughs in technologies, particularly in transcriptomics, such as single-cell
RNA sequencing (scRNA-seq). Using this technology, we have gained a deeper understanding of the
biology of ccRCC and revealed various cell populations and their interactions in disease progression.
While localized ccRCC patients have shown promising responses to treatment, however, patients
with advanced or metastatic disease remain a therapeutic challenge. To address this gap, recent
studies have utilized scRNA-seq to investigate both primary and metastatic ccRCC in search of
promising therapeutic targets. This review aims to summarize the current state of knowledge in
the field, highlight available treatment options and underscore the critical steps needed to improve
survival rates, especially for metastatic ccRCC patients.

Abstract: Over the past two decades, significant progress has been made in the treatment of clear cell
renal cell carcinoma (ccRCC), with a shift towards adopting new treatment approaches ranging from
monotherapy to triple-combination therapy. This progress has been spearheaded by fundamental
technological advancements that have allowed a deeper understanding of the various biological
components of this cancer. In particular, the rapid commercialization of transcriptomics technolo-
gies, such as single-cell RNA-sequencing (scRNA-seq) methodologies, has played a crucial role in
accelerating this understanding. Through precise measurements facilitated by these technologies,
the research community has successfully identified and characterized diverse tumor, immune, and
stromal cell populations, uncovering their interactions and pathways involved in disease progression.
In localized ccRCC, patients have shown impressive response rates to treatment. However, despite
the emerging findings and new knowledge provided in the field, there are still patients that do not
respond to treatment, especially in advanced disease stages. One of the key challenges lies in the
limited study of ccRCC metastases compared to localized cases. This knowledge gap may contribute
to the relatively low survival rates and response rates observed in patients with metastatic ccRCC. To
bridge this gap, we here delve into recent research utilizing scRNA-seq technologies in both primary
and metastatic ccRCC. The goal of this review is to shed light on the current state of knowledge in the
field, present existing treatment options, and emphasize the crucial steps needed to improve survival
rates, particularly in cases of metastatic ccRCC.

Keywords: renal cell carcinoma; single-cell RNA-seq; cell-of-origin; tumor microenvironment;
stromal cells; immune cells; novel therapies

1. Introduction

Renal cell carcinoma (RCC) encompasses a group of malignant tumors originating
from the epithelium of the proximal part of the renal tubules. The most prevalent histolog-
ical subtype is clear cell RCC (ccRCC), accounting for approximately 75–80% of all RCC
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cases, followed by papillary RCC (pRCC; 10–15%) and chromophobe RCC (5–10%) [1].
Among RCC patients, about one-third develop bone metastasis, with ccRCC being the most
common subtype. Unfortunately, the 5-year survival rate for ccRCC bone metastasis is less
than 10%, compared to 75% for non-metastatic ccRCC [2].

ccRCC is often characterized by the loss of chromosome 3p and a second-hit loss-
of-function mutation in the VHL tumor suppressor gene located on chromosome 3 [3].
Additional chromosomal alterations commonly observed in ccRCC include loss of 14q and
gain of 5q. The inactivation of the VHL protein leads to an increase in the transcription factor
hypoxia-inducible factor (HIF), resulting in the transcriptional upregulation of hypoxia-
inducible genes, such as vascular endothelial growth factor (VEGF) [3,4]. The elevated
VEGF levels in the tumor microenvironment drive various downstream effects, including
enhanced cell proliferation, angiogenesis, migration, and altered metabolism. Besides VHL,
other frequently mutated genes in ccRCC include PBRM1, BAP1, SETD2, UTX, ARID1a,
and KDM5a, which further contribute to the complex genomic landscape of ccRCC [5].
ccRCC tends to metastasize to the liver, lung, bone, brain, pancreas, skin and muscle [6].
One of the most aggressive metastatic sites is the bone. Around 30% of patients with ccRCC
develop secondary tumors with a 5-year survival of less than 10% [7,8].

Early interpretations of the cellular landscape of ccRCC were achieved using bulk
RNA-sequencing [9,10]. Although a powerful tool, bulk RNA-sequencing measures aver-
age gene expression across a population of heterogeneous cells and thus fails to distinguish
subtle transcriptional differences or rare populations of cells. Following the emergence and
commercialization of single-cell RNA-sequencing (scRNA-seq) a new avenue of unprece-
dented resolution was opened through which tumor heterogeneity could be unraveled on
the individual cell level [11–13]. Through the use of single-cell transcriptomics, essential
gaps of knowledge are being uncovered along with the rising technological possibilities as
the discovery of the cell of origin of ccRCC, immune cell reprogramming post-treatment,
and immune and stromal cell characterization of treatment naïve ccRCC patients [14–17].
Hence, this review aims to shed light on how the use of single-cell transcriptomics technol-
ogy has assisted recent scientific research in unraveling the tumor microenvironment as
well as the way it has supported current clinical trial targets and treatment modifications.

2. Methods

The narrative of the review was predetermined to cover the aspect of single-cell
technologies. Over a period of four months, searches were made on scientific databases such
as PubMed including keywords including “clear cell renal cell carcinoma”, “single-cell RNA
sequencing” and “transcriptomics”. For the section describing spatial and transcriptomic
evidence, a key inclusion criterion was that the study had used a single-cell and “spatial
technology” when describing their findings.

3. Unveiling the ccRCC Cell of Origin

Two recent human single-cell transcriptomics studies have provided compelling evi-
dence supporting proximal tubular epithelial cells (PTECs) as the cellular origin of ccRCC.
These studies utilized single-cell transcriptomic analysis to compare the transcriptome
of captured ccRCC PTECs with single or bulk normal and ccRCC transcriptomes [14,18].
The combined analysis of these studies revealed the expression of several genes, including
carbonic anhydrase 9 (CA9), vascular cell adhesion molecule-1 (VCAM1), solute carrier
family 17 member 3 (SLC17A3), intercellular adhesion molecule 1 (ICAM1), integrin subunit
beta 8 (ITGB8), alpha kinase 2 (ALPK2), and vimentin (VIM), in ccRCC PTECs [14,18].

Of particular interest was the identification of VCAM1 and CA9-positive PTECs in
ccRCC patients’ adjacent morphologically normal kidney tissue which were termed pre-
cursor PTECs, representing morphologically normal PTECs with VHL+/− mutation [14].
This finding suggests that identifiable transcriptomic alterations occur following genomic
alteration in precursor PTECs, which precede morphological changes in ccRCC devel-
opment. It supports the proposed concept of a transition from normal to precursor and
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ultimately malignant PTEC states [14]. A multi-omics study by Muto et al. [19], combin-
ing single-nucleus RNA sequencing (snRNA-seq) with single-nucleus ATAC sequencing
(snATAC-seq) further investigated precursor PTECs expressing VCAM1 and CA9 and
showed that they exhibit a transcriptomic similarity to inflamed PTECs characterized by
VCAM1 expression but without CA9 expression [19]. Inflamed PTECs were defined by the
expression of VCAM1, ICAM1, CD24, CD133, and HAVCR1, and were associated with the
response to acute and/or chronic tubular injury. The transcriptomic profile of inflamed
PTECs exhibited the strongest similarity to malignant PTECs in ccRCC. This observation
suggests an alternative PTEC transition from normal to inflamed, then to precursor, and
finally to malignant PTEC states during ccRCC development (Figure 1). The presence
of common gene expression patterns in both inflamed and malignant PTECs suggests a
potential link between tubular-injury-related inflammation and ccRCC pathogenesis.

Figure 1. Summary of the biological findings validated with single-cell RNA sequencing studies in
primary and metastatic ccRCC. These studies uncover the multilayer complexity of the disease and
highlight. (1) The cell of origin of ccRCC as malignant PTECs. Normal PTECs transition towards
Precursor PTECs harboring the VHL+/− mutation and finally to malignant PTECs harboring the
VHL −/− mutation as well as additional genetic alterations. (2) The progressive dysfunction of the
immune cell landscape is characterized by a simultaneous upregulation of dysfunctional M2−like
TAMs and downregulation of M1−like TAMs as well as the emergence of terminally exhausted
immune cell types including CTLs and Tregs. (3) The EMT transition process and its role in disease
progression. (4) The role of non-immune TME cells in promoting angiogenesis and tumor cell
invasion. In particular subsets of pro-angiogenic endothelial cells and capillary pericytes have been
identified to aid ccRCC disease progression. (5) The role of CAFs in supporting tumor progression
and metastasis through the secretion of molecules that drive immunosuppression, extracellular
remodeling and EMT. Figure created in Biorender.com (accessed on 15 August 2023).
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4. Elucidating the Transcriptomic Identity of Metastasizing Cells

In light of the increasing discoveries on the cell of origin of primary ccRCC, the field
quickly proceeded toward the characterization of metastatic ccRCC using single-cell tran-
scriptomic technologies. Indeed, a recent single-cell transcriptomics study analyzing ccRCC
primary, locally invasive, and adjacent normal tissues identified enhanced extracellular
matrix (ECM) remodeling by malignant PTECs in locally invasive lesions [20]. The findings
suggest that while locally invasive ccRCC lesions may result from opportunistic extension
into nearby vasculature, the extending malignant PTECs also depend on a supportive
ECM. Similarly, metastatic ccRCC progression has been characterized by 17 metastasis-
associated gene (MAG) markers identified in a single-cell transcriptomics study involving
121 single-cell samples [21,22]. These cells were captured from parental metastatic sites and
patient-derived xenografts of primary and metastatic ccRCC samples [21,22]. The MAGs
include chemokines (CCL20 and CXCL1), as well as mitochondrial (MT-ND3, MT-ND4,
and MT-RNR2) and cancer markers (NDUFA5, NNMT, BHLHE41, ALDH1A1, and BNIP3).
Expression of these MAG markers correlate with a higher likelihood of ccRCC recurrence.
Moreover, a single-cell transcriptomics study comparing treatment-naive primary tumor
tissue matched adjacent normal kidney tissue and tumor samples collected from patients
with bone metastases deduced a distinct transcriptional signature that is correlated with
metastatic potential and patient survival [17]. Another study harnessed the power of
multi-omics to highlight SERPINE2, a gene in metastatic RCC that could predict metastatic
outcomes and further be targeted [23]. These studies provide novel insights into locally
invasive and metastatic disease, which remain a therapeutic challenge and lead the field
towards their etiology.

One of the major challenges in treating metastatic ccRCC is the significant intratumoral
heterogeneity of tumors that is comprised of subclones with diverse genotypes [24]. Hence,
recent single-cell studies have attempted to characterize the transcriptional identity of
metastatic clones and found two distinct subpopulations able to separately stimulate VEGF-
and Epithelial-to-Mesenchymal (EMT) related pathways [25]. Other studies focused on
characterizing the process of EMT itself as a driver of tumor metastasis. In particular, a study
accomplished to define an EMT metastatic program in ccRCC where they discover cells
with an EMT high profile localized in the interface of the tumor and normal environment,
which is the leading and migratory margins of a tumor [26].

5. Deciphering the Role of the TME in ccRCC Progression

In addition to cancer cells, the TME encompasses non-malignant cell types embedded
within an altered ECM. The specific composition of the TME can vary among different
tumor types, but it typically includes various cell types such as fibroblasts, adipocytes,
neurons, endothelial cells, immune cells, and stem cells, along with secreted molecules
like cytokines, chemokines, and growth factors9. The advent of innovative techniques like
single-cell transcriptomic sequencing has facilitated a deeper understanding and cataloging
of this context.

6. Immune TME in Primary and Metastatic ccRCC

Several single-cell transcriptomics studies have provided valuable information about
immune cell populations captured from primary and metastatic ccRCC tumors. These stud-
ies shed light on the transcriptomic profiles of myeloid and lymphoid cell types, states, and
their interactions in ccRCC, with particular emphasis on tumor-associated macrophages
(TAMs) and CD8+ T cells, both of which play significant roles in tumor progression and eva-
sion. More specifically, the high plasticity of TAM populations was highlighted in ccRCC,
spanning a continuum from pro-inflammatory M1-like to anti-inflammatory M2-like states,
with intermediate TAM subpopulations based on HLA-DR or interferon signaling gene
expression levels [16,27]. One study has provided novel insights into the immune cell
landscape and correlated its progressive dysfunction with disease stage in ccRCC patients
by demonstrating a general shift in TAM states with ccRCC progression, with an increase
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in dysfunctional M2-like TAMs and a simultaneous decrease in M1-like TAMs [27]. An
additional study correlated a TREM2-positive TAM population to lower survival in primary
ccRCC patients [17,28]. Similarly, single-cell transcriptomic analysis of CD8+ T cells in
ccRCC samples reveals a diverse and heterogeneous population, spanning a continuum
that progresses to terminally exhausted clonotypes [28,29]. Several studies have unveiled
distinct subsets of CD8+ T cells, including naïve, cytotoxic, exhausted, progenitor, and ter-
minally exhausted states [15,27,28,30,31]. The identification of immune inhibitory markers
on CD8+ T cells aligns with bulk RNA-seq studies, suggesting potential epigenetic repro-
gramming leading to exhaustive states through TOX2 [32–35]. Within the exhausted CD8+
T cell population, the presence of progenitor and terminally exhausted subpopulations
suggests a spectrum of exhausted states that may transition from a progenitor (TCF7) to a
terminally exhausted (ENTPD1) state [15,27,36].

The role of immune cell infiltration in metastatic ccRCC is also gaining more attention
as multiple single-cell transcriptomics studies suggest it might be affecting prognosis [27,30].
Two studies in metastatic ccRCC have characterized TAMs to have high expression of both
HLA class I and II genes along with IFI27, CTSL, CTSS, C1QA, C1QB, SERPING1, APOE, and
PLTP [27,30]. Moreover, inferred pseudotime trajectory analysis of CD8+ T cells in ccRCC,
indicated a higher prevalence of exhausted CD8+ T cells in advanced and metastatic ccRCC
compared to normal kidney tissues and peripheral blood [27,28,30,32]. Hence, the potential
of immunotherapeutic strategies and immune-related pathways have been increasing as
potential directors in cancer therapy care [37]. For instance, PD-1 has been implied to
act negatively as an immunoregulatory molecule and to be involved in the regulation
of cancer cell immune evasion [38]. However, a research study showed that standard
pre-treatment T cell receptor (TCR) clonality could predict clinical response to anti-PD-1
therapy in ccRCC [39], while others observe a considerable variation of TCR clonality across
disease stages of ccRCC [27].

While some single-cell studies have provided novel insights into the immune cell land-
scape of ccRCC, other studies focused on characterizing the complete TME of treatment-
naive patients [17] as well as the consequences of ICB therapy in reprogramming the
TME [15,31]. In metastatic RCC, one study integrated multi-omics analysis of bulk RNA-
sequencing, scRNA-seq, ATAC-seq and 3D high-throughput chromosome conformation
capture (Hi-C) to highlight the influence of the TME on the clinical responsiveness to-
wards targeted therapy or immunotherapy [23]. Of particular clinical significance was
the demonstration of the capacity of malignant PTECs to drive angiogenesis through the
secretion of the VEGFA, PGF and EFNA1 ligands and their interactions with receptors
on macrophages, fibroblasts and endothelial cells [14,18,31,32]. This evidence indicated
by numerous single-cell transcriptomics studies confirmed the existence of interactions
between cancer cells and elements of the TME which could represent promising targets
and spearheaded the clinical efforts for therapeutic targeting.

7. Non-Immune TME in Primary and Metastatic ccRCC

Nevertheless, while the use of antiangiogenic treatments has made VEGF targeting a
favorable choice for ccRCC, these therapies often fail to sustain a long-term clinical response
in patients. As a result, there has been increasing focus on non-malignant and non-immune
stromal cells within the tumor microenvironment. Among these cells, cancer-associated
fibroblasts (CAFs) have garnered attention due to their potential immunosuppressive
functions within the ccRCC microenvironment. One study revealed that the immunosup-
pressive behavior mediated by CAFs is attributed to the secretion of Galectin-1 (Gal1) which
induces apoptosis in cytotoxic CD8+ T cells in recurrent ccRCC [40]. It is suggested that
the recruitment of CAFs into the ccRCC microenvironment occurs through interactions
with malignant PTECs that upregulate COL20A1, COL28A1, and TGFB1 [20]. Indeed, both
Alchahin et al. and Shi et al. identified CAF-mediated extracellular matrix remodeling,
which was associated with an increased gene signature for the EMT pathway in primary
and locally invasive ccRCC, respectively [17,20]. Therefore, in both primary and recurrent
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ccRCC, the infiltration of CAFs should be considered as an additional critical cell type
driving tumor progression and immunosuppression.

Endothelial cells, responsible for blood vessel formation and pericytes that surround
and stabilize blood vessels exhibit distinct subpopulations within the ccRCC TME as
revealed by scRNA-seq analysis. Multiple single-cell studies in primary ccRCC have identi-
fied endothelial cell subsets with differential expression of genes involved in angiogenesis,
vascular stability, and immune modulation. These subsets were associated with immune
cell infiltration, angiogenesis, and therapy response, highlighting their functional specializa-
tion and impact on the ccRCC TME [14,17,41]. Alchahin et al. highlighted the enrichment
of pro-angiogenic capillary pericytes in treatment-naive ccRCC coupled with the reduction
in vascular smooth muscle cells, known to maintain blood vessel integrity, thus showing
the active remodeling of the TME in ccRCC progression [17].

8. Treatment of ccRCC and ccRCC Metastasis

A localized ccRCC tumor is still resected through partial or radical nephrectomy as the
standard of care [42]. Even if there are signs of a simultaneous formation of micrometastasis,
surgical resection is proven to be efficient in preventing the early steps of metastasis [43].
Although over the past two decades the treatment approaches have changed [44], particu-
larly in metastatic ccRCC, the ongoing advancements in modern technology will continue
to provide insights into the complexities of cancer and its metastasis, which may inspire
further changes in treatment approaches. For metastatic disease, the treatment now com-
prises multiple targets that have been developed to block the activity in signaling pathways
of mammalian target of rapamycin (mTOR), vascular endothelial growth factor (VEGF)
pathways and platelet-derived growth factor (PDGF). They have demonstrated an involve-
ment in angiogenesis and metastasis further promoting the development and progression
of ccRCC [45–49]. Despite the efficacy of the initial treatments used, the median time for
the patients to obtain drug resistance is around 6–15 months, differing based on therapeutic
schedule and intratumor heterogeneity (ITH) [50,51]. Hence, further research is required to
overcome this therapeutic hurdle.

The somatic VHL mutation known in ccRCC was one of the earlier discoveries [52]
that resulted in the idea of preventing tumor angiogenesis via targeting the VEGF pathway,
including its receptors, where mainly VEGFR2 is targeted [53]. ccRCC tumors are a group
of epithelial tumors that present with elevated expression of VEGFA and are therefore an
understandable target of the disease [54]. With scRNA-seq technology, it was possible to
identify cell populations in ccRCC that normally express VEGF-related pathway genes
including subsets of endothelial cells [14,17]. Several studies have shown the binding of
VEGF-VEGFR2 to significantly enhance tumor development, contributing to its progression
and expansion [55–57]. One of the first agents developed for targeting and inhibiting both
VEGF and PDGFR in metastatic RCC was sunitinib, a tyrosine kinase inhibitor (TKI) which
at the time presented significant progression-free survival of 11 months in comparison with
5 months with the earlier broadly used interferon alfa [58,59]. Along with the targeting
of angiogenesis, there is a particular interest in inhibiting the mTOR pathway in ccRCC
because of the known involvement of the regulatory effects on HIF2a production, but
also its role in regulating cell proliferation and survival processes [60]. It is the HIF2a
that is involved in the upregulation of VEGF further promoting angiogenesis [60]. When
dual therapy was introduced by combining an mTOR inhibitor everolimus with levantinib
(VEGF inhibitor), it demonstrated prolonged progression-free survival [61].

As dual therapy emerged, showing promising effects in patients with advanced ccRCC,
the evolving single-cell transcriptomic knowledge of immune cell infiltration and dysfunc-
tion harbored the new therapeutic era [14,17,27,62]. The discovery that ccRCC tumors are
highly infiltrated by T cells with the exhaustive phenotype [9] led to modified therapeutic
approaches by adding immune checkpoint blockade (ICB) as an additional alternative in
combination with antiangiogenic drugs [9,63–65]. When comparing monotherapy of antian-
giogenic agents to a combination with ICB in clinical trials, a significantly improved overall
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survival was observed [61,64–67]. The response rates of combination therapy ranged be-
tween 42–71% [61,64–67]. Immunotherapy has therefore surpassed clinical expectations
where both monotherapies of anti-PD-1 agents and dual use of PD-1 (programmed cell
death protein 1) and CTLA-4 (cytotoxic T lymphocyte–associated protein 4) inhibition show
effective therapy responses of a median of 24 months in patients diagnosed with non-ccRCC
and metastatic ccRCC [66,68,69]. These novel immunotherapies are capable of reviving
T cell exhaustion to re-initiate tumor-killing effects [70]. Recent utilization of scRNA-seq
has effectively uncovered the existence of a highly immunosuppressive microenviron-
ment in both primary and metastatic ccRCC and provides a basis for therapeutic targeting
using the aforementioned approaches and combinations [17]. Furthermore, combining
immunotherapy with antiangiogenic agents has significantly improved progression-free
survival indicating the important role of the TME and how it can be manipulated for new
treatment strategies in metastatic ccRCC [64,65,71]. In patients with metastatic ccRCC that
had previously been treated with antiangiogenic agents, the PD-1 inhibitor nivolumab
showed better overall survival compared to everolimus [68,72].

Despite promising and improved treatment results, patients with metastatic ccRCC
may become unmanageable and the disease may recur. The latest guidelines specified
by the European Association of Urology (Arnhem, The Netherlands) [42] concluded that
partial nephrectomy remains a superior approach when the disease is localized. However,
in metastatic ccRCC, surgical resection is not recommended as inhibition of VEGFR and
PDGFR with sunitinib did not present worse outcomes compared with nephrectomy [73].

Following the idea of multiple targeting for metastatic disease, the latest therapeutic
approach involves the triple combination of nivolumab (anti-PD-1), ipilimumab (anti-
CTLA-4) and cabozantinib (TKI and VEGF inhibitor) covering both immune infiltration and
known pathways involved in ccRCC progression. Interestingly, it demonstrated clinical
efficiency in advanced RCC patients that are treatment naïve [74,75]. Nonetheless, as the
results are encouraging, clinical analyses are being assessed. These, and more trials, will
shape new therapeutic strategies after retrospective data representation in advanced ccRCC
(Table 1). In the ongoing effort to manage advanced ccRCC, the question being explored is
whether targeting multiple factors simultaneously offers improved treatment outcomes,
as multiple cellular compartments and processes are simultaneously involved in cancer
progression [14,17,27,30,62].

Table 1. Single-cell RNA sequencing studies that have supportive evidence of the targets in clinical
trials of ccRCC and metastatic ccRCC.

Clinical Trials in ccRCC and
Metastatic ccRCC

Target Involved in Trial
Single-Cell RNA Seq

Studies Supporting the Trial

NCT05468190

CD70 [17,76]NCT05420519
NCT00944905
NCT03905889 CDK4/6 [11]

NCT03945773
Combination therapy with

VEGF [14,16]

NCT03473730 CD38 [16]
NCT03987698

PD-1 [20,27,39,65,68]
NCT05239728
NCT04518046
NCT03729245
NCT03937219
NCT04518046

CTLA-4, PD-1, MET [17,27]
NCT03937219
NCT04691375 TREM2 [17,30,77]
NCT05103722 IL-6 [25]
NCT04338269 RTK, PD-1, CTLA-4, TKI

c-MET, VEGFR2 [17]
NCT03141177
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9. Future Perspectives

Early treatment strategies already distinguished the importance of immunotherapy
by T cell receptor proliferation cytokine IL-2 and interferon a2b [78,79]. Today, the re-
cent standard of care is to use immune checkpoint inhibitors which have changed the
paradigm of ccRCC therapy [64,80]. Despite these successful treatment strategies, a subset
of renal cancer patients still do not respond to treatment, and those who do eventually
progress [81,82]. The aforementioned single-cell studies have demonstrated a novel under-
standing of the cellular landscape of ccRCC. However, by also focusing scRNA-seq on T
cells using 5′-sequencing and recombined V(D)J region of T cell receptor, researchers show
in ccRCC that tumor-infiltrating T cells harbor a different expression and transcriptional
pattern when it is compared to the normal renal tissue and peripheral blood [28], indicating
a transcriptomic heterogeneity. Moreover, a single-cell study in melanoma achieved to
connect a subset of melanoma-infiltrating lymphocytes to certain antigens of T cell recep-
tors, implying that the expression level of intratumoral CD8+ T cells may be controlled
by particular tumor phenotypes [83]. Similarly, in ccRCC, cells existing in a CD8+ T cell
receptor (TCR) clonotype were shown to be controlled by their level of exhaustion [26]. This
restriction of clonotypes based on phenotype may not depend on environmental factors,
but instead on chronological mutations as individual tumors carry clonotypes through
different states [84–86]. Thus, when cells infiltrate a tumor and undergo changes from an
active to a dysfunctional state, they stay in the tissue depending on the phenotype of the
tumor tissue they reside in [26].

Manipulating the adaptive immune responses by using ICB has shown us improved
survival [65,68], emphasizing the role of the immune microenvironment in ccRCC. Hence,
to better understand the architecture, tumor-infiltrating immune cells, immunotherapy and
the T cell receptor immune cell atlas, advanced single-cell technologies need to be applied.
The single-cell technologies have revealed and confirmed to us the rich tumor microenvi-
ronment, including the immune microenvironment [14,17,21,87,88]. The generation of gene
signatures deciphering the roles of certain immune subsets in cancer has functioned as a
tool in guiding clinicians to select patients, calculating the probability of benefiting from
immunotherapy and characterizing clinically relevant subpopulations. Immunotherapy
has reached the status of treatment stamina when treating treatment-naïve and advanced
ccRCC [64,89].

The massive data collection and production from single-cell studies generate enormous
information and hypotheses to test. The comprehensive output has been able to confirm
that the current suggested triple therapy may work by proving the pathways and gene
expressions that are augmented in primary and metastatic ccRCC as CTLA-4, PD-1, VEGFR2
and MET [17,74]. In theory, this combination targets four principal aspects influencing
ccRCC disease development; immunosuppression, angiogenesis (vascular remodeling) and
MET overexpression [17].

With explorative science, new knowledge will be provided, interpreted, and tested.
Equally, as single-cell technologies have computationally and quantitatively mapped the
TME [14,17,21,87,88], clinical trials are pursuing to evaluate the findings. An example is
the recent research emphasizing the CD70-CD27 axis in primary ccRCC development as a
potential target [17]. The finding supports clinical trials that are currently testing agents
targeting this axis by engineering CAR-T cells for instance, as CD27 was expressed by
exhausted cytotoxic T cells [17]. This approach is now being tested in clinical trials [76]
(NCT05468190, NCT05420519, see Table 1). Hence, single-cell technologies are able to
generate massive amounts of information which can subsequently be used to provide solid
facts to support clinical trials.

Nevertheless, while scRNA-seq technology has become a state-of-the-art approach
for unraveling the heterogeneity and complexity of different cell types, it has also brought
to light certain methodological challenges, such as the ”artificial transcriptional stress
responses”. In particular, the process of single-cell isolation has been found to trigger
the expression of stress-related genes, which in turn can lead to artificial changes in cell
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transcription patterns [90,91]. Another challenge in scRNA-seq is dealing with variation
between different datasets [92]. Data collected at different times or using different se-
quencing platforms can have significant batch effects [93]. While often not biologically
meaningful, these batch effects can disrupt patterns in gene expression and potentially lead
to incorrect conclusions. Therefore, it is crucial to correct these batch effects during analysis
of single-cell transcriptomics studies. To this end, several algorithms have been proposed
to correct batch effects although these methods can be computationally intensive and often
require significant amounts of memory and time [94,95].

Perhaps the most significant limitation of scRNA-seq methods is the loss of histological
information through the need to dissociate tissue into single-cell suspensions. Hence, novel
spatial biological technologies have been emerging rapidly as powerful tools to add the
additional layer of spatial information that single-cell technologies are currently missing. A
recent study in ccRCC combined the use of single-cell transcriptomics with barcode-based
spatial transcriptomics to study the effect of the MC5 lncRNA signature on immunotherapy
response and the TME [96]. Two studies combined spatial transcriptomics with scRNA-seq
to reveal cell types within the TME of ccRCC that correlate with ICB resistance in ccRCC
patients [97,98]. An intriguing example of the power of multi-omics is offered by Wu
et al. [99], where single-nucleus transcriptomics, epigenomics, and spatial transcriptomics
are employed to identify a novel tumor cell signature correlating with reduced survival in
ccRCC patients [99].

In conclusion, the paradigm shift in ccRCC disease progression has been enhanced
in the past two decades in terms of biological and therapeutic understanding. As the
survival of primary disease is satisfactory, the challenges and future work lie in tackling
the metastatic outcome. The research community of ccRCC has a broad and huge data
output of hypotheses with computational rationale and strength to test. The next steps are
to envision the disease by combining multi-omics data to better understand the cellular
profiles and their biological communication patterns with spatial and imaging techniques.
This is where the fundamental efforts need to be put on, in parallel with the ongoing clinical
trials to understand therapy responses.

10. Conclusions

ccRCC tumors are known for their hypoxic, immunogenic, and angiogenic charac-
teristics. To fully comprehend ccRCC, it is essential to investigate these features not only
within tumor cells but also in immune and non-immune stromal cells that infiltrate the
ccRCC TME. Recent advancements in single-cell transcriptomics applied to primary and
metastatic ccRCC tumor samples have significantly enriched our understanding of the
diverse cell types and states present in ccRCC.

The discovery of PTECs as the ccRCC cell of origin as well as their inflamed state raises
the possibility of an alternative transcriptomic pathway in ccRCC development. Moreover,
with our increasing understanding of the transcriptomic identity of metastasizing clones,
new therapeutic avenues are being unlocked for metastatic ccRCC. Multiple studies have
provided evidence on the dysfunctional interactions of M2-like TAMs and exhausted CD8+
T cells, which may contribute significantly to the resistance observed in available immune
checkpoint therapies.

Recent findings on immunosuppressive, angiogenic, and extracellular matrix remodel-
ing activities by CAFs and pericytes as well as endothelial cells suggest that stromal cells
play an additional elusive role in primary and metastatic ccRCC. As a result, a comprehen-
sive understanding of PTECs, immune cells, and stromal cell types and states within the
ccRCC microenvironment is shedding light on tumor progression and evasion across differ-
ent stages of ccRCC. Emerging integrative approaches to single-cell technologies overcome
the current limitations of the technique and pave the way towards new discoveries that
will drive future clinical management, therapeutics, and prognostics for both primary and
metastatic ccRCC cases.
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Simple Summary: This comprehensive systematic review provides valuable insights into the land-
scape of biomarkers in clear cell renal cell carcinoma (ccRCC) and their potential applications in the
prediction of treatment response, prognosis, and therapeutic monitoring. One of the major challenges
in ccRCC is determining the most effective treatment strategies and identifying patients who would
benefit from adjuvant or neoadjuvant therapy. This review aims to provide a comprehensive overview
of biomarkers in ccRCC and their utility in the prediction of treatment response, prognosis, and
therapeutic monitoring in patients receiving systemic therapy for metastatic disease. The findings
underscore the importance of incorporating biomarker assessment into clinical practice to guide
treatment decisions and improve patient outcomes in ccRCC.

Abstract: Background: Challenges remain in determining the most effective treatment strategies
and identifying patients who would benefit from adjuvant or neoadjuvant therapy in renal cell
carcinoma. The objective of this review is to provide a comprehensive overview of biomarkers
in metastatic renal cell carcinoma (mRCC) and their utility in prediction of treatment response,
prognosis, and therapeutic monitoring in patients receiving systemic therapy for metastatic disease.
Methods: A systematic literature search was conducted using the PubMed database for relevant
studies published between January 2017 and December 2022. The search focused on biomarkers
associated with mRCC and their relationship to immune checkpoint inhibitors, targeted therapy,
and VEGF inhibitors in the adjuvant, neoadjuvant, and metastatic settings. Results: The review
identified various biomarkers with predictive, prognostic, and therapeutic monitoring potential
in mRCC. The review also discussed the challenges associated with anti-angiogenic and immune-
checkpoint monotherapy trials and highlighted the need for personalized therapy based on molecular
signatures. Conclusion: This comprehensive review provides valuable insights into the landscape of
biomarkers in mRCC and their potential applications in prediction of treatment response, prognosis,
and therapeutic monitoring. The findings underscore the importance of incorporating biomarker
assessment into clinical practice to guide treatment decisions and improve patient outcomes in mRCC.

Keywords: renal cell carcinoma; predictive biomarkers; prognostic biomarkers; therapeutic monitoring;
immune checkpoint inhibitors; VEGF inhibitors; metastatic disease
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1. Introduction

In 2023, there will be an estimated 76,080 new cases and 13,780 new deaths due to
kidney cancer in the US [1]. Approximately 90–95% of these neoplasms are renal cell carci-
noma (RCC), with 16% presenting with regional spread and another 16% presenting with
distant metastasis [2,3]. Clear cell RCC (ccRCC) is the most common subtype, accounting
for over 70–80% of RCC [4]. The cure rate is high for patients with early, localized disease,
with 5-year survival at more than 90% [5]. In contrast, 5-year survival drops to 12% for
patients with distant metastatic disease.

Historically used chemotherapy and radiation therapy lacked sensitivity in ccRCC [6,7],
and therefore an improved understanding of the biochemistry and genetic molecular
landscape in ccRCC has led to the discovery of novel therapeutic agents [8–10].

Despite the advances that have been made, there are many challenges to treating
ccRCC. In particular, pure anti-angiogenic trials (which have been largely negative) and
pure immune-checkpoint monotherapy trials have been applied (with one positive trial
so far) to the adjuvant setting with continued uncertainty as to who would benefit from
adjuvant therapy or neoadjuvant therapy and for how long [11]. The advent of molecular
signatures brings forth the opportunity to better understand how to personalize therapy
in ccRCC, enabling clinicians to improve patient outcomes. The purpose of this review is
to systematically identify biomarkers that have the potential to diagnose, predict, prog-
nose, and track therapeutic monitoring in ccRCC patients receiving systemic therapy with
immune oncology (IO), tyrosine kinase inhibitors (TKI), VEGF inhibitors (VEGFi), or a
combination for treatment of adjuvant, neoadjuvant, and metastatic disease. These terms
are defined in Table 1 [12].

Table 1. Important Definitions.

Term Definition

Biomarker A measurable substance whose presence is indicative
of disease, infection, or environmental exposure.

Diagnostic Biomarker
Detects or confirms the presence of a disease or
condition of interest or identifies an individual with
a subtype of the disease.

Predictive Biomarker

Predicts an individual or group of individuals more
likely to experience a favorable or unfavorable effect
from the exposure to a medical product or
environmental agent

Prognostic Biomarker
Identifies the likelihood of a clinical event, disease
recurrence, or disease progression in patients with a
disease or medical condition of interest

Therapeutic Monitoring Biomarker

Assesses the status of a disease or medical condition
for evidence of exposure to a medical product or
environmental agent, or to detects an effect of a
medical product or biological agent

Prior reviews have broached this topic but have not provided a comprehensive review
of the vast variety of biomarkers that exist in ccRCC or have focused on a specific form of
therapy. For example, Gulati et al. aim to evaluate validated biomarkers that are being
utilized to guide treatment choices and help identify pathways of resistance in other tumor
types, and do this by organizing their paper by biomarker (PD-L1, tumor mutational
burden, VHL, PBRM1, BAP1, SETD2, a few genomic signatures) [13]. Similarly, Raimondi
et al. focus on predictive markers for immunotherapy response [14]. Farber et al. did
explore the various serum, urine, imaging, and immunohistological biomarkers that had
diagnostic, prognostic, and predictive utility up until 2017. However, this review once
again organized their finding by type of biomarker [15]. Our review strove to incorporate
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all of this content in one place by exploring all biomarkers that have been studied from
January 2017 to December 2022 by treatment line.

2. Materials and Methods

The protocol of the present systematic review and meta-analysis was following
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. The PRISMA checklist was shown in Supplementary Figure S1. The Covi-
dence platform (reference) was used for paper importing and screening to streamline the
review process [16]. This systemic review was conducted on schedule without its registra-
tion in PROSPERO.

2.1. Data Sources and Searches

Two authors independently searched relevant studies from the PubMed Advanced
Search Builder literature database. The retrieval time ended on 31 December 2022. The
systematic searching was restricted to the English language and human subjects. The
following search strategy was employed in PubMed: ((biomarker) OR (prognostic marker)
OR (gene expression)) AND ((immunotherapy) OR (immune checkpoint inhibitor) OR
(ICI) OR (targeted therapy) OR (tyrosine kinase inhibitor) OR (TKI) OR (VEGF inhibitor))
AND ((clear cell renal cell carcinoma)) OR (ccRCC) OR (clear cell RCC)) AND ((metastatic)
OR (metastasis) OR (metastases) OR (stage 4) OR (stage IV) OR (adjuvant) OR (neoadju-
vant)) NOT (“case report”[Title]) NOT (“case reports”[Publication Type]) NOT (review
[Publication Type]).

2.2. Inclusion and Exclusion Criteria

Two authors independently screened the literature according to the following criteria:
(1) studies including patients who were diagnosed with primary or metastatic RCC after
cytology or pathology; (2) studies that were Phase I, II, III, or IV or retrospective studies;
(3) studies that focused on systemic therapies to treat adjuvant, neoadjuvant, or metastatic
disease; (4) studies that used IO, TKI, VEGFi, or a combination of these therapies; and
(5) articles that were published in English. For repeatedly published studies, we only
chose the latest literature or the literature with the largest sample size. The articles were
excluded based on the following reasons: (1) without the normal control group data;
(2) review articles, editorials, comments, letters, case reports, etc.; (3) duplicated data; and
(4) animal experiment. Only articles published between January 2017 and December 2022
were included, given that RCC treatment protocols have frequently changed.

2.3. Data Extraction and Literature

A standardized data collection form was employed to extract the following information
by 2 authors independently: the first author’s name, publication year, title, DOI, abstract,
paper methodology, sample size, marker name, marker purpose, marker class, type of
maker, drug, drug class, major findings, and limitations. These data can be found in
Supplementary Table S1. In case no direct HR or 95% CI was provided in the publications
or could not be calculated through the existing data, we tried to contact the corresponding
author to obtain the relevant data. If no response was received from the author, data were
extracted from the survival curve. In case of disagreements during data extraction, a third
author would participate in the discussion.

2.4. Quality Assessment

The Newcastle–Ottawa quality (NOS) assessment scale was used to evaluate the
quality of the included studies by the 2 authors independently. The full mark of the scale
was 9. Scores with 0–3, 4–6, and 7–9 were regarded as low quality, moderate quality, and
high quality, respectively.

112



Cancers 2023, 15, 4934

3. Results/Discussion

The purpose of this review is to systematically identify biomarkers that have the
potential to diagnose, predict, prognose, and track therapeutic monitoring in ccRCC pa-
tients receiving systemic therapy with ICI, TKI, VEGFi, or a combination for treatment of
adjuvant, neoadjuvant, and metastatic disease. This review organizes our findings first by
marker class, then drug class, and finally paper methodology (Figure 1). Various types of
biomarkers currently exist including immunologic, genomic, radiogenomic, and physio-
logic biomarkers. Other markers do not fit into any of these classes. A complete table of
all biomarkers and associated data can be found in Supplementary Table S1. Additionally,
the data collected in this paper can be visualized via Flourish at the following website:
https://public.flourish.studio/visualisation/14189718/ (accessed on 22 July 2023).

Figure 1. Organization of Review Article.

3.1. Immunologic Biomarkers

Immunologic markers are those that serve as surrogate markers for cellular activa-
tion and play an important role in the function of the immune system. These includes
serum cytokines, chemokines, adipocytokines, soluble forms of cell receptors, and immune
activation markers [17].

3.1.1. Immunotherapy

Immune checkpoint inhibitors are monoclonal antibodies that boost anticancer im-
mune responses by targeting various immune receptors. These agents have been success-
fully used to treat RCC in clinical trials and/or are being studied in several prospective
and retrospective studies.

3.1.2. Clinical Trials

There are few clinically proven predictive and prognostic biomarkers for ccRCC treated
with first-line therapies, but novel drugs and biomarkers have been emerging from clinical
trials. The safety and efficacy of rocapuldencel-T, a type of immunotherapy prepared from
mature dendritic cells, was explored in a Phase III study in combination with standard of
care sunitinib as a first-line therapy for mRCC. When compared to the standard of care,
Rocapuldencel-T produced immune responses in 70% of patients and the strength of the
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response correlated with OS. High baseline numbers of T regulatory cells are associated
with improved outcomes in patients treated with rocapuldencel-T, but were associated
with worse outcomes in patients receiving SOC treatment [18].

Prospective Studies

PD-1 is a receptor found on T-cells which binds to PD-L1, a receptor often upregulated
on cancer cells. This binding interaction prevents T-cells from destroying cancer cells,
enabling the tumor to escape the immune system. Clinical trials have proven the efficacy of
anti-PD1 therapies as a mainstay systemic treatment in ccRCC patients [9,19–21]. Therefore,
it is natural that PD-1 expression levels can be predictive of treatment response to anti-PD1
therapies. Pignon et al. found that tumor cell PD-L1 expression in combination with PD-1
expression on CD8+ T-cells may predict outcome of nivolumab in mccRCC. Overall PD-L1
expression was not clinically relevant which suggests that in ccRCC, PD-L1 expression on
T-cells (but not IC) drives immune evasion and can be reversed by anti-PD-1 therapies [22].
Atkins et al. found that PD-L1 expression has limited clinical utility in selecting patients for
nivolumab monotherapy, but may have potential as a predictive biomarker of nivolumab
monotherapy efficacy within a multifactorial predictive biomarker model [23].

By contrast, Mahoney et al. examined soluble PD-L1 (sPD-L1) as a biomarker within
serum, rather than from tumor tissue. They found that sPD-L1 is a marker of nivolumab-
refractory disease in RCC and is more complex than just a substitute for PD-L1. This
is because aggressive disease produces sPD-L1, but there may be a distinct secondary
pathway by which some patients with some or complete response to nivolumab produce
sPD-L1. Therefore, a comparison of baseline and on-therapy sPD-L1 levels in RCC may
be able to predict progressive disease in patients taking nivolumab [24]. Incorvaria et al.
showed that the plasma levels of sPD-1, sPD-L1, and sBTN3A1 can predict improved
response to second-line nivolumab. Incorvaria et al. analyzed the dynamic changes of
plasma after nivolumab treatment and found a statistically significant decrease of sPD-1
after 28 days of therapy in the long-responder patients [25].

Ross-Macdonald et al. found that non-response to nivolumab was correlated with
tumors highly infiltrated with T-cells. The degree of infiltration was measured at baseline
and on day 28 by a T-cell receptor “CD3TCR” expression score using a gene set of the
CD3-γ, CD3-δ, CD3-ε, CD3-ζ, TCR-α, and TCR-β subunits [26]. They also found that IL-18
mRNA was differentially upregulated in treatment responders [26]. Similarly, Chehrazi-
Raffle found that patients with clinical benefit from immunotherapy had higher levels of
interferon-γ and IL-12 [27].

Other predictive markers being explored include circulating endothelial cells. García-
Donas et al. found that, when given antiangiogenic treatments (sunitinib and/or pa-
zopanib), the detection of higher CEC levels, defined as DAPI+, CD105+, and CD45−, was
associated with progression-free survival in ccRCC. The study also found that CEC levels
did not change significantly despite tumor progression compared with baseline, which
suggests that CECs could be determined at any time during treatment, remaining a stable
predictive biomarker [28].

Prognostic liquid biopsy biomarkers have been explored prospectively as well. Bootsma
et al. examined circulating tumor cell abundance and HLA I to PD-L1 (HP) ratio as prognos-
tic markers in RCC and demonstrated that both markers can be used to monitor treatment
response Specifically, the direction in which CTC enumeration changes was strongly associ-
ated with OS and increases in the HP ratio over time collated with worse outcomes [29].
Billon et al. suggested that the baseline level of plasmatic BTN2A1 could be an independent
prognosis factor of PFS for second-line nivolumab after a TKI in patients with mRCC [30].
Incorvaria et al. also studied this biomarker, BTN2A1 was not significantly associated
with OS or PFS [25]. However, Billon et al. found that patients with PFS > 18 months
seemed to have lower levels of sBTN2A1 than patients with PFS < 18 months [30]. In a
study that analyzed 106 immune cell populations in fresh blood, Carril et al. found that
baseline unswitched memory B cells (NSwM B cells) were increased in responders and
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associated with improved OS and PFS in patients on second-line nivolumab following
prior nivolumab therapy. They also found that BCA-1/CXCL13 and BAFF, which are
chemokines strongly expressed in the secondary lymphoid organs, were both associated
with worse OS and inversely correlated to NSwM B cells [31]. De Giorgi et al. studied
the association between inflammation in general (and Body Mass Index, or BMI) with the
clinical outcome and found that a normal BMI combined with inflammation tripled the
risk of death, suggesting that these biomarkers are critical prognostic factors for OS in
patients with RCC treated with nivolumab. In univariate analysis, markers such as sys-
temic immune-inflammation index (SII), neutrophil to lymphocyte ratio (NLR), and platelet
to lymphocyte ratio (PLR) were able to predict outcome; and in multivariate analyses,
SII ≥ 1375, BMI < 25 kg/m2, and age ≥ 70 years independently predicted overall survival.
SII changes at 3 months also predicted OS [32].

A study by Saal et al. aimed to evaluate the prognostic value of the modified Glasgow
prognostic score (mGPS) in patients with mRCC treated with ICIs, specifically in the context
of the IMmotion151 trial, which compared atezolizumab plus bevacizumab to sunitinib.
The mGPS assigns points based on elevated serum C-reactive protein (CRP) and decreased
serum albumin levels. Patients are categorized as low, intermediate, or high risk. The
results demonstrated that the mGPS outperformed the International Metastatic Renal Cell
Carcinoma Database Consortium (IMDC) score, the current standard for risk stratification
in mRCC. The mGPS had a higher concordance index and identified a larger proportion of
patients as low risk while maintaining comparable survival rates. This study suggests that
the mGPS could replace the IMDC score as a simple and effective prognostic tool in the era
of immuno-oncology for mRCC patients [33].

Retrospective Studies

Retrospective studies disclose even more unique biomarkers that have both predictive
and prognostic value when studying effects of immunologic treatments. Many biomarkers
have been studied, the most common of which are C-reactive protein (CRP), NLR, and
immune-related adverse events (irAEs). Many other markers were also studied and can be
found in Supplementary Table S2.

One of the most commonly studied predictive and prognostic markers is CRP, which
is a nonspecific marker of inflammation found in blood. Kankkunen et al., Roussel et al.,
and Ito et al. all studied elevated baseline CRP as a marker of poor prognosis in RCC, and
found that this marker can predict worse OS and PFS on nivolumab [34–36]. Kankkunen
also found on multivariate analyses that patients with elevated baseline and on-treatment
CRP had shorter OS and PFS than patients with normal CRP [34]. Similarly, Ito et al. found
that pretreatment C-reactive protein >3.0 mg/dl was an independent predictor for PFS [36].

Abuhelwa et al. also studied CRP as a prognostic maker in ccRCC. They found that
CRP could be used to stratify patients into four levels, with CRP levels inversely correlated
with OS and PFS [37]. Fukuda et al. studied the CRP flare response by categorizing
patients as CRP flare responders, CRP responders, and non-CRP responders depending
on if CRP levels more than double compared with baseline within 1 month after initiation
of nivolumab (flare) and then decreased below baseline within 3 months, if CRP levels
decreased by ≥30% within 3 months without “flare”, or if CRP levels were minimally
changed or unchanged, respectively. They found that the CRP-flare response was associated
with significant tumor shrinkage and improved survival outcomes [38]. Takamatsu et al.
found that serum CRP higher than 0.5 mg/dl in RCC patients after first-line treatment
termination could be a marker of poor prognosis in intermediate-risk patients treated with
second-line treatment, given that the median OS of elevated and non-elevated CRP group
was 11.5 and 29.4, respectively [39].

Others studied CRP as a predictor of treatment response in RCC. Noguchi et al. found
that CRP level at 1 month after treatment with nivolumab may be clinically useful in quickly
predicting treatment effect [40]. Fukuda et al. and Klümper et al. both studied the predictive
value of the CRP flare response described above [38,41]. Fukuda et al. suggested that the
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CRP flare response in nivolumab treatment may be related to changes caused by the cancer-
immune system within the tumor microenvironment [38]. Klümper et al. expanded on this
idea and found that CRP responders, especially CRP flare responders, had significantly
prolonged progression-free survival (PFS) compared with non-CRP responders and long-
term response (≥12 months) to first-line IO combination therapy [41]. Beyond CRP, several
cytokines are being studied as predictive and prognostic biomarkers for immunotherapies,
including PD-1, PD-L1, IL6, IL-8, and IL-12. Details regarding these studies can be found in
Supplementary Table S2.

Another commonly studied predictive and prognostic biomarker is NLR, which is a
biomarker that links the two parts of the immune system: the innate immune response,
mediated by neutrophils, and adaptive immunity, supported by lymphocytes [42]. There is
some conflicting evidence on the clinical significance of this marker. Roussel et al., Lalani
et al., and Jeyakumar et al. found that higher baseline NLR predicted worse OS and PFS
on nivolumab in mccRCC patients [35,43,44], while Nishiyama et al. found that baseline
NLR was not associated with OS or PFS. Specifically, Jeyakumar et al. concluded that
NLR ≥3 prior to initiating ICI therapy was an independent predictor of OS and PFS [44],
while Ito et al. and Nishiyama et al. instead found that NLR of ≥3 at 4 weeks of nivolumab
therapy was an independent predictor of OS and PFS [36,45]. Lalani’s and Ikarashi’s
work supports Nishiyama’s findings as they both also found that higher NLR at 6 weeks
was a significantly stronger predictor of all three outcomes than baseline NLR [43,46].
Zahoor et al. studied NLR as a predictor of progressive disease (i.e., metastasis), and
found that the risk of progressive disease was elevated with higher baseline NLR [47].
Beyond NLR, there are several immune cell populations being studied as predictive and
prognostic biomarkers for immunotherapies, including lymphocyte counts, neutrophil
counts, PLR, neutrophil to eosinophil ratio (NER), monocyte to eosinophil ratio (NER),
monocyte to lymphocyte ratio (MLR). Details regarding these studies can be found in
Supplementary Table S2.

irAEs, a known side effect associated with ICIs, are a set of autoimmune conditions that
can affect any organ in the body, which makes them difficult to diagnose and manage [48].
Clinicians have theorized that the presence of irAEs may have some implications for
mRCC prognosis but the relationship is fairly unclear. Kankkunen et al. and Martini et al.
found that irAEs, particularly thyroid irAEs, had significantly improved clinical outcomes
in mRCC patients treated with ICIs as second-line therapy [34,49]. Ikeda et al. and
Ishihara et al. both studied the relationship between irAEs and PFS and OS in patients
treated with nivolumab. Ikeda et al. found that irAE development was significantly
associated with PFS but not with OS [50], while Ishihara et al. found that irAE development
was significantly associated with both PFS and OS [51]. These findings suggest that irAEs
may be used as a clinical biomarker predicting treatment outcome in mRCC patients treated
with ICIs.

3.1.3. VEGFR TKIs

TKIs are a class of drugs that inhibit signal transduction of protein kinases which in
turn critically disrupt cellular signaling [52]. One group of growth factor receptors affected
by TKIs are VEGF receptors (VEGFRs), which have been known to play a key role in the
angiogenesis caused by cancers, including RCC [53].

VEGFR TKIs form a class of adjuvant therapy used in RCC. Drugs that are approved
by the US FDA include sorafenib, sunitinib, axitinib, and pazopanib [53]. These agents have
been successfully used to treat RCC in clinical trials and biomarkers related to VEGFR TKI
efficacy and prognosis are being studied in several prospective and retrospective studies.

Prospective Studies

Prospective studies have studied both the predictive and prognostic abilities of an-
giogenesis markers as well as plasma cytokines in patients treated with VEGFR TKIs.
Mauge et al., Jilaveanu et al., Oudard et al., and Xu et al. all studied the prognostic abil-
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ities of various angiogenesis markers [54–57] in patients receiving first-line sunitinib or
pazopanib. In this multicenter, prospective, open-label, phase II trial, Mauge et al. in-
cluded treatment-naïve patients with mccRCC who had received two cycles of sunitinib
before nephrectomy, and found that baseline values of angiogenesis markers (found in
parentheses) were significantly associated with a change in primary renal tumor size (en-
dothelial progenitor cells), PFS (vascular endothelial growth factor-A, stromal cell-derived
factor(SDF)-1, soluble VEGF receptors (sVEGFR) 1 and 2), and OS (SDF-1 and sVEGFR1).
They also found that changes in the following markers (found in parentheses) during
treatment were significantly associated with a change in primary renal tumor size (SDF-1
and platelet-derived growth factor-BB), PFS (sVEGFR2), and OS (SDF-1 and sVEGFR1) [54].
Jilaveanu et al. focused on the prognostic of changes in microvessel density (MVD) in
patients taking adjuvant sunitinib and sorafenib. They found that, on both univariate
and multivariate analyses, high MVD (defined as above the median) was associated with
increased OS as compared to patients receiving placebo, and there was a less significant
association when comparing populations of patients treated with sunitinib or sorafenib [55].
Oudard et al. also looked at VEGFR-1 when they studied the prognostic value of subpopula-
tions of pro-angiogenic monocytes and found that a more than 20% reduction from baseline
value of VEGFR-1+CD14 monocytes at 20 weeks after starting sunitinib or pazopanib
was associated with a significant increase in PFS and OS. They also found that more than
20% reduction from baseline value of Tie2 + CD14 cells monocytes was associated with a
significant increase in OS [56]. Similarly, Xu et al. found that sVEGFR-2 decreased after
both 4 and 6 weeks of treatment on sunitinib or sorafenib and that sFLT-1 decreased after
4 weeks on sunitinib and 6 weeks on sorafenib [57].

Jilaveanu et al. also studied the predictive value of MVD. They also found that high
MVD significantly correlated with Fuhrman grade 1–2, clear cell histology, and absence
of necrosis but not with gender, age, sarcomatoid features, lymphovascular invasion, or
tumor size, and therefore concluded that MVD was a better potential as a prognostic
marker, rather than a predictive marker [55]. Hakimi et al. also studied the predictive
value of angiogenesis markers, as well as mutation profiles and macrophage infiltration, in
patients receiving received first-line sunitinib or pazopanib and found that patients with
higher angiogenesis scores had a superior outcome independent of the IMDC risk category.
They also attributed the predictive capabilities of angiogenesis markers to upregulation
and suppression of angiogenesis observed with loss-of-function mutations in PBRM1 and
BAP1, respectively [58].

Other groups have prospectively looked at the predictive and prognostic abilities of
various plasma cytokines in patients treated with VEGFR TKIs. IL-6 is a plasma cytokine
that is known to play a pathologic role in chronic inflammation as well as RCC [59,60].
Pilskog et al. studied the ability of IL-6 to prognose PFS and OS and predict response
to sunitinib [61,62] while Chehrazi-Raffle et al. focused on IL-6′s predictive abilities [27].
In Pilskog et al.’s first study, they evaluate both the prognostic and predictive ability of
interleukin-6 receptor α (pIL6Rα) in mRCC patients treated with sunitinib, and found
that low tumor expression of IL6Rα, which is directly correlated with expression of some
angiogenesis markers, was significantly associated with improved response to sunitinib [61].
Pilskog et al.’s second study focused on the predictive ability of plasma interleukin-6
(pIL6), pIL6Rα, and interleukin-6 signal transducer (pIL6ST) in mRCC patients treated
with sunitinib. In this study, they found that low pIL6 at baseline was also significantly
associated with improved PFS and response to sunitinib. Furthermore, patients with high
pIL6ST at baseline showed significantly improved OS. This signified that pIL6 may have
both prognostic and predictive potential in mRCC. Chehrazi-Raffle et al. confirmed this
finding when they found that patients treated with VEGF-TKIs had lower pretreatment
levels of interleukin-6 (IL-6) (as well as IL-1RA and granulocyte CSF). This study, however,
did support IL-6′s ability to predict treatment response and instead found that clinical
benefit from VEGF TKIs could be monitored with decreases in IL-13 and granulocyte
macrophage CSF as well as increases in VEGF at one month [27].

117



Cancers 2023, 15, 4934

Like Chehrazi-Raffle et al., Bellmunt et al. and Xu et al. all looked at the predictive and
prognostic value of plasma cytokines other than IL-6. Bellmunt et al. studied the predictive
value of IL-10 levels in mRCC patients receiving second-line pazopanib after failure of a
prior TKI. They found that lower circulating levels of IL-10 were observed in responding
patients at 8 weeks after treatment [63]. Xu et al. investigated the effects of adjuvant VEGFR
TKIs on circulating cytokines and found that when on sunitinib and sorafenib, CXCL10
elevated at 4 and 6 weeks was associated with worse DFS [57].

Zizzari et al. and Montemagno et al. both looked at soluble forms of PD-L1 and PD-1
as prognostic and predictive markers of sunitinib efficacy. Zizzari et al. identified soluble
PD-L1 and PD-1 as two of seven soluble immune molecules (IFNγ, sPDL2, sHVEM, sPD1,
sGITR, sPDL1, and sCTLA4) as well as CD3 + CD8 + CD137+ and CD3 + CD137 + PD1 +
T-cell populations as markers modulated by TKI therapy [64]. Montemagno specifically
studied first-line sunitinib and bevacizumab, and confirmed that levels of soluble PD-L1
and PD-1 correlated with PFS with sunitinib only. They found that sunitinib treated patients
with high baseline plasmatic levels of sPD-L1 and sPD-1 had a shorter PFSm [65]. There
are several other retrospective studies that have been conducted on PD-L1 and PD-1, and
can be found in Supplementary Table S3.

Retrospective Studies

Retrospective studies identified even more unique potential biomarkers that have
both predictive and prognostic value when studying the effects of immunologic treatments.
Many biomarkers have been studied, the most common of which are CRP and NLR. Many
other markers were also studied and can be found in Supplementary Table S3.

Several retrospective studies have investigated the prognostic value of CRP levels in
mRCC patients and their response to TKIs. Takamatsu et al. investigated the prognostic
value of baseline CRP level in intermediate-risk mRCC patients treated with first-line
VEGFi therapy. They reported that higher baseline CRP levels were associated with inferior
OS and PFS outcomes [66]. They then performed a second study in which they found that
elevated baseline serum CRP levels prior to second-line treatment in intermediate-risk
mRCC patients was also associated with poor prognosis [39]. Both studies showed that
intermediate-risk mRCC patients could be divided into two prognostic subgroups [39,66].
Similarly, Wang et al. identified dynamic changes in the systemic inflammatory response,
including CRP, that could be prognostic indicators in mRCC. They observed that patients
with elevated CRP levels at baseline and during treatment had significantly worse OS and
PFS rates compared to those with normal CRP levels [67]. Takagi et al. also confirmed this
finding with their study aiming to identify prognostic markers, including CRP, for refined
stratification of intermediate-risk ccRCC patients treated with first-line TKI therapy. They
also found that elevated CRP levels were associated with worse OS and PFS outcomes in
this patient population [68]. Furthermore, Teishima et al. observed that normalization of
CRP levels following cytoreductive nephrectomy in mRCC patients treated with TKIs was
associated with improved overall survival. They found that patients who achieved CRP
normalization after surgery had better OS rates compared to those who did not [69].

Other studies aimed to show CRP’s efficacy as a predictive marker. Yasuda et al.
demonstrated that early response of CRP levels could predict survival in patients with
mRCC undergoing TKI treatment. They found that patients who achieved a significant
decrease in CRP levels within one month of TKI therapy initiation had improved OS and
PFS [70]. Klümper et al. explored the CRP flare response as a predictor of long-term
efficacy in first-line anti-PD-1-based combination therapy for mRCC. They observed that
patients who exhibited a CRP flare response had significantly prolonged PFS and higher
rates of long-term response [41]. In addition to these studies, Erdogan et al. investigated
the association between early changes in systemic inflammatory markers, including CRP,
and treatment response in patients receiving pazopanib. They observed that patients who
showed a significant decrease in CRP levels within one month of pazopanib treatment
initiation had improved clinical outcomes [71]. Collectively, these studies highlight the
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importance of CRP as a prognostic and predictive marker and highlight the role it may play
in mRCC patients receiving TKIs in the future. Beyond CRP, there are several cytokines
being studied as predictive and prognostic biomarkers for immunotherapies, including
PD-1, PD-L1, HIF-1α, IL-8, and FGFR2. Details regarding these studies can be found in
Supplementary Table S3.

3.1.4. Combination Therapy

Combination therapy involves the use of multiple drug classes to enhance the efficacy
of anti-cancer treatments. This approach potentially reduces drug resistance, while reducing
tumor growth, mitotically active and cancer stem cells, and metastatic potential [72]. In
RCC, the current gold standard is antiangiogenic agents combined with tyrosine kinase,
mTOR, or immune checkpoint inhibitors [73]. These agents have been successfully used
to treat RCC in clinical trials and biomarkers related to combination therapy efficacy and
prognosis are being studied in several prospective and retrospective studies.

Prospective Studies

Several studies have provided valuable insights into the clinical activity and molecular
correlates of response to immunotherapy in renal cell carcinoma (RCC) patients. McDer-
mott et al. found that atezolizumab–bevacizumab combination therapy showed improved
clinical activity and higher overall response rates compared to sunitinib, providing molecu-
lar characteristics of each treatment option. The study also identified specific molecular
markers associated with response to immunotherapy, such as high tumor mutational bur-
den and PD-L1 expression. These findings provide important information for patient
selection and treatment decision making [74].

In a study by Martini et al. the focus was on angiogenic and immune-related biomark-
ers in patients receiving axitinib/pembrolizumab treatment. The researchers observed
that specific angiogenic and immune-related biomarkers, including angiopoietin-2 and
vascular endothelial growth factor, were associated with treatment response and outcomes.
This highlights the potential of these biomarkers as predictive factors for therapy response
and the importance of considering both angiogenesis and immune pathways in RCC
treatment strategies [75].

Msaouel et al. conducted a phase 1–2 trial evaluating sitravatinib and nivolumab
in clear cell RCC patients who had progressed on antiangiogenic therapy. The results
demonstrated promising clinical activity, with a significant proportion of patients experi-
encing tumor shrinkage and disease control. The study also highlighted the potential of
sitravatinib to overcome resistance to antiangiogenic therapy and enhance the efficacy of
immunotherapy. These findings suggest that the combination of sitravatinib and nivolumab
could be a promising treatment approach for refractory RCC patients [76].

Retrospective Studies

In a study by Kamai et al. the researchers investigated the expression of adenosine
2A receptors (A2AR) in metastatic renal cell carcinoma (RCC) and its impact on treatment
response and patient survival. The study revealed that increased expression of A2AR
was associated with poorer response to anti-VEGF agents and anti-PD-1/anti-CTLA4
antibodies. Patients with higher A2AR expression levels demonstrated shorter overall
survival rates, indicating the potential of A2AR as a prognostic biomarker in metastatic
RCC. These findings highlight the significance of A2AR in the immunotherapy response
and suggest that targeting A2AR signaling may improve treatment outcomes in RCC
patients [77]. The study contributes to the understanding of the molecular mechanisms
underlying immunotherapy resistance and provides insights for the development of novel
therapeutic strategies in metastatic RCC. Beyond A2AR, there are several markers being
studied for their predictive and prognostic effects in patients taking immunotherapies.
Details regarding these studies can be found in Supplementary Table S4.
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3.2. Genomic Biomarkers

Genomic markers are DNA or RNA sequences that are known to cause disease or
increase susceptibility to disease. This marker class is the basis of genetic testing, which
identifies changes in chromosomes, genes, and proteins [78], as well as companion diagnos-
tics that match patients to a specific drug or therapy based on identified genetic changes or
genomic markers.

3.2.1. Immunotherapy
Prospective Studies

Several studies have investigated predictive biomarkers for immunotherapy response
in metastatic renal cell carcinoma (mRCC) patients. Incorporvaia et al. and Epaillard et al.
specifically studied PD-1 and PD-L1 as genomic biomarkers that may predict response
to nivolumab. Incorporvaia et al. identified a “Lymphocyte MicroRNA Signature” as
a potential predictive biomarker of immunotherapy response and plasma PD-1/PD-L1
expression levels in mRCC patients, suggesting a role for epigenetic reprogramming in
treatment outcomes. They found that patients with higher levels of specific microRNAs had
better response rates and improved overall survival [79]. Epaillard et al. also investigated
the efficacy of nivolumab and ipilimumab in treatment-naïve patients with metastatic
kidney cancer. This phase 2 biomarker-driven trial found that patients with PD-L1 positive
tumors exhibited higher response rates and improved progression-free survival when
treated with nivolumab and ipilimumab combination therapy [80].

Miao et al. and Ross-Macdonald et al. studied other genomic biomarkers that may
predict response to nivolumab. Miao et al. explored the genomic correlates of response to
immune checkpoint therapies in clear cell RCC and identified specific genomic features
associated with treatment response, including mutations in the PBRM1 gene. They observed
that patients with PBRM1 mutations had a higher treatment response rate and longer
progression-free survival [81]. Ross-Macdonald et al. investigated molecular correlates
of response to nivolumab at baseline and during treatment and identified several gene
expression signatures associated with clinical response. They suggested that these gene
signatures could serve as potential predictive biomarkers for nivolumab therapy [26].
Kim et al. explored the potential of circulating tumor DNA as a predictor of therapeutic
responses to immune checkpoint blockades in mRCC. They observed that the detection of
specific mutations in circulating tumor DNA was associated with better treatment responses
and improved progression-free survival [82].

Retrospective Studies

Several genomic markers are being studied as predictive and prognostic potential in
immunotherapies. Details regarding these studies can be found in Supplementary Table S5.

3.2.2. VEGF TKIs
Prospective Studies

Several studies have investigated the role of biomarkers in predicting treatment re-
sponse and prognosis in advanced renal cell carcinoma (RCC) patients receiving sunitinib
therapy. In a study by Dietz et al. molecular alterations specific to individual patients with
metastatic ccRCC were identified, and these alterations were found to be associated with
disease progression despite TKI therapy. The results underscore the need for personalized
treatment approaches that consider the unique molecular profiles of patients to improve
therapeutic outcomes [83]. Examining the hypoxia-inducible factor (HIF) pathway and
c-Myc as potential biomarkers, Maroto et al. assessed their predictive value in response
to sunitinib treatment in metastatic ccRCC. Their findings indicated that the status of
these biomarkers could help identify patients who are more likely to respond favorably to
sunitinib therapy, enabling a more targeted approach to treatment selection [84]. Wierzbicki
et al. evaluated the prognostic significance of several biomarkers, including VHL, HIF1A,
HIF2A, VEGFA, and p53, in ccRCC patients treated with sunitinib as a first-line therapy.
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The study revealed that the expression levels of these biomarkers were associated with
clinical outcomes, providing valuable prognostic information [85]. Nayak et al. investi-
gated the role of circulating tumor cells (CTCs) as biomarkers in metastatic ccRCC. They
found that the presence of CTCs was associated with disease status and provided valuable
information regarding treatment response. The study suggested that CTCs could serve as
non-invasive markers for monitoring disease progression and guiding treatment decisions
in ccRCC [86].

Other studies have looked at the role of biomarkers in predicting treatment response
and prognosis in patients receiving sorafenib therapy. Gudkov et al. conducted a study
aiming to develop a gene expression-based signature capable of predicting the response
to sorafenib in kidney cancer patients. The findings demonstrated that the signature
successfully predicted the efficacy of sorafenib treatment, providing valuable insights
for personalized therapeutic decision making in renal cell carcinoma (RCC) patients [87].
Crona et al. investigated genetic variants of VEGFA and FLT4 as determinants of survival
in RCC patients treated with sorafenib. The study revealed that specific genetic variations
in these genes were associated with patient survival outcomes, highlighting the potential
of genetic profiling as a prognostic tool to identify individuals who may benefit the most
from sorafenib therapy [88].

Bevacizumab was also a commonly explored drug; in a study by Dorff et al. the
efficacy of bevacizumab, either alone or in combination with TRC105, was evaluated in
patients with refractory metastatic RCC. The results demonstrated the potential clinical
benefit of bevacizumab-based therapy in this patient population, suggesting its relevance
as a treatment option for refractory metastatic RCC [89]. Bamias et al. conducted a clinical
and biomarker study assessing the combination of bevacizumab and temsirolimus as a
second-line therapy in advanced RCC patients who had received prior anti-VEGF treatment.
The study revealed promising results, with improved clinical outcomes and biomarker
profiles observed in patients treated with combination therapy, indicating its potential as
an effective therapeutic approach for advanced RCC [90].

Retrospective Studies

Several genomic markers were studied as predictive and prognostic potential in VEGF-
TKI therapies. Details regarding these studies can be found in Supplementary Table S6.

3.2.3. mTORi

mTOR inhibitors (mTORi) are chemotherapy drugs that deactivate the PI3K/AKT/mTOR
signaling pathway, which in turn prevents tumor angiogenesis and downregulates the
expression of hypoxia-inducible factors in RCC. Currently, two mTOR inhibitors are ap-
proved for use in metastatic RCC: temsirolimus and everolimus. These agents have been
successfully used to treat RCC in clinical trials and biomarkers related to mTORi efficacy
and prognosis are being studied in several prospective and retrospective studies, and are
summarized in Supplementary Table S7.

Prospective Studies

Several studies have focused on identifying prognostic and predictive biomarkers
for mTOR inhibitors. Palomero et al. conducted a study investigating the role of EVI1, a
transcription factor involved in cell proliferation and differentiation, as a prognostic and
predictive biomarker in ccRCC. They found that higher EVI1 expression was associated
with worse prognosis and resistance to mTORi therapy, indicating its potential as a valuable
biomarker for guiding treatment decisions in ccRCC patients [91].

Zeuschner et al. aimed to identify predictive biomarkers for everolimus treatment in
second-line metastatic ccRCC. Through their research, they identified thrombospondin-2
and lactate dehydrogenase (LDH) as potential predictive biomarkers associated with treat-
ment response to everolimus. This suggests that assessing the levels of these biomarkers
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could aid in patient selection for everolimus therapy, allowing for more personalized and
effective treatment strategies.

In addition, Voss et al. investigated the correlation between PTEN expression and
treatment outcome in RCC patients receiving everolimus. They found that PTEN expression,
rather than mutation status in TSC1, TSC2, or mTOR, was significantly associated with
treatment response to everolimus. This highlights the importance of assessing PTEN
expression levels as a potential predictive biomarker for everolimus therapy in RCC [92].

Retrospective Studies

Flaifel et al. conducted an analysis of the randomized clinical trials METEOR and
CABOSUN to investigate the relationship between programmed death-ligand 1 (PD-L1)
expression and clinical outcomes in mRCC patients treated with cabozantinib, everolimus,
and sunitinib. The study aimed to determine whether PD-L1 expression levels could
serve as predictive biomarkers for treatment response. The analysis revealed that PD-L1
expression was not significantly associated with clinical outcomes in terms of progression-
free survival and overall survival in patients receiving any of the three treatments. These
findings suggest that PD-L1 expression may not be a reliable biomarker for predicting
response to cabozantinib, everolimus, or sunitinib in mRCC patients [93].

Several other genomic markers were studied as predictive and prognostic potential in
mTORi therapies. Details regarding these studies can be found in Supplementary Table S7.

3.2.4. Combined Biomarkers
Prospective Studies

Both Motzer et al. and McDermott et al. studied gene expression signatures as
a biomarker in mRCC by comparing atezolizumab alone or in combination with beva-
cizumab versus sunitinib. Motzer et al.’s molecular analysis revealed that immune-related
gene expression signatures were associated with better outcomes for the combination
therapy, while angiogenesis-related signatures showed better outcomes with sunitinib [94].
McDermott et al.’s results revealed that the combination therapy of atezolizumab plus beva-
cizumab demonstrated improved clinical outcomes, including overall survival, compared
to sunitinib alone. Molecular analysis further identified immune-related gene expression
signatures associated with better responses to the combination therapy, emphasizing the
importance of molecular profiling for guiding treatment decisions in RCC patients.

Retrospective Studies

Several genomic markers were studied as predictive and prognostic potential in combi-
nation therapies. Details regarding these studies can be found in Supplementary Table S8.

3.3. Radiologic Biomarkers

Radiomics is an emerging field of study in which advanced imaging strategies provide
structural and phenotypic biomarkers related to key disease processes. Radiomics-based
biomarkers are being used to deeply analyze pathophysiologic processes and have provided
insights to better diagnose, classify, stratify, and prognosticate tumors, and to assess their
response to therapy [95].

3.3.1. ICI
Prospective Studies

In recent years, there has been growing interest in identifying radiographic biomarkers
that can predict clinical outcomes in mRCC patients receiving immune checkpoint inhibitors
(ICIs). Tabei et al. conducted a study to assess the early predictive value of 18F-2-fluoro-2-
deoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT)
in patients with ccRCC who received nivolumab, an immune checkpoint inhibitor. The
study aimed to determine whether metabolic response assessed by 18F-FDG PET/CT
after two cycles of nivolumab treatment could predict short-term outcomes. The findings
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revealed that patients treated with nivolumab had significantly longer progression-free
survival and overall survival if they showed a metabolic response on 18F-FDG PET/CT.
This suggests that early assessment with 18F-FDG PET/CT could serve as a valuable
tool for predicting treatment response and patient outcomes in ccRCC patients receiving
nivolumab therapy [96].

Drljevic-Nielsen et al. investigated the potential of spectral dual-layer detector CT
parameters as imaging biomarkers in patients with metastatic renal cell carcinoma (mRCC)
who were treated with TKIs and immunotherapies. Their first study aimed to assess
whether early reduction in spectral dual-layer CT parameters could serve as favorable
prognostic indicators. They found that early reduction iodine concentration and effective
atomic number predicted significantly longer OS and PFS. Their second study continued
the focus on CT parameters, corroborating the predictive value of iodine concentration and
adding CT parameters, such as virtual monochromatic images at specific energy levels, as a
predictive biomarker. These findings suggest that both pretreatment and spectral dual-layer
CT parameters have prognostic utility and could potentially aid in risk stratification and
treatment decision making in mRCC patients treated with different therapies [97,98].

Retrospective Studies

Martini et al. conducted a study to evaluate the potential of body composition variables
as radiographic biomarkers in this patient population. They found that lower skeletal
muscle index and higher visceral adipose tissue area were associated with worse clinical
outcomes, including shorter overall survival and progression-free survival. They also
found that lower skeletal muscle index was associated with higher levels of systemic
inflammation, as indicated by elevated CRP levels. In addition, higher visceral adipose
tissue area was linked to greater tumor burden and increased tumor inflammation. These
findings suggest that body composition may influence treatment response and prognosis
through its impact on systemic inflammation and tumor characteristics [99].

Malone et al. conducted a study to develop a predictive radiomics signature for
treatment response to nivolumab in patients with advanced renal cell carcinoma (RCC).
Using radiomics analysis, they extracted quantitative imaging features from pre-treatment
computed tomography (CT) scans and developed a radiomics signature. The results
showed that the radiomics signature was significantly associated with treatment response
to nivolumab. This finding suggests that the radiomics signature has the potential to serve
as a non-invasive predictive biomarker for treatment response in patients with advanced
RCC undergoing nivolumab therapy [100].

Mittlmeier et al. investigated the utility of 18F-PSMA-1007 PET/CT for response
assessment in patients with metastatic renal cell carcinoma undergoing TKI or checkpoint
inhibitor therapy. The study evaluated the preliminary results of using PSMA-based
positron emission tomography/computed tomography (PET/CT) imaging to assess treat-
ment response. The findings indicated that 18F-PSMA-1007 PET/CT showed promising
potential in monitoring response to therapy in patients with metastatic RCC. This suggests
that PSMA-based PET/CT imaging may serve as a valuable tool for response assessment
in RCC patients receiving TKI or checkpoint inhibitor therapy [101].

Zheng et al. compared radiological tumor response assessment based on immune
Response Evaluation Criteria in Solid Tumors (iRECIST) and Response Evaluation Cri-
teria in Solid Tumors (RECIST) 1.1 in metastatic clear-cell renal cell carcinoma (ccRCC)
patients treated with programmed cell death-1 (PD-1) inhibitor therapy. The study aimed
to determine the agreement between the two response evaluation criteria and assess their
correlation with overall survival. The results showed that iRECIST provided a more accu-
rate response assessment and better prediction of overall survival compared to RECIST 1.1
in metastatic ccRCC patients treated with PD-1 inhibitor therapy. These findings highlight
the importance of using iRECIST as a more reliable and clinically relevant tool for response
evaluation in this patient population [102].
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Park et al. conducted a study to evaluate the use of computed tomography (CT)
texture analysis as a predictive tool for clinical outcomes in patients with mRCC treated
with immune checkpoint inhibitors (ICIs). They analyzed CT images of mRCC patients
and extracted various texture features to assess tumor heterogeneity. The study found
that certain CT texture features were significantly associated with treatment response,
progression-free survival, and overall survival in patients receiving ICIs. These findings
suggest that CT texture analysis could serve as a non-invasive and promising tool for
predicting clinical outcomes and guiding treatment decisions in mRCC patients undergoing
ICI therapy [103].

3.3.2. VEGF TKIs
Prospective Studies

Udayakumar et al. conducted a study aimed at deciphering the intratumoral molecular
heterogeneity in ccRCC using a radiogenomics platform. They integrated radiomic and
genomic data to gain insights into the diverse molecular subtypes within ccRCC tumors.
The study demonstrated that the radiogenomics approach could identify distinct molecular
subtypes based on imaging features, providing valuable information for personalized
treatment strategies. The findings highlight the potential of utilizing radiogenomics to
improve the understanding of intratumoral heterogeneity in ccRCC and guide precision
medicine approaches [104].

Nakaigawa et al. investigated the predictive value of fluorodeoxyglucose positron
emission tomography/computed tomography (FDG PET/CT) after the first molecular
targeted therapy in patients with renal cell carcinoma (RCC). The study aimed to determine
whether FDG PET/CT could serve as a prognostic tool to predict patient survival. The
results demonstrated that FDG PET/CT findings after the initial targeted therapy were
significantly associated with overall survival in RCC patients. This suggests that FDG
PET/CT imaging can serve as a valuable non-invasive tool for predicting patient outcomes
and guiding treatment decisions in RCC [105].

Drljevic-Nielsen et al. investigated the potential of spectral dual-layer detector CT
parameters as imaging biomarkers in patients with mRCC who were treated with TKIs
and immunotherapies. Their first study aimed to assess whether early reduction in spec-
tral dual-layer CT parameters could serve as favorable prognostic indicators. The results
demonstrated that patients who showed early reduction in CT parameters, such as io-
dine concentration and effective atomic number, had significantly longer progression-free
survival and overall survival. Drljevic-Nielsen et al.’s second study assessed various CT
parameters to determine their association with patient outcomes. This study revealed that
certain CT parameters, such as iodine concentration and virtual monochromatic images
at specific energy levels, were significantly associated with progression-free survival and
overall survival in mRCC patients receiving different therapies. These findings suggest
that both pretreatment and spectral dual-layer CT parameters have prognostic utility and
could potentially aid in risk stratification and treatment decision making in mRCC patients
treated with different therapies [97,98].

Retrospective Studies

In a study by Hall et al. the researchers investigated the prognostic significance
of radiological response heterogeneity in mRCC patients treated with VEGF-targeted
therapy. The study aimed to determine whether the variation in radiological response
within individual patients could predict their overall survival. The findings revealed
that higher radiological response heterogeneity was associated with poorer outcomes
and shorter survival in mRCC patients. These results highlight the importance of con-
sidering the heterogeneity of radiological response as a prognostic factor when evaluat-
ing treatment response and predicting patient outcomes in mRCC patients undergoing
VEGF-targeted therapy [106].
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Go et al. conducted a study aimed at developing a response classifier for VEGFR
TKI treatment in mRCC. They analyzed the expression of various biomarkers, including
VEGFR and other molecular factors, and developed a response classifier to predict treat-
ment response to VEGFR-TKI therapy. The findings provide insights into the molecular
characteristics associated with treatment response, potentially enabling the identification
of patients who are more likely to benefit from VEGFR-TKI therapy in mRCC [107].

Mytsyk et al. investigated the usefulness of the apparent diffusion coefficient (ADC)
derived from diffusion-weighted magnetic resonance imaging (DW-MRI) in predicting
early therapeutic response in mRCC patients. By analyzing the ADC values before and after
systemic treatment, they found that changes in ADC values were correlated with treatment
response. These results suggest that DW-MRI, specifically the ADC parameter, can serve
as a useful tool for predicting early therapeutic response in mRCC patients, facilitating
treatment monitoring and decision making [108].

In another study, Wu et al. aimed to assess the response to anti-angiogenic targeted
therapy in pulmonary mRCC using the R2* value as a predictive biomarker. They utilized
magnetic resonance imaging (MRI) to measure the R2* value, which reflects the concentra-
tion of deoxyhemoglobin and serves as an indicator of tumor angiogenesis and hypoxia.
The study demonstrated that the baseline R2* value was associated with treatment response
and overall survival in mRCC patients receiving anti-angiogenic therapy. These findings
suggest that the R2* value could be a predictive biomarker for assessing treatment response
in pulmonary metastatic RCC patients undergoing anti-angiogenic targeted therapy [109].

Mittlmeier et al. investigated the utility of 18F-PSMA-1007 PET/CT for response
assessment in patients with metastatic renal cell carcinoma undergoing TKI or checkpoint
inhibitor therapy. The study evaluated the preliminary results of using PSMA-based
positron emission tomography/computed tomography (PET/CT) imaging to assess treat-
ment response. The findings indicated that 18F-PSMA-1007 PET/CT showed promising
potential in monitoring response to therapy in patients with metastatic RCC. This suggests
that PSMA-based PET/CT imaging may serve as a valuable tool for response assessment
in RCC patients receiving TKI or checkpoint inhibitor therapy [101].

3.3.3. Combined Biomarkers
Retrospective Studies

Navani et al. conducted a study to assess the imaging response in patients with mRCC
treated with contemporary immuno-oncology combination therapies. The study analyzed
radiographic imaging data, including computed tomography (CT) scans, of mRCC patients
undergoing combination immunotherapy. They evaluated treatment response based on
radiographic assessments such as tumor size reduction, stability, or progression. The
results showed that patients who achieved a complete or partial response on imaging had
significantly improved progression-free survival compared to those with stable disease
or disease progression. This study highlights the importance of radiographic imaging
in monitoring treatment response and predicting outcomes in mRCC patients receiving
combination immuno-oncology therapies [110].

3.4. Physiologic Biomarkers
3.4.1. ICI
Prospective Studies

Only one prospective study by De Giorgi et al. studies the role of inflammation and
BMI on clinical outcome. They found that a normal BMI combined with inflammation
tripled the risk of death, suggesting that these biomarkers are critical prognostic factors for
OS in patients with RCC treated with nivolumab. In univariate analysis, markers such as
SII, NLR, and PLR were able to predict outcome, and on multivariate analyses, SII ≥ 1375,
BMI < 25 kg/m2, and age ≥ 70 years independently predicted overall survival. SII changes
at 3 months also predicted OS [32].
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Retrospective Studies

Other retrospective studies have also investigated the relationship between BMI and
treatment outcomes in RCC patients receiving immune-checkpoint inhibition therapy.
Labadie et al. conducted a study to evaluate the association between BMI, irAEs, and
gene expression signatures with resistance to immune-checkpoint inhibitors and patient
outcomes in RCC. They found that higher BMI was significantly associated with poorer
response to therapy and reduced overall survival. Additionally, specific gene expression
signatures were identified that correlated with resistance to immune-checkpoint inhibition.
These findings highlight the potential role of BMI and gene expression profiling as pre-
dictive biomarkers for immune-checkpoint inhibition therapy in RCC patients, providing
insights into patient stratification and treatment optimization [111].

In a related study, Herrmann et al. explored the prognostic value of BMI and sarcope-
nia, a condition characterized by muscle loss, in predicting outcomes for RCC patients
treated with the immune-checkpoint inhibitor nivolumab. They analyzed the variations
in BMI and sarcopenia before and after treatment and assessed their impact on treatment
response and overall survival. The study revealed that patients with higher baseline BMI
and those who experienced a decrease in BMI during treatment had significantly better
outcomes, including improved response rates and prolonged survival. Moreover, the
presence of sarcopenia at baseline was associated with worse treatment outcomes. These
findings suggest that BMI and sarcopenia can serve as potential prognostic indicators
for RCC patients undergoing immune-checkpoint inhibitor therapy, aiding in treatment
decision making and patient management [112].

Ueki et al. also conducted a retrospective study to investigate the association between
sarcopenia, as determined by the psoas muscle index (PMI), and the response to nivolumab
in patients with mRCC. The PMI, which measures the cross-sectional area of the psoas
muscle normalized to the patient’s height, is a recognized indicator of muscle mass and
overall body composition. The study findings revealed that, patients with a lower PMI,
indicating sarcopenia, had a significantly poorer response to nivolumab treatment. These
results suggest that sarcopenia, as assessed by the PMI, could serve as a potential biomarker
for predicting the response to nivolumab in mRCC patients [113].

3.4.2. VEGF TKIs
Retrospective Studies

Several retrospective studies have also investigated the relationship between body
mass and treatment outcomes in renal cell carcinoma (RCC) patients receiving TKI therapy.
McKay et al. conducted a study to investigate the effect of weight change during treatment
with targeted therapy in patients with mRCC. The researchers assessed the impact of
weight loss or gain on treatment outcomes and survival. The study revealed that weight
loss during treatment was associated with worse overall survival and progression-free
survival in patients with mRCC. On the other hand, weight gain was not significantly
associated with survival outcomes. These findings suggest that weight change during
targeted therapy may serve as a prognostic factor in mRCC, emphasizing the importance of
monitoring and managing weight during treatment [114]. Similarly, Ishihara et al. aimed to
evaluate the effect of changes in skeletal muscle mass on oncological outcomes in patients
with mRCC receiving first-line sunitinib therapy. The study investigated the association
between skeletal muscle mass and treatment response, overall survival, and progression-
free survival. The results demonstrated that a decrease in skeletal muscle mass during
sunitinib therapy was associated with worse oncological outcomes, including shorter
overall survival and progression-free survival. These findings highlight the potential role
of skeletal muscle mass as a prognostic indicator in mRCC patients undergoing targeted
therapy [115].

Others looked at the predictive and prognostic role of the De Ritis ratio. Janisch et al.
conducted a study to assess the predictive value of the De Ritis ratio in mRCC patients
treated with TKIs. The De Ritis ratio, calculated as the ratio of aspartate transaminase (AST)
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to alanine transaminase (ALT), is an indicator of liver function. The researchers found that
a higher De Ritis ratio at baseline was associated with poorer survival outcomes in mRCC
patients treated with TKIs. This suggests that the De Ritis ratio could serve as a potential
predictive biomarker for treatment response and prognosis in mRCC patients receiving
TKIs [116]. Kang et al. aimed to evaluate the prognostic impact of the pretreatment
aspartate transaminase/alanine transaminase (AST/ALT) ratio in patients treated with
first-line systemic TKI therapy for mRCC. The study analyzed the association between the
AST/ALT ratio and survival outcomes, including overall survival and progression-free
survival. The findings revealed that a higher pretreatment AST/ALT ratio was significantly
associated with worse survival outcomes in mRCC patients treated with first-line TKIs. This
suggests that the AST/ALT ratio may serve as a simple and readily available prognostic
marker in guiding treatment decisions and predicting outcomes in mRCC [117].

Zhang et al. investigated the impact of renal impairment on survival outcomes
in patients with mRCC treated with TKIs. The study assessed the association between
renal impairment, as determined by estimated glomerular filtration rate (eGFR), and
overall survival in mRCC patients. The results demonstrated that patients with impaired
renal function had significantly worse overall survival compared to those with normal
renal function. This highlights the importance of considering renal impairment in the
management and treatment of mRCC patients receiving TKIs [118].

Aktepe et al. aimed to evaluate the impact of the albumin-to-globulin ratio (AGR) on
survival outcomes of patients with mRCC. The study assessed the association between
AGR, calculated as the ratio of albumin to globulin levels, and overall survival in mRCC
patients. The findings revealed that a higher AGR was significantly associated with better
overall survival in mRCC patients. This suggests that the AGR could serve as a potential
prognostic biomarker for survival outcomes in mRCC, providing additional information
for risk stratification and treatment decisions [119].

3.5. Miscellaneous Biomarkers

Many studies looked at measures of tumor progression and spread as predictive and
prognostic markers in ccRCC. Several other markers are also being studied for predic-
tive and prognostic potential, including race, TKI-induced hypertension, RDW levels, and
hemoglobin levels. Details regarding these studies can be found in Supplementary Table S14.

3.5.1. VEGF TKIs
Retrospective Studies

Roussel et al. and Martini et al. aimed to find mechanisms to predict response to
therapy. Roussel et al. conducted a study aimed at understanding the molecular mecha-
nisms underlying the glandular tropism observed in metastatic ccRCC. By investigating the
gene expression profiles of ccRCC tumors with glandular tropism, they identified specific
molecular signatures associated with this phenotype. These findings have important thera-
peutic implications as they provide insights into the potential targets for developing novel
treatment strategies specifically tailored to ccRCC with glandular tropism [120]. Martini
et al. developed a novel risk-scoring system for mRCC patients treated with cabozantinib,
a tyrosine kinase inhibitor. They integrated various clinical and laboratory parameters to
develop a predictive model that can identify patients with different risk profiles and pro-
vide prognostic information. This risk-scoring system has the potential to assist clinicians
in individualizing treatment approaches and optimizing patient outcomes in mRCC [121].

Several studies examined tumor physiology as a biomarker. Shirotake et al. conducted
a single institutional study to evaluate early tumor shrinkage as a predictive factor for
mRCC in patients undergoing molecular targeted therapy. They found that patients who
achieved early tumor shrinkage demonstrated improved progression-free survival and
overall survival. Early tumor shrinkage could serve as an early indicator of treatment
response, enabling timely modifications in the treatment regimen to optimize outcomes
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in mRCC patients [122]. Kammerer-Jacquet et al. investigated hilar fat infiltration as a
prognostic factor in metastatic ccRCC patients receiving first-line sunitinib treatment. Their
study revealed that the presence of hilar fat infiltration was associated with poorer overall
survival and progression-free survival. The identification of hilar fat infiltration as a prog-
nostic factor provides valuable information for risk stratification and treatment decision
making in metastatic ccRCC patients [123]. Pieretti et al. investigated the association
between tumor diameter response and overall survival in patients with metastatic ccRCC.
They found that greater tumor diameter response was significantly associated with im-
proved overall survival. The study highlights the importance of tumor diameter response
as a potential predictive factor and emphasizes the need for monitoring tumor size changes
during the course of treatment in metastatic ccRCC patients [124]. Shi et al. evaluated the
prognostic value of the ratio of maximum-to-minimum diameter of the primary tumor
in metastatic ccRCC. They found that a higher ratio was associated with worse overall
survival. The ratio of maximum-to-minimum diameter of the primary tumor could serve
as a simple and accessible prognostic factor in metastatic ccRCC, aiding in risk stratification
and treatment decision making [125]. Yildiz et al. examined prognostic factors for survival
in mRCC patients with brain metastases receiving targeted therapy. They identified several
factors, including Karnofsky performance status, number of brain metastases, and time
to brain metastases, as independent predictors of survival. These findings contribute to
the understanding of prognostic factors specific to mRCC patients with brain metastases,
aiding in treatment planning and patient management [126].

In summary, these studies provide valuable insights into various aspects of mRCC,
ranging from molecular underpinnings and therapeutic implications to prognostic factors
and predictive biomarkers. The identification of molecular signatures associated with
glandular tropism in ccRCC offers potential targets for personalized treatment strategies.
Early tumor shrinkage and tumor diameter response serve as predictive factors for treat-
ment response and overall survival, emphasizing the importance of monitoring tumor
size changes during therapy. Prognostic factors such as hilar fat infiltration, the ratio of
maximum-to-minimum diameter of the primary tumor, and specific clinical parameters
contribute to risk stratification and treatment decision making in mRCC patients. These
findings contribute to refining treatment approaches, improving patient outcomes, and
advancing our understanding of the complex nature of metastatic renal cell carcinoma.

Artificial Intelligence and Multi-Omics Approaches

There has been a recent focus on the ability to apply artificial intelligence and multi-
omics approaches to studying a range of cancers and other clinical conditions. Outside of
ccRCC, tumor microarrays followed by image analysis and unsupervised learning with
machine learning models has shown the ability to predict bladder cancer chemotherapy
response [127]. Quantitative imaging followed up with computational analysis of immuno-
histochemistry revealed characteristic cancer cell profiling in pancreatic cancer [128]. Imag-
ing mass cytometry with follow-up uniform manifold approximation and projection shows
the ability to identify tumor biomarkers and predict patient outcomes for ccRCC [129].
Supervised machine learning approaches including convolutional neural networks, logistic
regression, and support vector machine also show the ability to predict survival in ccRCC
through hematoxylin and eosin histopathological image analysis [130,131]. Combining
pathomic and genomic data also demonstrated the ability to stratify risk of ccRCC pa-
tients [132]. Due to the nascency of these methods, there is little research done applying
these methods in involving prospective clinical trials or in response to specific forms of
systemic therapy, but these methods will likely play a large role in shaping personalized
and precision medicine.

4. Conclusions

The studies reviewed in this article provide important insights into the prognostic fac-
tors, treatment response, and response assessment in mRCC patients undergoing targeted

128



Cancers 2023, 15, 4934

therapies. These studies highlight the significance of various clinical, pathological, and ra-
diological factors in predicting patient outcomes and tailoring treatment strategies. Factors
such as C-reactive protein levels, lymphocyte microRNA signature, adenosine 2A receptor
expression, EVI1 expression, and radiological response heterogeneity have been identified
as potential prognostic markers and predictors of treatment response. Additionally, the
use of advanced imaging techniques, such as PSMA-based PET/CT, shows promise in
assessing treatment response in mRCC patients. The collective findings underscore the
importance of a comprehensive approach to patient evaluation, incorporating multiple
factors and innovative tools, to optimize the management of mRCC and improve patient
outcomes. Further research and validation of these findings are necessary to refine risk
stratification, guide treatment decisions, and ultimately enhance the care of patients with
metastatic renal cell carcinoma.

While the studies discussed provide valuable insights into prognostic factors, treat-
ment response, and response assessment in mRCC patients, certain limitations should
be acknowledged. Firstly, the studies mentioned are based on retrospective analyses or
small sample sizes, which may introduce selection bias and limit the generalizability of
the findings. Larger prospective studies are needed to validate and further explore the
identified prognostic factors and response predictors. Secondly, the studies predominantly
focus on specific targeted therapies, such as VEGF-targeted therapy, TKIs, and immune
checkpoint inhibitors. The results may not fully represent the entire spectrum of treatment
options available for mRCC, including emerging therapies and combination approaches.
Therefore, the findings should be interpreted within the context of the specific treatments
studied. Additionally, while the studies assess various factors and biomarkers, the complex
nature of mRCC and its heterogeneity suggest that multiple factors likely contribute to
treatment response and patient outcomes. It is important to consider the interplay between
different biomarkers, clinical characteristics, and tumor biology to obtain a comprehensive
understanding of prognostic factors in mRCC.

Furthermore, the studies primarily rely on retrospective data or imaging modalities
for response assessment, which may have inherent limitations. Variability in radiological
assessments, lack of standardized criteria, and potential discrepancies between radiological
and clinical response could impact the accuracy and reliability of response evaluation.
Lastly, the studies reviewed have varying follow-up periods, and long-term outcomes and
survival data may not be fully captured. Longer follow-up durations are necessary to
assess the durability of treatment response and evaluate overall survival in mRCC patients.
Considering these limitations, further research with larger cohorts, prospective designs,
longer follow-up periods, and comprehensive evaluation of multiple factors is warranted
to enhance our understanding of mRCC prognosis, treatment response, and response
assessment.

5. Future Directions

The studies discussed in the previous paragraphs provide valuable insights into
prognostic factors, treatment response, and response assessment in mRCC patients. Moving
forward, there are several potential directions for future research in this field.

1. Conducting large-scale prospective studies with standardized protocols and longer
follow-up periods can provide more robust evidence on prognostic factors, treatment
response, and survival outcomes in mRCC patients. These studies can help validate
the findings from retrospective analyses and further explore additional factors that
may impact patient outcomes.

2. Continued research is needed to identify and validate novel biomarkers that can
predict treatment response, prognosis, and therapeutic resistance in mRCC. The inte-
gration of genomic, proteomic, and immunological markers may offer a comprehen-
sive approach to understand the underlying mechanisms and develop personalized
treatment strategies.
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3. Investigating the efficacy and safety of combination therapies, including targeted
agents, immunotherapies, and other emerging treatment modalities, is crucial. Study-
ing the synergistic effects of different therapeutic approaches and identifying predic-
tive markers for optimal treatment selection can improve patient outcomes.

4. Exploring novel response assessment techniques, such as functional imaging modali-
ties (e.g., dynamic contrast-enhanced MRI, diffusion-weighted imaging) and liquid
biopsies (e.g., circulating tumor DNA, exosomes), may provide more accurate and
timely evaluation of treatment response. Developing standardized criteria and guide-
lines for response assessment in mRCC can enhance comparability and facilitate
clinical decision making.

5. Supplementing traditional clinical trials with real-world evidence from diverse patient
populations and clinical settings can provide a more comprehensive understanding
of treatment outcomes and enable personalized treatment decisions. Large-scale
observational studies and data registries can help assess the effectiveness and safety
of therapies in real-world clinical practice.

6. Including patient-reported outcomes, quality-of-life assessments, and patient prefer-
ences in research studies can provide a holistic perspective on treatment efficacy and
impact on patients’ lives. Understanding the patient experience and incorporating
patient-centered endpoints can guide treatment decisions and improve the overall
care of mRCC patients.

By focusing on these future directions, researchers can continue to advance our knowl-
edge of mRCC, refine treatment strategies, and ultimately improve patient outcomes in
this challenging disease.
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Simple Summary: In this article, we analyze the current state of research on nitric oxide biosynthesis
metabolites in clear cell renal cell carcinoma and the metabolic pathways that amplify nitric oxide
production in the tumour microenvironment. Special attention is given to nitric oxide homeostasis
disruption, mechanisms of nitric oxide biosynthesis and signalling, analysis of nitric oxide bimodal
effects, quantitative analysis of nitric oxide, metabolites ureagenic cycle and glutamine metabolism,
arginine metabolism and depletion, hyperammonemia, branched-chain amino acids catabolism and
nitric oxide-based therapy for cancer. Clarifying these issues will contribute to the development of
personalized medicine for patients with clear cell renal carcinoma.

Abstract: It is important to note that maintaining adequate levels of nitric oxide (NO), the turnover,
and the oxidation level of nitrogen are essential for the optimal progression of cellular processes,
and alterations in the NO cycle indicate a crucial step in the onset and progression of multiple
diseases. Cellular accumulation of NO and reactive nitrogen species in many types of tumour cells is
expressed by an increased susceptibility to oxidative stress in the tumour microenvironment. Clear
cell renal cell carcinoma (ccRCC) is a progressive metabolic disease in which tumour cells can adapt
to metabolic reprogramming to enhance NO production in the tumour space. Understanding the
factors governing NO biosynthesis metabolites in ccRCC represents a relevant, valuable approach to
studying NO-based anticancer therapy. Exploring the molecular processes mediated by NO, related
disturbances in molecular pathways, and NO-mediated signalling pathways in ccRCC could have
significant therapeutic implications in managing and treating this condition.

Keywords: nitric oxide; signalling; ccRCC

1. Introduction

It has recently been noted that the evolution of renal tumours is regulated at the
molecular level, and the impact of metabolic remodelling on tumour biology is largely
unknown [1–4].

Renal cell carcinoma (RCC) affects 400,000 patients annually worldwide, causing
2.4/100,000 deaths [5]. Clear cell renal carcinoma (ccRCC) is the most common type of
kidney cancer, accounting for 70–75% of RCC cases [5,6]. ccRCC originates from tubular
epithelial cells and is orchestrated by epigenetic alterations. Genomic loss of the Von
Hippel-Lindau (VHL) tumour suppressor, arginase 2, argininosuccinate synthetase (en-
zymes involved in the urea cycle), the progression of arginine, glutamine, tryptophan, glu-
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138



Cancers 2023, 15, 5797

tathione, cysteine/methionine metabolism, polyamine, and activation of HIF2a-mediated
pro-oncogenic signalling are the most well-known metabolic disturbances in ccRCC [1,3,7].

ccRCC is a progressive metabolic disease in which tumour cells adapt to interconnected
metabolic and epigenetic reprogramming, along with alterations in nitrogen homeostasis [5,8–10].
Tumours actively modulate the host’s metabolism to increase their nitrogen supply and
promote their growth and progression [4,10–13].

The regulation of nitrogen supply in renal tumours is a complex process and is
influenced by disruptions in NO homeostasis, ureagenic cycle dysregulation, low levels of
arginine, loss of VHL, mitochondrial dysfunction, HIF expression, disruption of branched-
chain amino acid metabolism, nucleotide synthesis, the presence of endogenous competitive
NOS inhibitors [1,3–6,12–14].

In this article, we analyze the current state of research on NO biosynthesis metabolites
in ccRCC and the metabolic pathways that amplify NO production in the tumour microen-
vironment. Understanding the role of NO biosynthesis in the pathogenesis of ccRCC helps
in identifying effective therapeutic means for the prevention and treatment of diseases
associated with the alteration of the L-arginine–NO molecular pathway.

2. The Disruption of NO Homeostasis in ccRCC

NO has emerged as a molecule of interest in carcinogenesis and tumour progression
due to its bimodal role in various cellular processes [4]. Tumour cells require distinct NO
concentrations, promoting either a pro-tumoural phenotype or an anti-tumoural phenotype.
Low to moderate levels may promote tumourigenesis, whilst higher levels would exert
anti-tumour effects [8]. The effects of NO in cancer cells appear to depend on the origin of
NO, the type, activity, and localization of NOS isoforms, concentration, and duration of NO
exposure, temporal and spatial regulation at various levels of the NO cycle, NO-mediated
signalling pathways, the metabolic phenotype of cells in the tumour microenvironment,
and cellular sensitivity to NO. In the tumour microenvironment, low to moderate levels of
NO (NO) derived from tumour and endothelial cells can activate angiogenesis, promoting
an aggressive phenotype. Conversely, high levels of NO derived from M1 macrophages
and Th1 lymphocytes can exert an anti-tumoural effect, providing protection against
cancer [1,8,15,16]. Therefore, identifying the NO equilibrium state is particularly important
for ccRCC biology.

2.1. The Disruption of NO Biosynthesis in ccRCC

Currently, there are two major pathways for NO generation in vivo: the L-arginine–
NO pathway and the Nitrate–Nitrite–NO pathway (Figure 1) [2,4,17,18].

In the oxidative pathway, NOSs convert plasma L-arginine into NO in equimolar
amounts. L-arginine comes from endogenous sources (de novo synthesis, protein turnover)
and exogenous sources (diet). Microorganisms carry out the reductive nitrate–nitrite–NO
processes at the oral and intestinal levels. Nitrates come from exogenous or endogenous
sources (diet, water, environment). Under normoxia, the total daily production of NO in
the entire body was estimated at 1100 micromoles. The relative contribution of the classical
L-arginine–NO pathway represents 90% of the total NO. In comparison, the average rate of
NO synthesis through the alternative nitrate–nitrite–NO pathway is approximately 10% [4,17].
Recent approaches in nephrology attempt to analyze ccRCC and autosomal dominant
polycystic kidney disease (ADPKD) as arginine-auxotrophic metabolic diseases. These
conditions are associated with impaired capacity for recycling or synthesizing intracellular
arginine through the urea cycle pathway [19–21]. In malignancy, L-arginine functions
as both an onconutrient and an immunonutrient [22]. A recent study has documented
the prospective relationship between initial serum arginine concentrations and the risk
of cancer in hypertensive participants. Higher serum levels of arginine demonstrate a
significantly increased risk of cancer [23].
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Figure 1. NO biochemistry. Concentration-dependent effects of NO in cancer. NO—nitric oxide,
NOS—NO synthase, NO3

−—nitrate, NO2
−—nitrite, NADPH—nicotinamide adenine dinucleotide

phosphate, BH4—6R-5,6,7,8-tetrahydrobiopterin.

In ccRCC, NO biosynthesis and the mechanisms that regulate the NO cycle are dis-
rupted. At the renal level, NO levels are regulated through several mechanisms. These
include the availability of L-arginine (affecting renal L-arginine biosynthesis, endothelial
transport), the competition between NOS and other metabolic pathways for NO utilization,
elevated circulating levels of ADMA (asymmetric dimethylarginine), an endogenous com-
petitive NOS inhibitor (increased protein methylation, protein catabolism rate to supply
free ADMA, reduced ADMA catabolism via DDAH-dimethylarginine dimethylaminohy-
drolase), and the distribution of NOS at the renal level [24,25].

Three isoforms of NO synthetases (NOSs) are known to be involved in NO synthesis:
endothelial (NOS1 or eNOS), inducible (NOS2 or iNOS), and neuronal (NOS3 or nNOS) [16,26].

A variant of NOS in red blood cells (eNOS-RBC) has recently been studied for its
activity in ischemia-reperfusion injury [15,16].

NOSs require nicotinamide adenine dinucleotide phosphate (NADPH), flavin mononu-
cleotide (FMN), flavin adenine dinucleotide (FAD), and 6R-5,6,7,8-tetrahydrobiopterin
(BH4) as cofactors. In the kidney, eNOS was identified in vascular endothelium and certain
epithelia (thick ascending loop of Henle, collecting duct). At the same time, nNOS and
nNOS mRNA were detected in the macula densa, efferent arterioles, collecting duct, Bow-
man’s capsule, and iNOS was observed in the inner medullary collecting duct, immune
cells, and tumour cells [27].

2.2. The Disruption of NO Signaling in ccRCC

The molecular mechanisms governing the ubiquitous nature of NO transduction and
its impact on biological processes involve, on the one hand, the direct interaction between
NO and potential cellular targets and, on the other hand, the formation of other reactive
nitrogen species that possess signalling properties themselves [18].

The processes mediated by NO in the tumour environment involve either cyclic
guanosine monophosphate (cGMP)-dependent or cGMP-independent reactions. In the
cGMP-dependent pathway, NO binds to the heme component of soluble guanylate cyclase
(sGC), promoting the conversion of guanosine triphosphate (GTP) to cGMP, activating pro-
tein kinases and phosphodiesterases and cyclic nucleotide channels. In the NO/sGC/cGMP
pathway, low NO levels produced by constitutive NOSs regulate renal physiology. The
phenomenon concludes rapidly after removing the initial stimulus from the tumour mi-
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croenvironment, explained by the short half-life of NO, estimated at 0.1–2 s [12,15,28].
Disruption of NO/sGC/cGMP signalling results in reduced cGMP levels and the emer-
gence of severe kidney pathologies [29].

In the cGMP-independent pathway, high levels of NO produced by iNOS induce oxida-
tive and nitrosative stress, damage macromolecules, generate mutagenic and carcinogenic
compounds (S-nitrosothiols, N-nitrosamines), halt the cell cycle, trigger antiapoptotic re-
sponses, senescence, and promote tumour progression. Recent quantified post-translational
modifications in ccRCC (glycosylation, TDH, protein carbonylation, proteolytic cleavage,
peroxidation, methylation, phosphorylation) accompany tumour development and metas-
tasis promotion [3]. The disruption of the NO cycle in tumours is associated with the
alteration of NF-kB, AP-1, and CREB pathways, as well as MAPK/PI3K, Ras, G-proteins,
mitochondrial cytochrome c oxidase [12,15,28]. NO acts as a pleiotropic messenger, thus
influencing the ccRCC progression.

Among the numerous NO-mediated signalling mechanisms, the interaction of NOSs–
NO, the coupling of NOSs-O2(−), post-translational protein changes, and epigenetic regu-
lation play a significant role in the ccRCC progression.

The NOSs-NO signalling, which has recently been revealed, affects NO bioavailability
through cGMP-dependent mechanisms. Constitutive NOSs modulate the release of media-
tors from the cells for a short period of time and in small quantities. NOS3/cGMP facilitates
tumour angiogenesis and signal transduction. Low levels of NO produced by constitutive
NOSs prevent leukocyte adhesion, inhibit platelet aggregation, induce immune and inflam-
matory responses, and regulate cell growth, apoptosis, transduction, and survival. iNOS,
expressed in epithelial and immune cells after induction by cytokines or bacterial products,
generates large amounts of NO over the long term and cytotoxic products [12,15,28,30].
iNOS mRNA and protein expressed in A498 and A704 RCC cells under hypoxic conditions
ensure the hypoxic adaptation of RCC and the ability to form tumour thrombi [31]. NOSi
mRNA expressed by mouse RCC macrophages, RENCA, modulates tumour growth and
angiogenesis through NO production via microRNA miR-146a [32].

The mechanism of NOS–NO uncoupling is associated with superoxide or hydroper-
oxide synthesis, leading to reduced NO generation. Disruption of NOS-NO signalling
is caused by arginine and BH4 deficiency, NOS dimerisation failure, the presence of
methylated and nitrated forms of arginine, glutathionylation, overexpression of ROS and
RNS [18].

Post-translational changes mediated by NO (nitrosylation, nitrosation, nitration,
transnitrosylation) can give rise to biomolecules with signalling properties. Nitrosylation
(direct interaction between NO and transition metals) inhibits mitochondrial cytochrome
C oxidase and inactivates Fe-SH and Fe-nonheme sites. Nitrosation (covalent binding of
NO(+) to -SH and the formation of S-nitrosothiols) affects redox homeostasis.

Nitration (binding –NO2 to organic substrates) modifies the activity of tyrosine in
proteins, unsaturated fatty acids, and nucleotides [3,18]. S-nitrosylation plays various
regulatory roles in metabolism, apoptosis, protein phosphorylation, and transcription
factor activation [30]. S-nitroso groups (SNO) can be generated through transnitrosylation,
the transfer of an NO fragment between thiols and S-nitrosothiols (thiol/nitrosothiol
exchange) [33]. This mechanism is also the basis for denitrosylation of proteins, which is
the necessary process to remove NO from S-nitrosothiols.

Transnitrosylation (transfer of an NO fragment between thiols and S-nitrosothiols) is a
process that removes NO from S-nitrosothiols and constitutes a mechanism for denitrosyla-
tion of proteins and regeneration of protein thiol groups.

Denitrosylation is catalyzed by S-nitroso glutathione reductase (GSNOR), S-nitroso-
CoA reductase (ScoR), and thioredoxin reductase (TrxR). S-nitrosylation is an inhibitory
mechanism for crucial enzymes that are involved in cell metabolism [34].

Epigenetic regulation mediated by NO has gained considerable interest in recent years.
Under neoplastic conditions, NO influences histone post-translational modifications, DNA
methylation, and microRNA status [8,18]. Long non-coding RNAs affect the epigenetic
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landscape by regulating genes or post-translational modification of proteins, leading to
abnormal signal transduction and the induction of malignant transformation in ccRCC [5].

2.3. Bimodal Effects of NO in ccRCC

NO levels can serve as an indicator of cellular homeostasis (Figure 1). NO is a primary
regulator of tumour progression, with the ability to modulate multiple cellular processes
dynamically. Lower concentrations (picomolar to nanomolar range) of NO are present
under normal physiological conditions within a cell, but a sudden increase in concentration
(micromolar range) results in the development of pathological processes. NO exhibits
dichotomous effects on various crucial processes in cancer biology. It is shown to have both
pro-tumourigenic and anti-tumourigenic effects, depending on the concentration, source
of NO, type, activity, and localization of NOS isoforms, as well as the composition of the
tumour microenvironment.

Low NO flux, similar to that generated by constitutive NOSs, maintains cellular
homeostasis, drives cell cycle progression, promotes proliferation, neovascularization, an-
giogenesis, tumour growth and spread, processes governed by the activation of the HIF1α
and VEGF signalling pathways [18,30]. Moderate NO levels maintain redox balance in the
tumour microenvironment, promote increased invasiveness, metastasis, and cytoprotection,
and inhibit apoptosis [18,30].

High NO levels, similar to those generated by iNOS (inducible NOS), induce oxidative
and nitrosative stress [18,30]. Elevated NO can lead to DNA damage (single and double-
strand breaks, impaired repair), mitochondrial dysfunction, lipid interactions, and the
activation of major oncogenic pathways that enhance survival, proliferation, and metastasis
in aggressive tumours [18,30].

Additionally, following oxidative reactions, NO can give rise to reactive metabolites,
causing the disruption of intracellular and intercellular signalling and the inactivation of
transcription factors and effectors within various transduction pathways [5,30].

These bimodal effects of NO emphasize the importance of careful regulation of NO
levels, which can be a critical therapeutic target in managing ccRCC.

Similarly, the effects of NO in carcinogenesis are influenced by the metabolic pheno-
types of the cells that constitute the tumour microenvironment. The tumour microenviron-
ment consists of cancer cells, stromal cells, immune cells, and endothelial cells, each with
distinct metabolic characteristics [9]. NO produced by cancer cells promotes cancer pro-
gression, increasing the aggressiveness of these cells in vivo. NOS2 in immune mediators
has anti-tumour and pro-inflammatory effects. NO derived from endothelial cells mediates
the elimination of disseminated tumour cells, and NO from stromal cells inhibits tumour
growth [30].

The subcellular localization and activation of NOSs influence the selectivity of NO
targets. NOS1 and NOS3, constitutive isoforms, generate nanomolar concentrations of
NO over very short periods, while NOS2, the inducible isoform, produces micromolar
concentrations of NO over more extended periods. Most evidence suggests an increase
in total NO production in ccRCC patients. This could reflect the activation of iNOS
in neoplastic and inflammatory conditions [3,4] The regulation of NOS2 synthesis and
production in the tumour microenvironment affects tumour progression.

The level of NO can act as a redox switch. Small amounts of NO regulate anti-
inflammatory and antioxidant responses under normal physiological conditions. In con-
trast, high concentrations of NO in tissues regulate the function of iNOS and promote the
oxidation of macromolecules [18].

The NO level is considered to be an indicator of cellular redox status and has an
approximate value of 300 nM under physiological conditions [18,30]. Different NOS
isoforms in the tumour microenvironment have distinct cellular targets. NO derived from
NOSc supports carcinogenesis, while NO derived from NOSi becomes cytotoxic to cancer
cells (Figure 1). NO plays a cytostatic/cytotoxic role in cancer cells through multiple
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mechanisms, including metabolic reprogramming, DNA synthesis inhibition, apoptosis
regulation, and necrosis.

NO mediates tumour promotion through genotoxic reactions (DNA damage), anti-
apoptotic activity (regulation of caspases and death-associated proteins), regulation of the
NO/NOS2–p53 axis, which is critical in defining the apoptotic mechanisms of tumours,
upregulation of angiogenesis (production of proangiogenic factors), metastatic actions
(overexpression of MMPs and VEGF), and suppression of the immune response (reduction
in leukocyte infiltration) [30,35].

NOSs–NO plays a significant role in tumour suppression [9,35]. iNOS is essential
for the development, maturation, and differentiation of T cells, B cells, monocytes, and
dendritic cells [35]. In response to tumour progression, NO and RNS stimulate the passage
of immune cells from the bloodstream around cancer cells, the polarization of tumour-
associated macrophages (TAMs), the transactivation of eNOS/iNOS, the stabilization of
HIF1α, the transcription of proangiogenic factors, the activation of S-nitrosylation, the
inactivation of Janus kinase 3, early response kinase, and protein kinase B, which prevent
the IL-2 response.

Immune-activating M1 macrophages and immune-suppressing M2 macrophages
differentiate based on the presence of arginase and iNOS. Both arginase and iNOS catalyze
arginine in different ways (Figure 1. M1 macrophages, with high iNOS expression, produce
large amounts of NO and use NO/RNS for cytotoxic clearance. The host’s NO/NOSi-
dependent defence mechanism associated with M1 macrophages provides survival benefits
to cancer cells and supports malignancy [9,35].

NO adapts the metabolism to the needs of tumour cells by inhibiting metabolic
enzymes and regulating mitochondrial modulators involved in cancer-associated growth,
antioxidant responses, and metabolic rewiring. NO regulates the electron transport chain
complexes (cytochrome c oxidase, complex IV), enzymes in the tricarboxylic acid cycle
(aconitase, α-ketoglutarate dehydrogenase, succinate dehydrogenase), enzymes involved
in fatty acid oxidation, branched-chain amino acid metabolism, pyruvate kinase M2, and
the stability of the TRAP1/SIRT3 complex (Tumour Necrosis Factor Receptor-Associated
Protein 1/sirtuin 3). At low concentrations, NO competes for the catalytic site, whereas at
high concentrations, inhibition occurs through oxidative post-translational modifications.
NO generated by NOS1 activates SIRT3, while NO generated by NOSi inactivates SIRT3.
These mitochondrial events simultaneously provide the capacity to cope with oxidative
stress and adapt to metabolic changes [34–39].

2.4. Quantitative Determination of NO Metabolites in Biological Samples

The quantitative determination of NO in vitro and in vivo is particularly challenging
due to its rapid diffusion through membranes, biological interferences, a pronounced ten-
dency to auto oxidize, short lifespan (seconds), low equilibrium concentration (nanomoles),
and the heightened reactivity of NO and its natural derivatives (NO, NO2, N2O3, NO2

-,
which rapidly react with haemoglobin, glutathione, sulfhydryls, and unsaturated fatty
acids).

Various techniques have been developed for measuring NO and its metabolites in biological
systems. The primary methods for quantifying NO and its derivatives include [40,41]:

1. Spectrophotometry: Utilizing azoic dyes and the Griess test.
2. Fluorescence: Employing reagents such as Diaminofluorescein (DAF-2).
3. Luminescence: Using luciferin–luciferase assays.
4. Electrochemical: Employing amperometric NO microelectrodes.
5. Tandem Mass Spectrometry: Including mass spectrometry in tandem (MS/MS) and

electrospray ionization mass spectrometry (ESI-MS/MS).
6. Liquid Chromatography-Mass Spectrometry (LC-MS): Combining liquid chromatog-

raphy with mass spectrometry
7. Electron Paramagnetic Resonance (EPR): Employed for NO detection.
8. HPLC: High-Performance Liquid Chromatography is another technique.
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9. Antibody-Based Methods: These encompass immunohistochemical, immunoblotting,
and enzyme-linked immunosorbent assays (ELISAs).

10. Chemiluminescence: A method based on the detection of light emission.
11. UV-Visible Absorption Spectrum: Measuring the absorption of UV-visible light.

Accurate identification and quantification of the rate of NO formation or degradation,
precursors, derived species, molecular targets, and the consequences of disturbances in the
NO cycle and related molecular pathways, alongside pharmacological and omics methods,
will help solve the role of NO in ccRCC (Table 1).

Table 1. No Synthesis Metabolites in ccRCC.

NO Parameters (References) Biological Systems Results Conclusions

Calcium-dependent and
calcium-independent NO

synthetase [42]

Human kidney/RCC, proximal
tubular cell lines HN4, HN51.

Calcium-dependent NOS activity,
identified in all the samples studied, was

downregulated in RCC compared to
non-malignant renal tissues studied;

calcium-independent NOS activity was
inconsistently expressed in the renal

tissue.

NO exerted cytostatic effects
on cultured renal cells.

NOS1, NOS2, NOS3 [43] Non-neoplastic renal tissues
and RCC

In non-neoplastic tissues, NOS3
immunoreactivity was increased and

NOS2 was reduced compared to RCC. The
NOS expression was correlated with
tumour size and a poor prognosis.

NOS3 as a predictive factor
in RCC

NOS, sGC, nitrotirosine [44] Normal and tumoural renal tissue
(benign and malignant tumours).

NOS1 is downregulated in malignant
tissues and associated with the tumour

grade; sGC is present in all renal tumours;
nitrotyrosine is present in normal renal

parenchyma and tumour tissues.

Autocrine signalling of NO is
similar in normal and

non-malignant renal tissues
and altered in

malignant tissues

Nitrites [45] Serum (apparently healthy
women diagnosed with RCC) Elevated serum level in patients with RCC

Elevated serum nitrite levels
are associated with a low risk

of renal cancer.

ASS1, ASL, Arg2 [46,47] RCC tissue samples and control

mRNA and ASS1, ASL, Arg2 activity are
reduced in RCC vs. normal kidney

Altered urea cycle-metabolic pathway
in RCC.

Attenuation of the cytotoxic
effects of NO.

ASS1, ASL, Arg2 -metabolic
suppressors in RCC.

NOSi-ARN [31] RCC and control tissue samples

mRNA and iNOS protein present in
tumour thrombi in patients with RCC and

in A498 and A704 cells under
hypoxic conditions.

It mediates the formation of
tumour thrombi and
hypoxic adaptation.

Arg2, ASS1 [46,48] Normal and malignant renal
cell lines

The expression of enzymes in the urea
cycle is downregulated in RCC compared
to the control. Deficiency of enzymes in

the urea cycle disrupts polyamine
synthesis, conservation of pyridoxal

phosphate, arginine auxotrophy,
infiltration of cytotoxic T cells in the

tumour tissue, and immunosuppression in
the tumour microenvironment.

Arg2 and ASS1 are potential
metabolic suppressors of

renal tumourigenesis.

ASS1, ADI (E.C.3.5.3.6) [35] Biopsy samples, animal models,
cell lines.

Low or undetectable ASS1 in RCC, present
in normal proximal tubule epithelium.
Exogenous ADI (arginine deiminase)

determines antiproliferative and
antiangiogenic effects in vivo on RENCA
tumour cells and extends the survival of

tumour-bearing mice.

Arginine deprivation via
ADI—an antitumour strategy

in RCC

Spermine, spermidine [49] Normal and malignant human
renal tissue

Spermidine levels and
spermidine/spermine ratio increase;
normal tissue < differentiated RCC <
poorly differentiated RCC. The other
polyamines do not show differences

between normal tissues, tumours, and
metastases.

Polyamines—biochemical
markers for the malignancy of

RCC

Diamine, spermidine,
spermine [50] Tissue, urine, blood Elevated levels are correlated with the

progression of RCC
Polyamines—tumour

markers in RCC
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Table 1. Cont.

NO Parameters (References) Biological Systems Results Conclusions

Agmatinase (E. C.) [51] Normal and malignant renal
tissue

The expression and mRNA of agmatinase
are decreased in RCC compared to benign

renal tumours. Accumulated agmatine
stimulates NOS3 and NOS2, leading to

NO synthesis.

Reduced agmatinase
increases the cytotoxic
activity of NO in RCC

RNS, NO2
− [52] Cell cultures

JS-K, a NO donor, stimulates the increase
in ROS (Reactive Oxygen Species) and
RNS (Reactive Nitrogen Species), the
reduction in GSH/GSSG (glutathione

redox status), the increase in pro-apoptotic
proteins (Bak, Bax), and the reduction in

anti-apoptotic proteins (Bcl-2) in RCC
(Renal Cell Carcinoma). JS-K induces

apoptosis in cancer cells by modulating
the production and signalling of NO,
MAPK (Mitogen-Activated Protein
Kinase), the ubiquitin–proteasome

pathway, and the β-catenin/T-cell factor
(TCF) signalling pathway

NO released by JS-K induces
apoptosis in renal carcinoma
cells by increasing the levels

of ROS/RNS and induces
chemosensitivity of tumour

cells to doxorubicin

NOS, cGMP [53] Experimental and human
tumours.

The NOS enzymes are overexpressed in
tumour tissues.

NO metabolites correlate with
angiogenesis and tumour

aggressiveness.

Dietary nitrite, nitrate intake
[54]

Evaluation of nitrates and nitrites
in food sources (41 articles,

13 types of cancer).

Nitrates from plant sources and nitrates in
general do not affect the development of

renal cancer. Nitrites from processed meat
are associated with an increased risk of

renal cancer < pancreatic cancer < thyroid
cancer, stomach cancer, glioma,

and others.

The nitrites/nitrates intake
has specific effects on the type
and site-specific risk of cancer

Phytonutrients [55–60] Epidemiological studies on the
role of dietary factors.

Phytonutrients play an essential role in
cancer prevention. Dietary sources of

nitrites and nitrates have a role in
immunity and vascular function. Dietary

sources of nitrites include vegetables,
fruits, and processed meat.

Vitamin C inhibits
endogenous nitrosation.

Red and processed meat [61] Meta-analysis (12 case-control
studies, 16 cohorts)

No statistically significant data were
obtained between the consumption of red
and processed meat, individual variables
(BMI, smoking, total energy intake), and

the development of renal cancer.

An independent relationship
between meat consumption
and the risk of renal cancer

was not evident.

Red and processed meat [62]

Meta−analysis (23 eligible
publications) on the association

and impact of red meat
consumption on RCC

Positive relationship between
consumption of beef, salami, ham, bacon,
sausages, hamburgers, and renal cancer.

Statistically significant
positive association between
red meat consumption and

RCC

Dietary factors [63,64] Report on 22 meta−analyses
(566 publications).

No suggestive or convincing evidence
between the consumption of foods,
beverages, alcohol, macronutrients,

micronutrients, and the incidence of RCC

The intake of vegetables and
vitamin C is associated with

the risk of RCC

Serum NO2
−, NO3

− [65] RCC patients and control patients

No significant differences between
patients and controls.

Variations depending on the tumour
grade.

NO exerts immunoregulatory
effects in RCC

Arginase 2 [66] Murin renal cell lines, normal and
neoplastic.

Arginase 2 rapidly metabolizes L-arginine,
suppresses tumour growth, and reduces

the expression of CD3zeta.

Arginase 2 modulates the
function of T cells, depleting

arginine.

Arginase 2 [67] Peripheral blood of metastatic
RCC and control patients

Myeloid suppressor cells producing
arginase present in patients with

metastatic ccRCC

Arginase 2 regulates the
availability of arginine.
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Table 1. Cont.

NO Parameters (References) Biological Systems Results Conclusions

Arginase 2 [7] Arginase 2 supports the
growth of ccRCC

BCAA, BCAT, ASS1
[1,21,68–70]

Cultured primary and metastatic
renal cancer cells (omic study)

Transcriptionally suppressed BCAA
catabolism, overexpressed BCAT, urea

cycle, glutathione, cysteine/methionine,
arginine, glutamine, tryptophan,

reactivated polyamines in ccRCC show
metabolic flexibility during tumour

progression and offer invasive potential.

Altered metabolic advantage
for cancer cell survival

SIRTs [34,36,71–73]
ccRCC cells, cell lines, genetic

models, pharmacological models,
omic studies, computational

SIRTs-1,3,6,7 maintain renal homeostasis.
SIRT1 regulates NOSe in glomerular cells.

NO regulates the stability of the
SIRT3/TRAP1 complex.

SIRT3 has dual effects on tumour growth.
SIRT3 has antioxidant and

anti-inflammatory effects in kidney
disease.

SIRT4 inhibits glutamine metabolism

Activating SIRTs before
tumour initiation is a
preventive strategy.

NO/SIRT3 regulates
mitochondrial biogenesis in
ccRCC and cell sensitivity to

antitumour therapy.

We observed systemic alterations in the levels of NO metabolites (NO3
−, NO2

−,
NOx = NO3

− + NO2
−) and overproduction of nitrotyrosine in cancer patients. The aberrant

activation of NO signalling induced by the hypoxic microenvironment is associated with
tumour progression [3,4].

The profile of NO (NO) in tumour cells and the microenvironment influences the rate
of cancer progression, therapy effectiveness, and patient prognosis. In a recent study, it was
noted that markers of nitrosative stress (3-nitrotyrosine, nitrite/nitrate) were elevated in
the ccRCC group, correlating with the increased pathological stage of the tumour (TNM,
histological grade, angioinvasion) [74].

3. Dysregulated Ureagenic Cycle—A Distinctive Sign in ccRCC

The fact that the dysregulation of the ureagenic cycle represents a distinctive feature
of ccRCC is supported by the low levels of mRNA and the altered expression and function
of representative enzymes (ASS1, ASL, ARG2) in tumour samples compared to normal
kidney tissue [46]. The urea cycle is a metabolic pathway responsible for converting excess
nitrogen from ammonia and aspartate into urea (Figure 2).

Disruptions in the urea cycle arise from enzymatic deficiencies and can additionally be
induced by the dysfunction of transporters responsible for transferring mitochondrial as-
partate into the cytosol. The aforementioned changes in enzyme expression and metabolites
within the urea cycle at different stages of cancer development demonstrate the dynamic
alterations in this metabolic cycle [75–78].

Some enzymes in the urea cycle are repressed in primary renal cancer cells, while ASS1
is epigenetically reactivated in metastatic populations [1]. Sensitive to the arginine levels in
the microenvironment, the selective expression of ASS1 provides metastatic renal cancer
cells with the ability to utilize nitrogen from BCAA catabolism to produce arginine [1].
Reduced ARG2 activity promotes ccRCC tumour growth through at least two distinct
mechanisms: preserving pyridoxal phosphate and preventing the accumulation of toxic
polyamines [7].
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Figure 2. The ureagenic cycle: CPS-1—carbamoyl-phosphate synthetase I (E.C. 6.3.4.16);
OTC, ornithine transcarbamylase (E.C. 2.1.3.3); ASS—argininosuccinate synthetase (E.C. 6.3.4.5);
ASL—argininosuccinate lyase (E.C. 4.3.2.1); ARG—arginase (E.C. 3.5.3.1).

In conclusion, the dysregulation of the urea cycle in cancer is accompanied by the
inactivation of ASS1, activation of CAD (carbamoyl-phosphate synthetase 2, aspartate
transcarbamylase, and dihydroorotase), overexpression of NO, enhanced pyrimidine syn-
thesis at the expense of purine, mutagenesis, increased cell proliferation, invasiveness, and
survival, poor prognosis, and increased immunotherapy efficacy [1,10,76,78]. Disruption of
urea cycle enzymes in ccRCC contributes to the rerouting of carbon and nitrogen towards
the generation of anabolic biomass [46]. Dysregulation of the urea cycle is a metabolically
advantageous phenomenon for cancer cell proliferation.

4. The Upregulation of Glutamine: An Alternative Source of Nitrogen for ccRCC

Amino acids such as glutamine, arginine, aspartate, alanine, glycine, and serine
serve as significant nitrogen sources for cancer cells, immune cells, endothelial cells, and
stromal cells within the tumour microenvironment (Figure 3) [9]. Cancer cells metabolize
glutamine (Gln) differently than normal cells, requiring an enzyme known as glutaminase
(E.C. 3.5.1.2). ccRCC cells exhibit higher levels of glutamine, glutamate, and the SLC1A
transporter compared to normal renal tissue [79]. Hypoxic cells, particularly those with a
VHL deficiency, employ glutaminase to obtain glutamate, which indirectly plays a pivotal
role in pyrimidine and lipid synthesis as well as antioxidative processes (Figure 2). Human
ccRCC renal cells utilize HIF2α-mediated reductive carboxylation to sustain de novo
pyrimidine biosynthesis [80–82]. Recent studies suggest a reciprocal regulation between
Gln and NO [83]. Gln, an essential amino acid, competitively inhibits Cit availability for
interacting with L-Arg, thereby regulating macrophage NO production capacity.
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Figure 3. Utilization of glutamine in tumours. ASL—argininosuccinate lyase (E.C. 4.3.2.1);
ASS1—argininosuccinate synthase (E.C. 6.3.4.5), CAD—trifunctional protein, CPS 2—carbamoyl-
phosphate synthase 2 (E.C. 6.3.5.5), ATC—aspartate transcarbamylase (E.C. 2.1.3.2) DHO—
dihydroorotase (E.C. 3.5.2.3).

Moreover, Gln modulates NO synthase to catalyze the conversion of Arg to NO.
Glutamine appears to be a significant modulator interfering with citrulline-mediated NO
production [80,81,84]. On the other hand, activated glutamate receptors and NO reduce glu-
tamine synthetase (E.C. 6.3.1.2) activity, while Gln inhibits ASS activity and NO synthesis.
Through this mechanism, glutamine decreases intracellular arginine concentration and NO
release. The importance of citrulline and glutamine concentrations in NO synthesis must
be interpreted with caution, as both metabolites can be modulated through independent
NOS mechanisms [83]. As a newly discovered molecule, mitochondrial protein Sirtuin 4
(SIRT4) has been linked to alternative glutamine metabolism and regulation of the tumour
microenvironment. In ccRCC cells, SIRT4 promotes apoptosis by increasing ROS. Down-
regulation of SIRT4 in ccRCC promoted HO-1 expression in hypoxic cells, counteracting
the pro-apoptotic effect of SIRT4. Moreover, SIRT4 regulates ROS and HO-1 expression
through Akt and P38MAPK phosphorylation in ccRCC [5].

The nucleotide imbalance in tumours is associated with multiple transversions that
propagate from DNA to RNA and proteins, leading to the production of immunogenic
neoantigens [10]. Pyrimidine synthesis plays a significant role in carcinogenesis, affecting
the prognosis of patients and their response to immunotherapy.

5. Cellular Arginine Depletion—A Proliferation Strategy in ccRCC

A significant metabolic defect in tumour biology is represented by the altered intrinsic
ability of cancer cells to synthesize arginine. In tumour metabolism, arginine plays a
role in signalling, epigenetic regulation, and immunomodulation [14,85]. Arginine is
a conditionally essential amino acid synthesized under conditions of rapid cell growth
through two pathways: the citrulline–NO cycle and the intestinal–renal axis, utilizing ASS
and ASL. Arginine is metabolized into NO and citrulline by NOS, into agmatine and CO2
by ADC, into ornithine and urea by arginase, into creatine by AGAT, and citrulline and
NH3 by ADI (Figure 4) [22].
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Figure 4. Arginine Metabolism. ASS (E.C. 6.3.4.5: argininosuccinate synthetase, ASL
(E.C. 4.3.2.1): argininosuccinate lyase, ADI (E.C. 3.5.3.6.): arginine deiminase, ADC (E.C.
4.1.1.19) arginine decarboxylase, NOS (E.C. 1.14.13.39): NO synthase, AGAT (E.C. 2.1.4.1.)
arginine:glycine amidinotransferase.

Arginase 1 is preferentially expressed in the liver, while arginase 2 is primarily iden-
tified in the kidney. In renal carcinogenesis, arginine supports rapid tumour growth and
induces T-cell dysfunction [66,75]. Arginine regulates NO production in cancer cells [21].

Arginine regulates NO production in cancer cells [21]. In renal carcinogenesis, arginine
facilitates rapid tumour growth and induces T-cell dysfunction [66,75].

ASS and ASL, which are cytosolic enzymes involved in nitrogen metabolism, im-
pact ccRCC growth by depleting cellular aspartate reserves and disrupting pyrimidine
production. Loss of ASS1 promotes cancer proliferation by diverting its substrate, aspar-
tate, toward pyrimidine synthesis (carbamoyl-phosphate synthetase 2 (CPS2), aspartate
transcarbamylase (ATC), and dihydroorotase [10]. Metastatic renal cancer cells reactivate
ASS1, an enzyme suppressed in primary ccRCC, in order to maintain the invasive poten-
tial of metastatic renal cancer cells in vitro and in vivo and to modulate the sensitivity of
metastatic cancer cells to arginine depletion [1].

Arginase 2, preferentially expressed in the kidneys, plays a significant role in the prolif-
eration of tumour cells and the reduction in L-arginine availability [66,67]. Reduced ARG2
activity has been found to promote ccRCC tumour growth through multiple mechanisms.
Arginase 2 suppresses renal carcinoma progression by depleting the biosynthetic cofactor
pyridoxal phosphate and increasing polyamine toxicity.7 Cancer cells rely on glutamine
for survival and proliferation. VHL loss-dependent reprogramming of Arg is necessary to
maintain the NO reservoir in cancer cells [7].

6. Hyperammonemia in ccRCC

The catabolism of glutamine and other amino acids is accompanied by the secretion
of ammonia, leading to the loss of amino groups from the cell and the accumulation
of ammonia in the tumour microenvironment [47,48,78,86]. Extracellular ammonia is
viewed as either a toxic cellular by-product of amino acid metabolism that needs to be
metabolized into a non-toxic form, such as urea, for excretion from the body or recycled into
the central amino acid metabolism to maximize nitrogen utilization and support tumour
biomass [47,78,87].

The accumulation of ammonia has allowed glutamate dehydrogenase to function in
reductive amination, accelerating the incorporation of nitrogen from ammonia back into
amino acids (Figure 4).

The progression of ccRCC depends on changes in ammonia metabolism [7,48]. Ammo-
nia accumulates in the tumour microenvironment and induces metabolic reprogramming of
T cells. Increasing ammonia clearance reduces tumour size, enhances survival, reactivates
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T cells, and improves the effectiveness of anti-PD-L1 therapy [7,48]. Recently, it has been
reported that during axitinib treatment for metastatic renal carcinoma, hyperammonemia
developed due to associated thyroid disorders [88].

Ammonia activates NO production by stimulating arginine uptake and regulating the
distribution of ADMA and SDMA. The intracellular L-Arg/ADMA ratio modulates iNOS
activity and NO levels [89]. These findings warrant further investigations into the role of
ammonia as a modulator of NO production.

7. The Reduction in BCAA Catabolism in ccRCC

Branched-chain amino acids (BCAA), namely valine, leucine, and isoleucine, belong to
a group of essential amino acids. BCAAs can be directly incorporated into proteins or par-
ticipate in other essential metabolic pathways for tumourigenesis [14,90]. In VHL-deficient
renal cancer cells, BCAA catabolism represents an indirect source of nitrogen for nucleotide
and non-essential amino acid biosynthesis (Figure 5) at all stages of tumour evolution [1,14].
BCAA catabolism in renal cancer cells is linked to the glutamate–glutamine axis, transcrip-
tional sensitivity to VHL restoration, epigenetic modification, enhanced tumour immunity,
and ferroptosis [14]. Hypoxia suppresses BCAA catabolism in specific tissues but regulates
the expression of SLC7A5 and BCAT1 in tumours [40,62]. BCAT1 and BCAT2, which are
responsible for BCAA degradation, can be considered immunosuppressive factors affecting
the cancer cell’s survival ability via the NO cycle (Figure 6) [91].

Figure 5. Ammonia metabolism. GLDH—Glutamate dehydrogenase (E.C. 1.4.1.3), GS—Glutamine
synthetase (E.C. 6.3.1.2), CPS—Carbamoyl phosphate synthetase (E.C. 6.3.4.16).

Figure 6. BCAA metabolism in cancer. BCATs—branched-chain amino acid transaminases
(E.C. 2.6.1.42).
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The decrease in glutamate derived from BCAAs can be compensated by increasing
glutaminase activity, which generates glutamate from glutamine. The inhibitory effect
of BCAAs on lipid peroxidation and NO scavenging activity allows the development of
antioxidant and anti-inflammatory products in the pharmaceutical industry [92].

8. Endogenous Inhibitors of NO Synthesis

Methylarginines and DDAH enzymes are endogenous modulators of NO produc-
tion. Methylarginines are endogenous metabolites obtained through the post-translational
N-methylation of arginine residues incorporated into proteins, catalyzed by protein methyl-
transferases (PRMT), and released into the cytosol following proteolysis. Cationic amino
acid transporters (CAT1, CAT2A, and CAT2B) facilitate the transport of methylarginines
across cell membranes. The primary methylarginines include monomethylarginine (NMMA),
asymmetric dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA). ADMA
and NMMA compete with L-arginine for binding to the active site of NOS, acting as com-
petitive inhibitors for all isoforms. SDMA competes with CAT transporters for L-arginine,
indirectly exerting inhibitory effects on NO synthesis [3,4,24,26,89].

Enzymes dimethylarginine dimethylaminohydrolases (DDAHs) metabolize ADMA
and NMMA into L-citrulline, dimethylamine, or monomethylamine. They are vital compo-
nents in maintaining the homeostatic control of NO [12,26,93]. The DDAH/ADMA/NO
pathway is summarized in Figure 7.

Figure 7. PRMT–DDAH–ADMA–NO Axis. PRMT1 (E.C. 2.1.1.319)—protein–arginine–methyltransferase,
DDAH (E.C. 3.5.3.18)—dimethylarginine dimethylaminohydrolase, NOS (E.C. 1.14.1,39.)—
NO synthase, ADMA—asymmetric dimethylarginine, NMMA—monomethylarginine, DMA—
dimethylamine.

The pathophysiology of increased ADMA and SDMA in malignancies can have a
complex origin. The rate of synthesis and degradation, inflammation, oxidative stress,
antioxidants, redox status, proteinuria, endothelial function, functional activity of PRMTs,
and DDAHs influence the circulating levels of methylarginine [3,4,24,89].

The dysregulation of the DDAH/ADMA/NO pathway, resulting in locally increased
NO availability, is often associated with promoting tumour angiogenesis, growth, invasion,
and metastasis. These findings warrant further investigation into the role of the PRMT–
DDAH–ADMA axis in NO production [12,89].
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9. The Inactivation of VHL and the Accumulation of HIFs—Essential Characteristics
of ccRCC

ccRCC, whether sporadic or genetic, is characterized by frequent mutations in genes lo-
cated on chromosome 3p, including VHL, PBRM1, BAP1, SETD2 H3K36, KDM6A, KDM5C,
PTEN, mTOR, PIK3CA, TP53 [6]. The inactivation of VHL is accompanied by the accumula-
tion of hypoxia-inducible factors (HIFs) in the tumour microenvironment, their interaction
with NO synthases, the regulation of intratumoural NO production, and the development
of renal tumours (Figure 8) [94].

Figure 8. VHL—HIFs–NOS interaction. HIF—hypoxia-inducible factors; PHD—prolyl-4-hydroxylases
(E.C. 1.14.11.2); FIH—factor–inhibiting HIF, VHL—von Hippel—Lindau protein, EPO—erythropoietin,
VEGF—vascular endothelial growth factor, HO-1—heme oxygenase-1 (E.C. 1.14.14.18), NOS—NO
synthase (E.C. 1.14.1,39), GLUTs—glucose transporters.

HIFs (HIF1, HIF2, HIF3) are heterodimers composed of alpha and beta subunits with
distinct spatial distributions, specific inductions, and well-defined biological roles during
tumour hypoxia (Figure 8). HIF-1α is primarily located in the renal tubular epithelium,
while HIF-2α is mainly found in stromal and endothelial cells. HIFs play a dual role in
the hypoxic microenvironment of tumour cells. HIF-1α is involved in the acute phase,
while HIF-2α and HIF-3α are more frequently involved in chronic hypoxia. HIF-2α is
considered an oncogene in ccRCC, whereas HIF1α likely has a tumour-suppressive function.
However, a finer balance between HIF1α and HIF2α has also been proposed. HIF1α
is essential in tumour initiation and glucose metabolism reprogramming, while HIF2α
regulates biosynthetic pathways such as lipid metabolism, ribosome biogenesis, and the
transcriptional activity of numerous factors. HIF-α combines with HIF-β in the nucleus to
mediate the transcription of target genes. Moreover, both HIFs are crucial for the immune
reprogramming of ccRCC tumours [6,94].

Many studies have suggested that HIF-1α can inhibit tumour growth while HIF-
2α promotes tumour growth and metastasis [94]. HIF activation suppresses ASS1 and
redirects aspartate toward nucleotide biosynthesis. In the metastatic population [1]. NOSs
(endothelial, neuronal, inducible), upregulated by HIFs, promote NO release into the
tumour microenvironment.

10. NO-Based Therapy for ccRCC

The interactions between cancer cells and the tumour microenvironment play cru-
cial roles in the progression of ccRCC. By producing growth factors or cytokines and
accentuating hypoxia and necrosis, RCC cells can promote the attraction and activation
of non-tumour cells. Recent studies have identified a subpopulation of CD133+/CD24+
cells in ccRCC specimens that exhibited self-renewal capacity and clonogenic multipotency.

152



Cancers 2023, 15, 5797

These cells are referred to as “cancer stem cells” (CSC), utilizing signalling pathways simi-
lar to those that control cell fate during early embryogenesis [95,96]. As discussed in this
article, the NO/NOS system is interconnected with various tumour-promoting processes
in the tumour microenvironment. In recent years, numerous studies have reported the
design and development of NO-based nanomedicines, with the intention of being used
in cancer treatment. In this regard, current and future objectives of pharmacotherapy
are focused on the development of NO donors encapsulated in liposomes, antibody-NO
conjugates, NO donors encapsulated in exosomes, iNOS overexpression (gene therapy),
and tissue-selective donors that release NO in a controlled manner. Delivered at high
concentrations, NO inhibits tumour growth and enhances apoptosis/ferroptosis of tumour
cells by generating both reactive oxygen species and reactive nitrogen species [97,98].

11. Conclusions and Future Perspectives

In recent years, the study of the tumour microenvironment has gained significant
attention [2,4,13]. Studies on tumour microenvironment metabolism have revealed that
altering cells’ metabolic profiles provides a survival advantage for growth and survival
under challenging conditions.

Excessive NO production is primarily attributed to inducible NO synthase (iNOS)
induction during oxidative stress and inflammatory states, which play a crucial role in
ccRCC development. This article observed that the reprogramming of NO metabolism and
the failure of immune surveillance in preventing malignant conditions are crucial factors in
ccRCC progression.

Patients with ccRCC develop disturbances in most of the NO synthesis metabolites,
worsening with ccRCC progression. NO metabolites may serve as promising markers for
ccRCC stage and severity. Further research is needed to establish their clinical potential.
NO affects both tumour and immune metabolism and exerts a significant regulatory
effect on progression and immunotherapy. Therefore, the study aims to determine the
metabolic characteristics of NO metabolites, which could help identify molecular features
that provide opportunities for targeted metabolism. Clarifying these issues will contribute
to developing personalized medicine for ccRCC patients. In recent years, numerous studies
have reported the design and development of NO-based nanomedicines. These include
NO donors encapsulated in liposomes, antibody–NO conjugates, NO donors encapsulated
in exosomes, ligands selective for NOS isoforms, and tissue-selective donors that release
NO in a controlled manner.
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Simple Summary: Studies about the current trends in renal cancer surgery and its perioperative
outcomes are lacking. Using the nationwide data of Germany from 2005 to 2021, we found that the
utilization of partial nephrectomy substantially increased, while the utilization of radical nephrec-
tomy substantially decreased in the last years. Patients selected for radical nephrectomy had more
comorbidities and risk factors compared to patients selected for partial nephrectomy. Our analyses
suggest that patients undergoing radical nephrectomy present worse perioperative morbidity and
mortality, as well as prolonged hospitalization, compared to patients undergoing partial nephrectomy.

Abstract: Background: We aimed to evaluate the current trends in renal cancer surgery, as well as
to compare the perioperative outcomes of partial versus radical nephrectomy. Methods: We used
the GeRmAn Nationwide inpatient Data (GRAND), provided by the Research Data Center of the
Federal Bureau of Statistics (2005–2021). We report the largest study in the field, with 317,843 patients
and multiple patient-level analyses. Results: Overall, 123,924 (39%) patients underwent partial and
193,919 (61%) underwent radical nephrectomy in Germany from 2005 to 2021. Of them, 57,308 (18%)
were operated on in low-, 142,702 (45%) in intermediate-, and 117,833 (37%) in high-volume centers.
A total of 249,333 (78%) patients underwent open, 44,994 (14%) laparoscopic, and 23,516 (8%) robotic
nephrectomy. The number of patients undergoing renal surgery remained relatively stable from
2005 to 2021. Over the study period, the utilization of partial nephrectomy increased threefold,
while radical nephrectomy decreased by about 40%. After adjusting for major risk factors in the
multivariate regression analysis, radical nephrectomy was associated with 3.2-fold higher odds (95%
CI: 3.2 to 3.9, p < 0.001) of 30-day mortality, longer hospitalization by 1.9 days (95% CI: 1.9 to 2,
p < 0.001), and higher inpatient costs by EUR 1778 (95% CI: 1694 to 1862, p < 0.001) compared to
partial nephrectomy. Furthermore, radical nephrectomy had a higher risk of in-hospital transfusion
(p < 0.001), sepsis (p < 0.001), acute respiratory failure (p < 0.001), acute kidney disease (p < 0.001),
acute thromboembolism (p < 0.001), surgical wound infection (p < 0.001), ileus (p < 0.001), intensive
care unit admission (p < 0.001), and pancreatitis (p < 0.001). Conclusions: More patients are offered
partial nephrectomy in Germany. Patients undergoing radical nephrectomy present with a higher
rate of concomitant risk factors and have increased perioperative morbidity and mortality, prolonged
hospitalization, and increased in-hospital costs.

Keywords: cohort study; partial nephrectomy; radical nephrectomy; perioperative outcomes; mortality

1. Introduction

Renal cancer accounts for over 3% of all new cancer cases worldwide, affecting more
than 430,000 individuals every year [1]. The increasing prevalence of risk factors for renal
cancer, such as obesity, hypertension, and chronic renal disease, has contributed to a rising
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incidence of renal cancer globally [2]. Accordingly, the recent technological improvements,
in combination with the wide implementation of cross-sectional imaging, have led to earlier
diagnosis of renal cancer in many patients [3]. Therefore, 75% of all newly diagnosed renal
masses are asymptomatic, incidental findings and smaller than 7 cm in diameter. About
80% of all surgically resected renal tumors are malignant in the final histology [4].

Despite the recent advancements in other local or systemic therapies, partial nephrec-
tomy is considered the standard treatment for patients with suspected renal cancer, if
technically feasible [5,6]. Partial nephrectomy has supplanted radical nephrectomy as the
preferred treatment modality, given that it is associated with superior functional and equiv-
alent oncological outcomes [7]. Radical nephrectomy remains the treatment of choice for tu-
mors in which partial nephrectomy is not possible [8]. Both partial and radical nephrectomy
can be performed with either an open or a minimally invasive approach [9]. Nevertheless,
nephrectomy is associated with perioperative mortality and morbidity, as well as with
prolonged hospital stay, intensive care unit admission, and significant treatment-related
costs [10,11].

Currently, there is a global trend toward the centralization of complex urological
operations in healthcare systems [12]. This shift is supported by the accumulating evi-
dence indicating that increased annual hospital volume leads to improved perioperative
outcomes for major urological operations. [13]. Therefore, the EAU Guideline Panel on
Renal Cell Carcinoma recommends that hospitals should annually perform at least forty
partial nephrectomies [14]. Nevertheless, this recommendation is based on a low level
of evidence derived from retrospective studies with relatively low numbers of included
patients. Indeed, there is a paucity of existing studies attempting to identify a hospital
volume threshold for annual kidney cancer surgery cases that may improve perioperative
outcomes. Similarly, studies assessing the perioperative complications in patients under-
going kidney cancer surgery are lacking. In this scope, we aimed to evaluate the current
trends in partial and radical nephrectomy, and to compare the perioperative outcomes of
partial versus radical nephrectomy through the largest study in the field.

2. Methods

2.1. GeRmAn Nationwide Inpatient Data (GRAND)

For the present analysis, we used the GeRmAn Nationwide inpatient Data (GRAND).
The GRAND study contains all German inpatient data from 2005 to 2021 apart from mil-
itary, psychiatric, and forensic cases. These data are stored in an anonymized format at
the Research Data Center of the German Bureau of Statistics, and they were retrieved for
further analysis upon agreement (LMU—4710-2022). To ensure anonymity, the Research
Data Center excludes patient groups with fewer than three baseline characteristics or inpa-
tient complications and does not allow hospital-level comparisons for any outcome. After
the 2004 implementation of a diagnosis- and procedure-related remuneration system in
Germany (German diagnosis-related groups (DRGs)), all hospitals need to transfer the
in-hospital patient data (e.g., coexisting conditions, surgical procedures, perioperative out-
comes) to the Institute for the Hospital Remuneration System to receive their remuneration.
These patient data are coded based on the International Statistical Classification of Diseases
and Related Health Problems, 10th revision, German modification (ICD-10-GM) and the
German Procedure Classification (OPS).

2.2. Selection Criteria

We included all patients undergoing radical (OPS code: 5-554.4, 5-554.a) and partial
nephrectomy (OPS code: 5-553) for suspected renal tumors. To obtain patient data on
procedures, concurrent conditions, and inpatient complications, we used the available di-
agnostic and procedural codes (ICD-10-GM and OPS). The primary outcome of the present
analysis was to assess surgical trends in patients undergoing radical or partial nephrectomy.
Secondary outcomes included the effects of radical versus partial nephrectomy on 30-day
mortality and perioperative complications (i.e., transfusion, sepsis, acute respiratory failure,
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acute kidney disease, acute thromboembolism, surgical wound infection, ileus, intensive
care unit admission, and pancreatitis). We also analyzed hospital revenues and length of
hospital stay. Moreover, we compared 30-day mortality and perioperative complications in
patients undergoing radical versus partial nephrectomy separately in high-, intermediate-,
and low-volume centers. Given that there is no consensus on the definition of high-volume
centers, we defined high-volume centers as those that perform at least 100 nephrectomies
(partial and radical) per year. Similarly, intermediate-volume centers were defined as those
that perform between 40 and 99 nephrectomies per year, and low-volume centers were
defined as those that perform less than 40 nephrectomies per year.

2.3. Data Synthesis and Statistical Analysis

Our research team did not have direct access to patient-level data. Thus, all statistical
analyses were performed on our behalf by the Research Data Center of the German Bureau
of Statistics, based on R codes developed by our research team (source: Research Data
Center of the Federal Bureau of Statistics, DRG Statistics 2005–2021; own calculations). Sub-
sequently, the summary results were provided to our research group for further evaluation.
Approval by an ethics committee or informed patient consent was not required based on
the German legislation.

All hospitals performing renal surgeries were identified through their postal codes
and were further subclassified based on their annual caseload as low-volume centers
(<40 cases/year), intermediate-volume centers fulfilling the EAU recommendation
(40–99 cases/year), and high-volume centers (≥100 cases/year). The corresponding com-
parisons among low- (<40 cases/year), intermediate- (40–99 cases/year), and high-volume
centers (≥100 cases/year) were performed with the chi-squared test and the Kruskal–
Wallis test. Accordingly, all comparisons between patients undergoing partial versus
radical nephrectomy were performed with the chi-squared test and the Mann–Whitney U
test. All continuous variables were calculated as medians with interquartile ranges (IQRs),
and all categorical variables were calculated as frequencies with proportions.

We conducted multiple multivariable logistic and linear regression analyses to evaluate
the effect of the type of surgery and the effect of the annual hospital caseload on inpatient
outcomes (i.e., 30-day mortality, perioperative complications, length of hospital stay, and
hospital revenues). All regression models were adjusted for sex, age, obesity, history
of chronic obstructive pulmonary disease, chronic heart failure, chronic kidney disease,
cerebrovascular accident, hypertension, and diabetes, as well as for the surgical approach
and the year of operation. Odds ratios (ORs) with 95% confidence intervals (CIs) were
estimated for all logistic models, and two-sided p-values lower than 0.05 were considered
statistically significant. The log-rank test with Kaplan–Meier analyses was used to assess
the effects of radical versus partial nephrectomy on 30-day mortality.

3. Results

3.1. Baseline Characteristics

A total of 317,843 patients with a median age of 66 years (IQR: 56–74) underwent
kidney cancer surgery, with 188,123 (59%) being male; 179,386 (56%) had hypertension,
65,605 (21%) has chronic kidney disease, and 57,155 (18%) had diabetes. Overall, 123,924 (39%)
patients underwent partial and 193,919 (61%) underwent radical nephrectomy. A total of
249,333 (78%) patients underwent open, 44,994 (14%) laparoscopic, and 23,516 (7.4%) robotic
nephrectomy. Based on the annual hospital caseload volume for kidney cancer surgery,
57,308 (18%) operations (17,108 (30%) partial and 40,200 (70%) radical nephrectomies)
were performed in low-volume centers, 142,702 (45%) operations (52,966 (37%) partial and
89,736 (63%) radical nephrectomies) in intermediate-volume centers, and 117,833 (37%) op-
erations (53,850 (46%) partial and 63,983 (54%) radical nephrectomies) in high-volume centers.

Patients undergoing radical nephrectomy were older (p < 0.001) and had higher
proportions of diabetes (p < 0.001), chronic heart failure (p < 0.001), chronic obstructive
pulmonary disease (p < 0.001), chronic kidney disease (p < 0.001), cerebrovascular disease
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(p < 0.001), and dementia (p < 0.001) compared to patients undergoing partial nephrec-
tomy. Laparoscopic or robotic surgical approaches were preferred more often in patients
undergoing partial nephrectomy (p < 0.001). The latter was also observed in the separate
analyses for low-, intermediate-, and high-volume centers. The baseline characteristics
of all patients undergoing renal surgery are presented in Table 1, and the corresponding
baseline characteristics of patients operated on in low-, intermediate-, and high-volume
centers are presented in the Supplementary Materials (Table S1).

Table 1. Baseline characteristics of the included patients based on the type of renal cancer surgery:
Variables are presented as medians with interquartile ranges or as frequencies with proportions.
The Mann–Whitney test was performed for comparisons between continuous variables, and the
chi-squared test was used for categorical variables. The bold cells indicate statistically significant
p-values.

Characteristic Overall, n = 317,843
Partial Nephrectomy,

n = 123,924
Radical Nephrectomy,

n = 193,919
p-Value

Age (years) 66 (56–74) 65 (56–73) 67 (56–75) <0.001

Males 188,123 (59%) 77,117 (62%) 111,006 (57%) <0.001

Diabetes 57,155 (18%) 21,319 (17%) 35,836 (18%) <0.001

Chronic heart failure 20,140 (6.3%) 5722 (4.6%) 14,418 (7.4%) <0.001

Chronic obstructive
pulmonary disease

23,142 (7.3%) 8694 (7%) 14,448 (7.5%) <0.001

Chronic kidney disease 65,605 (21%) 16,380 (13%) 49,225 (25%) <0.001

Cerebrovascular disease 7607 (2.4%) 2126 (1.7%) 5481 (2.8%) <0.001

Dementia 3689 (1.2%) 693 (0.6%) 2996 (1.5%) <0.001

Hypertension 179,386 (56%) 70,382 (57%) 109,004 (56%) 0.001

Obesity 32,008 (10%) 12,384 (10%) 19,624 (10%) 0.25

Operative technique <0.001

Open 249,333 (78%) 89,227 (72%) 160,106 (83%)

Laparoscopic 44,994 (14%) 15,528 (13%) 29,466 (15%)

Robotic 23,516 (7.4%) 19,169 (15%) 4347 (2.2%)

The number of patients undergoing renal surgery increased moderately from 17,360 cases
in 2005 to 18,686 in 2021. Interestingly, the number of patients undergoing partial nephrec-
tomy substantially increased throughout these years, from 3358 cases in 2005 to 10,153 in
2021, while the number of patients undergoing radical nephrectomy substantially decreased
throughout the same period, from 14,002 cases in 2005 to 8533 in 2021. The latter was
also observed in low-, intermediate-, and high-volume centers. Nevertheless, the increase
in partial nephrectomies and the decrease in radical nephrectomies were steeper in high-
volume centers. In particular, in high-volume centers, 1427 (2.6%) partial nephrectomies
and 4634 (7.2%) radical nephrectomies were performed in 2005, compared to 4485 (8.3%)
partial nephrectomies and 2857 (4.5%) radical nephrectomies in 2021. The number of
patients undergoing renal surgery was not affected during the COVID-19 pandemic. The
annual trends for radical and partial nephrectomy are depicted in Figure 1, whereas the
corresponding annual trends for radical and partial nephrectomy in low-, intermediate-,
and high-volume centers are depicted in the Supplementary Materials (Figure S1).
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Figure 1. The annual trends for radical and partial nephrectomy.

3.2. Effects of Renal Surgery on Perioperative Morbidity, Mortality, Hospital Stay, and Costs

Overall, radical nephrectomy, compared to partial nephrectomy, was significantly
associated with higher odds of transfusion (25% versus 12%; OR: 2, 95% CI: 1.9 to 2,
p < 0.001), sepsis (3.1% versus 1%; OR: 2.6, 95% CI: 2.4 to 2.8, p < 0.001), acute respiratory
failure (5.4% versus 3.6%; OR: 1.6, 95% CI: 1.5 to 1.7, p < 0.001), acute kidney disease (5.9%
versus 4%; OR: 1.6, 95% CI: 1.5 to 1.7), acute thromboembolism (0.9% versus 0.5%; OR: 1.9,
95% CI: 1.7 to 2, p < 0.001), surgical wound infection (0.7% versus 0.3%; OR: 2, 95% CI: 1.8
to 2.2, p < 0.001), ileus (2% versus 1.3%; OR: 1.4, 95% CI: 1.3 to 1.5, p < 0.001), intensive care
unit admission (21% versus 16%; OR: 1.2, 95% CI: 1.2 to 1.2, p < 0.001), and pancreatitis
(0.3% versus 0.1%; OR: 2.1, 95% CI: 1.8 to 2.5, p < 0.001). Similarly, radical nephrectomy
was associated with longer hospital stay by 1.9 days (95% CI: 1.9 to 2, p < 0.001) and higher
inpatient costs by EUR 1778 (95% CI: 1694 to 1862, p < 0.001). The multivariable analysis is
presented in Tables 2 and 3. In the separate multivariable analyses of patients undergoing
renal surgery in low-, intermediate-, and high-volume centers, radical nephrectomy was
associated with worse perioperative outcomes compared to partial nephrectomy. The
corresponding findings are presented in the Supplementary Materials (Table S2).

A total of 4202 (1.3%) in-hospital deaths were observed within 30 days of surgery. Of
these, 540 (0.4%) deaths occurred among patients undergoing partial nephrectomy and
3662 (1.9%) among patients undergoing radical nephrectomy. The numbers of 30-day in-
hospital deaths after partial nephrectomy were 116 (0.7%) in low-volume centers, 234 (0.4%)
in intermediate-volume centers, and 190 (0.4%) in high-volume centers. Meanwhile, the
numbers of 30-day in-hospital deaths after radical nephrectomy were 917 (2.3%) in low-
volume centers, 1704 (1.9%) in intermediate-volume centers, and 1041 (1.6%) in high-
volume centers.

Radical nephrectomy was associated with 3.5-fold higher odds (95% CI: 3.2 to 3.9,
p < 0.001) of 30-day mortality compared to partial nephrectomy in the whole study popu-
lation. In low-volume centers, radical nephrectomy was associated with 2.8-fold higher
odds (95% CI: 2.3 to 3.5, p < 0.001) of 30-day mortality compared to partial nephrectomy.
In intermediate-volume centers, radical nephrectomy was associated with 3.6-fold higher
odds (95% CI: 3.1 to 4.1, p < 0.001) of 30-day mortality compared to partial nephrectomy. In
high-volume centers, radical nephrectomy was associated with 3.7-fold higher odds (95%
CI: 3.2 to 4.4, p < 0.001) of 30-day mortality compared to partial nephrectomy. The latter was
also observed in the time-to-death analysis for the whole study population, as well as for

162



Cancers 2024, 16, 97

low-, intermediate-, and high-volume centers (log-rank test for all comparisons: p < 0.001).
The corresponding Kaplan–Meier analyses are presented in Figure 2 and Figure S2.

Table 2. Multivariable logistic regression analysis for the effects of the type of surgery on transfusion,
sepsis, acute respiratory failure, acute kidney disease, acute thromboembolism, and surgical wound
infection. All models are adjusted for sex, age, obesity, history of chronic obstructive pulmonary
disease, chronic heart failure, chronic kidney disease, cerebrovascular accident, hypertension, diabetes,
surgical approach, and year of operation. The bold cells indicate statistically significant p-values. CI:
confidence interval, OR: odds ratio.

Complications Partial Nephrectomy Radical Nephrectomy

Transfusion

Events 15,315 (12%) 49,169 (25%)

OR (95% CI) - 2 (1.9, 2)

p-Value - <0.001

Sepsis

Events 1260 (1%) 6018 (3.1%)

OR (95% CI) - 2.6 (2.4, 2.8)

p-Value - <0.001

Acute respiratory failure

Events 4448 (3.6%) 10,438 (5.4%)

OR (95% CI) - 1.6 (1.5, 1.7)

p-Value - <0.001

Acute kidney disease

Events 4985 (4%) 11,408 (5.9%)

OR (95% CI) - 1.6 (1.5, 1.7)

p-Value - <0.001

Acute thromboembolism

Events 630 (0.5%) 1802 (0.9%)

OR (95% CI) - 1.9 (1.7, 2)

p-Value - <0.001

Surgical wound infection

Events 391 (0.3%) 1369 (0.7%)

OR (95% CI) - 2 (1.8, 2.2)

p-Value - <0.001

Table 3. Multivariable linear and logistic regression analysis for the effects of the type of surgery on
ileus, 30-day mortality, ICU admission, length of hospital stay, costs, and pancreatitis. All models are
adjusted for sex, age, obesity, history of chronic obstructive pulmonary disease, chronic heart failure,
chronic kidney disease, cerebrovascular accident, hypertension, diabetes, surgical approach, and year
of operation. The bold cells indicate statistically significant p-values. CI: confidence interval, ICU:
intensive care unit, OR: odds ratio.

Complications Partial Nephrectomy Radical Nephrectomy

Ileus

Events 1623 (1.3%) 3903 (2%)

OR (95% CI) - 1.4 (1.3, 1.5)

p-Value - <0.001

30-Day mortality

Events 540 (0.4%) 3662 (1.9%)

OR (95% CI) - 3.5 (3.2, 3.9)

p-Value - <0.001

ICU admission

Events 20,116 (16%) 41,355 (21%)

OR (95% CI) - 1.2 (1.2, 1.2)

p-Value - <0.001
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Table 3. Cont.

Complications Partial Nephrectomy Radical Nephrectomy

Length of hospital stay

Days 9 (7–11) 10 (8–15)

Beta (95% CI) - 1.9 (1.9, 2)

p-Value - <0.001

Costs

EUR 7087 (6484–8122) 7400 (6484–10,492)

Beta (95% CI) - 1778 (1694, 1862)

p-Value - <0.001

Pancreatitis

Events 166 (0.1%) 636 (0.3%)

OR (95% CI) - 2 (1.8, 2.5)

p-Value - <0.001

 

Figure 2. Kaplan–Maier curve for the 30-day survival in patients undergoing radical versus par-
tial nephrectomy.
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4. Discussion

The present high-volume study suggests that the annual cases of partial nephrectomy
have undergone a threefold increase, while the annual cases of radical nephrectomy have
undergone an important decrease of 40% in the last few years. Interestingly, the number of
patients undergoing renal surgery has remained largely unchanged from 2005 to 2021. In
high-volume centers, the proportion of partial to radical nephrectomies is higher compared
to in intermediate- and low-volume centers. Furthermore, it seems that minimally invasive
renal surgery is preferred in only a small proportion of patients requiring nephrectomy in
Germany. It should be noted that patients undergoing radical nephrectomy displayed worse
baseline characteristics compared to those undergoing partial nephrectomy. Nevertheless,
after adjusting for these characteristics, we found that radical nephrectomy was associated
with 195% higher odds of surgical wound infection, 160% higher odds of sepsis, 110%
higher odds of pancreatitis, 100% higher odds of transfusion, 90% higher odds of acute
thromboembolism, 60% higher odds of acute respiratory failure and acute kidney disease,
40% higher odds of ileus, and 20% higher odds of intensive care unit admission. Similarly,
radical nephrectomy, compared to partial nephrectomy, was associated with 250% higher
odds of 30-day in-hospital mortality, as well as with longer hospital stay and higher
inpatient costs. The latter was also observed in the separate analysis between partial and
radical nephrectomy in low-, intermediate-, and high-volume centers.

Our findings demonstrate that the utilization of partial nephrectomy has consider-
ably increased in recent years. The latter might be predominantly attributed to the fact
that current major guidelines recommend partial nephrectomy over radical nephrectomy
whenever possible [14–16]. Studies from the US and the UK are in line with our findings
demonstrating that the use of partial nephrectomy has increased significantly over time
for both small and larger renal masses [17–19]. A large prospective study from Singapore
suggested a shift towards nephron-sparing surgery for clinically localized tumors [20].
Accordingly, a nationwide study from the Netherlands demonstrated a clear increase in
nephron-sparing management either with active surveillance, partial nephrectomy, or focal
therapy over time for cT1a tumors. Conversely, for cT1b tumors, radical nephrectomy
remained the most common treatment modality, although patients in high-volume centers
more often underwent partial nephrectomy [21].

Still, despite the advancements in surgical techniques for nephrectomy, it seems that,
in Germany, minimally invasive radical or partial nephrectomy is performed in a relatively
small amount of patients compared to the US [22,23]. Even though the number of suspicious
renal masses diagnosed every year in Germany has increased [24], the overall number of
nephrectomy cases that are performed every year has remained stable in recent years [25,26].
The latter might be explained by the fact that an increasing number of patients with
diagnosed renal masses undergo active surveillance or other ablative techniques [27–30].
Moreover, the fact that partial nephrectomy cases have increased by 300% while radical
nephrectomy cases have decreased by 40% over the years might indicate that renal cancer
is often diagnosed at less-advanced tumor stages. Indeed, large epidemiological studies
suggest that the incidence of renal cancer continues to rise, mainly for early-stage tumors,
whereas that of advanced stages has declined [31,32].

It should be highlighted that renal cancer surgery is associated with low in-hospital
mortality and morbidity, which are higher in patients undergoing radical nephrectomy.
Large prospective comparative studies indicate that in patients with similar renal masses
in terms of diameter and location, partial and radical nephrectomy present comparable
perioperative outcomes [8,33,34]. Still, in the present analysis, we could not perform an
adjustment between the two groups in terms of their tumor characteristics. Based on
the previous notion, patients undergoing radical nephrectomy presented worse baseline
parameters and worse tumor characteristics, which might be the cause of the observed
higher morbidity and mortality, as well as of the prolonged hospital stay and the increased
costs compared to partial nephrectomy. It should be noted that patients with larger or more
advanced tumors are more likely to require radical nephrectomy. The latter introduces a
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selection bias in the present analysis, since the inherent differences in tumor characteristics,
the stage of the tumor, and patients’ general condition may impact the estimated differences
in terms of outcomes when comparing partial nephrectomy and radical nephrectomy.

In the absence of detailed tumor characteristics, it is difficult to determine how an
advanced tumor stage might affect outcomes. In an attempt to overcome this selection
bias, we adjusted for multiple important risk factors in the multivariate regression analysis.
However, without specific tumor characteristics, there may be major residual confounding
due to unmeasured variables related to tumor stage and extension. Nevertheless, it should
be stressed that radical nephrectomy was associated with worse perioperative outcomes
for all estimates in low-, intermediate-, and high-volume centers compared to partial
nephrectomy.

As this report, to the best of our knowledge, is the largest study on trends and pe-
rioperative outcomes in renal cancer surgery, our data have limitations that need to be
considered. First of all, our analyses were derived from retrospective administrative data
and are prone to coding errors and misclassifications. Although these administrative data
present a high degree of accuracy and are regularly evaluated by independent physician
task forces from healthcare insurance companies, important information on renal cancer
surgery is not collected. In particular, the tumor size and location, the patient’s laboratory
findings, the performance of a prior renal biopsy, the operative time, and the oncological
status (i.e., histology findings, TNM classification, and surgical margins) are not available
in the GRAND study. Similarly, data on mortality and morbidity after hospital discharge,
readmission rates and causes of reoperation, functional outcomes, and follow-up data
were not collected in the GRAND study. Moreover, the GRAND study does not provide
information on the decision-making process between partial and radical nephrectomy,
including patient preferences. Furthermore, the degree of baseline characteristics or pe-
rioperative complications such as chronic kidney disease, sepsis, or other perioperative
complications cannot be retrieved. It was also beyond the scope of the present study to
assess the number of operations performed in urological versus non-urological surgical de-
partments (e.g., general surgery, pediatric surgery). Similarly, we did not consider exploring
differences in the perioperative outcomes across different patient groups (such as younger
patients, patients with obesity, or those with different levels of chronic kidney disease).
Finally, our analyses are restricted to data for Germany and, thus, cannot be extrapolated
to other healthcare systems. Accordingly, our findings may have limited generalizability,
especially if the patient population undergoing radical nephrectomy differs systematically
from those undergoing partial nephrectomy in terms of tumor characteristics and patients’
general condition. Nevertheless, in an attempt to overcome these limitations, our holistic
and critical approach, combined with the size and nature of the GRAND study, leads to
solid conclusions.

5. Conclusions

The present high-volume, nationwide, real-world data from Germany demonstrate an
increased utilization of partial nephrectomy in renal cancer surgery. In recent years, the
annual cases of partial nephrectomy have exceeded those of radical nephrectomy. Only
one-fourth of all patients undergoing renal surgery are treated with a minimally invasive
surgical approach. Based on our findings, patients undergoing radical nephrectomy present
with worse baseline characteristics and experience higher perioperative morbidity and
mortality, prolonged length of hospital stay, and increased in-hospital costs compared
to patients undergoing partial nephrectomy. Still, this study’s conclusions about the
superiority of partial nephrectomy in terms of perioperative outcomes should be interpreted
with caution, as the decision to perform radical nephrectomy might be driven by clinical
factors related to an advanced tumor stage or tumor location and/or anatomical complexity.

166



Cancers 2024, 16, 97

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers16010097/s1, Supplementary Material Table S1: Baseline charac-
teristics in low-, intermediate- and high-volume centers performing renal surgeries; Supplementary
Material Figure S1: Annual trends in low-, intermediate- and high-volume centers performing renal
surgeries, Supplementary Material Table S2: Regression analysis in low-, intermediate- and high-
volume centers performing renal surgeries; Supplementary Material Figure S2: 30-day survival in
low-, intermediate- and high-volume centers performing renal surgeries.

Author Contributions: Conceptualization, N.P. and G.B.S.; Methodology, I.B.; Validation, T.I.; Formal
Analysis, N.P. and M.S.; Resources, C.S. and M.S.; Data Curation, G.B.S.; Writing—Original Draft,
N.P. and M.S.; Writing—Review and Editing, G.B.S., C.S., I.B., T.I. and A.G.; Supervision, A.G. and
M.S.; Project Administration, C.S.; Funding Acquisition, C.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Institutional Review Board Statement: Ethical approval, was not required for the present study, in
accordance with the national legislation and institutional requirements.

Informed Consent Statement: Written informed consent from the participants was not required for
the present study, in accordance with the national legislation and institutional requirements.

Data Availability Statement: All data used in this work are stored in an anonymized fashion at the
German Federal Statistical Office.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bukavina, L.; Bensalah, K.; Bray, F.; Carlo, M.; Challacombe, B.; Karam, J.A.; Kassouf, W.; Mitchell, T.; Montironi, R.;
O’Brien, T.; et al. Epidemiology of Renal Cell Carcinoma: 2022 Update. Eur. Urol. 2022, 82, 529–542. [CrossRef] [PubMed]

2. Huang, J.; Leung, D.K.-W.; Chan, E.O.-T.; Lok, V.; Leung, S.; Wong, I.; Lao, X.-Q.; Zheng, Z.-J.; Chiu, P.K.-F.; Ng, C.-F.; et al. A
Global Trend Analysis of Kidney Cancer Incidence and Mortality and Their Associations with Smoking, Alcohol Consumption,
and Metabolic Syndrome. Eur. Urol. Focus 2022, 8, 200–209. [CrossRef] [PubMed]

3. Diana, P.; Klatte, T.; Amparore, D.; Bertolo, R.; Carbonara, U.; Erdem, S.; Ingels, A.; Kara, O.; Marandino, L.; Marchioni, M.; et al.
Screening programs for renal cell carcinoma: A systematic review by the EAU young academic urologists renal cancer working
group. World J. Urol. 2023, 41, 929–940. [CrossRef] [PubMed]

4. Kutikov, A.; Fossett, L.K.; Ramchandani, P.; Tomaszewski, J.E.; Siegelman, E.S.; Banner, M.P.; Van Arsdalen, K.N.; Wein, A.J.;
Malkowicz, S.B. Incidence of benign pathologic findings at partial nephrectomy for solitary renal mass presumed to be renal cell
carcinoma on preoperative imaging. Urology 2006, 68, 737–740. [CrossRef] [PubMed]

5. Siva, S.; Ali, M.; Correa, R.J.M.; Muacevic, A.; Ponsky, L.; Ellis, R.J.; Lo, S.S.; Onishi, H.; Swaminath, A.; McLaughlin, M.;
et al. 5-year outcomes after stereotactic ablative body radiotherapy for primary renal cell carcinoma: An individual patient
data meta-analysis from IROCK (the International Radiosurgery Consortium of the Kidney). Lancet Oncol. 2022, 23, 1508–1516.
[CrossRef] [PubMed]

6. Van Poppel, H.; Da Pozzo, L.; Albrecht, W.; Matveev, V.; Bono, A.; Borkowski, A.; Marechal, J.-M.; Klotz, L.; Skinner, E.;
Keane, T.; et al. A Prospective randomized EORTC intergroup phase 3 study comparing the complications of elective nephron-
sparing surgery and radical nephrectomy for low-stage renal cell carcinoma. Eur. Urol. 2007, 51, 1606–1615. [CrossRef]

7. Kim, S.P.; Thompson, R.H.; Boorjian, S.A.; Weight, C.J.; Han, L.C.; Murad, M.H.; Shippee, N.D.; Erwin, P.J.; Costello, B.A.;
Chow, G.K.; et al. Comparative effectiveness for survival and renal function of partial and radical nephrectomy for localized
renal tumors: A systematic review and meta-analysis. J. Urol. 2012, 188, 51–57. [CrossRef]

8. Mir, M.C.; Derweesh, I.; Porpiglia, F.; Zargar, H.; Mottrie, A.; Autorino, R. Partial Nephrectomy Versus Radical Nephrectomy for
Clinical T1b and T2 Renal Tumors: A Systematic Review and Meta-analysis of Comparative Studies. Eur. Urol. 2017, 71, 606–6177.
[CrossRef]

9. Crocerossa, F.; Carbonara, U.; Cantiello, F.; Marchioni, M.; Ditonno, P.; Mir, M.C.; Porpiglia, F.; Derweesh, I.; Hampton, L.J.;
Damiano, R.; et al. Robot-assisted Radical Nephrectomy: A Systematic Review and Meta-analysis of Comparative Studies. Eur.
Urol. 2021, 80, 428–439. [CrossRef]

10. Sun, M.; Bianchi, M.; Trinh, Q.-D.; Abdollah, F.; Schmitges, J.; Jeldres, C.; Shariat, S.F.; Graefen, M.; Montorsi, F.; Perrotte, P.; et al.
Hospital volume is a determinant of postoperative complications, blood transfusion and length of stay after radical or partial
nephrectomy. J. Urol. 2012, 187, 405–410. [CrossRef]

167



Cancers 2024, 16, 97

11. Hsu, R.C.J.; Salika, T.; Maw, J.; Lyratzopoulos, G.; Gnanapragasam, V.J.; Armitage, J.N. Influence of hospital volume on
nephrectomy mortality and complications: A systematic review and meta-analysis stratified by surgical type. BMJ Open 2017, 7,
e016833. [CrossRef] [PubMed]

12. Xia, L.; Pulido, J.E.; Chelluri, R.R.; Strother, M.C.; Taylor, B.L.; Raman, J.D.; Guzzo, T.J. Hospital volume and outcomes of
robot-assisted partial nephrectomy. BJU Int. 2018, 121, 900–907. [CrossRef] [PubMed]

13. Bruins, H.M.; Veskimäe, E.; Hernández, V.; Neuzillet, Y.; Cathomas, R.; Compérat, E.M.; Cowan, N.C.; Gakis, G.; Espinós, E.L.;
Lorch, A.; et al. The Importance of Hospital and Surgeon Volume as Major Determinants of Morbidity and Mortality after
Radical Cystectomy for Bladder Cancer: A Systematic Review and Recommendations by the European Association of Urology
Muscle-invasive and Metastatic Bladder Cancer Guideline Panel. Eur. Urol. Oncol. 2020, 3, 131–144. [PubMed]

14. Ljungberg, B.; Albiges, L.; Abu-Ghanem, Y.; Bedke, J.; Capitanio, U.; Dabestani, S.; Fernández-Pello, S.; Giles, R.H.; Hofmann, F.;
Hora, M.; et al. European Association of Urology Guidelines on Renal Cell Carcinoma: The 2022 Update. Eur. Urol. 2022, 82,
399–410. [CrossRef] [PubMed]

15. Bjurlin, M.A.; Walter, D.; Taksler, G.B.; Huang, W.C.; Wysock, J.S.; Sivarajan, G.; Loeb, S.; Taneja, S.S.; Makarov, D.V. National
trends in the utilization of partial nephrectomy before and after the establishment of AUA guidelines for the management of
renal masses. Urology 2013, 82, 1283–1290. [CrossRef]

16. Campbell, S.C.; Uzzo, R.G.; Karam, J.A.; Chang, S.S.; Clark, P.E.; Souter, L. Renal Mass and Localized Renal Cancer: Evaluation,
Management, and Follow-up: AUA Guideline: Part II. J. Urol. 2021, 206, 209–218. [CrossRef]

17. Fero, K.; Hamilton, Z.A.; Bindayi, A.; Murphy, J.D.; Derweesh, I.H. Utilization and quality outcomes of cT1a, cT1b and cT2a
partial nephrectomy: Analysis of the national cancer database. BJU Int. 2018, 121, 565–574. [CrossRef]

18. Plante, K.; Stewart, T.M.; Wang, D.; Bratslavsky, G.; Formica, M. Treatment trends, determinants, and survival of partial and
radical nephrectomy for stage I renal cell carcinoma: Results from the National Cancer Data Base, 2004–2013. Int. Urol. Nephrol.
2017, 49, 1375–1381. [CrossRef]

19. Hsu, R.C.J.; Barclay, M.; Loughran, M.A.; Lyratzopoulos, G.; Gnanapragasam, V.J.; Armitage, J.N. Time trends in service provision
and survival outcomes for patients with renal cancer treated by nephrectomy in England 2000–2010. BJU Int. 2018, 122, 599–609.
[CrossRef]

20. Chen, K.; Lee, A.; Huang, H.H.; Tay, K.J.; Sim, A.; Lee, L.S.; Cheng, C.W.S.; Ng, L.G.; Ho, H.S.S.; Yuen, J.S.P. Evolving trends in the
surgical management of renal masses over the past two decades: A contemporary picture from a large prospectively-maintained
database. Int. J. Urol. 2019, 26, 465–474. [CrossRef]

21. Yildirim, H.; Schuurman, M.S.; Widdershoven, C.V.; Lagerveld, B.W.; Brink, L.v.D.; Ruiter, A.E.C.; Beerlage, H.P.; van Moorselaar,
R.J.A.; Graafland, N.M.; Bex, A.; et al. Variation in the management of cT1 renal cancer by surgical hospital volume: A nationwide
study. BJUI Compass 2023, 4, 455–463. [CrossRef] [PubMed]

22. Alameddine, M.; Koru-Sengul, T.; Moore, K.J.; Miao, F.; Sávio, L.F.; Nahar, B.; Prakash, N.S.; Venkatramani, V.; Jue, J.S.;
Punnen, S.; et al. Trends in Utilization of Robotic and Open Partial Nephrectomy for Management of cT1 Renal Masses. Eur. Urol.
Focus 2019, 5, 482–487. [CrossRef] [PubMed]

23. Xia, L.; Talwar, R.; Taylor, B.L.; Shin, M.H.; Berger, I.B.; Sperling, C.D.; Chelluri, R.R.; Zambrano, I.A.; Raman, J.D.; Guzzo, T.J.
National trends and disparities of minimally invasive surgery for localized renal cancer, 2010 to 2015. Urol. Oncol. Semin. Orig.
Investig. 2019, 37, 182.e17–182.e27. [CrossRef] [PubMed]

24. Volpe, A.; Cadeddu, J.A.; Cestari, A.; Gill, I.S.; Jewett, M.A.; Joniau, S.; Kirkali, Z.; Marberger, M.; Patard, J.J.; Staehler, M.; et al.
Contemporary management of small renal masses. Eur. Urol. 2011, 60, 501–515. [CrossRef] [PubMed]

25. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020: An
overview. Int. J. Cancer 2021, 149, 778–789. [CrossRef] [PubMed]

26. Ferlay, J.; Steliarova-Foucher, E.; Lortet-Tieulent, J.; Rosso, S.; Coebergh, J.W.W.; Comber, H.; Forman, D.; Bray, F. Cancer incidence
and mortality patterns in Europe: Estimates for 40 countries in 2012. Eur. J. Cancer 2013, 49, 1374–1403. [CrossRef] [PubMed]

27. Palumbo, C.; A Mistretta, F.; Knipper, S.; Mazzone, E.; Pecoraro, A.; Tian, Z.; Perrotte, P.; Antonelli, A.; Montorsi, F.;
Shariat, S.F.; et al. Assessment of local tumor ablation and non-interventional management versus partial nephrectomy in
T1a renal cell carcinoma. Minerva Urol. Nefrol. 2020, 72, 350–359. [CrossRef]

28. Su, Z.T.; Patel, H.D.; Huang, M.M.; Alam, R.; Cheaib, J.G.; Pavlovich, C.P.; Allaf, M.E.; Pierorazio, P.M. Active Surveillance versus
Immediate Intervention for Small Renal Masses: A Cost-Effectiveness and Clinical Decision Analysis. J. Urol. 2022, 208, 794–803.
[CrossRef]

29. Correa, R.J.; Louie, A.V.; Zaorsky, N.G.; Lehrer, E.J.; Ellis, R.; Ponsky, L.; Kaplan, I.; Mahadevan, A.; Chu, W.; Swaminath, A.; et al.
The Emerging Role of Stereotactic Ablative Radiotherapy for Primary Renal Cell Carcinoma: A Systematic Review and Meta-
Analysis. Eur. Urol. Focus 2019, 5, 958–969. [CrossRef]

30. Flegar, L.; Thoduka, S.G.; Mahnken, A.H.; Figiel, J.; Heers, H.; Aksoy, C.; Eisenmenger, N.; Groeben, C.; Huber, J.; Zacharis, A.
Focal Therapy for Renal Cancer: Comparative Trends in the USA and Germany from 2006 to 2020 and Analysis of the German
Health Care Landscape. Urol. Int. 2023, 107, 396–405. [CrossRef]

31. Znaor, A.; Lortet-Tieulent, J.; Laversanne, M.; Jemal, A.; Bray, F. International variations and trends in renal cell carcinoma
incidence and mortality. Eur. Urol. 2015, 67, 519–530. [CrossRef] [PubMed]

168



Cancers 2024, 16, 97

32. Chow, W.-H.; Dong, L.M.; Devesa, S.S. Epidemiology and risk factors for kidney cancer. Nat. Rev. Urol. 2010, 7, 245–257.
[CrossRef] [PubMed]

33. Li, J.; Zhang, Y.; Teng, Z.; Han, Z. Partial nephrectomy versus radical nephrectomy for cT2 or greater renal tumors: A systematic
review and meta-analysis. Minerva Urol. Nefrol. 2019, 71, 435–444. [CrossRef] [PubMed]

34. Pierorazio, P.M.; Johnson, M.H.; Patel, H.D.; Sozio, S.M.; Sharma, R.; Iyoha, E.; Bass, E.B.; Allaf, M.E. Management of Renal
Masses and Localized Renal Cancer: Systematic Review and Meta-Analysis. J. Urol. 2016, 196, 989–999. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

169



Citation: Shapiro, D.D.; Lozar, T.;

Cheng, L.; Xie, E.; Laklouk, I.; Lee,

M.H.; Huang, W.; Jarrard, D.F.; Allen,

G.O.; Hu, R.; et al. Non-Metastatic

Clear Cell Renal Cell Carcinoma

Immune Cell Infiltration

Heterogeneity and Prognostic Ability

in Patients Following Surgery. Cancers

2024, 16, 478.

https://doi.org/10.3390/

cancers16030478

Academic Editors: José I. López and

Claudia Manini

Received: 27 December 2023

Revised: 18 January 2024

Accepted: 21 January 2024

Published: 23 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

Non-Metastatic Clear Cell Renal Cell Carcinoma Immune Cell
Infiltration Heterogeneity and Prognostic Ability in Patients
Following Surgery

Daniel D. Shapiro 1,2,*, Taja Lozar 3, Lingxin Cheng 4, Elliot Xie 4, Israa Laklouk 5, Moon Hee Lee 1, Wei Huang 6,

David F. Jarrard 1, Glenn O. Allen 1, Rong Hu 6, Toshi Kinoshita 6, Karla Esbona 6, Paul F. Lambert 3,

Christian M. Capitini 7, Christina Kendziorski 4 and Edwin Jason Abel 1

1 Department of Urology, University of Wisconsin School of Medicine and Public Health,
Madison, WI 53792, USA

2 William S. Middleton Memorial Veterans Hospital, Madison, WI 53705, USA
3 McArdle Laboratory for Cancer Research, University of Wisconsin, Madison, WI 53706, USA
4 Department of Biostatistics and Medical Informatics, University of Wisconsin School of Medicine and Public

Health, Madison, WI 53792, USA; lcheng74@wisc.edu (L.C.)
5 Department of Pathology, University of California, Los Angeles, Los Angeles, CA 90024, USA;

ilaklouk@mednet.ucla.edu
6 Department of Pathology, University of Wisconsin School of Medicine and Public Health,

Madison, WI 53792, USA; rhu6@wisc.edu (R.H.); kesbona@wisc.edu (K.E.)
7 Department of Pediatrics, University of Wisconsin School of Medicine and Public Health,

Madison, WI 53792, USA; ccapitini@pediatrics.wisc.edu
* Correspondence: ddshapiro@wisc.edu

Simple Summary: It is difficult to predict which patients with non-metastatic clear cell renal cell
carcinoma (ccRCC) will develop metastatic disease after nephrectomy. Recent studies suggest that
immune cell infiltration within ccRCC tumors may impact tumor progression. This study assessed
the number and type of immune cells in non-metastatic ccRCC tumors that were surgically removed
and their ability to predict which patients developed metastatic disease. We found that higher levels
of a specific immune cell (CD8+ T cells) were linked to a lower risk of progressive disease. Patients
who did progress had more exhausted CD8+ T cells in the tumor microenvironment. Additionally,
our study design accounted for tumor heterogeneity by sampling tumors in multiple locations and
showed differences in the spatial distribution of CD8+ T cells in tumors that progressed to metastatic
disease. With further validation, this study shows that CD8+ T cell infiltration within ccRCC tumors
could be used as a prognostic biomarker to predict progression to metastatic disease.

Abstract: Predicting which patients will progress to metastatic disease after surgery for non-metastatic
clear cell renal cell carcinoma (ccRCC) is difficult; however, recent data suggest that tumor immune
cell infiltration could be used as a biomarker. We evaluated the quantity and type of immune cells
infiltrating ccRCC tumors for associations with metastatic progression following attempted curative
surgery. We quantified immune cell densities in the tumor microenvironment and validated our
findings in two independent patient cohorts with multi-region sampling to investigate the impact of
heterogeneity on prognostic accuracy. For non-metastatic ccRCC, increased CD8+ T cell infiltration
was associated with a reduced likelihood of progression to metastatic disease. Interestingly, patients
who progressed to metastatic disease also had increased percentages of exhausted CD8+ T cells.
Finally, we evaluated the spatial heterogeneity of the immune infiltration and demonstrated that
patients without metastatic progression had CD8+ T cells in closer proximity to ccRCC cells. These
data strengthen the evidence for CD8+ T cell infiltration as a prognostic biomarker in non-metastatic
ccRCC and demonstrate that multi-region sampling may be necessary to fully characterize immune
infiltration within heterogeneous tumors. Tumor CD8+ T cell infiltration should be investigated as a
biomarker in adjuvant systemic therapy clinical trials for high-risk non-metastatic RCC.
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1. Introduction

Approximately two-thirds of renal cell cancer (RCC) patients have clinically localized
disease at presentation, for which surgery is commonly recommended [1]. Metastatic pro-
gression is exceptionally uncommon for stage 1 tumors (<5%) following surgery. However,
the risk of metastatic progression increases with higher stage tumors and varies signif-
icantly among patients. For example, in patients with pT2 (tumors of ≥7 cm confined
to the kidney), ~30% of patients progress from non-metastatic to metastatic disease, and
pT3 tumors (non-metastatic tumors invading the perinephric fat or venous system) have a
progression rate of ~50–70% [2–5]. Current prognostic models use clinical and pathological
variables but have limited prognostic ability to identify patients who are at high risk of
developing metastatic disease after surgery [6]. Correa et al. demonstrated that commonly
used prognostic models perform poorly, with limited predictive accuracy demonstrated by
c-indices ranging between 0.56 and 0.69 [6].

Currently, biomarkers for RCC are not used clinically for localized, locally advanced,
or metastatic RCCs. However, biomarkers are critically needed to guide treatment decisions
for patients with all stages of disease. Useful biomarkers must be developed and validated
using independent cohorts, and they should provide actionable information that informs
decision-making. As such, high-risk non-metastatic RCC patients are an ideal cohort
for biomarker-informed decision-making because patients have to choose whether or
not to be treated with adjuvant immune checkpoint inhibitor therapy after surgery [7,8].
Potential benefits of treatment include improved disease-free survival compared to placebo.
However, patients treated with adjuvant therapy also have a 32% overall risk of adverse
events and a 20% risk of serious adverse events [8]. In this subpopulation, prognostic
biomarkers to improve prognostic ability may facilitate treatment of the patients most likely
to develop metastatic disease while avoiding adverse events in lower risk patients.

There is a strong biologic rationale to investigate the immune microenvironment as
a prognostic biomarker for non-metastatic clear cell RCC because it is one of the most
highly immune-infiltrated solid tumors [9,10]. Additionally, metastatic ccRCC is highly
responsive to treatment with immune checkpoint inhibitor therapy (ICI), with multiple
approved ICI therapies for metastatic disease and adjuvant therapy [8,11–15]. To date, a
few studies have investigated the immune microenvironment of non-metastatic ccRCC as a
prognostic biomarker, and studies that have investigated the immune microenvironment
have demonstrated conflicting results regarding the prognostic capability of infiltrating
immune cells [16–18]. The objective of this study was to evaluate the prognostic value of im-
mune infiltration within non-metastatic ccRCC following surgery and investigate whether
immune cell heterogeneity, cellular composition, and spatial distribution of immune cells
are correlated with prognosis.

2. Materials and Methods

2.1. Discovery Cohort Patient Selection

Institutional review board approval at the University of Wisconsin—Madison was
obtained for this study (#2018-0018). Patients from a single center were included if they
underwent surgery for non-metastatic ccRCC. Patients were eligible if they had a primary
tumor with a maximum pathologic tumor diameter ≥7 cm in size (AJCC T stage 2) with no
clinical evidence of nodal or other metastatic disease (Figure 1A). Clinical and pathologic
data were extracted from medical records. All pathologic slides from each tumor were
evaluated by a trained genitourinary pathologist. A representative whole slide was selected
that contained tumor tissue and the highest degree of lymphocyte infiltration for further
quantitative analysis.
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Figure 1. Evaluation of the immune microenvironment for surgically resected non-metastatic clear cell
renal cell carcinoma. Two cohorts of patients were used to evaluate the immune microenvironment.
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(A) A discovery cohort consisted of 83 patients with non-metastatic ccRCC with tumors ≥7 cm who
underwent radical nephrectomy. Representative whole slides were selected for each case containing
the greatest degree of tumor-infiltrating lymphocytes. These slides underwent multiplex immunofluo-
rescence for immune cell markers. Ten regions of interest were selected randomly from each slide, and
these regions underwent further cell segmentation, cell phenotyping, and subsequent quantification.
(B) Findings from the discovery cohort were validated in a separate cohort of 46 patients with large
(≥7 cm) non-metastatic ccRCC tumors. The patients used for the validation cohort were split into
two groups (progression to metastatic disease versus no progression to metastatic disease), and these
groups were matched on clinical characteristics that have previously been demonstrated to be prog-
nostic for metastatic progression. Tissue microarrays (TMAs) were constructed from nephrectomy
specimens. Each tumor underwent multi-region sampling, including 7–8 different tumor regions and
3 samples of non-adjacent normal renal parenchyma. These 10–11 cores from each tumor were used to
construct the TMAs. The tissue microarrays were stained using multiplex immunohistochemistry for
markers of immune cells and then quantified. The TMAs were additionally stained using the Pheno-
Cycler multiplex immunofluorescence platform for further spatial quantification and measurements
of immune cell exhaustion.

2.2. Discovery Cohort Histology and Immunostaining

After the selection of a representative slide from each tumor, additional slides were
cut from archival FFPE tissue blocks. Slides were sectioned at 5 μm thickness and mounted
on positively charged glass slides. Multiplex immunostaining was performed using the
Opal method following the manufacturer’s protocol (Akoya, Boston, MA, USA), and
antibodies were applied in sequence as follows: CD4/Opal 540 (Ventana 790-4423, RTU,
10 min), CD68/Opal 570 (Ventana 790-2931, RTU, 5 min), CD8/Opal 620 (Ventana 790-4460,
RTU, 30 min), CD20/Opal 650 (Ventana 790-4431, RTU, 15 min), and Pan-Cytokeratin
(PCK)/Opal 570 (Abcam, ab234297, 1:1500, 15 min).

2.3. Discovery Cohort Slide Image Acquisition and Analysis

After staining, tissue section slides were scanned with Vectra 2 (Akoya, Boston, MA,
USA) at 4× magnification, and then 10 fields of view were randomly selected per slide
with PhenoChart software (Akoya, Boston, MA, USA) to be scanned with Vectra 2 at
20× magnification and analyzed with the InForm v.2.4 software (Akoya, Boston, MA,
USA). A spectral library algorithm was created to unmix each individual signal, and the
following pseudocolors were applied for image analysis: CD4 (yellow), CD68 (red), CD8
(green), CD20 (pink), and PCK (magenta). The InForm software was used to segment tissue
compartments (epithelium vs. stroma) and subcellular compartments (nucleus, membrane,
and cytoplasm). Individual cell segmentation was performed, and cell phenotypes were
quantitated as cell density (cells/mm2) (Figure 1A).

2.4. Validation Tissue Microarray Construction

To validate the findings of the discovery cohort as well as account for tissue heterogene-
ity, a validation cohort tissue microarray (TMA) was constructed. Tumors included in the
TMA included two cohorts of patients who underwent surgery for non-metastatic ccRCC:
those who progressed to metastatic disease (N = 26) and those who did not progress at last
follow-up (N = 20) (Figure 1B). These patients were separate from the patients included
in the discovery cohort. In order to account for potential other factors that may influence
progression beyond the immune microenvironment, the patients in the progression and
no progression cohorts were matched on age at the time of surgery, gender, performance
status, preoperative serum C-reactive protein (CRP), neutrophil-lymphocyte ratio (NLR),
pathologic stage, tumor size, tumor grade, and the presence of tumor thrombus. In order
to account for differences in immune infiltration spatially throughout the tumor (i.e., spa-
tial heterogeneity), the TMA was constructed to contain at least 7–8 tumor sample cores
from each tumor, which were spatially distributed throughout the tumor. Additionally,
3 non-adjacent, non-tumor tissue cores of normal renal parenchyma were included for
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comparison. The TMA was constructed as previously described using a Manual Tissue
Array (Beecher Instruments, Sun Prairie, WI, USA; model MTA-1), with 0.6 mm cores
arranged 0.8 mm apart [19].

2.5. Validation of TMA-Multiplexed Immunohistochemistry

For this, 4 μm thick TMA slides were deparaffinized, and heat-induced epitope re-
trieval was carried out. Each slide underwent triple staining with two immune markers of
interest and smooth muscle actin (SMA). For example, the progression and no progression
TMA slides were incubated with the first primary antibody (CD4 Ventana #790-4423), then
the slide was rinsed, and the Discovery OmniMap anti-Rabbit HRP (Ventana #760-4311)
was applied. Slides were rinsed, and Reaction Buffer (Ventana #950-300) and Discovery
ChromoMap DAB detection were applied (Ventana #760-159). Discovery Inhibitor (Ventana
#760-4840) was applied, and then the slide was incubated with the second SMA antibody
(Ventana #760-2833). Discovery OmniMap anti-mouse HQ (Ventana #740-4814) was applied
with anti-HQ-HRP (Ventana #760-4820). The slide was rinsed, the Discovery Teal HRP
detection kit (Ventana #760-247) was applied, and the denaturing agent Discovery Inhibitor
(Ventana #760-4840) was applied. The slide was incubated with the primary anti-CD8
antibody (Ventana #790-4460), rinsed, and the Discovery UltraMap anti-rabbit AP (Ventana
#760-4314) was applied. The slide was rinsed, and the Discovery Red HRP detection kit
(Ventana #760-228) was applied. The slide was then washed, counterstained with hema-
toxylin, rinsed, dehydrated, and dipped in xylene. A similar protocol was used for our two
additional markers of interest: CD20 (Ventana #760-2531) and CD68 (Ventana #790-2931).

2.6. Tissue Microarray Automated Image Acquisition and Analysis

Tissue microarray automated image acquisition and analysis followed a similar pro-
tocol as previously described [19]. Stained slides were loaded into the Vectra 2 slide
scanner (Akoya, Boston, MA, USA), and an automated scanning protocol was created to
acquire multi-spectral image cubes using the 20× objective. Control slides stained with
only 1 chromogen were used to create a spectral library in Nuance v3.0.2 software (Akoya,
Boston, MA, USA). Image cubes were opened in InForm v2.4 software, and images were
chosen to set up an algorithm of differentiation for tissue and cell segmentation [19]. The al-
gorithm was applied to the full set of TMA image cubes, and the expression of markers was
quantified using segmentation settings sufficient to cover the cell membrane compartment.
Protein expression data was exported, and cell density was calculated as cells/mm2.

2.7. Tissue Microarray Staining and Image Acquisition Using the PhenoCycler Platform

We additionally performed high multiplex immunofluorescence using the Pheno-
Cycler platform in order to understand in greater detail the spatial arrangement of cells
within the tumor microenvironment using the validation TMAs [20]. Formalin-fixed
paraffin-embedded validation TMA sections were analyzed using the PhenoCyclerTM-
Open (formerly CODEX) platform (Akoya, Boston, MA, USA). Tissue was cut at 5 μm
thickness and mounted onto superadhesive slides. The FFPE TMA tissue sections were
dewaxed and rehydrated following standard histology methods. Epitope retrieval was
performed using Tris-EDTA pH 9 for 20 min in a programmable pressure cooker (Instant
PotTM). After allowing the pressure cooker to cool and depressurize naturally, the tissue
was bleached by immersion in a solution of 4.5% (w/v) H202 and 20 mM NaOH in PBS
under bright white LED light (A4-sized, Aibecy A4 Ultra Bright 25,000 Lux LED Light
Box-Tracing Pads). The TMA was stained with a mixture of oligonucleotide-barcoded
PhenoCycler antibodies (Supplementary Table S1) and post-fixed, according to the user
manual. Imaging experiments were performed with the PhenoCyclerTM connected to a
Keyence BZ-X800 epifluorescence microscope with a 20× objective (Nikon CFI Plan Apo
20×/0.75) (Figure 1B). The multiplex cycles were set up using Akoya’s CODEX Instrument
Manager (CIM), and the acquired images were then processed with the PhenoCyclerTM
Processor to perform cycle alignment, background subtraction, deconvolution, extended
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depth of field, shading correction, tile registration, and stitching. The resulting QPTIFF
image files were manually inspected for quality using the QuPath v0.5.0 software.

2.8. Cell Phenotype Labeling with PhenoCycler-Generated Images

After QPTIFF generation, QuPath v0.4 was used to process the 22-channel QPTIFF
image generated from the PhenoCycler instrument. Cell segmentation is the first step of
image analysis, which involves the identification of individual cells within the TMA cores
and their corresponding 2-D x and y coordinates. Cell segmentation was performed with
the StarDist (arXiv:1806.03535) nuclear segmentation algorithm using the DAPI channel
and exported as a text file. Once cells were segmented, the CELESTA (cell-type identifica-
tion with spatial information) algorithm was used to automate cell-type identification in
our multiplexed image data [21]. CELESTA uses both protein expression and cell spatial
neighborhood information from segmented imaging data for automated, unsupervised
machine learning cell type identification. CELESTA requires two inputs, including the
segmented imaging data as well as a cell-type signature matrix, which contains the cell
types to be inferred from the markers used. For the purposes of this paper, we focused
our matrix on Pan-Cytokeratin (PCK+) malignant ccRCC cells, CD45+CD3e+CD8+ T cells,
and within CD8+ T cells, and we defined CD8+ T cells as exhausted if they co-expressed
PD1+ with LAG3+ or PD1+ with TIM3+ [22–24]. CELESTA performs cell phenotype as-
signments and allows for cells to be plotted in two dimensions. Initially, quality control
was conducted by excluding cells that exhibited either uniformly high or uniformly low
expression across all markers, ensuring the removal of potential outliers or artifacts. Fol-
lowing the cell assignment outputs from the CELESTA algorithm, post-quality assessments
were carried out by comparing these assignments with the original images obtained from
the PhenoCycler platform. To further refine cell-type identification, we manually adjusted
the ‘high_expression_threshold’ parameter for each cell type. This threshold, defining
the minimum marker expression probability required for a marker to be considered as
expressed, was determined by carefully comparing the expression probabilities against the
corresponding PhenoCycler staining patterns for each marker.

2.9. Statistical Analysis and Spatial Analysis

Differences in clinical and pathologic characteristics were compared using the Wilcoxon
rank-sum test and Fisher’s exact test for continuous and categorical variables, respectively.
The density of cell types was compared between patients who progressed versus those who
did not progress using a mixed effects model, given that multiple samples (i.e., technical
replicates) were taken from individual tumors from each patient. Survival analysis was
performed using the Kaplan–Meier method, and differences in survival outcomes were
estimated using the logrank test. When stratifying by immune cell density and comparing
survival differences, the cell densities of each immune cell were averaged at the patient
level. Patients were stratified into high- and low immune cell cohorts based on the median
immune cell density. A Cox proportional hazard model was used to evaluate the association
between survival and immune cell density. Logistic regression was used to evaluate the
association between early progression and immune cell density. We used the PhenoCycler
multiplex immunofluorescence data to evaluate the association of exhausted CD8+ T cells.
We evaluated cores with higher than the median percent of tumor cells and lower than the
median CD8+ T cell percentage as indicative of a “poor” immune response. For spatial
analyses, TMA cores were categorized based on the median CD8+ cell percentage within
the progression and no progression cohorts. Subsequently, calculations were made to
determine both the mean percentage of CD8+ cells surrounding malignant cells and the
average minimum distance between malignant cells and CD8+ cells in the TMA cores with
high CD8+ T cell infiltration. These metrics were then compared between patients who pro-
gressed and those who did not, utilizing the Wilcoxon rank-sum test. The spatial analysis
was conducted using SPIAT (v.1.2.3) [25]. The coefficient of variation (CV) was calculated
for each tumor according to the following equation: CV = σ/μ, where σ = the standard
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deviation of the cell density and μ = the mean cell density. The Wilcoxon rank-sum test was
used to compare the CV between the progression versus no progression cohorts. Two-tailed
p values < 0.05 were considered statistically significant. The statistical software used for
analysis included STATA® SE v18 (StataCorp, College Station, TX, USA), GraphPad Prism
v10.0.2 (GraphPad Software, Boston, MA, USA), and R v4.3.0.

3. Results

3.1. Discovery Cohort to Evaluate the Prognostic Impact of CD8+ T Cells

First, we evaluated whole slide images of non-metastatic ccRCC cases that were
surgically resected at a single institution for patients with tumors ≥7 cm. Pathologic slides
were evaluated by a trained GU pathologist, and representative slides were obtained from
83 cases. The cohort was divided based on metastatic progression at the last follow-up.
Clinical and pathologic characteristics are listed in Table 1. Patients in the progression
group were slightly older and tended to have higher grade disease. Median follow-up
was similar in both groups, with a median follow-up of 37 months for those that did not
progress versus 33 months for those that did progress (p = 0.9).

Table 1. Clinical and pathologic characteristics of the discovery cohort.

Discovery Cohort No Progression Progression p Value

N = 52 N = 31
Median age, years (IQR) 58 (54–64) 64 (55–74) 0.03

Gender, no. of females (%) 15 (31) 6 (19) 0.3
ECOG Performance Status, no. (%) 1

0 43 (91) 29 (93)
1 4 (9) 2 (7)

Pathologic T-stage 1
T2 2 (4) 1 (3)

T3–T4 50 (96) 30 (97)
Median maximum pathologic tumor diameter, cm (IQR) 9.5 (8–11) 9.8 (8–12.5) 0.4

Grade, no. (%) 0.02
1–2 14 (27) 2 (6)
3–4 38 (73) 29 (94)

Thrombus 29 (56) 22 (71) 0.2
Died, no. (%) 11 (21) 17 (55) 0.004

Median follow-up, months (IQR) 37 (13–81) 33 (14–77) 0.9

ECOG = Eastern Cooperative Oncology Group, IQR = interquartile range.

Representative slides from each tumor were then sampled in 10 randomly selected
regions to quantify the density of individual immune cells (Figure 1A). Slides were stained
using multiplex immunofluorescence for CD4+ T cells, CD8+ T cells, CD68+ macrophages,
and CD20+ B cells (Figure 2A). Based on other solid tumor types, we hypothesized that
the CD8+ T cell density would be higher among patients that did not progress. We in-
deed saw a higher mean CD8+ T cell density among patients that did not progress
(196.2 vs. 129.1 cells/mm2, p = 0.005). We additionally found a higher density of CD68+

macrophages and CD20+ B cells among patients that progressed (Figure 2B). We then
evaluated progression-free survival among patients in the discovery cohort. We calculated
the average CD8+ T cell density from each patient’s tumor and stratified patients by the
median CD8+ T cell count from the entire discovery cohort. Patients stratified by high CD8+

T cell density had improved progression-free survival (logrank p = 0.02) and a reduced
risk of metastatic progression after surgery for localized ccRCC (HR 0.67, 95% CI 0.47–0.96;
p = 0.03) (Figure 2C).
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Figure 2. Discovery cohort immune microenvironment characteristics. (A) Representative multiplex
immunofluorescence images of tumor tissue. The tissue images shown here were obtained by
randomly selecting 3 patients in the no progression and progression cohorts. Within each cohort,
the images on the left demonstrate the DAPI-stained individual cell nuclei, and the images on the
right demonstrate the unmixed images, including the markers for DAPI, CD8 (effector T cell marker),
and PCK (tumor cell marker). (B) Cell densities of individual immune cells for patients that either
progressed to metastatic disease or did not. A mixed-effects model was used for comparison between
the two groups. (C) Progression-free survival analysis. CD8+ T cell densities were averaged at the
individual patient level, and then patients were stratified by the overall median CD8+ T cell density
into high- and low-density cohorts. Differences in progression-free survival were calculated using
the logrank test.
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3.2. Validation Cohort to Evaluate the Prognostic Impact of CD8+ T Cells

In order to validate the findings from the discovery cohort and reduce the risk of
confounding factors that could influence prognosis and the degree of immune infiltration
within the tumor microenvironment, we constructed TMAs of patients who either pro-
gressed or did not progress to metastatic disease after surgery for localized ccRCC. These
TMAs consisted of patients with tumors ≥7 cm, and patients were matched on age at the
time of surgery, gender, performance status, preoperative serum CRP, NLR, pathologic
stage, tumor size, grade, and the presence of tumor thrombus. Multi-region sampling
was performed, and tumors were sampled in seven to eight separate locations throughout
the renal mass. Median follow-up for progressed and not progressed cohorts was 7 and
11 years from the date of surgery (Figure 1B). Table 2 demonstrates the validation cohorts’
clinical and pathological characteristics. The progression and no progression cohorts had
no significant differences between any of the matching criteria.

Table 2. Clinical and pathologic characteristics from the validation cohort.

Validation Cohort No Progression Progression p Value

N = 20 N = 26
Median age, years (IQR) 61 (51–70) 57 (50–66) 0.3

Gender, no. of females (%) 8 (40) 9 (35) 0.8
ECOG Performance Status, no. (%) 0.6

0 19 (95) 23 (88)
1 1 (5) 3 (12)

Median preop NLR, (IQR) 4.4 (2.7–6.1) 2.9 (2.3–4.2) 0.2
Median preop CRP, (IQR) 2 (2–11) 1 (1–3) 0.2

Pathologic T-stage 0.2
T2 10 (50) 8 (31)

T3–T4 10 (50) 18 (69)
Median maximum pathologic tumor diameter, cm (IQR) 9 (7.2–9.4) 9.1 (8–13) 0.2

Grade, no. (%) 0.4
1–2 11 (55) 10 (38)
3–4 9 (45) 16 (62)

Thrombus 7 (35) 8 (31) 1
Died, no. (%) 5 (25) 14 (54) 0.07

Median follow-up, years (IQR) 11 (8–15) 7 (5–11) 0.08

ECOG = Eastern Cooperative Oncology Group, IQR = interquartile range, NLR = neutrophil lymphocyte ratio,
CRP = C-reactive protein.

Immunohistochemistry staining was performed for markers of immune cells and
quantified. As with the discovery cohort, the validation TMAs were stained for CD4+ T
cells, CD8+ T cells, CD68+ macrophages, and CD20+ B cells (Figure 3A). Similar to the
discovery cohort, an increased CD8+ T cell density was demonstrated within the tumor
immune microenvironment of localized ccRCC tumors that did not progress compared to
those that did progress (median 330.6 cells/mm2 vs. 181.5 cells/mm2, p = 0.004). We did
not find similar patterns among other immune cell markers that were found within the
discovery cohort (Figure 3B). As with the discovery cohort, the CD8+ T cell density was
then averaged per patient, and patients were stratified by the median CD8+ T cell density
to create low- and high-density groups. Survival analysis again demonstrated that tumors
highly infiltrated by CD8+ T cells had a better prognosis (Figure 3C) and had a reduced
risk of progression compared to tumors that had lower CD8+ T cell infiltration (logrank
p = 0.02).
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Figure 3. Validation cohort immune microenvironment characteristics. (A) Representative multiplex
immunohistochemistry (IHC) images of tumor tissue. The tissue cores shown here were obtained
by randomly selecting 2 patients from the no progression and progression cohorts. Within each
cohort, the images on the left demonstrate brightfield IHC staining for CD4, CD8, and SMA (smooth
muscle actin). The images on the right are the corresponding cell phenotypes as defined by the
automated cell segmentation algorithm, with cell types being CD4+ T cells in brown, CD8+ T cells
in red, and ccRCC cells in green. (B) Cell densities of individual immune cells for patients that
either progressed to metastatic disease or did not. A mixed-effects model was used for comparison
between the two groups. (C) CD8+ T cell densities were averaged at the individual patient level, and
then patients were stratified by the overall median CD8+ T cell density into high- and low-density
cohorts. Differences in progression-free survival were calculated using the logrank test. (D) For
both the discovery and validation cohorts, patients were separated into those that progressed within
12 months of surgery and those that progressed after 12 months of surgery or did not progress at the
last follow-up. A mixed-effects model was used to compare CD8+ T cell densities between early and
late/no progression groups.
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We noted that a subset of patients in both the discovery (32/83, 39%) and validation
(9/46, 20%) cohorts progressed early (<12 months after surgery). In our discovery cohort,
we found that the mean CD8+ T cell density was lower in patients that progressed early
(<12 months) after surgery compared to patients that progressed ≥12 months after surgery
or did not progress (137.2 cells/mm2 vs. 189.5 cells/mm2, p = 0.03). Patients with higher
CD8+ T cell density had reduced odds of early recurrence (OR 0.99, 95% CI 0.98–0.99;
p = 0.04). The validation cohort had similar findings, with a mean CD8+ T cell density of
128.9 cells/mm2 in patients that progressed early compared to 275.1 cells/mm2 among
patients that progressed ≥12 months after surgery or did not progress (OR 0.99, 95% CI
0.98–0.99; p = 0.02) (Figure 3D).

We hypothesized that the specific CD8+ T cell phenotype may be associated with
progression to metastatic disease and that a higher percentage of exhausted CD8+ T cells
would be associated with a higher risk of progression. Using the PhenoCycler platform, we
evaluated markers of T cell exhaustion. We found that a higher percentage of exhausted
(CD8+PD1+LAG3+) T cells were present in patients that recurred (Figure 4A). Additionally,
we found that among patients who did not progress, the percent of exhausted CD8+ T cells
among all CD8+ T cells was relatively stable regardless of how infiltrated the tumor tissue
was. In the patients that progressed, however, there was a higher proportion of exhausted
CD8+ T cells among tumor cores that had lower CD8+ T cell infiltration, suggesting that
tumors that progressed were more likely to have a weak immune response indicated by
a lower CD8+ T cell infiltration combined with a higher proportion of exhausted CD8+ T
cells (Figure 4B). Lastly, using logistic regression, we confirmed that an increasing percent
of exhausted PD1+LAG3+CD8+ T cells was associated with increased odds of progression
to metastatic disease (OR 1.39, 95% CI 1.02–1.90, p = 0.038).

Figure 4. Evaluation of T cell exhaustion. Cell phenotyping was performed using the PhenoCycler
multiplex immunofluorescence data. (A) The percentage of exhausted CD8+PD1+LAG3+ T cells from
all CD8+ T cells was compared between patients that progressed versus those that did not progress.
A mixed-effects model was used to compare the two cohorts. (B) The percentage of CD8+ T cells
was calculated from all cells present in individual tumor cores (x-axis). This was compared to the
percentage of exhausted (CD8+PD1+LAG3+) T cells from the total CD8+ T cell population (y-axis).

3.3. Evaluation of Tissue Heterogeneity and Spatial Variation of Immune Cell Infiltration within
Non-Metastatic ccRCC

Given that the validation TMAs were constructed using multi-regional sampling, we
were able to use these TMAs to investigate the immune cell heterogeneity throughout
individual RCC tumors. Figure 5 demonstrates the immune cell density within individual
cores from each patient’s ccRCC tumor. Substantial variation existed among individual
cores. To quantify this variation, coefficients of variations (CVs) were calculated for each
tumor, and the median CVs were compared between patients that progressed versus
patients that did not progress. All immune cell markers had high CVs, with the highest
being CD8+ and CD68+. CD20+ B cell density had the lowest CV (Figure 5 and Table 3).
No difference was found among the CVs for patients that progressed versus those that
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did not progress, indicating that all tumors, regardless of their capacity to progress, had
substantial intratumoral immune cell density heterogeneity (Figure 5 and Table 3).

Figure 5. Evaluation of the heterogeneity. The cell densities of individual RCC cores were plotted
for each patient, stratified by patients that progressed and those that did not progress, to visualize
the variation in immune cell densities at the individual patient level. The x-axis of the cell density
plots represents an individual patient. The cell density of each TMA core from that patient’s tumor is
represented by an individual dot stacked vertically. To quantify immune cell density heterogeneity,
coefficients of variation (CV) were calculated between patients that progressed and did not progress,
as represented by the violin plots.

Table 3. Coefficients of variation for immune infiltration among the validation cohort.

Median Coefficient
of Variation

No Progression
(N = 20)

Progression
(N = 26)

p Value

CD8 CV 0.86 0.94 0.4
CD4 CV 0.66 0.54 0.2
CD20 CV 0.48 0.51 0.3
CD68 CV 0.79 0.92 0.1

CV = coefficient of variation.

To evaluate how immune cells infiltrated the kidney and RCC tumors, we assessed
differences in benign versus tumor immune cell infiltration using the validation TMA,
which captured both benign renal parenchyma and corresponding tumor tissue for com-
parison. As expected, we found that tumor tissue contained a significantly higher degree
of immune cell infiltration among all markers assessed (Figure 6A). We then evaluated
immune cell penetration among the tumor epithelial cells versus within the surrounding
stroma by segmenting each TMA core into epithelial and stromal compartments. Within
the individual TMA RCC cores, immune cell infiltration was significantly less within the
epithelial compartment, while the stromal compartment contained the majority of immune-
infiltrating lymphocytes, except for CD20+ cells, which were more prevalent within the
epithelial compartment (Figure 6B). Overall, we demonstrate that the immune infiltration
within the surrounding kidney is less than the tumor tissue. Additionally, within the RCC
tissue, the majority of the immune infiltration occurs within the stromal tissue surrounding
the tumor epithelial cells.
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Figure 6. Evaluation of the spatial distribution of immune cell markers. (A) Patients within the
validation cohort had immune cell markers quantified and compared between RCC tissue and non-
adjacent normal renal parenchyma. (B) Using the validation cohort, tumor tissue cores were separated
into stromal and epithelial compartments. The density of immune cells within each compartment
was quantified and compared. Statistical comparisons of the mean cell densities between benign and
RCC tissue as well as between stroma and epithelial compartments were made using the Wilcoxon
paired signed rank test. (C) Validation TMAs were stained using the PhenoCycler platform and
analyzed for spatial distribution of CD8+ T cells in relation to malignant RCC cells (Pan-cytokeratin
positive). The mean minimum distance between CD8+ T cells and malignant cells was compared
between the two cohorts. Also, the mean CD8+ expression was calculated within a predefined
radius of 150 pixels and compared between the progression and no progression cohorts. (D) Two
representative TMA cores from the no progression and progression cohorts demonstrate differences
in the spatial organization of CD8+ T cells and ccRCC cells.

Using the PhenoCycler analysis of the validation TMAs, we were able to spatially
resolve the distances between individual cell types within TMA tissue cores. We evaluated
if the distance between CD8+ T cells and RCC cells was different among patients who
progressed versus those who did not progress. We demonstrated that patients who pro-
gressed to metastatic disease had smaller distances between CD8+ T cells and RCC cells
(mean distance of 20.72 μm for patients who progressed versus that of 15.92 μm for patients
who did not progress, p = 0.03; Figure 6C). Additionally, the average CD8+ infiltration
was higher within a defined radius of 150 pixels around malignant cells for patients that
did not progress compared to patients that did progress (Figure 6C). Taking all findings
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together, the inflammatory response appeared more robust, with a higher interaction be-
tween CD8+ T cells and ccRCC cells among patients that did not progress to metastatic
disease (Figure 6C,D).

4. Discussion

This study demonstrates that the composition of immune cells within the tumor
microenvironment is spatially heterogeneous but has prognostic capacity in surgically
resected, non-metastatic ccRCC. Using multi-region sampling, the degree of CD8+ T cell
infiltration was prognostic for metastatic progression, and a higher CD8+ T cell density was
associated with a better prognosis in a discovery cohort and validated in an independent
cohort of patients. Furthermore, CD8+ T cell infiltration was also associated with early
progression to metastasis after surgery. Interestingly, patients who progressed to metastatic
disease also had increased percentages of exhausted CD8+ T cells. Finally, using spatial
analysis, we demonstrated that patients without metastatic progression had CD8+ T cells
in closer proximity to ccRCC cells. Taken together, these findings demonstrate patterns of
immune cell infiltration that are associated with metastatic progression in high-risk RCC,
which could be used to identify patients for adjuvant therapy and clinical trials.

Prior studies have evaluated CD8+ T cell infiltration as a biomarker but reported
conflicting results regarding its prognostic capability [9,16–18,26,27]. Early data from
Giraldo et al. suggested that increasing CD8+ T cell density was associated with worse
disease-free and overall survival for RCC patients [17]. This observation is unusual and
differs from other solid tumors (e.g., glioma, melanoma, lung adenocarcinoma, and urothe-
lial carcinoma), for which increased CD8+ T cell infiltration is associated with a favorable
prognosis [28]. Conversely, a later study by Jansen et al. found that CD8+ T cell infiltration
is associated with better outcomes [18]. There are multiple potential explanations for the
conflicting data, which were investigated in this study. First, differences in study design
or techniques used for evaluation of immune cell infiltration could significantly confound
findings. Second, prior studies used patient cohorts that included both early and advanced-
stage tumors that may have different quantities and phenotypes of immune cell infiltration.
Finally, immune infiltration is heterogeneous throughout large tumors, as demonstrated in
our study, which may skew findings depending on the quantity of immune infiltration in
the portion of the tumor that was sampled.

This study was designed in a manner to address some possible differences in study
design or techniques that might contribute to conflicting results from prior investigations.
We used two independent cohorts and included only those patients who had non-metastatic
disease in order to try and reduce the heterogeneity of the immune microenvironment
phenotype (e.g., activated versus exhausted) [29]. Additionally, our validation cohort
was matched on multiple clinical and pathologic variables known to be associated with
progression; thus, differences in outcomes are less likely to be associated with these known
confounding covariates. Also, unlike prior studies, our validation cohort had long-term
follow-up, which is ideal for studies with non-metastatic patients. Given that over 90%
of patients will progress within 10 years of surgery for localized ccRCC, the median
follow-up for the validation cohort without progression was 11 years [3]. We focused our
analysis on progression-free survival instead of overall survival, which is less likely to
be confounded by changes over time in the systemic treatment availability for metastatic
RCC (e.g., development-targeted therapy or immune checkpoint therapy). Lastly, we chose
to utilize protein expression for the quantification of immune cells, compared to many
prior studies that utilized gene expression. Protein expression provides a more direct
measurement of the types and states (e.g., exhausted or activated) of immune cells present
in the tumor microenvironment rather than inferring the presence of immune cells from
gene expression signatures.

The immune microenvironment composition is dynamic during progression from
early to advanced tumors, and studies investigating the immune microenvironment as a
prognostic biomarker must account for this in their design. Contradictory results regarding
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the prognostic value of CD8+ T cells may result when different-stage tumors are analyzed
in aggregate. In the study by Giraldo et al., which suggested that immune infiltration was
associated with poor outcomes, over half (54%) of the ccRCC tumors were locally advanced
or metastatic (stage III or IV) tumors. In the metastatic setting, other studies have suggested
that CD8+ T cell infiltration is associated with a worse prognosis, likely attributable to an
immune-exhausted state [29–31]. Similar to Jansen et al. [18], we found that increasing CD8+

T cell infiltration was associated with improved progression-free survival among ccRCC
tumors that were non-metastatic. By focusing our analysis for biomarker development on
only non-metastatic disease, these data may avoid the confounding influence of different
clinical tumor stages on the quantity and type of immune infiltration. Additionally, we
demonstrated that increased exhaustion of CD8+ T cells, defined by co-expression of PD1+

and LAG3+, was associated with increased odds of progression. This supports the concept
that the immune microenvironment evolves to a more exhausted phenotype in patients
who develop advanced disease.

A key objective of this study was to evaluate immune microenvironment heterogeneity
within high-risk non-metastatic ccRCC tumors because this subpopulation would benefit
from a prognostic biomarker. This study demonstrated that there is substantial variability in
immune cell infiltration within large tumors, creating a potential for sampling error in prior
studies when only one area is used for biomarker development. The coefficients of variation
for all of the immune cells evaluated were high, and the majority of immune cells were
located outside the epithelial compartment within the stromal compartment, suggesting
the immune cells have limited capacity to penetrate the tumor beyond the invasive margin.
Given the high degree of heterogeneity within ccRCC tumors, our study is strengthened
in that our validation cohort sampled seven to eight different locations throughout the
primary tumor to adequately address issues of tumor heterogeneity and accurately reflect
the degree of immune infiltration. While the optimal sampling strategy is not known,
a study by the TRACERx Renal Consortium evaluated the number of biopsies that are
required to adequately capture the genetic drives of ccRCC [32]. The study suggested
that for larger tumors, between four and eight biopsies are needed to capture the majority
of genetic driver events [32]. We applied this rationale to our study design by selecting
seven to eight different tumor regions for TMA construction in an effort to evaluate tumor
heterogeneity. Our findings also have implications for using immune cells as biomarkers.
We demonstrate that using only a single or few biopsy locations is unlikely to completely
reflect the tumor immune infiltration. Future efforts to evaluate immune infiltration as a
prognostic biomarker should be focused on defining an ideal tissue sampling strategy.

We demonstrated that the spatial organization of immune and malignant cells within
the primary tumor differs between patients who progress to metastatic disease versus
those who do not. Among patients who did not progress, CD8+ T cells were more closely
associated spatially with tumor cells. It appears that not only the degree of CD8+ T cell
inflammation but also the organization of these cells around malignant cells is greater
among patients who do not progress to metastatic disease. While similar findings have
been demonstrated in colorectal cancer, the prognostic value of the spatial organization
of immune cells within the non-metastatic ccRCC microenvironment has not been well
characterized [33,34].

We showed that CD8+ T cell infiltration can help identify patients likely to rapidly
progress (within 12 months) after surgery. Both the discovery and validation cohorts
demonstrated that higher CD8+ T cell infiltration was associated with a reduced risk of
rapid progression. Identifying patients at risk of rapid progression is critically important,
particularly in light of the newly approved adjuvant immunotherapy, pembrolizumab [8].
With further validation, using CD8+ T cell infiltration as a prognostic biomarker could
identify patients who may benefit from adjuvant immunotherapy. Currently, adjuvant
immunotherapy is approved for a broad, heterogeneous group of patients. Identifying
the patients most likely to benefit (i.e., those at highest risk of progression) will reduce
the number of patients receiving unnecessary immunotherapy, decreasing both the cost
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of therapy and exposure to immune-related toxicity [35]. A future study will focus on not
only the prognostic value of the immune microenvironment but also its ability to predict
response to adjuvant immunotherapy in a non-metastatic setting.

This study has limitations. While we did attempt to address tumor heterogeneity by
sampling multiple tumor locations, heterogeneity likely still impacts our results. The tech-
niques used to quantify immune cells have inherent limitations, including the ability of
antibodies to bind to cell surface proteins, which may lead to overestimation or underes-
timation of the number of immune cells present. We attempted to address these issues
with multiple quality control measures, but errors are still possible. The findings from this
study are primarily associative, and causal mechanisms defining why higher CD8+ T cell
infiltration is associated with reduced progression cannot be determined from this study
alone, requiring further investigation.

5. Conclusions

In conclusion, the immune microenvironment in non-metastatic ccRCC is highly
heterogeneous. If using components of the immune microenvironment as a potential
clinically applicable prognostic biomarker, multiple samples should be obtained, with the
optimal strategy to be determined in future studies. Our study demonstrates that CD8+

T cells are associated with prognosis. Increased infiltration with non-exhausted CD8+

T cells correlated with reduced rates of rapid progression after surgery and improved
progression-free survival.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16030478/s1, Table S1: PhenoCycler panel used for staining
validation tissue microarray.

Author Contributions: Conceptualization, D.D.S., T.L. and E.J.A.; methodology, D.D.S., E.X., L.C.,
C.K. and E.J.A.; formal analysis, D.D.S., T.L., E.X., L.C. and C.K.; resources, D.D.S. and E.J.A.; data
curation, D.D.S., T.L., L.C., E.X., C.K. and E.J.A.; writing—original draft preparation, D.D.S., T.L.
and E.J.A.; writing—review and editing, D.D.S., T.L., L.C., E.X., I.L., M.H.L., W.H., D.F.J., C.M.C.,
G.O.A., R.H., T.K., K.E., P.F.L., C.K. and E.J.A.; visualization, D.D.S., L.C. and E.X.; supervision, D.D.S.
and E.J.A.; funding acquisition, D.D.S. and E.J.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported in part by a Wisconsin Urological Society Pilot Grant (DDS) and
by NCI/NIH P30 CA014520 to the University of Wisconsin Carbone Cancer Center (UWCCC).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board of the University of
Wisconsin—Madison (protocol 2018-0018).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data will be made available upon reasonable request to the corre-
sponding author.

Acknowledgments: The authors thank the University of Wisconsin Translational Research Initiatives
in Pathology Laboratory (TRIP), supported by the UW Department of Pathology and Laboratory
Medicine and UWCCC (P30 CA014520), for the use of its facilities and services. Figures are created
using BioRender.com and exported under a paid subscription. The contents of this article do not
necessarily reflect the views or policies of the Department of Health and Human Services, nor does
the mention of trade names, commercial products, or organizations imply endorsement by the US
government.

Conflicts of Interest: CMC reports honorarium from Bayer, Elephas, Nektar Therapeutics, Novartis,
and WiCell Research Institute, who had no input in the study design, analysis, manuscript preparation,
or decision to submit for publication. The authors declare that no other competing interests exist.

185



Cancers 2024, 16, 478

References

1. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [CrossRef] [PubMed]
2. Campbell, S.C.; Clark, P.E.; Chang, S.S.; Karam, J.A.; Souter, L.; Uzzo, R.G. Renal mass and localized renal cancer: Evaluation,

management, and follow-up: Aua guideline: Part I. J. Urol. 2021, 206, 199–208. [CrossRef]
3. Campbell, S.C.; Uzzo, R.G.; Karam, J.A.; Chang, S.S.; Clark, P.E.; Souter, L. Renal mass and localized renal cancer: Evaluation,

management, and follow-up: Aua guideline: Part II. J. Urol. 2021, 206, 209–218. [CrossRef] [PubMed]
4. Dabestani, S.; Beisland, C.; Stewart, G.D.; Bensalah, K.; Gudmundsson, E.; Lam, T.B.; Gietzmann, W.; Zakikhani, P.; Marconi, L.;

Fernandéz-Pello, S.; et al. Long-term outcomes of follow-up for initially localised clear cell renal cell carcinoma: Recur database
analysis. Eur. Urol. Focus 2019, 5, 857–866. [CrossRef]

5. Abel, E.J.; Margulis, V.; Bauman, T.M.; Karam, J.A.; Christensen, W.P.; Krabbe, L.M.; Haddad, A.; Golla, V.; Wood, C.G. Risk
factors for recurrence after surgery in non-metastatic rcc with thrombus: A contemporary multicentre analysis. BJU Int. 2016, 117,
E87–E94. [CrossRef]

6. Correa, A.F.; Jegede, O.; Haas, N.B.; Flaherty, K.T.; Pins, M.R.; Messing, E.M.; Manola, J.; Wood, C.G.; Kane, C.J.; Jewett, M.A.S.;
et al. Predicting renal cancer recurrence: Defining limitations of existing prognostic models with prospective trial-based validation.
J. Clin. Oncol. 2019, 37, 2062–2071. [CrossRef] [PubMed]

7. Powles, T.; Tomczak, P.; Park, S.H.; Venugopal, B.; Ferguson, T.; Symeonides, S.N.; Hajek, J.; Gurney, H.; Chang, Y.H.; Lee, J.L.;
et al. Pembrolizumab versus placebo as post-nephrectomy adjuvant therapy for clear cell renal cell carcinoma (keynote-564):
30-month follow-up analysis of a multicentre, randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2022, 23,
1133–1144. [CrossRef]

8. Choueiri, T.K.; Tomczak, P.; Park, S.H.; Venugopal, B.; Ferguson, T.; Chang, Y.-H.; Hajek, J.; Symeonides, S.N.; Lee, J.L.; Sarwar, N.;
et al. Adjuvant pembrolizumab after nephrectomy in renal-cell carcinoma. N. Engl. J. Med. 2021, 385, 683–694. [CrossRef]
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Simple Summary: The development of multi-targeted tyrosine kinase inhibitors (TKIs) and im-
munotherapeutic agents notably changed the treatment paradigm of advanced kidney cancer. How-
ever, despite the therapeutic progress, complete and durable responses have been noted in only a
few cases. Our studies demonstrate that all major lipoproteins have a comparable ability to supply
cholesterol to tumor cells and compromise the antitumor activity of TKIs. Endolysosomal cholesterol
transport regulated by NPC1 protein is an attractive therapeutic target based on the fact that this is a
point where LDL-, HDL-, and VLDL-derived cholesterol trafficking routes converge and therefore
may be simultaneously targeted. Our studies elucidated the role of NPC1 as a potential therapeutic
target in clear cell renal cell carcinoma (ccRCC).

Abstract: Rapidly proliferating cancer cells have a greater requirement for cholesterol than normal
cells. Tumor cells are largely dependent on exogenous lipids given that their growth requirements
are not fully met by endogenous pathways. Our current study shows that ccRCC cells have re-
dundant mechanisms of cholesterol acquisition. We demonstrate that all major lipoproteins (i.e.,
LDL, HDL, and VLDL) have a comparable ability to support the growth of ccRCC cells and are
equally effective in counteracting the antitumor activities of TKIs. The intracellular trafficking of
exogenous lipoprotein-derived cholesterol appears to be distinct from the movement of endoge-
nously synthesized cholesterol. De novo synthetized cholesterol is transported from the endoplasmic
reticulum directly to the plasma membrane and to the acyl-CoA: cholesterol acyltransferase, whereas
lipoprotein-derived cholesterol is distributed through the NPC1-dependent endosomal trafficking
system. Expression of NPC1 is increased in ccRCC at mRNA and protein levels, and high expression
of NPC1 is associated with poor prognosis. Our current findings show that ccRCC cells are particu-
larly sensitive to the inhibition of endolysosomal cholesterol export and underline the therapeutic
potential of targeting NPC1 in ccRCC.

Keywords: cancer; cholesterol; LDL; HDL; VLDL; NPC1; ccRCC; TKI

1. Introduction

The incidence of kidney cancer has risen steadily over several decades and continues
to increase. Renal cell carcinoma (RCC) is the most common form of kidney cancer, whereas
clear cell RCC (ccRCC) is the most frequent (75–80%) and the best-studied subtype of RCC.
Papillary RCC and chromophobe RCC represent the most common remaining histologic
subtypes with an incidence of 7% to 14% and 6% to 11%, respectively [1]. Traditional
chemotherapy and radiation therapy are largely ineffective in the treatment of all RCC
subtypes [2]. Recently, significant progress in the treatment of advanced ccRCC was
achieved with the introduction of targeted agents and checkpoint inhibitors. However,
despite the therapeutic progress, complete and durable responses have been noted in only
a few cases [3–5]. We and others have demonstrated that, in addition to the inhibition of
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angiogenesis, TKIs also manifest a direct cytotoxic effect on tumor cells [6–9]. Importantly,
TKIs may selectively accumulate in tumor tissue at high concentrations [6,8,10]. Indeed,
intra-tumor TKI levels are much higher than peak serum levels (≥10 μM vs. ≤1 μM,
respectively) [6,8,10].

ccRCC is a highly lipogenic tumor. The term “clear cell” itself originates from the
clear (empty) microscopic appearance of the cytoplasm after the lipids are removed in
the process of fixation. ccRCC tissue contains five to eight-fold more total cholesterol
than normal kidney tissue [11]. Due to the absolute requirement of cholesterol for the
synthesis of cell membranes, rapidly proliferating cancer cells have a greater requirement
for cholesterol than normal cells [12,13]. Tumor cells are dependent on exogenous lipids
given that their growth requirements are not fully met by endogenous pathways [14]. Also,
increased uptake of exogenous cholesterol is preferential for cancer cells compared with
time- and energy-consuming de novo cholesterol synthesis. This concept is supported by
several studies showing low activity of HMG-CoA reductase (the rate-limiting enzyme in
cholesterol synthesis) and reduced cholesterol synthesis in ccRCC cells [11,15].

There are several levels of control in the regulation of cholesterol homeostasis, i.e.,
cholesterol synthesis, uptake, intracellular trafficking, and efflux. Cholesterol synthesis can
be effectively blocked by statins, competitive inhibitors of HMG-CoA reductase. However,
cancer cells can bypass the effects of statins by unrestrained cholesterol importation via
the LDL receptor (LDLR) pathway [16,17]. These findings provide an explanation for
why many tumor cells are resistant to statin treatment. Cholesterol uptake is mediated
by a protein transport mechanism. The LDLR supports the efficient uptake of LDL and
VLDL [18]. Cholesterol uptake may be also regulated by the VLDL receptor (VLDLR),
which shows considerable similarity to the LDLR [15]. The scavenger receptor class
B type I (SR-BI) mediates HDL cholesterol uptake [19]. SR-BI can also bind LDL and
VLDL, however, less efficiently than LDLR [20]. Up-regulation of SR-BI promotes tumor
progression in ccRCC [21]. Lipoprotein-derived cholesterol is delivered to early endosomes.
Importantly, the trafficking of exogenous lipoprotein-derived cholesterol appears to be
distinct from the movement of endogenously synthesized cholesterol. Newly synthesized
cholesterol is transported from the endoplasmic reticulum (ER) directly to the plasma
membrane and to acyl-CoA:cholesterol acyltransferase [22], whereas exogenous cholesterol
is distributed through the Niemann–Pick type C1 protein (NPC1)-regulated endosomal
trafficking system [23–27]. Inhibition of NPC1 causes accumulation of cholesterol in the
endolysosomes, a phenotype similar to that observed in Niemann–Pick disease [26,28].
NPC1 plays a critical role in maintaining adequate cholesterol supply in cells that cannot
produce endogenous cholesterol [29]. Importantly, the trafficking of de novo synthetized
cholesterol in normal cells is not affected by pharmacological or genetic inhibition of
NPC1, in contrast to the trafficking of exogenously derived cholesterol [22]. Cellular
cholesterol efflux is carried out mainly by ABCA1 and ABCG1 (ATP-binding cassette
transporters) [30]. Recent findings enlightened the role of Liver X receptors (LXRs) in
cholesterol homeostasis. Activation of LXRs reduces cholesterol uptake by decreasing
expression of LDLR and VLDLR [17,31–33]. In addition, activation of LXRs stimulates
ABCA1-dependent cholesterol efflux [34,35].

Our current studies demonstrate that ccRCC cells depend on the uptake of exogenous
cholesterol for their growth and survival and have redundant mechanisms of cholesterol
acquisition. We reveal herein that HDL, LDL, and VLDL are equally effective in supplying
cholesterol to ccRCC cells and in compromising the antitumor activity of TKIs. Based on
our findings, it was anticipated that only concomitant targeting of all sources of choles-
terol acquisition or common routes of intracellular cholesterol trafficking would deprive
tumor cells of cholesterol supply. We addressed this issue by targeting NPC1-dependent
endolysosomal cholesterol transport based on the fact that this is a point where trafficking
routes of different lipoproteins converge. Our data show that pharmacological or genetic
inhibition of NPC1 reduces viability and sensitizes ccRCC cells to TKIs.
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2. Materials and Methods

2.1. The Cells and Culture Conditions

The 786-O (human ccRCC cell line), RWPE-1, and PZ-HPV-7 (normal prostate ep-
ithelial cell lines) were obtained from ATCC (Manassas, VA, USA). PNX0010 cell line was
established from a lung metastatic lesion of a ccRCC patient undergoing nephron-sparing
surgery at our institution and represents an aggressive TKI-resistant VHL-negative vari-
ant of ccRCC [36,37]. SK-RC-45 (human ccRCC cell line), NK680, NK686, NKE (normal
kidney epithelial cell lines), and HUVEC (endothelial cell line) were obtained from the
Cell Culture Facility (Fox Chase Cancer Center, Philadelphia, PA, USA). Initial stocks were
cryopreserved, and at every 6-month interval, a fresh aliquot of frozen cells was used for
the experiments. Cells were cultured in RPMI 1640 (Bio-Whittaker, Walkersville, MD, USA)
supplemented with 10% FCS (Hyclone, Logan, UT, USA), gentamicin (50 mg/L), sodium
pyruvate (1 mM), and non-essential amino acids (0.1 mM) under conditions indicated in
the figure legends.

2.2. Antibodies and Reagents

LDL, HDL, and VLDL were obtained from Lee Biosolutions (Maryland Heights, MO,
USA). Cabozantinib, sunitinib, axitinib, pazopanib, U18666A, and posaconazole were
obtained from Cayman Chemical Company (Ann Arbor, MI, USA). Antibody against AR
was obtained from Cell Signaling Technology (Danvers, MA, USA).

2.3. Western Blot Analysis

Western blot analysis was performed as described previously [38].

2.4. Cell Viability and Drug Interaction Analysis

Cell viability was analyzed by CellTiter Blue cell viability assay (Promega, Madison,
WI, USA) as described previously [37]. Effective doses (EDs) were calculated using XLfit
2.0, a Microsoft Excel add-in. The synergistic interaction between pharmacological agents
was evaluated by the combination index (CI) using CalcuSyn 2.0 software [39]. CI 0.85–0.9:
slight synergism; CI 0.7–0.85: moderate synergism; CI 0.3–0.7: synergism; CI 0.1–0.3: strong
synergism; CI < 0.1: very strong synergism.

2.5. siRNA Transfection

786-O and PNX0010 cells were transfected using SMARTpool siRNA targeting NPC1
(Horizon Discovery, Cambridge, UK, Cat# L-003486-00-0005) essentially as described in
our previous report [40].

3. Results

3.1. LDL, HDL, and VLDL Are Equally Effective in Supporting Viability of ccRCC Cells

Studies by Parinaud et al. demonstrate that all major lipoproteins, (i.e., LDL, HDL, and
VLDL) have a similar ability to supply exogenous cholesterol [41]. Based on these findings,
we examined the ability of different lipoproteins to support the viability of ccRCC cells.
SK-RC-45 [8,42] and PNX0010 [43,44] ccRCC cell lines were cultured in RPMI-1640 medium
supplemented with lipid-depleted fetal bovine serum (FBS) in the presence or absence of
LDL, HDL, or VLDL. As demonstrated in Figure 1, LDL, HDL, and VLDL were equally
effective in maintaining the viability of SK-RC-45 and PNX0010 ccRCC cells cultured under
lipid-depleted conditions. The results of this experiment also show that ccRCC cells are
largely dependent on exogenous cholesterol supply. In contrast, normal kidney epithelial
NK680 cells were less dependent on exogenous cholesterol as indicated by their capacity to
maintain viability under lipid-depleted conditions (Figure 1).
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Figure 1. LDL, HDL, and VLDL are equally effective in supporting viability of ccRCC cells. PNX0010
and SK-45 ccRCC cells and NK680 normal kidney epithelial cells were cultured in RPMI 1640 medium
supplemented with lipid-depleted fetal bovine serum in the presence or absence of LDL, HDL, or
VLDL (all at 100 μg/mL) for 96 h. Cell viability was analyzed by CellTiter Blue assay (Promega).
Results are expressed as the mean (n = 3) ± s.e.m. * p < 0.01; ** p < 0.001; *** p < 0.0001. RFU-relative
fluorescence units.

3.2. LDL, HDL, and VLDL Compromise the Antitumor Activity of TKIs

Our previous findings demonstrate that LDL cholesterol compromises the efficacy of
TKIs against ccRCC and endothelial cells [37]. Therefore, we examined whether treatment
with HDL and VLDL also affects the antitumor activity of TKIs. Our previous work has
shown that TKIs may differ substantially with respect to the mechanism of their antitumor
activity [42]. To demonstrate that our observations are not limited to a specific pharmacolog-
ical agent, we treated SK-RC-45 and PNX0010 ccRCC cells with several clinically relevant
TKIs, such as cabozantinib, sunitinib, axitinib, and pazopanib. As shown in Figure 2, LDL,
HDL, and VLDL effectively rescued the viability of SK-RC-45 and PNX0010 cells treated
with all tested TKIs.

Figure 2. LDL, HDL, and VLDL compromise the antitumor activity of TKIs. SK-45 and PNX0010
ccRCC cells were cultured with TKIs (all at 5 μM) with or without LDL, HDL, or VLDL (all at
100 μg/mL) in RPMI 1640 medium supplemented with regular 10% FBS for 96 h. Cell viability
was analyzed by CellTiter Blue assay. Results are expressed as the mean (n = 3) ± s.e.m. * p < 0.01;
** p < 0.001; *** p < 0.0001; NS—Not significant.

3.3. Inhibition of Endosomal Cholesterol Trafficking Sensitizes ccRCC Cells to TKIs

Expression of NPC1 is increased in ccRCC at mRNA and protein levels (Figure 3A,B),
and high expression of NPC1 is associated with poor prognosis based on TCGA data
analysis (Figure 3C). Given that trafficking of de novo synthetized cholesterol in normal
cells is not affected by pharmacological or genetic inhibition of NPC1 [22], we anticipated
that ccRCC cells would be particularly sensitive to the inhibition of NPC-1-regulated
endosomal cholesterol trafficking. Indeed, ccRCC cells manifested much higher sensitivity
to the NPC1 inhibitor U18666A (90) compared with normal cells of various origins (Table 1).
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Of note, the effect of U1866A and posaconazole, an approved antifungal agent, which
directly binds NPC1 and blocks endosomal cholesterol trafficking [45], on tumor cell
viability was significantly increased under hypoxia, a central event in renal tumorigenesis
(Table 2).

Figure 3. Relationship between NPC1 expression and clinical outcomes in ccRCC. (A) Expression
of NPC1 is increased in ccRCC at (A) mRNA (TCGA) and (B) protein (CPTAC) levels according to
the University of Alabama at Birmingham cancer data analysis portal (UALCAN). (C) NPC1 is an
unfavorable prognostic marker in ccRCC based on TCGA analysis via cBioPortal.

Table 1. U18666A preferentially inhibits viability of ccRCC cells. ccRCC (786-O, SK-RC-45, and
PNX0010), normal kidney epithelial (NKE and NK686), normal prostate epithelial (RWPE-1 and
PZ-HPV-7), and human umbilical vein endothelial (HUVEC) cells were treated with escalating
concentrations of U18666A for 72 h. Cell viability and effective doses (ED, μM) were evaluated as
described in Materials and Methods.

Cell Line ED25 IC50 IC75 IC90

786-O 2.1 2.8 3.7 4.9

SK-RC-45 0.09 0.4 1.8 8.2

PNX0010 5.2 10.4 15.9 31.3

NK686 30.7 54.8 97.9 174.7

NKE 26.5 52.9 105.9 211

RWPE-1 21.8 30.3 42.1 58.5

PZ-HPV-7 13.7 28.0 57 116.2

HUVEC 19.7 34.1 59.4 103.6

Unobstructed endolysosomal cholesterol trafficking is required to sustain the activity
of several signaling pathways that confer drug resistance (i.e., Akt/mTOR, NF-κB, and
Erk1/2) [37,46–49]. Given that, we tested whether NPC1 inhibition enhances the antitumor
effect of TKIs. Our experiments reveal that administration of sunitinib, cabozantinib, or
pazopanib in combination with U18666A showed a clear synergistic inhibitory effect on the
viability of ccRCC cells at all effective dose levels (Table 3).

The results of these experiments were further validated using siRNA-mediated knock-
down of NPC1. Genetic depletion of NPC1 reduced viability and sensitized ccRCC cells to
TKI treatment (Figure 4 and Table 4).
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Table 2. The effectiveness of NPC1 inhibitors is enhanced under hypoxic conditions. 786-O and
PNX0010 ccRCC cells were cultured under normoxic (N) (20% O2) or hypoxic (H) (2% O2) conditions
in RPMI1640 medium supplemented with 10% FBS and treated with escalating concentrations of
either U18666A or posaconazole for 72 h. Cell viability and effective doses (ED, μM) were evaluated
as described in Materials and Methods.

Drug Cell Line ED25 ED50 ED75 ED90

U18666A

786-O (N) 1.5 2.3 3.5 5.4

786-O (H) 0.7 1.2 2.1 3.6

PNX0010 (N) 2.2 3.3 4.9 7.2

PNX0010 (H) 0.4 0.9 1.9 3.8

Posaconazole

786-O (N) 4.7 10.1 21.6 46.2

786-O (H) 1.3 3.0 6.7 15.3

PNX0010 (N) 4.6 8.0 14.2 24.9

PNX0010 (H) 0.9 1.9 4.2 9.2

Table 3. The synergistic effect of combined treatment with U18666A and TKIs on the viability of
ccRCC cells. The cells were treated with escalating concentrations of U18666A and TKIs for 72 h.
Analysis of the synergistic interaction between U18666A and TKIs was performed as described in
Materials and Methods. ED: effective doses. Combination index (CI) 0.85–0.9: slight synergism; CI
0.7–0.85: moderate synergism; CI 0.3–0.7: synergism; CI 0.1–0.3: strong synergism; CI < 0.1: very
strong synergism.

Drug Cell Line ED25 ED50 ED75 ED90

Sunitinib

786-O 0.56 0.52 0.47 0.41

SK-RC-45 0.45 0.41 0.37 0.32

PNX0010 0.50 0.46 0.42 0.39

Cabozantinib

786-O 0.44 0.40 0.35 0.30

SK-RC-45 0.39 0.33 0.27 0.22

PNX0010 0.52 0.45 0.41 0.38

Pazopanib

786-O 0.37 0.31 0.25 0.20

SK-RC-45 0.42 0.36 0.29 0.23

PNX0010 0.48 0.40 0.33 0.26

Figure 4. NPC1 depletion reduces viability of ccRCC cells. (A) Western blot analysis of NPC1
expression in 786-O and PNX00100 cells treated with control siRNA and NPC1 SmartPool siRNA.
The uncropped blots are shown in the supplementary materials. (B) Aliquots of the cells used in
panel A were cultured in RPMI1640 medium supplemented with 10% FBS for 72 h. Cell viability was
analyzed as described in legend to Figure 2. *** p < 0.0001.
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Table 4. Depletion of NPC1 sensitizes ccRCC cells to TKIs. Control and NPC1-depleted cells described
in Figure 4 were treated with escalating concentrations of axitinib and cabozantinib for 72 h. Viability
and EDs (μM) were calculated as described in the legend in Table 1.

Drug Cell Line ED25 ED50 ED75 ED90

Axitinib

786-O 5.4 7.4 10.1 13.9

786-O-NPC1KD 1.3 2.5 5.0 9.9

PNX0010 4.1 6.9 11.5 19.3

PNX0010-NPC1KD 1.5 2.6 4.7 8.5

Cabozantinib

786-O 5.6 8.5 12.8 19.3

786-O-NPC1KD 2.5 4.0 6.4 10.4

PNX0010 4.6 6.8 10.0 14.9

PNX0010-NPC1KD 2.7 3.9 5.7 8.2

4. Discussion

The lack of sensitivity of ccRCC to chemotherapy and radiation therapy prompted
early research efforts into the development of new treatment options. The introduction of
TKIs and immune checkpoint inhibitors (ICIs) notably changed the treatment paradigm of
ccRCC. Recent clinical studies suggest that combining or sequencing TKIs with ICIs may
provide effective treatments that reduce or delay disease progression [50–57]. However,
despite the introduction of novel therapeutic approaches in the past decade, advanced
ccRCC continues to be a treatment-resistant malignancy [3–5].

Multiple studies demonstrate that disruption of cholesterol homeostasis suppresses
tumor growth and suggest that targeting cholesterol metabolism may be a promising strat-
egy for antitumor therapy. Indeed, due to the absolute requirement of cholesterol for the
synthesis of cell membranes, rapidly proliferating cancer cells have a greater requirement
for cholesterol than normal cells (1,2). Our studies demonstrate that ccRCC cells can utilize
lipoprotein-derived cholesterol irrespective of the particular class of cholesterol. donor
and that all major classes of lipoproteins are capable of compromising the antitumor ac-
tivity of TKIs. Thus, only simultaneous targeting of different lipoproteins is postulated
to have therapeutic benefits. There are several potential approaches for targeting choles-
terol homeostasis in cancer cells such as inhibition of cholesterol biosynthesis, blockade
of cholesterol uptake, and modulation of intracellular cholesterol trafficking. Increased
serum levels of cholesterol in humans can be effectively lowered by PCSK9 inhibitors and
statins [58–61]. PCSK9 is a proprotein convertase that is involved in the degradation of
LDLR in the liver [62]. PCSK9 inhibition increases LDLR expression by hepatocytes, which
causes increased uptake of circulating LDL, thereby reducing plasma LDL-cholesterol.
Statins are competitive inhibitors of HMG-CoA reductase, the rate-limiting enzyme of
cholesterol biosynthesis [63,64]. However, these drugs up-regulate HDL levels [60,65–68],
which can serve as a source of cholesterol for tumor cells. Also, statins demonstrate effects
on a number of signaling pathways including protein isoprenylation [69]. Anticancer
effects of statins have been largely attributed to the inhibition of this post-translational
mechanism [69,70]. Moreover, cancer cells can bypass the effects of statins by unrestrained
cholesterol importation [16,17]. Given that cholesterol uptake receptors have promiscuous
ligand-binding properties, simultaneous targeting of different receptors may be necessary
to reduce cellular cholesterol import, which may not be a clinically feasible approach.

As discussed above, tumor cells are largely dependent on exogenous lipids. Endolyso-
somal cholesterol transport is an attractive therapeutic target based on the fact that this
is a point where LDL-, HDL, and VLDL-derived cholesterol trafficking routes converge
and therefore may be simultaneously targeted. Furthermore, the trafficking of exogenous
lipoprotein-derived cholesterol, in contrast to endogenously produced cholesterol, occurs
through an NPC1-mediated endosomal trafficking system [23–26]. Therefore, the trafficking
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of de novo synthetized cholesterol in normal cells is not affected by NPC1 inhibition [22].
Indeed, our studies demonstrate that ccRCC cells are particularly sensitive to the inhibition
of endosomal cholesterol trafficking by NPC1-specific inhibitor U18666A compared with
normal cells of various origins. Importantly, the effect of U1866A and posaconazole on
tumor cell viability was significantly increased under hypoxia, a central event in renal
tumorigenesis. This observation could be potentially explained by the fact that hypoxia
results in the depletion of cholesterol from the plasma membrane [71], increasing the de-
mand for cholesterol transport from an endosomal compartment to the plasma membrane.
These findings may widen the therapeutic window of NPC1 inhibitors for more selective
targeting of malignant cells.

5. Conclusions

Our studies demonstrate that ccRCC cells are highly dependent on the uptake of
exogenous cholesterol for their growth and survival and that all major lipoproteins have
a comparable ability to supply cholesterol to tumor cells and compromise the antitumor
activity of TKIs. Thus, concomitant targeting of all sources of cholesterol acquisition or com-
mon routes of cholesterol trafficking may be required to deprive tumor cells of cholesterol
supply. Our findings indicate that ccRCC cells are particularly sensitive to the inhibition
of NPC-1-dependent endosomal cholesterol trafficking. Importantly, NPC1 expression
is increased in ccRCC, and high expression of NPC1 is associated with poor prognosis.
Taken together, our work suggests that NPC1 may serve as a potential therapeutic target
in ccRCC.
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Simple Summary: The proven efficacy of mTOR inhibitor (mTORI), tyrosine kinase inhibitor (TKI)
or immune checkpoint inhibitor (ICI) therapies in metastatic renal cell carcinoma (RCC) suggests that
these agents should be investigated as adjuvant therapy with the aim of eliminating undetectable
microscopic residual disease after curative resection. Our study aimed to compare the efficacy of these
treatments using an innovative method that reconstructs individual patient data from Kaplan–Meier
(KM) curves. Nine phase III trials describing different treatment options for adjuvant RCC were
selected. Individual patient data were reconstructed from KM curves of disease-free survival (DFS)
using the IPDfromKM method. DFS was then compared between the combination treatments and
the control arm (placebo). The results were summarized as multi-treatment KM curves. Standard
statistical tests were used, including the hazard ratio for superiority and the likelihood ratio test for
heterogeneity. In the population of these nine trials, our study showed that two ICIs (nivolumab plus
ipilimumab and pembrolizumab) and one TKI (sunitinib) were superior to the placebo, whereas the
remaining TKIs and mTORIs were not. As we assessed DFS as the primary endpoint for the adjuvant
comparison, the overall survival benefit remains unknown. This novel approach to studying survival
has allowed us to make all of the indirect head-to-head comparisons between these agents in a context
where no “real” comparative trials have been conducted.

Abstract: Background: The proven efficacy of mTOR inhibitors (mTORIs), tyrosine kinase inhibitors
(TKIs) or immune checkpoint inhibitors (ICIs) in metastatic renal cell carcinoma (RCC) suggests that
these agents should be investigated as adjuvant therapy with the aim of eliminating undetectable
microscopic residual disease after curative resection. The aim of our study was to compare the efficacy
of these treatments using an innovative method of reconstructing individual patient data. Methods:
Nine phase III trials describing adjuvant RCC treatments were selected. The IPDfromKM method
was used to reconstruct individual patient data from Kaplan–Meier (KM) curves. The combination
treatments were compared with the control arm (placebo) for disease-free survival (DFS). Multi-
treatment KM curves were used to summarize the results. Standard statistical tests were performed.
These included hazard ratio and likelihood ratio tests for heterogeneity. Results: In the overall
population, the study showed that two ICIs (nivolumab plus ipilimumab and pembrolizumab) and
one TKI (sunitinib) were superior to the placebo, whereas both TKIs and mTORIs were inferior. As
we assessed DFS as the primary endpoint for the adjuvant comparison, the overall survival benefit
remains unknown. Conclusions: This novel approach to investigating survival has allowed us to
conduct all indirect head-to-head comparisons between these agents in a context where no “real”
comparative trials have been conducted.

Cancers 2024, 16, 557. https://doi.org/10.3390/cancers16030557 https://www.mdpi.com/journal/cancers
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1. Introduction

Renal cell carcinoma (RCC) is the most common type of kidney cancer, accounting
for about 2% of all cancer diagnoses worldwide. Approximately 80% of RCCs are clear
cell tumors [1].

Over the last 20 years, the prognosis for patients with metastatic RCC has improved
thanks to the results of clinical trials with mTOR inhibitors (mTORIs), tyrosine kinase
inhibitors (TKIs) or immune checkpoint inhibitors (ICIs). The most recent revolution is the
treatment of metastatic RCC with ICI combinations or ICI–TKI combinations [2–5], which
has resulted in a significant improvement in survival, although not a cure.

Prevention of metastatic disease remains a priority in the curative setting of early stage
RCC. For patients with locoregional RCC, partial or radical nephrectomy is the standard of
care, and adjuvant treatment is an option to reduce the risk of recurrence, considering that
40% of surgically resected patients with stage II–III disease will relapse [6–10].

The proven efficacy of ICI, TKI and mTORI therapies in metastatic RCC suggested
that these agents should be investigated as adjuvant therapy with the aim of eliminating
any residual undetectable microscopic disease after curative resection.

Numerous randomized phase III trials in the adjuvant treatment of patients with RCC
have ended with conflicting results, but overall, they seem to show a greater benefit of
treatment with ICIs compared to TKIs and mTORIs [11–19]. As a result of this uncertainty,
adjuvant therapies have also had different regulatory pathways. In fact, sunitinib, the first
adjuvant therapy approved by the Food and Drug Administration (FDA) for the adjuvant
treatment of RCC, was not approved by the European Medicines Agency (EMA).

In this scenario, given the available results and the lack of head-to-head comparisons
between the adjuvant treatment options studied to date, we conducted an analysis using a
new artificial intelligence technique (called the “IPDfromKM” method or Shiny method)
to compare disease-free survival (DFS) in patients with resected primary RCC at risk of
recurrence. Only results from phase III randomized clinical trials (RCTs) with adjuvant
mTORI or ICI or TKI were included in the analysis.

The IPDfromKM method is a new artificial intelligence tool that reconstructs indi-
vidual patient data from the graph of Kaplan–Meier (KM) curves and allows cross-study
comparisons to be made based on reconstructed patients [20,21]. This is a relatively new
method for generating new original clinical evidence and is particularly suitable for indirect
comparison of time-to-event endpoints, especially those with a long follow-up, because
it takes into consideration the time at which events occurred, while a standard binary
meta-analysis ignores this information. In addition, the IPDfromKM method presents
an easy-to-understand summary of results generating a unique KM chart containing the
curves based on reconstructed patients and pooling all patients who received the same
treatment, regardless of the clinical trial. In other words, the Forest plot typical of standard
binary meta-analysis is replaced by a survival plot with as many KM curves as the number
of treatments compared. The main treatment regimens can be further compared with each
other using standard statistical methods such as the hazard ratio. Thanks to this method,
in the present report we provide a comparative overview of the main adjuvant treatments
available for RCC patients and determine their place in therapy and their relative efficacy.

2. Materials and Methods

2.1. Study Design

In accordance with recent publications [5,21,22], we conducted a comprehensive litera-
ture review to identify primary treatment options for adjuvant treatment of RCC. Following
the selection of relevant studies, we utilized the IPDfromKM method to reconstruct in-
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dividual patient data from KM graphs and consequently perform head-to-head indirect
comparisons between treatments [20]. Our analysis focused on disease-free survival (DFS)
as the primary endpoint. Results were shown through multi-treatment KM curves.

2.2. Literature Search

We searched the ClinicalTrials.gov database to identify randomized controlled tri-
als (RCTs) that were eligible for our analysis (last search on 15 November 2023). The
following search terms were used: “renal cell carcinoma” OR “RCC”. Only phase III
randomized interventional clinical trials were selected applying the filter option. By elimi-
nating duplicates, 146 RCTs emerged. The main inclusion criteria were: (a) RCC treatment
(not diagnostic, imaging or surgical trials, not other diseases or solid tumors of different
origin); (b) adjuvant treatment (not neoadjuvant/adjuvant treatment, not perioperative
treatment, not locally advanced or metastatic treatment); (c) ICI or TKI or mTORI treatment;
(d) inclusion of non-metastatic patients; (e) DFS endpoint; and (f) publication of results as a
KM curve. The selection of articles from our literature search was based on the PRISMA
algorithm, which recorded the reasons for inclusion and exclusion of each trial [23]; the
final list of included trials was determined in the last step of the PRISMA flow.

For each trial included, we recorded the number of patients enrolled and the number
of events (defined as first documented local or distant recurrence of RCC, secondary
systemic malignancy, or death from any cause, whichever occurred first). To avoid duplicate
inclusion of patients from the same trial, only the most recent publication was included.

2.3. Reconstruction of Individual Patient Data

Patient-level data were reconstructed from KM curves using the IPDfromKM method,
as previously described [20,21]. The curves were digitized with Webplot digitizer (version
4.5 online; URL https://apps.automeris.io/wpd/, accessed on 10 January 2024) and subse-
quently entered into the individual patient data reconstruction tool of the Shiny software
(version 1.2.3.0).

Reconstructed individual patient data included observation time (defined as differ-
ence between enrolment and last follow-up) and patient outcome at last follow-up (alive,
dead, censored).

2.4. Statistical Analysis

Restricted mean survival and DFS were estimated for each experimental treatment
in comparison to placebo using Cox statistics for time-to-event endpoints; hazard ratio
(HR) with 95% confidence interval (CI) and medians with 95% CI were also calculated. The
likelihood ratio test was used to assess heterogeneity in outcomes between control groups of
different RCTs. Moreover, indirect comparisons between treatments were assessed using the
Cox model through four specific R-platform (version 4.2.1) packages for statistical analyses:
survival, survRM2, survminer and ggsurvplot (2020; https://www.R-project.org/, accessed
on 18 December 2023).

3. Results

Nine trials met the criteria for inclusion in our analysis (see Figure 1 for the PRISMA
flowchart and Table 1 for RCT characteristics). Three trials involved an experimental
treatment with parenteral ICIs while six trials were based on oral therapies such as TKIs
(n = 5) or mTORI (n = 1). In all nine trials, the control arm was the placebo. In the application
of the IPDfromKM method, we reconstructed 20 patient cohorts which represented the
clinical material to perform our indirect comparisons.
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Figure 1. PRISMA flowchart of the process of trial selection. Abbreviations: RCC, renal cell carcinoma;
DFS, disease-free survival.

Table 1. Main information about the nine RCTs included in the analysis.

# Trial Reference Treatments under Comparison

DFS

Treatment Group
(Events/Patients)

Controls
(Events/Patients)

ARCC01 KEYNOTE-564
(two-arm) Powles et al. [11] Pembrolizumab (200 mg) Q3W

(max 17 cycles); Placebo Q3W. 114/496 169/498

ARCC02 IMmotion010
(two-arm) Pal et al. [12] Atezolizumab (1200 mg) Q3W

(max 16 cycles); Placebo Q3W. 164/390 168/388

ARCC03 CheckMate914
(two-arm) Motzer et al. [13]

Nivolumab (240 mg) Q2W (max
12 cycles) + Ipilimumab

(1 mg/kg) Q6W (max 4 cycles);
Placebo Q2W + Q6W.

110/405 118/411

TKI01 ATLAS
(two-arm) Gross-Goupil et al. [14] Axitinib (5 mg) BID (max 3 years);

Placebo BID (max 3 years). 96/363 107/361

TKI02 SORCE
(three-arm)

Eisen et al. [15]

Sorafenib (400 mg) BID for 3 years 245/639

167/430Sorafenib (400 mg) BID for 1 year
plus placebo for 2 years; Placebo

BID for 3 years.
242/642

TKI03 ASSURE
(three-arm)

Haas et al. [16]

Sunitinib (50 mg) (4 weeks
on/2 off) for 54 weeks; 284/647

287/647
Sorafenib (400 mg) BID for

54 weeks; Placebo for 54 weeks. 284/649

TKI04 PROTECT
(two-arm) Motzer et al. [17] Pazopanib (600 mg) for 1 year;

Placebo for 1 year. 194/571 202/564

TKI05 S-TRAC
(two-arm) Ravaud et al. [18]

Sunitinib (50 mg) (4 weeks
on/2 off) for 52 weeks;
Placebo for 52 weeks.

113/309 144/306

mTORI01 EVEREST
(two-arm) Ryan et al. [19] Everolimus (10 mg) for 54 weeks;

Placebo for 54 weeks. 262/755 294/744
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To conduct the indirect comparisons between the three ICI treatments, the DFS KM
curves from the reconstructed patients of the ICI trials were plotted individually and
reported in a single multi-treatment graph, with the three placebo cohorts pooled into
a single graph. In this way, a total of four curves were generated (Figure 2A). Our DFS
analysis on these reconstructed patients demonstrated superiority, in comparison with the
placebo, as adjuvant therapy for both pembrolizumab (HR 0.62; 95% CI 0.50–0.78; p < 0.001)
and nivolumab plus ipilimumab (HR 0.74; 95% CI 0.60–0.93; p = 0.008). Atezolizumab
showed no advantage in DFS compared to the placebo (HR 1.04; 95% CI 0.86–1.26; p = NS).

The likelihood ratio test carried out on control arms showed no heterogeneity between
these cohorts (likelihood ratio test, 5.01 on 2 df, p < 0.08; Figure 2B).

Figure 2. Panel (A) Shiny technique applied to placebo (n = 1297 from three trials; in red) and to three
combination treatments: (a) pembrolizumab 200 mg (n = 496; in green); (b) atezolizumab 12,000 mg
(n = 390; in light blue); (c) nivolumab 240 mg + ipilimumab 1 mg/kg (n = 405; in purple). Panel
(B) Kaplan–Meier curves generated after reconstructing patient-level data from the three control
arms of the included trials (placebo treated): Powles et al., 2022 (n = 498; in red [11]); Pal et al., 2022
(n = 388; in green [12]); Motzer et al., 2023 (n = 411; in blue [13]). Endpoint: disease-free survival
(DFS), time in months. Abbreviations: n, number of patients.

Detailed results of indirect comparisons of the three ICIs treatments in all head-to-head
combinations are reported as Forest plots of HRs with 95% CI (Figure 3 and Table S1). This
analysis shows that pembrolizumab (HR = 0.60; 95% CI 0.45–0.81; p < 0.001) and nivolumab
plus ipilimumab (HR = 0.72; 95% CI 0.54–0.96; p = 0.024) were superior to atezolizumab;
on the other hand, pembrolizumab was not significantly superior to nivolumab plus
ipilimumab (HR = 0.83; 95% CI 0.61–1.14; p = NS).

Figure 3. Forest plot showing the disease-free survival of adjuvant renal cell carcinoma patients
treated with ICI treatment. Values are reported as HR of disease-free survival compared with controls.
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To conduct indirect comparisons across oral treatments, the DFS KM curves from
reconstructed patients of TKI and mTORI trials were plotted separately and reported as a
single multi-treatment graph. The six control arms of oral therapy treatments demonstrated
significant heterogeneity (Figure S1). Our head-to-head indirect comparisons were designed
as follows. Firstly, we identified two non-heterogeneous subgroups among these trials
because patients in the ATLAS trial were comparable to those in SORCE and EVEREST trials
(subgroup #1) while patients in the ASSURE trial were comparable to those in PROTECT
and S-TRAC trials (subgroup #2). Likewise, patients treated with the placebo in each of
these two subgroups were combined to form two separate control cohorts. Finally, the
DFS of the three active arms within each subgroup was compared to that of the respective
pooled controls (Figure 4).

Figure 4. Application of the Shiny method in our subgroup analysis. Panel (A): comparison of DFS
of the placebo (n = 1535 from ATLAS, SORCE and EVEREST trials; in red) with treatment arms
of ATLAS ((axitinib n = 363; in gold); [14]), SORCE ((sorafenib for 3 years; n = 639; in turquoise)
and (sorafenib for one year; n = 642; in blue); [15]) and EVEREST RCT ((everolimus; n = 755; in
purple); [19]). Panel (B): comparison of DFS of placebo (n = 1517 from ASSURE, PROTECT and
S-TRAC trials; in red) with treatment arms of ASSURE (sorafenib for 1 year (n = 649; in gold) and
(sunitinib; n = 647; in light green); [16]), PROTECT (pazopanib (n = 571; in blue); [17]) and S-TRAC
RCT ((sunitinib; n = 309; in purple); [18]). End-point: disease-free survival (DFS), time in months.
Abbreviations: n, number of patients.

Most oral drug treatments did not show any DFS benefit over the placebo. Only
two studies with sorafenib or sunitinib demonstrated a DFS advantage, but the results
were somewhat contradictory. In fact, in the SORCE trial, patients receiving sorafenib
400 mg BID for 3 years showed a significantly longer DFS than the controls (HR = 0.83;
95% CI 0.71–0.98; p = 0.028) but not those treated for one year (HR = 0.89; 95% CI 0.76–1.04;
p = NS). Conversely, in the ASSURE study, patients treated with sorafenib for approxi-
mately one year (54 weeks) showed a significantly longer DFS than placebo (HR = 0.85;
95% CI 0.74–0.99; p = 0.036). In the S-TRAC study, sunitinib determined a significant advan-
tage over the placebo (HR = 0.81; 95% CI 0.66–0.99; p = 0.041), but in the ASSURE study the
sunitinib treatment arm did not confirm this result, even though the dosage was the same.

Based on these intermediate results of our analysis, in the trials in which the active
arm reported a DFS benefit over placebo (namely, KEYNOTE-564, CheckMate-914, S-TRAC,
SORCE, based on the advantage at 3 years in sorafenib arm, and ASSURE, based on
the advantage at 1 year in sorafenib arm), the treatment arms were indirectly compared
with one another in all combinations (Table S2). At the same time, we performed the
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heterogeneity test on the control arms (Figure S2). With a likelihood ratio test of 34.42 on
4 df, p < 0.001, the SORCE trial proved to be an outlier compared with the other control
arms and, therefore, was excluded from the indirect comparison. After this exclusion of the
SORCE study, the analysis of the control arms showed no heterogeneity (likelihood ratio
test = 3.68 on 3 df, p = 0.3).

Figure 5 shows the results of our main analysis in which pembrolizumab (HR 0.67;
95% CI 0.54–0.83; p < 0.001), nivolumab plus ipilimumab (HR 0.81; 95% CI 0.66–0.99;
p = 0.05) and sunitinib (HR 0.82; 95% CI 0.67–0.99; p = 0.05) demonstrated superiority
compared to the placebo. These three treatments were indirectly compared with one
another, and these comparisons showed that pembrolizumab was significantly superior
to 1-year treatment with sorafenib (HR = 0.76; 95% CI 0.60–0.98; p = 0.038); no significant
difference was observed in the remaining comparisons (Figure 6, Table S3).

Figure 5. Comparison between DFS of the placebo (n = 1862 from 4 trials; in red) and of four treat-
ments that showed survival benefit compared to control: (a) pembrolizumab (n = 496; in gold);
(b) nivolumab + ipilimumab (n = 405; in light green); (c) sorafenib for 1 year (n = 649; in blue)
and (d) sunitinib (n = 309; in purple). Endpoint: disease-free survival (DFS), time in months.
Abbreviations: n, number of patients.

Figure 6. Forest plot showing the disease-free survival of adjuvant renal cell carcinoma patients
treated with ICI and TKI regimens. Values are reported as HR of disease-free survival compared
with controls.

Overall, the efficacy of adjuvant treatments for RCC ranks as follows: (1) pembrolizumab;
(2) nivolumab + ipilimumab; (3) sunitinib.
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In our estimation of absolute outcome parameters, only the S-TRAC trial had a suffi-
cient follow-up to reach the median DFS; hence, we decided to calculate the Restricted Mean
Survival Times (RMSTs) as an alternative to medians. Our RMST analysis was truncated at
44 months; its results are reported in Table S3. All the five active treatments showed a DFS
benefit compared to the placebo. In terms of clinical relevance, pembrolizumab produced
a three-month advantage over the placebo (RMST of 36.09 vs. 32.9 months, respectively),
while it was only slightly superior to the other treatments.

4. Discussion

The present study investigated the main treatments for adjuvant RCC using an inno-
vative tool to reconstruct individual patient data, known as the “IPDfromKM” or “Shiny
method”. This technique, applied to indirect comparisons based on standard statistics, is a
valid alternative to network meta-analysis, mainly because of its ability to adjust for the dif-
ferent lengths of follow-up in the included trials. For this reason, the IPDfromKM method
is particularly suitable for studies in the field of oncology and hemato-oncology [22], and its
use has recently been extended to cardiology, where long follow-up is also common [24,25].

Additional advantages of the IPDfromKM method are the straightforward fitting
procedure and the summary of results expressed as a KM curves of immediate visual
interpretation. The technique also comes with some limitations like the great dependence
on availability of KM curves in the original publication of the trial, which often impairs
subgroup analysis, a certain dependence on the accuracy of graph processing and the
absence of statistical techniques for analyzing variability such as sensitivity analysis. Nev-
ertheless, validation studies document that, in using the Shiny method, the agreement
between KM curves based on the real patients and KM curves based on reconstructed
patients is excellent [26,27].

Our study is the first to indirectly compare the DFS of different drug classes in the
adjuvant treatment of RCC. Our results show that two ICIs (pembrolizumab and nivolumab
plus ipilimumab) and one TKI (sunitinib) showed superiority over the placebo, whereas
both TKI and mTORI did not.

The pattern of heterogeneity estimated in the included trials is an interesting finding of
our study. For the ICI trials, despite some differences in patient inclusion criteria (e.g., the
KEYNOTE-564 and IMmotion010 trials enrolled 6% and 14% of M1 patients, respectively),
the heterogeneity test showed substantial comparability between these populations. In
contrast, the analysis of the TKI or mTORI trials showed significant heterogeneity in the
control arms, which negatively affected the reliability of our indirect comparisons. This
heterogeneity was likely due to differences in patient selection criteria, such as the presence
of a high proportion of patients with early-stage tumors, sarcomatoid features or specific
factors that increase the risk of relapse.

Patients at high risk of relapse should be the focus of adjuvant trials, as currently
recommended [28,29], and indeed the benefit of adjuvant TKI treatment may be greater in
patients at higher risk, as demonstrated in the S-TRAC trial [18] with sunitinib. In addition
to eligibility criteria, the efficacy of TKIs and mTORIs may be related to other factors that
influence drug exposure, such as patient adherence, discontinuation due to adverse drug
reactions, different dose reduction schedules and duration of treatment. For example, in
the sunitinib arm of the ASSURE trial, the dose was allowed to be reduced to 25 mg, and
midway through the trial the starting dose was changed from 50 mg to 37.5 mg (a dose
level not allowed in the S-TRAC trial). In addition, the duration of oral treatment was quite
heterogeneous, as ATLAS trial and the sorafenib arm in the SORCE trial proposed 3 years of
treatment, compared with 1 year in the other trials. Furthermore, grade 3–4 adverse events
occurred in 46% of patients receiving everolimus and 49 to 72% in the TKI trials, which is
more frequent than in the adjuvant ICI trials. The occurrence of adverse events may require
discontinuation of treatment due to intolerance, but this may also be related to patient
choice. Indeed, patients who have undergone nephrectomy are considered disease-free
and may be less willing to accept serious adverse events and reduced quality of life [30].
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Finally, it is possible that the vascular endothelial growth factor pathway, which is primarily
targeted by TKIs, is less involved in the growth of early stage RCC, while remaining a
hallmark of metastatic disease.

Overall, heterogeneity may be intrinsic and related to eligibility criteria or it may
be related to less measurable variables related to the active treatment (e.g., adherence to
therapy, duration of treatment, dose reduction schedule, occurrence of ADRs). In our study,
we mitigated the first source of heterogeneity by performing the likelihood ratio test and
comparing only studies whose placebo arms did not show heterogeneity.

Given that life expectancy after nephrectomy is nearly 40% at 10 years [29,30], a
limitation of the current analysis is that OS was not investigated. Indeed, most of the studies
included in the analysis had DFS as primary endpoint and OS as secondary endpoint. The
availability of OS results is certainly an advantage as it is a simple endpoint, reliable to
measure, easy to interpret and of great clinical utility. However, OS analyses require long
follow-up times, and results may be affected by non-cancer deaths and subsequent lines
of therapy. Further follow-up and maturation of OS data might influence the conclusions
drawn from the study. However, even if DFS benefit may not translate into an OS benefit,
a longer DFS will certainly postpone the initiation of therapies for the advanced setting
which require greater intensity of care and lead to greater patient involvement and reduced
quality of life. We accepted DFS as the primary endpoint for the adjuvant comparison, but,
as the benefit in OS remains unknown, it is an open question whether the DFS advantage is
sufficient to support the financial burden of these therapies. In addition to these economic
issues, further follow-up of these trials will show whether there are long-term survivors and
whether the superiority of pembrolizumab over other TKIs is confirmed. Patient perception
can contribute to a more complete picture of the patient experience of adjuvant therapy,
although the heterogeneity of patient selection remains a limitation. The patient-reported
outcome (PRO) analysis in the ASSURE trial highlighted that sunitinib was associated
with significant fatigue compared to sorafenib treatment or the placebo [31]. The PRO
analysis in the S-TRAC trial showed that adjuvant sunitinib therapy was not associated with
clinically meaningful deterioration in most quality-of-life measures, with the exceptions
of PRO scores for diarrhea and loss of appetite, which reached a clinically meaningful
difference [32]. Adjuvant pembrolizumab therapy in KEYNOTE-564 did not compromise
patient health-related quality of life [33]. Finally, the combination of clinical findings from
the adjuvant RCC treatment trials with artificial intelligence tools (e.g., IPDfromKM) and
molecular insights from the machine learning study may lead to a more comprehensive
understanding of RCC biology, its impact on treatment outcomes and treatment efficacy.
These techniques may lead to new hypotheses for future research and contribute to the
development of more effective and individualized treatment strategies [34].

5. Conclusions

In conclusion, while waiting for data with longer follow-up, most adjuvant treatments
for RCC are currently approved, and the oncologist is faced with difficult clinical decisions.
Our study, despite the limitations described above, mostly related to heterogeneity issues,
allowed head-to-head comparisons between different adjuvant regimens for RCC, ranking
their efficacy and showing pembrolizumab as the most effective option.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers16030557/s1, Figure S1: Visual representation of indirect treatment
comparisons of six control arms of oral therapy treatments; Figure S2: Visual representation of indirect
treatment comparisons for DFS of control arms of KEYNOTE-564, CheckMate-914, S-TRAC, SORCE
and ASSURE Trials. Table S1: HR of inter-treatment comparison between the three ICIs treatments;
Table S2: HR of inter-treatment comparison between adjuvant treatments for RCC; Table S3: Restricted
mean survival time (RMST) of the five active treatments that showed a DFS benefit compared to the
placebo. References [11,13–19] are cited in the Supplementary Materials.
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