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ABSTRACT
◥

The incidence of renal cell carcinoma (RCC) is increasing
worldwide, yet research within this field is lagging behind other
cancers. Despite increased detection of early disease as a conse-
quence of the widespread use of diagnostic CT scans, 25% of
patients have disseminated disease at diagnosis. Similarly, around
25% progress to metastatic disease following curatively intended
surgery. Surgery is the cornerstone in the treatment of RCC;
however, when the disease is disseminated, immunotherapy or
immunotherapy in combination with a tyrosine kinase inhibitor
is the patient’s best option. Immunotherapy is a potent treatment,
with durable treatment responses and potential to cure the
patient, but only half of the patients benefit from the adminis-

tered treatment, and there are currently no methods that can
identify which patients will respond to immunotherapy. More-
over, there is a need to identify the patients in greatest risk of
relapsing after surgery for localized disease and direct adjuvant
treatment there. Even though several molecular biomarkers have
been published to date, we are still lacking routinely used
biomarkers to guide optimal clinical management. The purpose
of this review is to highlight some of the most promising
biomarkers, discuss the efforts made within this field to date,
and describe the barriers needed to be overcome to have reliable
and robust predictive and prognostic biomarkers in the clinic for
renal cancer.

Introduction
The incidence of renal cell carcinoma (RCC) is increasing world-

wide, yet research within this field is lagging behind other cancers.
Despite increased detection of early disease, as a consequence of the
widespread use of diagnostic CT scans, a quarter of patients have
disseminated disease at diagnosis. Similarly, around a quarter progress
to metastatic disease following curatively intended surgery.

Surgery is the cornerstone in the treatment of localized RCC,
however when the disease is disseminated, immunotherapy (IO) or
immunotherapy in combination with a tyrosine kinase inhibitor (TKI-
IO) is the patient’s best option (1–5).

When counseling patients on surgical or medical treatments, urol-
ogists, and oncologists are utilizing variables such as age, performance
status, blood chemistry, and histology in their decision making. These
patient characteristics (biomarkers) are guiding treatment decisions to
some extent, but not sufficiently for optimal risk stratifying.

In this review, we describe the current clinical needs for biomarkers
in patient with renal cancer care, and discuss the challenges of
biomarker development, including a highlight of the most promising
biomarkers today.

Clinical Challenges in Renal Cancer
Management

In this section, we will discuss some of the current challenges in
patient with renal cancer management (Fig. 1).

Localized disease
Localized RCC can be treated in various curatively intended ways,

depending on the size and positioning of the tumor within the kidney.
Nephron-sparing surgery is a valid treatment option for the pT1
tumors, whereas larger tumors primarily are removed by a radical
nephrectomy (6). Cryoablation is also an established treatment option
for pT1a tumors, given they are not placed in close vicinity of the renal
pelvis or larger vessels (7). Here hydrodissection can be used to spare
the neighboring organs. Finally stereotactic radiotherapy can be used
in selected patients unfit for surgery or cryoablation technique (8).
Patients with stage I/II RCC go on an active surveillance program
following surgery, however the rate of recurrence (local or metastatic)
after definitive surgery ranges widely dependent on the given risk
assessment (9). Predicting RCC recurrence risk is based on prognostic
systems or nomograms, with the Leibovich score system being one of
themostwidely used. The Leibovich score system is used to risk stratify
patients with localized disease into “low,” “intermediate,” and “high
risk” groups, based on histologic features and the tumor–node–
metastasis (TNM) stage (9). The Leibovich score is used to determine
the amount of follow-up offered; the low risk group will have CT scans
at year 1, 3, and 5, “intermediate” at 6 and 12 months, and then yearly
for 5 years, whereas the “high risk” group will have CT scans every
6 months for 3 years and then yearly up to 5 years.

The high recurrence rates for some patient groupsmay be explained
by presence of micrometastatic disease prior to surgery, which is
undetectable with current imaging modalities.

For patients in the Leibovich “intermediate risk” group (26% of all
patients with localized disease), a clinical dilemma exists, because their
risk of relapsing is 25% (9, 10). On one hand this risk is significant, but
is it sufficient for offering adjuvant treatment, with the risk of adverse
events this carries? Or should we rely on frequent scans? On the
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contrary, 75% of these patients will never relapse, and are therefore
treated unnecessary with either adjuvant therapy or unnecessary and
costly scans.

Minimal residual disease (MRD) is known to be closely linked to
disease recurrence (11). Currently, no detection method for MRD is
used in the clinic, even though MRD is undetectable with current
imaging modalities. However, research of liquid biopsy-based bio-
markers, including circulating tumor cells (CTC) and circulating
tumor DNA (ctDNA), shows promising results for sensitive real-
time cancer detection and profiling (12). Detection of MRD would
provide an opportunity of intensified monitoring and early interven-
tion, thus increasing the likelihood of successful treatment.

Small renal masses
Another clinical challenge is how to treat small renal masses

(reviewed in ref. 13). With the number of abdominal imaging increas-
ing in the diagnostic setting, the detection of small renal masses, which
are often indolent, is increasing. Thus, there is potential harm derived
from overdiagnosis and consequently unnecessary treatment of
patients with RCC (14). This raises the question of how we determine
whether a small renal mass is potentially harmful for the patient and
thus needs to be removed, or whether a lesion is benign or progressing
so slowly that it is not a risk to the patient.

A clinical study is currently evaluating active surveillance of
patients with renal masses smaller or equal to 2 cm (NCT03804320)
with patients being followed by CT scans every 3 months for the
first year, and then annually for up to 5 years. This study is expected
to have completed follow-up by the end of 2023, and the results
from this study could potentially change the clinical management of
small renal masses.

The most optimal treatment of small renal masses might in the
future be determined by pretreatment characterization of biopsies. The
aimwill be to identify themasses with aggressive biology for treatment
and spare those with indolent characteristics.

Perioperative treatment and adjuvant therapies
Historically, only the S-TRAC study evaluating the TKI Sunitinib

has been approved by the FDA (15). The study showed an increase in
disease-free survival (DFS) but no increase in overall survival (OS). No
EuropeanMedicines Agency (EMA) approval was given. Consequent-
ly, adjuvant treatment has not been widely used in RCC.

Recent studies on adjuvant immunotherapy have shown different
results in proving benefit over placebo. The IMMOTION010 (16),

PROSPER RCC (17), and CheckMate 914 (part A; NCT03138512) did
not succeed in showing a clinical benefit over placebo, however in the
KEYNOTE-564 study (18), Pembrolizumab showed a clear DFS
benefit over placebo (HR, 0.63; 95% CI, 0.50�0.80). In this study,
intermediate- to high-risk patients are offered either Pembrolizumab
for 1 year or placebo for 1 year. The follow-up has not yet matured
sufficiently for showing a significant effect on OS, but the FDA and
EMAhave already approved adjuvant pembrolizumab. Interestingly, a
subgroup of patients with M1 disease, but radically operated on,
showed very strong results (HR, 0.28; 95% CI, 0.12–0.66), indicating
that adjuvant pembrolizumab may have the highest impact in patients
with the highest risk of recurrence (18). Going forward, this finding
may support treating ctDNA-positive patients with adjuvant therapy.

Especially important in the adjuvant setting is the toxicity risks,
because patients are curatively treated, asymptomatic, a majority of
themwill never relapse, and the adverse events may potentially be fatal
or have a lifelong impact. Moreover, the detection of small often
indolent renal masses is rising due to increased abdominal imaging,
leading to potential overdiagnosis/-treatment (13, 14). A biomarker for
MRD which is not detectable on conventional CT scans could poten-
tially designate a subgroup of patients who would bemuchmore likely
to benefit from adjuvant therapy. Thereby justifying the use of
adjuvant immunotherapy despite the toxicities, both clinically and
financially.

Treatment of metastatic disease
Although localized disease is treated with surgery, patients with

metastatic RCC (mRCC) are predominantly treated with immuno-
therapy. Even though immunotherapy doublet (IO-IO) delivers dura-
ble responses in one third of patients, the main clinical challenge is
that 50% of patients experience disease progression within the first
12months (19).With the introduction of TKI-IO therapywe have seen
the median progression-free survival (PFS) increase [KN-426 (2),
CLEAR (3), andCM9ER trials (4)]. This is a clear clinical improvement
to the treatment of mRCC, however, we still lack data on the ability of
TKI-IO to deliver as durable responses as the IO-IO with Ipilimumab
and Nivolumab.

At present, TKI-IO is identified as the gold standard for patients in
the international mRCC database consortium (IMDC) or the Memo-
rial Sloan Kettering Cancer Center (MSK) “favorable” risk group. For
patients in the “intermediate”- and “poor”-risk groups, IO-IO is the
cornerstone in the treatment, alternatively the above-mentioned TKI-
IO combinations (1). TheCOSMIC 313 trial is presently evaluating the
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Clinical challenges in renal cancer management. Listing some of the major challenges within patients with renal cancer management. A, For small renal masses, the
dilemma is between operating or taking a watchful waiting strategy. B, For localized disease, risk stratification is needed. Does the patient need further treatment
after curatively intended surgery? C, Formetastatic disease, which treatment to offer is themain challenge. Immunotherapy should be administered only to patients
most likely to respond to the treatment. (Adapted from an image created with BioRender.com.)
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efficacy of triplet treatment with Ipilimumab, Nivolumab, and Cabo-
zantinib. Data are still preliminary, however PFS is particularly
increased for patients in the intermediate-risk group. OS data still
awaits (20). Currently, studies are evaluating the antitumor effect of
Belzutifan, which seems a very promising treatment, both alone and in
combination with pembrolizumab (NCT05239728) or cabozantinib
(NCT03634540; ref. 21). Very recently, the chimeric antigen receptor
(CAR) T-cell therapy IVS-3001 received the FDA fast-track designa-
tion, and a phase I/IIa trial has commenced (NCT05672459).

A substantial portion of patients receiving IO-IO or TKI-IO do not
obtain disease control on this treatment, leading to disease progression
and impaired prognosis (1). Despite attempts in finding predictive
biomarkers of response to therapy (reviewed in ref. 22), it is still unclear
which patients will benefit most from a given combination and what
the optimal sequence of administration is. Moreover, with an evolving
treatment armamentarium, where combinations of agents are being
tested as compared with single-agent approaches, a mechanism by
which to guide clinical decision-making is necessitated as expensive
medical treatments should be given in a timely manner but only to
patients who need treatment and who are likely to benefit from it.

RCC is characterized as one of themost “immune hot” tumor types,
and immunotherapy hasmarkedly improved the treatment options for
mRCC and demonstrated clear benefits over standard targeted ther-
apy (19). But, only little is known about the immunomodulatory and
biological effects of the current standard treatment for the vast
majority of mRCC patients, even though 50% of patients will have
progressed within the first year (1). The antitumor response mounted
by immunotherapy is stated to be impacted by the number of
proliferating CD8 T cells recognizing tumor antigens, with results
showing that exhausted T cells are enriched in mRCC (23). Moreover,
recent studies elucidate that the microbiota composition may mod-
ulate the immune system and thus treatment response (24). However,
the molecular mechanisms underlying the differences between
responding and nonresponding patients with mRCC to immunother-
apy is still unclarified (25).

Challenges in Biomarker Development
Numerous biomarkers in renal cancer management have been

suggested (26, 27). Figure 2 highlights the areas where biomarker-
guided treatment could have a major impact on RCC management.
However, only a few biomarkers have reached the clinic to date.
Currently, the Leibovich criteria is used in the clinic to risk stratify
and to determine the follow-up program for patients presenting with
localized disease. Here we discuss some of the challenges in biomarker
development (see alsoTable 1 listing the biomarkers discussed below).

Heterogeneity and clonal evolution
Clear cell RCC (ccRCC) represents approximately 80% of all kidney

tumors, and the remaining major subtypes, defined by distinct histo-
logical and molecular features, are generally referred to as non-
ccRCC (28). The morphologic subtyping constitutes an independent
prognostic predictor of cancer-specific survival, and thus clinical
behavior, where ccRCC tumors have a worse survival rate compared
with the two most common non-ccRCC subtypes; papillary RCC
(pRCC), and chromophobe RCC (chRCC; refs. 29, 30). This hetero-
geneity has proven to have an effect on the response to treatment with
sarcomatoid differentiated tumors at a histologic level being associated
with poorer outcomes in general, but shown to respond better if treated
with immune checkpoint inhibitor-based therapies in the KEYNOTE-
426 (2),CheckMate-214 (31), andCheckMate-025 (32) studies (33, 34).

Renal tumors are in general known to be characterized with a relatively
high level of both inter- and intratumoral heterogeneity, which both
individually and combined can cause different patient responses to the
same administered treatment, most likely due to molecular differ-
ences (35, 36). Well-established genetic mutations, including VHL,
MET, and folliculin, contribute to the development of distinct RCC
subtypes (ccRCC, pRCC, and chRCC, respectively) and thus different
response mechanisms (36). Moreover, the intratumoral heterogeneity
(ITH) presents a barrier to adequate characterization of the genome
from preoperative renal tumor lesions. ITH implies multiple distinct
clones co-exists within a single tumor, with branched lineages inde-
pendently evolving towards increased malignancy. TCGA revealed
ccRCC as having the highest degree of immune- and T-cell-infiltration
based on transcriptomic analysis of 19 cancer types (37). Furthermore,
the PCAWG consortium characterized the genetic ITH across
2,658 genomes from 38 cancer types and observed that the rare chRCC
were among the cancers with the highest subclonal SNVs and SVs (38).
However, ccRCC tumors did not exhibit a higher degree of genetic
heterogeneity as compared with the other cancers. Moreover, despite
being an immunogenic tumor type, renal cancers have a relatively low
tumor mutational burden (TMB) as compared to other immunogenic
cancers (39).

It is well-known that genetic heterogeneity fosters clonal evolution
causing subclones within a tumor to change over time. TRACERx
Renal showed that mRCC lesions are less heterogeneous and have
fewer driver alterations than primary tumors. Consequently, driver
diversity seems to accumulate in the primary tumor and metastatic-
competent populations arise. The clones leading to metastatic lesions
are characterized by a high proliferation rate, genomic instability, and
immune evasion, with a rapidmulti-tissue seeding of metastatic clones
being associated with highly aggressive disease and poor OS (40, 41).
Such patients may not benefit from cytoreductive nephrectomy.

Moreover, through computational modeling it has been proposed
that growth on the surface of the tumor, as compared with growth in
tumor volume, leads to branched evolution and consequently addi-
tional subclones with different potential arise (42). Subclone hetero-
geneity advances treatment resistance or may arise as a result of
treatment (35). Given this diversity, the traditional approach of
performing molecular and histological classification of a tumor based
on a single biopsy is considerably complicated by heterogeneity both
for the application of precision medicine approaches and the devel-
opment of novel biomarkers of therapy resistance (43). A method to
overcome heterogeneity and avoid possible sampling bias may include
multiregion sequencing with phylogenetic analysis and integrated
analysis of molecular data from tumor biopsies with ctDNA analysis
(discussed later). Taken together, these studies highlight the impor-
tance of considering ITH both for prognostic purposes and in the
development of biomarkers for surgery and therapy response.

Moreover, as immune checkpoint inhibitors execute their antitu-
mor probabilities by activating the patient’s own immune system the
tumormicroenvironment (TME) is known to be highly involved in the
treatment response, which makes the role of the TME in renal cancer
development and progression crucial to understand. ccRCC tumors
are highly infiltrated with leukocytes, especially T cells of various
phenotypes (44). Studies have shown that the nature and degree of the
tumor infiltrate has prognostic significance, with worse outcomes
being associated with the burden of accumulated T cells and the
presence of specific subpopulations of tumor-associated macro-
phages (37, 45). The M2 macrophage phenotype has been widely
associated with tumor promotion (reviewed in ref. 46), where a recent
study in RCC shows implication of M2 macrophages in immune-
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related pathways (47). Another study of the COMPARZ (48) cohort
revealed that a high tumor infiltration of macrophages in general was
associated with a worse OS in patients with mRCC treated with
pazopanib (HR, 2.62), where no survival difference was seen in the
sunitinib-treated patient group (49). Furthermore, a study measuring
CD163, a well-described marker of M2-like tumor-associated macro-
phages, showed that baseline soluble circulating CD163 is a novel
independent biomarker of OS in mRCC (50). These findings motivate
further exploration of the predictive potential for the TME in IO and
TKI response. Yet, attention needs to be drawn to the risk of over-

simplification when looking at only M1 and M2 phenotypes, as it has
been shown that macrophages exist in a continuum of activation
states (51, 52).

However, the underlying mechanisms behind the immunogenicity
of ccRCC has been undefined due to the slightly atypical low muta-
tional and neoantigen load detected in the ccRCC tumor (37, 53). It has
been postulated that the epithelial compartment and an elevated
antigen presentation may be involved in the attraction of immune
infiltrate and the immunotherapy responsiveness (37, 54, 55). In
contrast, chRCC has shown less immune filtration compared with
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ccRCC and is consequently defined as “immune-cold.” Both subtypes
have a low TMB and despite the distinct biology, the difference in
immune infiltration remains unexplained (55).

Methodological challenges
In addition to heterogeneity, technical features are also challenging

the comparison between studies. More specifically, the variability in
specificities, sensitivities, and assays applied, the lack of reproducibility
between platforms and analyzing methods used between studies, as
well as the lack of validation in and across clinical trials. Many studies
performed to date are based on small retrospective cohorts and have
not been validated in independent (large) cohorts, and thus the
significance of these studies may be questionable. Accuracy and
reproducibility both within a given study and in subsequent validation
studies are utmost important.

The number of FDA-approved biomarkers used in RCC patient
management are limited and to change this, collaborative strategies
need to be fostered within the RCC research field. Importantly, to
increase the number of patients within each study, trials across borders
should be set up under prospective conditions with high accuracy,
standardized data collection, and reproducibility.

Potential of Tumor-centric Biomarkers
The four most frequent mutated alterations in RCC areVHL (64%),

PBRM1 (36%), SETD2 (20%), and BAP1 (13%), and their potential as
biomarkers have been widely analyzed (reviewed in ref. 56). There has
been debate concerning theVHL gene association with prediction and
prognostics, however ameta-analysis including results from six studies
showed no association between VHL mutational status and clinical
parameters, such asOS, PFS, or overall response rate (57).Mutations in
PBRM1 mutation is generally a favorable prognostic biomarker, but
varied associations with response to VEGF or immunotherapies have
been observed (58, 59). BAP1 alterations have been associated with
poor prognosis with significantly shorter OS for BAP1-mutated

patients (60, 61), but neither BAP1, VHL, or PBRM1 showed
prognostic potential in a clinical phase III trial (JAVELIN; ref. 62).
In addition, SETD2, a H3K36-trimethyltransferase, has been linked
to metastatic disease, where a recent study demonstrates that
SETD2 loss leads to an open chromatin structure in the renal
tumors, which facilitates increased transcriptional output from
oncogenic drivers (63, 64).

Recently, gene expression alterations such as metabolomics and or
methylation signatures (65), as well as, distinct histological and
molecular combined signatures have been suggested as promising
risk stratifiers (66–70). Many biomarkers have been examined in RCC
trials, especially TMB, tumor-infiltrating lymphocytes (TIL) and PD-
L1 expression, but also MMR-Deficiency/MSI-High, PBRM-1, and
neutrophil-to-lymphocyte ratio (NLR), however, despite major con-
tributions within this field none of these biomarkers may successfully
predict the efficacy of ICI-based therapy (71, 72).

Currently, one of the most investigated tumor-associated biomar-
kers in RCC is expression of the tumor cell programmed cell death 1
ligand 1 (PD-L1). PD-L1 is a transmembrane protein expressed
primarily on activated T cells, and the expression of PD-L1 has shown
to be a poor prognostic marker in immune checkpoint inhibitor (ICI)-
based therapy naive patients and to correlate strongly with an unfa-
vorable outcome in TKI-based therapy (73, 74). A meta-analysis of
randomized PD-L1 clinical trials including in total 4,635 patients with
mRCC from six clinical trials comparing ICIs with standard therapy,
revealed that PD-L1 expression correlated positively with PFS but not
OS (75). The latter was improved upon treatment regardless of PD-L1
levels, thus indicating that PD-L1 may not be an ideal predictive
biomarker of response to ICIs (1).

However, there has been great variability in the PD-L1 positivity
reported by various studies, ranging from a few percent to over 60%
of cases having PD-L1 detected (76, 77). The reason for this
variability can be explained by the cut-off level applied to define
PD-L1 expression, the amount of tissue analyzed as tumor tissues
are not uniform, heterogeneous expression, different antibodies and

Table 1. Renal cancer biomarker types, potential clinical applications, and challenges.

Biomarker Clinical utility Challenges

Histology: subtyping based on sarcomatoid
or rhabdoid features

Prognostication and treatment consideration Applicable only to the group of patients presenting
with sarcomatoid or rhabdoid features

Histology: nomograms Risk stratification The current risk stratification based on nomograms
is not sufficient

Tumor-centric genetic biomarkers Prognostication Lack of treatment options based on the targets.
Lack of evidence for efficacy

Plasma: ctDNA Diagnosis, evaluation of treatment options,
prediction of treatment outcome, monitoring,
and detection of relapse

Low level of ctDNA released from renal cancers;
methods need optimization

Plasma: CTCs Knowledge of cancer biology and metastatic
process, prediction of therapy response, and
prognostication

Technical optimization of CTC enumeration

TCR Immune health Determination of neoantigen targets
Microbiome Understanding the impact on tumorigenesis,

immunity and immune response in relation to
immunotherapies, and new treatment options

Multiple bacterial species that may have similar
agonistic/antagonistic roles. Interactions with
immune and other cell types are very complex

Single cell/spatial omics Characterize RCC cell populations and immune
composition to discover new biomarkers

Comprehensive data analysis, high levels of
technical noise, lack of good reference material,
and data standardization

Radiomics Diagnosis of small tumors from benign cases,
grading, subtyping, prediction of treatment
efficacy, and prognostication

Lack of standardization of scanning protocols and
analysis tools across studies
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staining procedures as well as difficulties in distinguishing PD-L1
positive tumor cells from macrophages. These kinds of variabilities
limit the progress within this field.

Potential of Liquid Biopsies as
Biomarkers in Renal Cancer

The utility of liquid-based biomarkers is numerous such as: distin-
guishing benign frommalignant renal masses, monitoring and detect-
ing MRD beyond the resolution of imaging, predicting therapy
response, prognostication, stratify patients based on risk assessments,
and monitor tumor evolution (in response to treatment) using a
noninvasive approach.

Circulating tumor DNA
ctDNA has proven great potential as a diagnostic, prognostic, and

predictive biomarker in cancer in general, however the analysis has
been challenged in RCC by the trace amounts of ctDNA shedded by
RCC tumors (78); 1,237 patients have so far been examined across 19
different ctDNA-based studies.

A few studies have questioned ctDNA as a prognostic marker
in RCC, and it has been shown that ctDNA levels can be used
as an independent predictor of disease- and recurrence-free
survival (79–82). Furthermore, some studies have reported that
ctDNA changes, detected through longitudinal analysis, correlate
with the clinical disease course and with changes in tumor volume
as assessed by CT-imaging (79, 83–85). However, these studies have
been challenged by detection of ctDNA in only a low fraction of
patients. This may to some extent be explained by the use of single-
biomarker strategies which may not capture the huge complexity of
response. Tumor-guided methods as compared with tumor-
agnostic methods, where the blood is investigated without any
prior knowledge, have to some extent improved the ctDNA detec-
tion rate (78). With more sensitive markers and techniques, such as
cfMeDIP-seq exploring the cfDNA methylation landscape, it has
proven possible to identify ctDNA in early-stage RCC (86). Recent
studies (86, 87) demonstrated that using cfMeDIP-seq it is possible
to accurately classify patients across all stages of RCC, with a ctDNA
detection rate of 97% at 100% specificity. Moreover, in mRCC
methylation levels assessed by cfMeDIP-seq showed superior per-
formance in ctDNA detection (100%), compared with cfDNA
mutation analysis using targeted sequencing (21%), with 88%
specificity (84). This work shows the potential of overcoming some
of the challenges previously reported in the renal ctDNA field, so
that the same sensitivity as seen in other cancers can be obtained.

As the half-life of cfDNA is <2 hours, it is intuitive that patients
cured by surgery will not have ctDNA during follow-up, whereas
patients receiving nonradical surgery or having occult dissemination
at time of surgery are likely to have it (88). Importantly, liquid biopsies
can overcome genetic heterogeneity both in space (subclones/regions
with different alterations) and in time (evolution during for example
selection pressure) as liquid biopsies both capture the entire
tumor and can be sampled throughout disease progression. However,
tumor-informed approaches to ctDNA detection may pose some
challenges to capture metastatic lesions with significantly different
biological backgrounds.

ctDNA analysis has potential as a tool for assessing the impact of
intervention, and to provide a critical window of opportunity for
intervention at an early time-point where curative modalities are still
an option. Use of ctDNA analysis may be able to correctly guide when
to perform CT-imaging as opposed to current surveillance programs

with radiologic assessment at specific time points, with the frequency
of CT-imaging correlating to a pre-assessed risk of recurrence. In
addition, ctDNA analysis may be able to identify, and improve on,
factors associated with suboptimal surgery, and to identify patients
with subclinical metastatic disease who may benefit from adjuvant
therapy, but are untreated today (stage I, II, III).

Nevertheless, more, and larger studies across centers are warranted
to fully validate the potential of ctDNA as a biomarker in RCC.

Circulating tumor cells
CTCs are tumor cells shed from the primary tumor, which circulates

through the peripheral blood system and are involved in themetastatic
process (89). Characterizing CTCs could give valuable insight into the
metastatic process in RCC, which could potentially help to diagnose
metastatic lesions early as well as provide information to help hinder
metastatic disease. A few studies have linked the detection of CTCs
with poor response to treatment and shorter PFS inmRCC (90). At the
time of radical nephrectomy, the detection of CTCs correlates with
positive lymph nodes and synchronous metastasis (91). In addition,
CTCs have been shown to have variable plasticity, and CTCs with
stem-cell-like characteristics have been associated with shorter
PFS (92). An observational clinical trial, including 246 mRCC first-
line TKI patients (93) reported that patients with three or more CTCs
detected at baseline had a shorter PFS andOS. Thus, detection of CTCs
has the potential to be of prognostic value in RCC, however for clinical
integration there exists a need for technical optimization of CTC
enumeration (reviewed in ref. 94).

Other liquid biomarkers
In a recent study, T-cell receptor (TCR) clones, analyzed in the

blood of patients with RCC during IO treatment, were found to be
indicative of treatment response (95). Changes in TCR clones dem-
onstrate the potential of predictive blood based markers. However, to
implement this into clinical practice in the future, figuring out how to
select personalized target neoantigens is of priority, as neoantigens are
unique in individual cancers.

In addition,multiple types of noncoding RNAs have been tested and
proposed as biomarkers in RCC (reviewed in ref. 96) and compre-
hensively discussed in ref. 97). However, to move this field forward
consensus of methods needs to be obtained, such that results can be
validated across studies.

New Avenues to Explore for Biomarker
Discovery

To move the RCC biomarker field ahead new areas need to be
explored.

Microbiome
The microbiome plays a role not only in the metabolism, but also in

tumorigenesis, immunity, and immune response in relation to immu-
notherapies. Administering antibiotics prior to immunotherapy treat-
ment is linked to a reduced PFS, which could be caused by an altered
microbiome (98). The composition of the microbiome has also been
shown to be altered as a consequence of TKI treatment (98). The
microbiome has further been linked to ICI response; patients with a
greater microbial diversity respond better (99). This knowledge has
been translated into tests of fecal microbiota transplantation in
mice (100), and administration of probiotic supplements in patients
withRCC receivingVEGF-TKIs, regardless of the line of therapy (101).
Despite increased levels of the bacteria clones in the gut, no effect was
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observed on the outcome for the patients treated with probiotics (101).
In a recent open-label, single-center study, 30 treatment-naive
patients with mRCC were randomized 2:1 to receive Nivolumab
and Ipilimumab with or without daily probiotic supplement,
respectively. Patients receiving probiotics had a significantly longer
PFS (12.7 months vs. 2.5 months), and higher response rate (58% vs.
20%; ref. 102). Consequently, the role of the gut microbiome in
modulating treatment response during treatment is intriguing and
warrants further investigation.

Single-cell and spatial omics
Single-cell omics, which allow to disentangle genomic, transcrip-

tomic, proteomic, or any other omic data for every individual cell in
RCC is a next natural step to better characterize RCC cell populations
to discover new biomarkers. A few small-scaled studies have started to
look into this and found prognostic and predictive value for specific
cell types (54, 55, 103, 104).

Moreover, to further understand the intercellular communication
of cancer cells with the cells surrounding, spatial analysis of the tissue
can assist single cell findings. In RCC, it has been found that tumors
harboring close proximity between natural killer and T cells possess
poor OS (105). Thus, single-cell and spatial omics can give novel
insight into the characteristics of RCC tumor biology, immune com-
position, and TME, which can be linked to clinical outcome measures
and subsequently be investigated as potential targets for therapy.

Radiomics
A further intriguing area advancing in the field is the use of artificial

intelligence (AI) applied to RCC radiomics. Image characterization of
renal masses might be able to diagnose small and indolent tumors
from benign cases (106), grade tumors (107), differentiate RCC
subtypes (108), and to predict treatment efficacy (109), and for
prognostication (110) (reviewed in detail in ref. 111). Yet, work is
still needed to standardize scanning protocols and analysis tools.

Perspectives
To optimize the treatment of patients with RCC andmove towards a

more personalized approach it is essential to comprehensively char-
acterize the tumor in relation to the TME and immune landscape.
Further, the utility of potential biomarkers in RCC should in the future
include the development of clinically significant data in the context of
prospective clinical trials, and ultimately be tested for clinical utility in
biomarker-guided clinical trials. Moreover, it is important that we
continue to try to understand the early steps of kidney cancer,
molecular definitions, and understand the wealth of the different
kidney cancer subtypes. A further understanding of why some tumors

is responding to treatment whereas others do not is needed. For this,
prospectively collected cohorts with excellent clinical data are needed.
Furthermore, and importantly, the standardization of procedures,
such as sample acquisition, storage, and analysis is needed to be tightly
controlled and standardized to move this field forward.

The potential clinical implications are numerous if biomarker-
guided studies could clearly demonstrate the potential of the
discussed biomarkers over the current prognostic determinations
and imaging modalities. First, for example, a more patient specific
follow-up scheme could be accomplished using ctDNA-guided
clinical management: (1) ctDNA-positive patients may benefit from
immediate intervention. (2) For ctDNA-negative patients, a watch-
ful waiting strategy, possibly involving serial ctDNA analysis, may
be beneficial and could potentially spare patients from unnecessary
concerns and inconvenience, as well as unnecessary use of imaging
resources.

Second, prediction of therapy response could help select patients
with a high probability of immunotherapy efficacy, ultimately paving
the way for precision immuno-oncology.

This will benefit both patients and the healthcare system; expensive
medical treatments should be given in a timely manner but only to
patients who need, for example, additional oncologic treatment and
who are likely to benefit from it.

In conclusion, to truly move the renal cancer biomarker field ahead
collaborative forces are needed across countries to ensure sufficient
enrolled patients in prospective studies, evaluating not only the tumor
composition, but equally interesting the patient’s immune response to
the treatment, and the microbiome composition in a holistic view of
the patient’s cancer disease.
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