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ABSTRACT

PURPOSE Tumor-informed circulating tumor DNA (ctDNA) has shown promise as a
biomarker for treatment response monitoring (TRM) in a variety of tumor
types, with the potential to improve clinical outcomes. We evaluated ctDNA
status and dynamics during surveillance and as part of TRM with clinical
outcomes in both patients with clear cell renal cell carcinoma (ccRCC) and non–
clear cell renal cell carcinoma (nccRCC) treated with standard-of-care im-
munotherapy or targeted therapy regimens.

METHODS This was a multicenter retrospective analysis of real-world data obtained from
commercial ctDNA testing (Signatera, Natera, Inc) in patients with metastatic
RCC. Clinical data were collected on International Metastatic RCC Database
Consortium (IMDC) risk category, pathologic subtype, and grade.

RESULTS The cohort comprised 92 patients (490 plasma samples) including both clear
cell and non–clear cell histological subtypes (ccRCC: 79.3%; nccRCC: 14.1%;
unclassified: 6.5%). Most of the patients belonged to the IMDC intermediate-
risk category (75%, 69/92). Median follow-upwas 10 months (range, 4.2-25.8).
ctDNA dynamics were assessed in 56 patients on treatment, and ctDNA status
was analyzed in the surveillance cohort (n 5 32 patients). Serial ctDNA nega-
tivity or clearance correlated with improved progression-free survival (PFS)
compared with those who became or were persistently ctDNA positive on
therapy (hazard ratio [HR], 3.2; P 5 .012). In the surveillance cohort, patients
with positive ctDNA longitudinally experienced significantly inferior PFS (HR,
18; P 5 .00026) compared with those who were serially negative.

CONCLUSION Collectively, we show that serial ctDNA monitoring provides prognostic in-
formation for patients undergoing treatment or surveillance, and our findings
demonstrate high concordance between ctDNA status/dynamics and subse-
quent clinical outcomes.

INTRODUCTION

Renal cell carcinoma (RCC) is a common malignancy com-
prising approximately 4.1% of all newly diagnosed patients
with cancer, with a median age at diagnosis of 64 years.1

Approximately 30% of patients with RCC are diagnosed at an
advanced or metastatic stage, and approximately 80% of
these patients have intermediate or poor-risk disease,2

where historic 5-year survival rates are <20%.3

Treatment assignment for patients with advanced metas-
tatic RCC is often guided by risk stratification using the
Memorial Sloan-Kettering Cancer Center prognostic model
or the International Metastatic RCC Database Consortium

(IMDC) criteria.4,5 Similarly, prognostic criteria such as the
University of California, Los Angeles, Integrated Staging
System; theMayo Clinic Leibovich prognosticmodel; and the
ASSURE nomogram have been developed to assess recur-
rence risk.6-9 Despite incorporating these clinicopathologic
models, many recent trials of adjuvant therapy in RCC have
been negative,10,11 indicating that reliable biomarkers to
effectively identify patients who will benefit from therapy
are needed to maximize benefit and minimize the cost and
toxicity associated with unnecessary therapy.9,12

With the advent of combinatorial treatment regimens using
immune checkpoint inhibitor (ICI)-based combinations
such as ipilimumab and nivolumab and various ICI with
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tyrosine kinase inhibitor (TKI) combinations, there have
been significant improvements in survival rates.13-16 Al-
though these combinations can reach an overall response
rate as high as 70%,16 primary progression with ICI doublet
therapy can be seen in 20% of patients, and these patients
may experience deteriorating clinical status, rendering them
unable to receive second-line therapy. This observation
supports the need for early predictive biomarkers of treat-
ment response to optimize the use of second-line therapy
and/or consolidative nephrectomy.17

Circulating tumor DNA (ctDNA) monitoring using a tumor-
informed, minimally invasive biomarker has been shown to
be an early predictor of treatment response and survival
outcomes.18 Recently, in a small pilot study of patients with
advanced genitourinary tumors (predominantly RCC),
ctDNA was used to monitor response to ICIs and demon-
strated high concordance rates between ctDNAdynamics and
conventional imaging.19 In this study, we sought to evaluate
ctDNA as a predictive biomarker of treatment response on
therapy and disease progression in the surveillance setting in
a large cohort of patients with RCC.

METHODS

Patient Characteristics and Study Design

A retrospective ctDNA analysis was performed on a real-world
multi-institutional cohort of 92 patients with metastatic RCC.
Tests were ordered commercially according to the provider’s
clinical practice at the University of Alabama, Birmingham
(O’Neal Comprehensive Cancer Center, Department of Radi-
ology, and Urology), and Rush University, Chicago, IL; patients
meeting inclusion criteria were identified retrospectively.
Patients were included in the study if they had more than 1
ctDNA test, either on treatment or during surveillance. Data
lock was on July 1, 2023. This study was conducted in com-
pliance with Natera Protocol 21-058, the Declaration of

Helsinki, Title 21 of theUSCodeof Federal Regulations (CFR) as
applicable, Good Clinical Practice guidelines, and International
Conference on Harmonization guidelines. A waiver of the
consent process and of the requirement for documentation of
informed consent was granted according to 45 CFR 46.116(d)
and 45 CFR 46.117(c)(2), respectively.

Personalized ctDNA Assay Using Multiplex Polymerase
Chain Reaction-Based NGS Workflow

A clinically validated, personalized, tumor-informed 16-
plex multiplex polymerase chain reaction (mPCR)-next-
generation sequencing (NGS) assay (Signatera, Natera, Inc)
was used for the detection and quantification of ctDNA, as
previously described.20 Briefly, whole-exome sequencing
was performed on extracted DNA from formalin-fixed and
paraffin-embedded tumor tissue along with matched nor-
mal blood samples from each patient. A set of up to
16 patient-specific, somatic, single nucleotide variants
(SNVs) were selected for mPCR-NGS testing in the plasma
cfDNA of the respective patient. Detection of two or more
SNVs above a predefined statistical algorithm confidence
threshold was considered ctDNA positive. ctDNA concen-
tration (levels) was reported as mean tumor molecules per
mL of plasma.

Statistical Analysis

The primary end point was progression-free survival (PFS);
the duration of PFS was defined as the time from the first
ctDNA test performed to the date of disease progression or
death from any cause. Patient characteristics were sum-
marized using descriptive statistics, and statistical signifi-
cance was evaluated using Fisher exact test for categorical
variables. Survival analyses were conducted using R software
v4.2.2 using packages survminer (v0.4.9) and survival
(v3.2.13). PFS curves were compared using Kaplan-Meier
method. Hazard ratios (HRs), associated 95% CIs, and P

CONTEXT

Key Objective
Is circulating tumor DNA (ctDNA) predictive of treatment response on therapy and progressive disease during surveillance
in patients with renal cell carcinoma (RCC)?

Knowledge Generated
In the treatment monitoring setting, serial ctDNA negativity or clearance correlated with improved progression-free survival
(PFS) compared with those who became or were persistently ctDNA positive on therapy (hazard ratio [HR], 3.2; P 5 .012). In
the surveillance cohort, patients with positive ctDNA longitudinally experienced significantly inferior PFS (HR, 18; P 5

.00026) compared with those who were serially negative.

Relevance
Our data show high concordance between ctDNA status/dynamics and subsequently observed clinical outcomes for
patients with metastatic RCC, suggesting that ctDNA dynamics should be further validated as a biomarker.
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values were calculated using Cox regression analysis (R
packages survminer v0.4.9 and survival v3.2.13). Log-rank
test was used for comparing two PFS distributions, with
P ≤ .05 being considered significant.

RESULTS

Patient Cohort

The cohort comprised 92 patients (490 plasma samples;
median age at first plasma draw, 62 [range, 35-84] years)
with metastatic RCC (clear cell renal cell carcinoma: 79.3%,
73/92; non–clear cell renal cell carcinoma: 14.1%, 13/92;
unclassified: 6.5%, 6/92; Table 1). Most of the patients
belonged to the intermediate-risk category (75%, 69/92) as
per IMDC risk criteria. Median follow-up was 10 months
(range, 4.2-25.8), and the median duration between
timepointswas 2.2months. ctDNAdynamics and statuswere
evaluated in two separate cohorts, namely (1) the treatment
response monitoring (TRM) cohort (n5 60), wherein ctDNA
dynamics between the last two time points preceding a PFS
event on treatment were assessed to predict response, and
(2) the surveillance cohort (n 5 32), wherein the association

of ctDNA status during surveillance (off treatment) with
clinical outcomes was evaluated. The clinical course for each
patient, annotated with ctDNA status and clinical outcomes,
is presented in Figure 1. In the TRM cohort (n 5 60), 93.3%
received immunotherapy (IO) or IO/TKI combinations
(46.67%), 23.3% received TKIs alone, 3.3% received targeted
treatment, and 1.67% received radiotherapy.

ctDNA Status and Dynamics Are Associated With
Survival Outcomes in Patients With Metastatic RCC

In the TRM cohort, patients with at least two ctDNA time
points before a PFS event were evaluated for change in ctDNA
dynamics (n5 56). Fifty-five percent (31/56) of these patients
experienced clearance or remained serially negative while the
remaining 45% (25/56) either remained persistently positive
or converted to positive despite therapy. On treatment, ctDNA
clearance or serial negativitywas associatedwith significantly
improved PFS (HR, 3.2 [95% CI, 1.2 to 8.5]; P 5 .012; Fig 2A).

In the surveillance cohort (n 5 32), patients who tested
ctDNA positive longitudinally (34%, 11/32) experienced
significantly inferior PFS (HR, 18 [95% CI, 2.2 to 147];

TABLE 1. Demographic Table Highlighting Patient and Tumor Characteristics

Patient/Tumor Characteristic TRM Cohort (n 5 60) Surveillance Cohort (n 5 32) Overall Cohort (N 5 92)

Sex, No. (%)

Male 44 (73.3) 23 (71.9) 67 (72.8)

Female 16 (26.7) 9 (28.1) 25 (27.2)

Subtype, No. (%)

Clear cell 46 (76.7) 27 (84.4) 73 (79.3)

Non–clear cell 10 (16.7) 3 (9.4) 13 (14.1)

Unclassified 4 (6.7) 2 (6.3) 6 (6.5)

IMDC risk category, No. (%)

Favorable risk (0) 11 (18.3) 4 (12.5) 15 (16.3)

Intermediate risk (1-2) 43 (71.7) 26 (81.3) 69 (75)

Poor risk (31) 3 (5.0) 1 (3.1) 4 (4.4)

Unknown 3 (5.0) 1 (3.1) 4 (4.4)

ctDNA status, No. (%)

Anytime positive 39 (65.0) 11 (34.4) 50 (54.3)

Serially negative 21 (35.0) 21 (65.6) 42 (45.7)

Age, years, median (range) 61 (40-82) 64 (35-84) 62 (35-84)

Follow-up, months, median (range) 10.5 (6.1-25.8) 9.7 (4.2-19.7) 10 (4.2-25.8)

Sites of metastasis, No. (%)

Bone 10 (16.7) 5 (15.6) 15 (16.3)

Brain 5 (8.3) 2 (6.3) 7 (7.6)

Liver 12 (20.0) 1 (3.1) 13 (14.1)

Lung 32 (53.3) 13 (40.6) 45 (48.9)

Lymph node 10 (16.7) 3 (9.4) 13 (14.1)

Other 39 (65.0) 11 (34.4) 50 (54.3)

Unknown 5 (8.3) 9 (28.1) 14 (15.2)

Number of time points, median (range) 5 (2-15) 3.5 (2-14) 4.5 (2-15)

Abbreviations: ctDNA, circulating tumor DNA; IMDC, International Metastatic RCC Database Consortium; TRM, treatment response monitoring.
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P 5 .00026) compared with those who were serially ctDNA
negative (66%, 21/32; Fig 2B).

ctDNA Kinetics and Patient Clinical Scenario

A patient in the surveillance cohort (patient 65) had serial
ctDNA testing performed. After four consecutive ctDNA

negative tests, this patient tested persistently ctDNApositive
at the next two time points, prompting a for-cause radio-
logical staging assessment that revealed progressive disease
(PD). The patient received IO-based therapy (axitinib/
pembrolizumab) with early and persistent ctDNA clearance.
This case demonstrates the value of serial ctDNA testing in
the surveillance setting, where persistent ctDNA positivity
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FIG 1. Swimmer plot showing clinical outcomes, duration of systemic therapy, and longitudinal ctDNA analysis for two separate subcohorts
of patients with RCC. (A) Treatment response monitoring (n 5 60). (B) Surveillance (n 5 32). Patients are ordered according to descending
length of clinical follow-up. ctDNA, circulating tumor DNA; ID, identification number; IO, immunotherapy; NED, no evidence of disease; NPD, no
evidence of progressive disease; PD, progressive disease; RCC, renal cell carcinoma; TKI, tyrosine-kinase inhibitor.
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prompted imaging to confirm PD and the need to start
treatment (Fig 3).

DISCUSSION

Despite advancements in combinatorial treatment regimens
with ICIs and TKIs for patients with RCC, only a subset of
patients achieves durable efficacy and survival benefits.
Decisions regarding therapy duration to achieve long-
lasting benefits without permanent and debilitating im-
mune-related adverse events versus cessation of therapy for

certain nonresponsive patients remain elusive.21 In this real-
world study of tumor-informed ctDNA dynamics in RCC, we
demonstrate the prognostic value of tumor-informed ctDNA
testing in metastatic renal cell carcinoma (mRCC) and
provide evidence of utility with serial ctDNA testing for TRM
and surveillance. The detection of ctDNA, or lack thereof,
correlated well with clinical outcomes, wherein ctDNA-
positive patients were at a much higher risk of progres-
sion while on therapy or during surveillance.

In the surveillance setting, ctDNA positivity was strongly
predictive of PD in patients with mRCC, whereas nearly all of
the serially ctDNA-negative patients remained progression
free during follow-up. This latter observation has particular
clinical significance, providing evidence to support inter-
mittent treatment breaks in the setting of mRCC. Similarly,
most of the patients with PD tested ctDNA positive at or
before clinical evidence of the event; patient cases with
discordant ctDNA and radiographic imaging results seemed
to correlate with metastatic lung involvement, which has
been observed in other cancer types and may be due to the
biological factors affecting ctDNA shed rates.22,23

There is growing interest in the development of predictive
biomarkers of treatment response. A recent exploratory
analysis of the phase III IMmotion010 trial (Clinical-
Trials.gov identifier: NCT03024996) found that levels of
kidney injury molecule-1 (KIM-1) in blood may be a
promising biomarker for RCC.24 A >30% increase from
baseline KIM-1 levels on treatment was associated with
worse DFS in bothKIM-1–high (atezolizumabHR, 1.68 [95%
CI, 0.77 to 3.69]; placebo HR, 3.53 [95% CI, 2.24 to 5.58]) and
KIM-1–low (atezolizumab HR, 3.56 [95% CI, 2.21 to 5.75];
placebo HR, 3.22 [95% CI, 1.81 to 5.70]) subgroups. However,
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elevated blood KIM-1 levels are also associated with kidney
injury such as chronic kidney disease and acute kidney in-
jury, which may lead to false positives.25 Further investi-
gation is warranted to assess the clinical utility of KIM-1
monitoring in RCC.

Similarly, ctDNA is an emerging biomarker for TRM. Our
findings are supported by other studieswhere ctDNAkinetics
are predictive of treatment response in various tumor types
with patients receiving a variety of treatment regimens,
suggesting the value of implementing longitudinal ctDNA
testing during treatment.18,26 Recently, Jang et al19 demon-
strated the feasibility and clinical value of longitudinal
tumor-informed ctDNA analysis for ICI responsemonitoring
in patients with advanced genitourinary malignancies, in-
cluding metastatic RCC. Additionally, a recent study by Kim
et al27 reported that ctDNA dynamics using a custom panel
were associated with the therapeutic response of patients
with mRCC who were treated with first-line anti-PD1 and
anti-CTLA4 combination regimens.

Our study provides valuable insights that tumor-informed
ctDNA-based prognostication may offer individualized risk
stratification for treatment guidance and aid in identifying
patients at the highest risk of disease progression.

Considering the current report represents a retrospective
analysis of a real-world dataset, this study is bound with
certain limitations, such as variable timing of thefirst ctDNA
test, repeat testing frequency, and variability in the duration
of clinical follow-up across the patient cohorts investigated.
While the overall cohort analyzed is heterogeneous, it is
highly representative of general clinical practice in the realm
of metastatic RCC. However, future prospective studies are
warranted to validate the findings of this study.

Our study demonstrates high concordance between ctDNA
status/dynamics and subsequently observed clinical out-
comes for patients with metastatic RCC, suggesting that
ctDNA should be further validated as a biomarker to predict
treatment responders versus nonresponders and poten-
tially inform treatment escalation or de-escalation ap-
proaches. Furthermore, our data suggest that the utility of
longitudinal monitoring with ctDNA during surveillance
can help predict outcomes. Currently, the Molecular Re-
sidual Disease Guided Adjuvant Therapy in RCC trial
(ClinicalTrials.gov identifier: NCT06005818)28 is prospec-
tively evaluating the outcomes with the assignment of IO in
patients who test positive within 16 weeks postsurgery in
patients at high risk of recurrence and will provide pro-
spective validation of this data.

AFFILIATIONS
1O’Neal Comprehensive Cancer Center, University of Alabama at
Birmingham Heersink School of Medicine, Birmingham, AL
2Rush University Medical Center, Chicago, IL
3Natera, Inc, Austin, TX
4Department of Urology, University of Alabama at BirminghamHeersink
School of Medicine, Birmingham, AL
5Department of Radiology, University of Alabama at Birmingham
Heersink School of Medicine, Birmingham, AL
6Vanderbilt University Medical Center, Nashville, TN

CORRESPONDING AUTHOR

Alan Tan, MD; e-mail: alan.tan@vumc.org.

PRIOR PRESENTATION

Presented in part at ASCO GU 2023, San Francisco, CA, February 16-18,
2023.

DATA SHARING STATEMENT

A data sharing statement provided by the authors is available with this
article at DOI https://doi.org/10.1200/PO-24-00667.

AUTHOR CONTRIBUTIONS

Conception and design: Arnab Basu, Sumedha Sudhaman, Mark
Calhoun, Adam C. ElNaggar, Charles Peyton, Alan Tan
Administrative support: Tamara Mahmood, Soroush Rais-Bahrami,
Alan Tan
Provision of study materials or patients: Soroush Rais-Bahrami,
Alan Tan
Collection and assembly of data: Arnab Basu, Cherry Au, Ajitha
Kommalapati, Hyndavi Kandala, Sumedha Sudhaman, Tamara

Mahmood, Carcia Carson, Natalia Pajak, James Ferguson III, Charles
Peyton, Soroush Rais-Bahrami, Alan Tan
Data analysis and interpretation: Arnab Basu, Cherry Au, Ajitha
Kommalapati, Sumedha Sudhaman, Tamara Mahmood, Carcia Carson,
Punashi Dutta, Mark Calhoun, Meenakshi Malhotra, Adam C. ElNaggar,
Minetta C. Liu, Soroush Rais-Bahrami, Alan Tan
Manuscript writing: All authors
Final approval of manuscript: All authors
Accountable for all aspects of the work: All authors

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS
OF INTEREST

The following represents disclosure information provided by authors of
this manuscript. All relationships are considered compensated unless
otherwise noted. Relationships are self-held unless noted. I 5
Immediate Family Member, Inst 5 My Institution. Relationships may
not relate to the subjectmatter of thismanuscript. Formore information
about ASCO’s conflict of interest policy, please refer to www.asco.org/
rwc or ascopubs.org/po/author-center.
Open Payments is a public database containing information reported by
companies about payments made to US-licensed physicians (Open
Payments).

Arnab Basu
Honoraria: Gilead Sciences, Cardinal Health, Eisai, Natera
Consulting or Advisory Role: EMD Serono, Seagen, Bristol Myers Squibb/
Pfizer
Speakers’ Bureau: Eisai
Research Funding: Merck (Inst), EMD Serono (Inst), Natera (Inst), Astellas
Pharma (Inst), Bristol Myers Squibb/Celgene (Inst), Genentech/Roche (Inst),
Aveo (Inst)

Sumedha Sudhaman
Employment: Natera
Stock and Other Ownership Interests: Natera

6 | © 2024 by American Society of Clinical Oncology

Basu et al

https://www.clinicaltrials.gov/ct2/show/NCT06005818
mailto:alan.tan@vumc.org
https://ascopubs.org/doi/full/10.1200/PO-24-00667
http://www.asco.org/rwc
http://www.asco.org/rwc
https://ascopubs.org/po/author-center
https://openpaymentsdata.cms.gov/
https://openpaymentsdata.cms.gov/


Tamara Mahmood
Employment: BioNTech, Replimune, Natera
Travel, Accommodations, Expenses: Natera

Carcia Carson
Employment: Natera
Stock and Other Ownership Interests: Natera

Natalia Pajak
Employment: Natera, Blue Earth Diagnostics, Telix Pharmaceuticals
Stock and Other Ownership Interests: Natera

Punashi Dutta
Employment: Natera
Stock and Other Ownership Interests: Natera

Mark Calhoun
Employment: Natera
Stock and Other Ownership Interests: Natera

Meenakshi Malhotra
Employment: Natera
Stock and Other Ownership Interests: Natera

Adam C. ElNaggar
Employment: Natera
Stock and Other Ownership Interests: Natera

Minetta C. Liu
Employment: Natera
Stock and Other Ownership Interests: Natera
Research Funding: Eisai, Exact Sciences, Genentech, Genomic Health,
GRAIL, Menarini Silicon Biosystems, Merck, Novartis, Seattle Genetics,
Tesaro
Travel, Accommodations, Expenses: AstraZeneca, Genomic Health, Ionis
Consulting or Advisory Role: AstraZeneca, Celgene, Roche/Genentech,
Genomic Health, GRAIL, Ionis, Merck, Pfizer, Seattle Genetics, Syndax

Charles Peyton
Consulting or Advisory Role: Urogen pharma
Expert Testimony: Bradley Law Firm

Soroush Rais-Bahrami
Consulting or Advisory Role: Intuitive Surgical, Tempus, GE Healthcare, Blue
Earth Diagnostics, Progenics
Research Funding: Blue Earth Diagnostics, Lantheus Medical Imaging

Alan Tan
Stock and Other Ownership Interests: Adaptimmune, Aprea AB, MEI Pharma,
Editas Medicine, Fate Therapeutics, Bluebird Bio, Iovance Biotherapeutics,
ImmunityBio, Natera, RAPT Therapeutics, Fusion Pharmaceuticals
Honoraria: Bristol Myers Squibb Foundation, EMD Serono, Myovant
Sciences, Gilead Sciences, Exelixis, Natera, Merck, Seagen
Consulting or Advisory Role: Foundation Medicine, Exelixis, Myovant
Sciences
Speakers’ Bureau: Bristol Myers Squibb, EMD Serono, Gilead Sciences,
Exelixis, Natera, Merck

No other potential conflicts of interest were reported.

REFERENCES
1. Cancer Stat Facts SEER. Kidney and renal pelvis cancer. Bethesda MNCIAS, 2024. https://seer.cancer.gov/statfacts/html/kidrp.html
2. Lalani AKA, Heng DYC, Basappa NS, et al: Evolving landscape of first-line combination therapy in advanced renal cancer: A systematic review. Ther Adv Med Oncol 14:17588359221108685, 2022
3. Kalra S, Atkinson BJ, Matrana MR, et al: Prognosis of patients with metastatic renal cell carcinoma and pancreatic metastases. BJU Int 117:761-765, 2016
4. Heng DY, Xie W, Regan MM, et al: External validation and comparison with other models of the International Metastatic Renal-Cell Carcinoma Database Consortium prognostic model: A

population-based study. Lancet Oncol 14:141-148, 2013
5. Motzer RJ, Mazumdar M, Bacik J, et al: Survival and prognostic stratification of 670 patients with advanced renal cell carcinoma. J Clin Oncol 17:2530-2540, 1999
6. Zisman A, Pantuck AJ, Wieder J, et al: Risk group assessment and clinical outcome algorithm to predict the natural history of patients with surgically resected renal cell carcinoma. J Clin Oncol 20:

4559-4566, 2002
7. Leibovich BC, Blute ML, Cheville JC, et al: Prediction of progression after radical nephrectomy for patients with clear cell renal cell carcinoma: A stratification tool for prospective clinical trials.

Cancer 97:1663-1671, 2003
8. Buti S, Puligandla M, Bersanelli M, et al: Validation of a new prognostic model to easily predict outcome in renal cell carcinoma: The GRANT score applied to the ASSURE trial population. Ann Oncol

28:2747-2753, 2017
9. Haas NB, Manola J, Dutcher JP, et al: Adjuvant treatment for high-risk clear cell renal cancer: Updated results of a high-risk subset of the ASSURE randomized trial. JAMA Oncol 3:1249-1252, 2017
10. Pal SK, Uzzo R, Karam JA, et al: Adjuvant atezolizumab versus placebo for patients with renal cell carcinoma at increased risk of recurrence following resection (IMmotion010): A multicentre,

randomised, double-blind, phase 3 trial. Lancet 400:1103-1116, 2022
11. Motzer RJ, Russo P, Grunwald V, et al: Adjuvant nivolumab plus ipilimumab versus placebo for localised renal cell carcinoma after nephrectomy (CheckMate 914): A double-blind, randomised,

phase 3 trial. Lancet 401:821-832, 2023
12. Staehler M, Motzer RJ, George DJ, et al: Adjuvant sunitinib in patients with high-risk renal cell carcinoma: Safety, therapy management, and patient-reported outcomes in the S-TRAC trial. Ann

Oncol 29:2098-2104, 2018
13. Motzer RJ, Tannir NM, McDermott DF, et al: Nivolumab plus ipilimumab versus sunitinib in advanced renal-cell carcinoma. N Engl J Med 378:1277-1290, 2018
14. Powles T, Plimack ER, Soulieres D, et al: Pembrolizumab plus axitinib versus sunitinib monotherapy as first-line treatment of advanced renal cell carcinoma (KEYNOTE-426): Extended follow-up

from a randomised, open-label, phase 3 trial. Lancet Oncol 21:1563-1573, 2020
15. Choueiri TK, Powles T, Burotto M, et al: Nivolumab plus cabozantinib versus sunitinib for advanced renal-cell carcinoma. N Engl J Med 384:829-841, 2021
16. Motzer R, Alekseev B, Rha SY, et al: Lenvatinib plus pembrolizumab or everolimus for advanced renal cell carcinoma. N Engl J Med 384:1289-1300, 2021
17. Numakura K, Sekine Y, Hatakeyama S, et al: Primary resistance to nivolumab plus ipilimumab therapy in patients with metastatic renal cell carcinoma. Cancer Med 12:16837-16845, 2023
18. Bratman SV, Yang SYC, Iafolla MAJ, et al: Personalized circulating tumor DNA analysis as a predictive biomarker in solid tumor patients treated with pembrolizumab. Nat Cancer 1:873-881, 2020
19. Jang A, Lanka SM, Jaeger EB, et al: Longitudinal monitoring of circulating tumor DNA to assess the efficacy of immune checkpoint inhibitors in patients with advanced genitourinary malignancies.

JCO Precis Oncol 10.1200/PO.23.00131
20. Reinert T, Henriksen TV, Christensen E, et al: Analysis of plasma cell-free DNA by ultradeep sequencing in patients with stages I to III colorectal cancer. JAMA Oncol 5:1124-1131, 2019
21. Marron TU, Ryan AE, Reddy SM, et al: Considerations for treatment duration in responders to immune checkpoint inhibitors. J Immunother Cancer 9:e001901, 2021
22. Geertsen L, Koldby KM, Thomassen M, et al: Circulating tumor DNA in patients with renal cell carcinoma. A systematic review of the literature. Eur Urol Open Sci 37:27-35, 2022
23. Bando H, Nakamura Y, Taniguchi H, et al: Effects of metastatic sites on circulating tumor DNA in patients with metastatic colorectal cancer. JCO Precis Oncol 10.1200/PO.21.00535
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