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ccRCC = clear cell renal cell carcinoma

cfDNA = cell-free DNA

CHIP = clonal hematopoiesis of

indeterminate potential

CNA = copy number amplification

CR = complete response

ctDNA = circulating tumor DNA

DNA = deoxyribonucleic acid

DEL = deletion

ICI = immune checkpoint inhibitor

Indels = insertions/deletions

INS = insertion

irAE = immune-related adverse event

MAF = mutant allele frequency

mRCC = metastatic renal cell carcinoma

NA = not available

NGS = next-generation sequencing

NR = nonresponder

PD = progressive disease

PD-L1 = programmed death-ligand 1

PFS = progression free survival

PR = partial response

SD = stable disease

SNV = single nucleotide variant

TB = tumor burden

TMB = tumor mutation burden

WES = whole exome sequencing
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Objectives: Detection of genomic alterations in circulating tumor deoxyribonucleic

acid of peripheral blood can guide the selection of systemic therapy in cancer patients.

The predictive significance of circulating tumor deoxyribonucleic acid in metastatic renal

cell carcinoma remains unclear, especially for patients treated with immune checkpoint

inhibitors.

Methods: In this study, we collected plasma samples before and 1 month after

commencing nivolumab monotherapy or nivolumab plus ipilimumab therapy from 14

metastatic renal cell carcinoma patients. We performed circulating tumor deoxyribonucleic

acid genomic profiling in plasma cell-free deoxyribonucleic acid by next-generation

sequencing using a commercially available pan-cancer panel (Guardant360 CDx).

Additionally, we also performed whole exome sequencing of tumor tissues and compared

the concordance of genomic profiles with circulating tumor deoxyribonucleic acid.

Results: Nine patients had circulating tumor deoxyribonucleic acid in pretreatment

plasma samples with a total of 20 mutations (15 single nucleotide variants, three

insertions/deletions, and two copy number amplification). VHL (30.0%) was the most

frequently mutated gene, followed by TP53 (20.0%), and 45.0% of circulating tumor

deoxyribonucleic acid mutations were concordant with somatic mutations in tumor

tissues. Patients with decreasing circulating tumor deoxyribonucleic acid mutant allele

frequency had better progression free survival when compared to those with increasing

mutant allele frequency (P = 0.0441).

Conclusions: Our findings revealed that early circulating tumor deoxyribonucleic acid

dynamics can serve as a predictive biomarker for response to immune checkpoint

inhibitors in metastatic renal cell carcinoma patients.

Key words: biomarker, circulating tumor DNA, clear cell renal cell carcinoma, immune

checkpoint inhibitor, next-generation sequencing.

Introduction

ICIs have revolutionized the management of cancer and improved the patient’s prognosis over
the past decade.1 However, the response rates of ICIs are still limited2 and the majority of
patients have no benefit from ICI treatments, occasionally with severe irAEs.3 So far, numer-
ous biomarkers including PD-L1 expression, TMB, and lymphocyte infiltration in cancer tis-
sues have been proposed to have a significant impact on the therapeutic response to ICIs.4

However, no biomarker for mRCC has yet been developed in ICI therapy due to a number of
complicating issues including tumor heterogeneity and the various types of settings in clinical
studies.4,5 In addition, conventional radiographic imaging may be unfit to evaluate the efficacy
of ICI therapy due to unique tumor responses such as pseudo-progression or durable
response.6 Thus, there is an urgent need for biomarkers to predict the efficacy of ICIs to
avoid unnecessary treatment.
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Liquid biopsy is becoming an essential resource to provide
information on the biological characteristics of cancer with
minimum invasiveness, which enables longitudinal and real-
time monitoring when compared to cancer tissue-based tests
in oncology.7–10 In particular, with the advancement of NGS
technology, ctDNA receives plenty of attention, which detects
cancer-related genomic alterations in peripheral blood. Using
NGS-based ctDNA analysis, several studies recently demon-
strated that early ctDNA dynamics could serve as a predictive
biomarker for responses to ICI therapy in other tumor
types.11–14 However, the utility of ctDNA as a predictive bio-
marker for RCC has not yet been demonstrated although ICIs
are key drugs for treating mRCC in clinical settings.

Recently, a deep sequencing platform of cfDNA has
improved the detection rates of ctDNA in mRCC.15 Given this
advancement of technology, we analyzed ctDNA in 14 mRCC
patients with programmed cell death-1 inhibitor-based therapy
by means of the newest commercially available gene panel
assay. We also performed tissue-based WES analysis and com-
pared the concordance of genomic profiles with ctDNA. Our
findings revealed that the gene panel in this study had ade-
quate detectability for ctDNA and early ctDNA dynamics
could practically predict the clinical efficacy in mRCC.

Methods

Study design

In this study, we enrolled 14 patients with ccRCC who initi-
ated ICI therapy between April 2017 and May 2020. This
study was approved by the Institutional Review Board of
Osaka University Hospital (#12187-5, #13397-19 and #668-
4). All patients provided written informed consent.

Blood samples were collected before treatment (pre) and at
1 month after the initiation of the treatment (M1). All patients
were pathologically diagnosed with ccRCC by surgical resec-
tion or needle biopsy of the primary tumor. Histopathological
diagnosis was performed based on standard hematoxylin and
eosin-stained sections, as assessed by two or more experienced
senior pathologists, according to the 8th Union for Interna-
tional Cancer Control TNM staging system.16

Assessment of clinical response to ICI
therapy

Objective response was evaluated by computed tomography or
magnetic resonance-based imaging using RECIST v1.1.17 Taking
distinctive radiographical responses of ICI therapy into considera-
tion, we defined responders and NR as follows. Responders were
patients who achieved CR, PR, or SD (≥6 months). We also
defined responders as patients with durable response more than
6 months after discontinuation of ICI therapy due to adverse
events or unrelated disease. NR were defined as patients with SD
(<6 months) or PD. As a result, responders and NRs consisted of
seven and seven cases, respectively.

Detection of ctDNA

Whole blood samples were collected in EDTA tubes. Blood
samples were centrifuged at 900 and 20 000 rpm for 10 min

sequentially and supernatants were stored at �80°C as
plasma. A total of 1–2 mL of plasma was used for cfDNA
sequencing.

All cfDNA extraction, processing, and sequencing was per-
formed in a CLIA-certified, CAP-accredited laboratory (Guar-
dant Health, Inc., Redwood City, CA, USA). We extracted
cfDNA using the QIAGEN QIAsymphony SP Instrument and
reagent system. The resulting cfDNA is quantified using the
4200 TapeStation (Agilent, Santa Clara, CA, USA). Up to
30 ng of extracted cfDNA from the plasma was labeled with
nonrandom oligonucleotide barcodes and was used to prepare
sequencing libraries, which were then enriched by hybrid
capture, pooled, and sequenced using NGS as previously
described.18 Sequencing data were analyzed using the propri-
etary Guardant360 bioinformatics pipeline designed to detect
SNVs, indels, CNAs and fusions.

Whole exome sequencing

RCC tissues obtained from surgical resection were frozen and
preserved at �80°C. Tumor tissues from needle biopsy were
also soaked in RNAlater (Thermo Fisher Scientific, Waltham,
MA, USA) and stored at �20°C until use. Tumor DNA was
isolated from these frozen tissues using Allprep DNA/RNA
mini kit (QIAGEN, Hilden, Germany). Germline DNA was
isolated from 200 µL aliquots of whole blood samples using
QIAamp DNA Blood Mini Kit (QIAGEN).

WES of tumor and germline DNA was performed using
target capture with Agilent SureSelect XT Human All Exon
V6 (Agilent Technologies, Santa Clara, CA, USA). The raw
sequence data were generated by the Illumina NovaSeq6000
platform (Illumina, San Diego, CA, USA) with a standard
150-bp paired-end read protocol at Macrogen Japan (Tokyo,
Japan).

FASTQ files were generated by bcl2fastq2 (v.2.20.0) for
our sequence data. Somatic mutations in tumor DNA and
germline mutations were identified using the Genomon pipe-
line (https://github.com/Genomon-Project/genomon-docs/tree/
v2.6.3). GRCh37 was used as the reference genome. Of the
mutations detected in tumor DNA, mutations overlapping
with germline mutations were excluded as SNPs or errors.
We used the following criteria: (i) Fisher’s exact P ≤ 0.1, (ii)
≥4 variant reads in the tumor sample, (iii) MAF in the tumor
sample ≥0.02, and (iv) MAF of the matched normal sample
<0.1, with the exclusion of synonymous SNVs and known
variants listed in NCBI dbSNP build 131. For the tissue-
based WES analysis, TMB was defined as the total number
of somatic mutations including SNVs and indels.

Assessment of early ctDNA dynamics

Early ctDNA dynamics were analyzed in patients positive for
ctDNA at either or both pre and M1. Early ctDNA dynamics
were defined as changes in the maximum MAF of SNV or
indel mutations between pre- and M1-plasma samples.
Mutant allele fraction, which is defined as the ratio of
mutated to nonmutated DNA that is sequenced for any speci-
fic genomic position included in Guradant360, are reported
quantitatively for somatic SNVs of clinical significance and
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distinguished from germline SNVs by reference to the COS-
MIC and dbSNP databases, as well as their concentrations.

Statistical analysis

Statistical analysis was performed in R (v.4.0.3). The com-
parison between responders and NRs was performed with
Mann–Whitney U test for continuous data (pakage ‘ex-
actRankTests’ v.0.8-31) and Fisher’s exact test for categorical
data. Kaplan–Meier method was used to estimate the survival
rate using the ‘survival’ package (v.3.2-7). PFS was calcu-
lated as the duration from the initiation of the treatment to
disease progression. Responders and NRs were compared
using log-rank test. The R package ‘ggplot2’ (v.3.3.3) was
used to draw the line charts, the bar charts, and dot plots.
The landscape of somatic mutations was generated using the
R package ‘GenVisR’ (v.1.22.1). P value of <0.05 was con-
sidered statistically significant.

Results

Patient characteristics

The clinical and pathological characteristics were summarized
in Table 1. The median age was 66.5 years (range 45–
80 years). The majority (85.7%) of patients had one or two
metastatic sites, and the most common metastatic site was
lung (71.4%). Ten patients received nivolumab monotherapy
and had previously received an antiangiogenic agent. Four
patients received nivolumab plus ipilimumab therapy as first-
line therapy. ICI therapy proceeded for a median of 262 days
(range 40–827 days), and the median follow-up duration was
554 days (range 171–1392 days). The objective response rate
was 14.3% (2 out of 14 patients). The median PFS and OS
were 172.5 days (range 25–1301 days) and 262 days (range
40–827 days), respectively. A total of nine patients experi-
enced irAEs and three patients permanently discontinued ICI
therapy due to irAEs.

Clinical significance of plasma cfDNA in mRCC
patients

We analyzed cfDNA in 28 samples (both pre- and M1-
plasma samples, results were summarized in Table S1) by
Guardant360. We successfully extracted at least 5 ng cfDNA
from all but two samples (median amount 12.1 ng, range
4.4–31.2 ng) despite low plasma volume (range 1.0–1.9 mL).
Sequencing was successfully performed for all but one sam-
ple, from which only 4.3 ng cfDNA was extracted. The over-
view of the sequencing analysis is indicated in Figure 1. We
successfully analyzed both pre- and M1-plasma cfDNA sam-
ples in 13 patients.

Next, we measured the dynamics of cfDNA before and
during treatment to determine whether the dynamics could
predict the clinical response to ICIs (Fig. 2a). The median
cfDNA concentration was 7.8 ng/mL in preplasma samples
(range 2.4–16.7 ng/mL) and 9.6 ng/mL in M1-plasma sam-
ples (range 3.2–20.8 ng/mL). As a result, we found that the
ratio of M1/precfDNA concentration was significantly
decreased in responders versus NRs (P = 0.0175; Fig. 2b).

Identification of plasma ctDNA in mRCC
patients

Among 13 patients with successful cfDNA sequencing, 11
patients had detectable ctDNA. CtDNA was identified in pre-
plasma samples in nine of these patients (Fig. 1). To elimi-
nate false-positives caused by detection of CHIP, we
compared ctDNA profiles with germline and somatic muta-
tions detected by WES. We identified one missense mutation
in IDH2 R140Q (MAF 12.28%) as a CHIP variant in patient
K108. This IDH2 mutation was not detected in somatic muta-
tions derived from tumor tissue. Besides this IDH2 mutation,
a total of 20 mutations were detected in preplasma samples
(Fig. 3). The commonly mutated genes in two or more
patients were VHL (30.0%), TP53 (20.0%), ATM (10.0%),
and MET (10.0%). No microsatellite instability-high was
detected in pre- nor M1-plasma samples.

Table 1 Patient characteristics of entire cohort (n = 14) and ctDNA

analysis cohort (n = 11)

Total

(n = 14)

ctDNA analysis

(n = 11)

Age, years, median (range) 66.5 (45–80) 68 (45–80)

Sex

Male 11 8

Female 3 3

Clinical stage at initial diagnosis

I 2 2

III 3 3

IV 9 6

Tissue collection

Nephrectomy 13 10

Biopsy 1 1

Progression pattern

Synchronous metastases 7 6

Metachronous metastases 6 5

International metastatic RCC database consortium criteria

Intermediate 10 9

Poor 4 2

Sites of metastasis

Lung 10 8

Bone 4 3

Liver 3 3

Adrenal gland 3 2

Others 6 4

Previous medical history

None 4 2

Antiangiogenic agent 10 9

ICI therapy

Nivolumab 10 9

Nivolumab + ipilimumab 4 2

irAE

None 5 5

Grade 1 2 2

Grade 2 1 0

Grade 3 6 4

Treatment duration, days,

median (range)

262 (40–827) 357 (40–827)

Follow-up term, days,

median (range)

554 (171–1392) 556 (171–1301)
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mRCC: 14 patients (pre 14 samples, M1 14 samples)

Sequencing failure: 1 patient

ctDNA negative: 2 patients

pre failure and M1 success

Sequencing success in both pre and M1 samples: 13 patients

Analysis for ctDNA dynamics: 11 patients
ctDNA positive in both pre and M1 samples: 8 patients
ctDNA positive only in pre sample: 1 patient
ctDNA positive only in M1 sample: 2 patients

Fig. 1 The overview of cfDNA sequencing analysis.

P
la

sm
a 

cf
D

N
A

 c
on

ce
nt

ra
tio

n 
(n

g/
m

L)
 

R
at

io
 o

f M
1/

p
re

 p
la

sm
a 

cf
D

N
A

 c
on

ce
nt

ra
tio

n 

20

3

p < 0.05*

2

1

0

15

10

5

0
pre M1 NR R

(a) (b)

Fig. 2 The clinical significance of plasma cfDNA

concentration in mRCC patients treated with ICIs.

(a) Concentration changes in plasma cfDNA

between pre- and M1-plasma samples in 14

patients are represented. Red lines indicate

changes in NR (n = 7), and blue lines for

responders (R; n = 7). (b) The ratio of M1 to pre

plasma cfDNA concentration between NR and R

(n = 14). *P < 0.05 (Mann–Whitney U test).

Central line, mean; error bars, standard deviation.

Fig. 3 The landscape of mutated genes identified in pre-samples for each ctDNA positive patient is shown. K124 and K125 were positive for ctDNA only in M1

samples. Sequence changes are indicated in the cells.
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Concordance between plasma cfDNA
sequencing and tissue-based WES

We performed tissue-based WES in all 14 patients. Fig-
ure S1a lists the mutations detected in at least two patients.
The most frequently mutated gene was VHL (64.3%), fol-
lowed by PBRM1 (50.0%) and BAP1 (35.7%). We also found
that the median TMB was 48 (range 17–185), with no signifi-
cant difference in value between responders and NRs
(P = 0.134; Fig. S1b).

Next, we explored the concordance of mutational profiles
between plasma ctDNA and tumor DNA. Of 20 mutations
identified in plasma ctDNA, nine mutations (45.0%) were
consistent with somatic mutations detected in WES of tumor
DNA (Fig. 4a). When focusing on 73 genes of interest in the
panel of cfDNA sequencing, we found VHL in nine, TP53 in
two, and MET in two of 14 patients among somatic muta-
tions detected via tissue-based WES (Fig. 4b), which resulted
in the coincidence rate with ctDNA of 55.6%, 100%, and
50%, respectively.

Early ctDNA dynamics predicted clinical
response to ICI therapy

Next, we investigated whether early ctDNA dynamics pre-
dicted clinical response to ICI therapy. Early ctDNA dynam-
ics of all patients are depicted in Figure S2, and clinical
course is summarized in Figure 5. Based on the criteria of

this study, the cohort was divided into six NRs and five
responders. The decrease of ctDNA was confirmed in four
patients among five responders, while the increase of ctDNA
was confirmed in five patients among six NRs (Figs 5,6a), it
has indicated that MAF tended to decrease more frequently
in responders compared with NRs (P = 0.0801, Fisher’s
exact test; Fig. 6a). Importantly, PFS after the first adminis-
tration of ICIs was significantly longer in patients with
decreasing ctDNA levels than those with increasing ctDNA
levels (P = 0.0441; Fig. 6b).

The clinical course of ctDNA dynamics and radiographic
findings in two patients, one responder and one NR, are
described in Figure 7. Patient K36 (Fig. 7a) showed a
decreasing trend of TB within SD range at the first radio-
graphic assessment. Although the treatment was discontinued
due to irAE, K36 maintained PR for 30 months. In this case,
the decreasing trend in MAF of ctDNA predicted the clinical
outcome prior to conventional radiographic imaging. In con-
trast, K125 had an increase in ctDNA MAF with PD detected
by CT imaging 13 weeks later. In this patient, the treatment
was switched to axitinib with clinical benefit according to the
initial assessment.

Discussion

Recently, the development of cancer treatments has imposed
molecular profiling for patients in order to achieve precision
cancer medicine. Liquid biopsy is an emerging approach to
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providing cancer genomic information with minimum inva-
siveness.19 In particular, analysis of ctDNA has undergone
remarkable development as a useful biomarker for cancer
genotyping, in some cases replacing tissue-based approaches.8

However, there have been only a few reports for plasma
ctDNA in RCC since ctDNA levels are considered to be lim-
ited even in the advanced stage of disease. The technological
innovation of cfDNA sequencing has improved the detection
rates of ctDNA in mRCC.20 Hence, in this study, we investi-
gated the performance value of tissue agnostic cfDNA
sequencing assay for mRCC. Furthermore, we aimed to con-
firm the diagnostic potential of ctDNA as a biomarker for
predicting the efficacy of ICI therapy for mRCC.

We have demonstrated several novel findings that show
the usefulness of ctDNA in mRCC through ctDNA analysis

of this study. First, we found that ctDNA was detected in
either pre- or M1-samples in 11 out of 14 patients (78.6%).
In general, the detection rate of ctDNA has been reported to
be <70.0% in RCC.21–23 The digital sequencing platform of
the pan-cancer panel used in this study enabled ultra-high
specificity leading to complete sequencing of all or the criti-
cal exons in covered genes.24 This technique remarkably
improved the detection rate of ctDNA in mRCC.15 In addi-
tion, the concordance rate of mutations identified in plasma
ctDNA to those detected in tissue-based WES was 45.0%
(Fig. 4b). Due to tumor heterogeneity within and between
metastatic sites, tissue-based WES may not be able to detect
all mutations in the entire tumor and only reflects the infor-
mation at the time of specimen collection.9 On the other
hand, cfDNA sequencing could reflect real-time tumor status
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and overcome the problems of tissue-based WES. Thus, the
performance of cfDNA sequencing was considered to be use-
ful for mRCC.

Second, we have clarified that early ctDNA dynamics
could predict clinical response to ICI therapy and was signifi-
cantly associated with PFS (Fig. 6a,b). Several groups
reported that ctDNA dynamics in the early phase of the treat-
ment could predict clinical response to ICIs in multiple can-
cer types.11–14 For example, Nabet et al.12 demonstrated that
ctDNA dynamics after one cycle of ICI could predict early
response in nonsmall cell lung carcinoma. In our study, we
found that the early ctDNA dynamics were associated with
response to ICI therapy in nine of 11 patients, but it was not
significantly different probably due to small number of
patients. In those cases, ctDNA changes reflected treatment
effects much earlier than the confirmation of assessment via
conventional radiographic imaging. Although we were only
able to measure plasma ctDNA at two points in this study,
serial analysis of plasma ctDNA along the clinical course
may lead to the establishment of biomarkers for monitoring
disease activity more sensitively and dynamically than radio-
graphic imaging. In the future, liquid biopsy will be applied
to various clinical markers, such as early detection of cancer
and treatment selection, as well as prediction of efficacy as a
minimally invasive, repeatable, and comprehensive tool to
understand the nature of the entire tumor.

There were several limitations in the present study. The
patient characteristics were heterogeneous with its retrospec-
tive nature. The cohort included both patients treated with

nivolumab monotherapy and nivolumab plus ipilimumab ther-
apy. Therefore, we were unable to rule out the effect of ipili-
mumab completely. In addition, the number of patients was
small and the statistical validity is weak. Further investiga-
tions are necessary to validate our results in a larger cohort
of patients by multi-institutional studies.

Nevertheless, our findings in mRCC are consistent with
studies in other tumor types that measured ctDNA dynamics
in patients treated with ICIs.11–14 Our results imply that the
pan-cancer panel used here has sufficient detectability for
ctDNA, and that early ctDNA dynamics during ICI therapy
may be a promising biomarker to predict response to ICI
treatment in mRCC patients.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. (a) The landscape of somatic mutations detected
by WES of tumor DNA. The status of somatic mutations
common to at least two or more patients is shown. K139 had
no mutation which was shared in other patients. (b) Associa-
tion between TMB and clinical response to ICI therapy
(n = 14; P = 0.134, Mann–Whitney U test).
Figure S2. Line charts represent changes of maximum MAF
in all ctDNA mutations between pre- and M1-samples in
each patient who had positive ctDNA (n = 11).
Table S1. Raw data of cfDNA sequencing analysis.
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