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Simple Summary: Atezolizumab/bevacizumab (Atezo/Bev) combination immunotherapy has be-
come a front-line therapy for unresectable hepatocellular carcinoma (u-HCC), but some patients are
initially nonresponders. We investigated the potential of cell-free DNA (cfDNA)/circulating tumor
DNA (ctDNA) as biomarkers for predicting the therapeutic outcome of u-HCC patients treated with
anti-programmed cell death1-ligand1 (PD-L1)/vascular endothelial growth factor (VEGF) therapy.
Patients with high levels of cfDNA showed a significantly lower overall response rate and shorter
progression-free survival and overall survival (OS) than those with low levels of cfDNA. Ultradeep
sequencing of cfDNA showed that the telomerase reverse transcriptase (TERT) promoter, tumor
protein 53 (TP53) and catenin beta 1 (CTNNB1) were the most frequently mutated genes in ctDNA.
Lastly, a TERT ctDNA mutation and a high alpha-fetoprotein (AFP) level were independent pre-
dictors of shorter OS in u-HCC patients treated with Atezo/Bev therapy and could stratify their
prognoses. Collectively, cfDNA/ctDNA profiling may be useful to predict therapeutic outcome in
u-HCC patients treated with Atezo/Bev therapy.

Abstract: Combination immunotherapy with anti-programmed cell death1-ligand1 (PD-L1) and
anti-vascular endothelial growth factor (VEGF) antibodies has become the standard treatment for
patients with unresectable HCC (u-HCC). However, limited patients obtain clinical benefits. Cell-free
DNA (cfDNA) in peripheral blood contains circulating tumor DNA (ctDNA) that reflects molecular
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abnormalities in tumor tissue. We investigated the potential of cfDNA/ctDNA as biomarkers for
predicting the therapeutic outcome in u-HCC patients treated with anti-PD-L1/VEGF therapy. We
enrolled a multicenter cohort of 85 HCC patients treated with atezolizumab and bevacizumab
(Atezo/Bev) between 2020 and 2021. Pretreatment plasma was collected, and cfDNA levels were
quantified. Ultradeep sequencing of cfDNA was performed with a custom-made panel for detecting
mutations in 25 HCC-related cancer genes. We evaluated the association of cfDNA/ctDNA profiles
and clinical outcomes. Patients with high plasma cfDNA levels showed a significantly lower response
rate and shorter progression-free survival and overall survival (OS) than those with low cfDNA
levels. ctDNA detected in 55% of HCC patients included the telomerase reverse transcriptase (TERT)
promoter in 31% of these patients, tumor protein 53 (TP53) in 21%, catenin beta 1 (CTNNB1) in 13%
and phosphatase and tensin homolog (PTEN) in 7%. The presence or absence of ctDNA did not predict
the efficacy of Atezo/Bev therapy. Twenty-six patients with a TERT mutation had significantly shorter
OS than those without. The presence of a TERT mutation and alpha-fetoprotein (AFP) ≥ 400 ng/mL
were independent predictors of poor OS according to multivariate Cox proportional hazard analysis
and could be used to stratify patients treated with Atezo/Bev therapy based on prognosis. In
conclusion, pretreatment cfDNA/ctDNA profiling may be useful for predicting the therapeutic
outcome in u-HCC patients treated with anti-PD-L1/VEGF therapy.

Keywords: atezolizumab; bevacizumab; CTNNB1; TERT; HCC; AFP; cfDNA; ctDNA; immunotherapy;
biomarker

1. Introduction

Hepatocellular carcinoma (HCC) is a deadly cancer; GLOBOCAN 2020 statistics show
that liver cancer is the sixth most common in new cases, and third most common cause
of death worldwide [1]. HCC has a high recurrence rate and many patients eventually
require systemic therapy. Owing to the great success of multiple recent clinical trials, six
systemic therapy regimens are currently available for treating unresectable HCC (u-HCC);
these therapies include the use of tyrosine kinase inhibitors, anti-vascular endothelial
growth factor receptor 2 (VEGFR2) antibody and combination immunotherapy [2]. Notably,
based on the IMbrave150 trial, atezolizumab, anti-programmed cell death1-ligand1 (PD-L1)
antibody, and bevacizumab, anti-vascular endothelial growth factor (VEGF) antibody
combination immunotherapy (Atezo/Bev) was recently approved and serves as a standard
treatment [3]. Atezo/Bev therapy is superior to sorafenib in terms of overall survival
(OS), progression-free survival (PFS), and quality of life (QoL) [3]. An update analysis of
the IMbrave 150 trial with a median follow-up of 15.6 months showed that the median
OS associated with Atezo/Bev therapy was 5.8 months longer than that associated with
sorafenib [4]. However, although an objective response was observed in 30% of patients,
19% of treated patients were reported to be nonresponsive [3]. We have also recently
reported that approximately 30% of u-HCC cases were initially refractory to Atezo/Bev
therapy in a real-world setting [2,5]. Currently, there is no reliable biomarker for predicting
HCC patients who will fail to benefit from combination immunotherapy.

Biomarkers for assessing the efficacy of immune checkpoint inhibitor (ICI) therapies
have been actively investigated in many cancer types and include tumor-infiltrating lym-
phocyte (TIL) counts, intratumor programmed cell death-1 (PD-1)/PD-L1 expression, and
tumor mutation burden [6,7]. Regarding HCC, a catenin beta 1 (CTNNB1)-activating
mutation is frequently observed and reported to flourish in an immune-desert tumor
microenvironment, partly via C-C motif chemokine ligand 5 (CCL5) downregulation [8].
Consequently, Morita M et al. reported that u-HCC patients with Wnt/β-catenin activation
and a low degree of CD8+ TILs in tumor tissue showed shorter survival when treated
with ICI monotherapy [9]. However, it is unclear whether this association is observed
in u-HCC patients treated with Atezo/Bev therapy. Moreover, since u-HCC for whom
immunotherapy treatment is recommended are often diagnosed based on imaging studies
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without tumor biopsy, noninvasive biomarkers are desired for predicting patient outcomes
associated with these therapies.

Cell-free DNA (cfDNA) is released into the blood circulation system from dead cells or
by active secretion from live cells. Because cfDNA is easily accessible and noninvasive and
has potential utility as a disease biomarker, peripheral blood cfDNA has been investigated
in patients with several diseases [10]. In particular, ctDNA, a tiny component of cfDNA, can
be detected by next-generation sequencing (NGS) technology and provides information on
cancer genome abnormalities without the need for tumor biopsy [11]. This liquid biopsy-
based cancer genome profiling strategy is now used in daily practice for personalized
cancer therapy, although due to its high medical expense, it is only applied for patients
with cancer that is refractory to standard chemotherapy. Circulating tumor DNA (ctDNA)
has also been reported to predict tumor burden and treatment response, including response
to immunotherapy [12]. However, the potential of cfDNA/ctDNA as an efficacious and/or
prognostic biomarker for combination immunotherapy in HCC has never been assessed.
Here, we hypothesized that ctDNA may be the surrogate marker of tumor mutation profiles
including CTNNB1 mutation, and might predict the response to immunotherapy. We thus
performed cfDNA/ctDNA profiling of 85 Atezo/Bev-treated u-HCC patients and evaluated
the association of the cfDNA/ctDNA profiling results with clinical outcomes.

2. Materials and Methods
2.1. Patients and Study Design

A total of 85 unresectable HCC patients who received atezolizumab plus bevacizumab
from November 2020 to May 2021 were prospectively enrolled in the Osaka Liver Forum,
which includes Osaka University Hospital and 11 other institutions. The inclusion criteria
of this biomarker study were as follows. (1) Patients with unresectable hepatocellular carci-
noma who are not eligible for locoregional therapy due to local progression or metastasis,
(2) a performance status of 0 or 1 according to an Eastern Cooperative Oncology Group
(ECOG), (3) Child-Pugh class A or B, and (4) pre-treatment plasma available. The exclusion
criteria are as follows. (1) No dynamic contrast-enhanced CT or MRI within 6 months
prior to the start of treatment, at the start of treatment, and within 6 to 8 weeks after the
treatment initiation, and (2) observation period of less than 6 weeks.

Patients received Atezo/Bev treatment every 3 weeks, and contrast CT or contrast
MRI was used to assess treatment response according to the modified Response Evaluation
Criteria in Solid Tumors (mRECIST) guidelines [13]. The study protocol was approved
by the institutional review board (IRB) committees of Osaka University Hospital and all
participating hospitals (IRB No. 921, 19438, 18201). Informed consent was obtained from
all patients involved in the study.

We defined Barcelona Clinic Liver Cancer (BCLC) stage classification as follows. BCLC
stage A includes a solitary tumor of any size or 2–3 nodules under 3 cm, preserved liver
function, performance status 0. BCLC stage B includes multinodular unresectable HCC,
preserved liver function, performance status 0. BCLC stage C includes portal invasion,
extrahepatic spread, preserved liver function, performance status 1–2.

2.2. Extraction and Quantitative Measurement of cfDNA

Pretreatment blood was collected in Cell-Free DNA BCT®CE tubes and shipped im-
mediately to Osaka University Hospital at ambient temperature. Tubes were centrifuged
at 2000× g for 10 min and the supernatant was collected. Then, the supernatant was
centrifuged again at 16,000× g for 10 min and the supernatant was collected and preserved
at −80 ◦C. CfDNA was extracted from this supernatant with a MagMAX™Cell-Free DNA
Isolation Kit according to the manufacturer’s instructions. The extracted DNA was quanti-
fied using a Qubit 1x dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The quality and quantity of cfDNA was assessed with the Cell-Free DNA Screen Tape
Assay (Agilent Technologies, Santa Clara, CA, USA).
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2.3. Library Preparation, Hybridization Capture and Sequencing of cfDNA

Sequence libraries were prepared using an xGen Prism DNA Library Prep Kit (Inte-
grated DNA Technologies, Coralville, IA, USA) according to the manufacturer’s instruc-
tions. A total of 1360 capture probes targeting hotspots and/or entire coding regions
of 25 genes, for which recurrent mutations in HCC were previously reported [14], were
designed and synthesized. The gene list is provided in Supplementary Table S1. Hybridiza-
tion capture was then performed according to the IDT protocol ‘xGen hybridization capture
of DNA libraries for NGS target enrichment’. Sequencing was performed on an Illumine
NovaSeq6000 platform in 101-base paired-end mode.

2.4. Variant Analysis

Read mapping was performed according to the analysis guidelines of the xGen Prism
DNA Library Kit (Integrated DNA Technologies, Inc.). The unmapped bam (uBAM) was
constructed via fastq by using FastqToSam in the Genome Analysis Toolkit (GATK) 4.1.2.0 [15].
Next, Fgbio ExtractUMIsFromBam ver1.4.0 (https://github.com/fulcrumgenomics/fgbio
(accessed on 1 June 2021)) was used to extract unique molecular identifiers (UMIs) and
add RX tags. The alignment was performed with GATK SamToFastq, Burrows–Wheeler
Aligner (BWA) version 0.7.17 [16] and GATK MergeBamAlignment, and the resulting bam
was deduplicated by using GATK MarkDuplicates. The overlap between read pairs was
eliminated by using Fgbio ClipBam. Variants were called by using GATK Mutect2 and
filtered by using FilterMutectCalls and bcftools [17] according to the target region. The
resulting vcf files were annotated by using ANNOVAR (24 October 2019) [18]. Variants
registered in the Catalog of Somatic Mutations in Cancer (COSMIC) database were included,
and single nucleotide polymorphisms (SNPs) registered in the 4.7 kJPN and gnomAD
databases were excluded for subsequent analysis of associations with clinical outcomes.

2.5. Statistical Analysis

The Mann–Whitney U test was used to evaluate differences between unpaired groups
in a nonparametric distribution. For nonparametric multiple comparisons, one-way analy-
sis of variance (ANOVA) followed by the Kruskal–Wallis test was used. For the analysis
of categorical data, the chi-square test or Fisher’s exact test was used. Pearson product-
moment correlation coefficients were used to assess correlations. For survival analysis,
OS was defined as the endpoint from the start of treatment until death from any cause.
The Kaplan–Meier and log-rank tests were used to analyzed differences of OS and PFS.
Univariate and multivariate Cox proportional hazards regression models were used to
identify factors associated with PFS. Statistical significance was p values < 0.05. JMP® 13
(SAS Institute Inc. RRID:SCR_014242, Cary, NC, USA) and Prism ver. 8.4.2 for Windows
(GraphPad Prism, RRID:SCR_002798, San Diego, CA, USA) were used for analysis.

3. Results
3.1. Clinical Outcomes of Atezo/Bev Therapy in u-HCC Patients

The clinical characteristics of 85 HCC patients enrolled in this study are shown in
Table 1. The median age was 74 years, and 77.6% of the patients were male. The percentage
of patients with viral hepatitis was 62.4%. Furthermore, 95.3% of patients had Child–Pugh
A, and the median albumin-bilirubin (ALBI) score was −2.35. The numbers of patients
diagnosed with BCLC stages A, B, and C were 6, 31, and 48, respectively. The median
alpha-fetoprotein (AFP) and des-γ-carboxy prothrombin (DCP) levels were 11 ng/mL and
333 mAU/mL, respectively. Atezo/Bev therapy was initiated as the first-line treatment in
48 patients and as a later-line treatment in 37 patients. The median observation period after
the initiation of Atezo/Bev therapy was 286 days.

https://github.com/fulcrumgenomics/fgbio
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Table 1. The clinical characteristics of 85 HCC patients enrolled in this study.

Factor Unit Value

Age Years Old 74 (65–80)
Gender Male/Female 66/19

ECOG PS 0/1 76/9

Etiology HBV/HCV/HBV +
HCV/alcohol/others 22/29/2/15/17

Child-pugh 5/6/7 41/40/4
PT % 92 (82–102)

ALB g/dL 3.7 (3.2–3.9)
T-BIL mg/dL 0.7 (0.5–1.0)

ALBI score −2.35 (−2.69–−2.02)
ALT U/L 26 (17–35)
PLT ×104/µL 13.8 (11.2–17.6)
NLR 2.4 (1.8–3.6)
AFP ng/mL 11 (3–887)
DCP mAU/mL 333 (65–2614)

Prior systemic therapy Yes/No 37/48
Extrahepatic metastasis Yes/No 38/47
Macrovascular invasion Yes/No 15/70

Maximal tumor size cm 2.3 (1.6–4.5)
Intrahepatic tumor number ≥5/≤4 36/49

BCLC stage A/B/C 6/31/48
Observation period Days 286 (216–359)

Abbreviations: ECOG, Eastern Cooperative Oncology Group; HBV, hepatitis B virus; HCV, hepatitis C virus; PT,
prothrombin time; ALB, albumin; T-Bil, total bilirubin; ALBI, Albumin-Bilirubin. ALT, alanine aminotransferase;
PLT, platelet; NLR, neutrophil-lymphocyte ratio; AFP, alpha-fetoprotein. DCP, des-γ-carboxy prothrombin; BCLC,
Barcelona clinic liver cancer.

The overall response rate (ORR) and disease control rate (DCR), evaluated based on
mRECIST version 1.1, were 33% and 65%, respectively (Figure 1A). The cumulative PFS
rates were 62.5% at 90 days, 44.9% at 180 days, and 36.1% at 270 days. The median PFS
was 126 days (Figure 1B). The median OS was not reached, and 21 patients died of HCC
(Figure 1C).
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Figure 1. Clinical outcome of Atezo/Bev treatment in 85 u-HCC patients. (A) The best response
to Atezo/Bev was assessed by mRECIST. (B,C) Kaplan–Meier curves of progression-free survival
(PFS) (B) and overall survival (OS) (C). u-HCC, unresectable hepatocellular carcinoma; Atezo/Bev,
Atezolizumab and bevacizumab; CR, complete response; PR, partial response; SD, stable disease; PD,
progressive disease, NE, not evaluated; DCR, disease control rate; ORR, overall response rate.
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3.2. Patients with High Plasma cfDNA Levels Show a Significantly Lower ORR and Shorter PFS
and OS Than Those with Low cfDNA Levels

We first evaluated the potential of cfDNA levels to predict the efficacy of Atezo/Bev
therapy in u-HCC patients. Pretreatment plasma cfDNA levels were weakly associated
with AFP levels and maximal tumor size (Supplementary Figure S1). We then divided
patients into two groups based on the median cfDNA levels (cfDNA high vs. cfDNA
low). Patients with high cfDNA levels showed significantly higher ALBI scores than those
with low cfDNA levels (Supplementary Table S2). Regarding the treatment response to
Atezo/Bev therapy, the ORR and DCR were 22.5% and 57.5% in the cfDNA high group
and 45.2% and 76.2% in the cfDNA low group, respectively (Figure 2A,B). Patients with
high cfDNA levels showed a significantly lower ORR than those with low cfDNA levels
(Figure 2A). PFS and OS were also significantly shorter in patients with high cfDNA levels
than in patients with low cfDNA levels (Figure 2C,D).
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Figure 2. Patients with high plasma cfDNA levels show significantly lower ORR and shorter PFS
and OS than those with low cfDNA levels. The baseline cfDNA level was quantified for 85 u-HCC
patients treated with Atezo/Bev. The patients were classified into two groups according to the median
value of plasma cfDNA level. (A,B) The best overall response rate (ORR) (A) and disease control rate
(DCR) (B) in each group. (C,D) The Kaplan–Meier curves of progression-free survival (PFS) (C) and
overall survival (OS) (D) for each group. cfDNA, cell-free DNA; u-HCC, unresectable hepatocellular
carcinoma; Atezo/Bev, Atezolizumab and bevacizumab; CR, complete response; PR, partial response;
SD, stable disease; PD, progressive disease.
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3.3. ctDNA Profiling in u-HCC Patients Treated with Atezo/Bev

To evaluate ctDNA in u-HCC patients treated with Atezo/Bev, we generated a custom
panel detecting mutations in 25 genes known to be frequently mutated in HCC (Supple-
mentary Table S1) [14]. Ultradeep sequencing of cfDNA using the custom panel detected
ctDNA in 55.3% of patients (Figure 3). We found mutations in 19 out of 25 genes in the
panel, and the most frequent mutations were identified in the TERT promoter (31% of these
patients), followed by TP53 (22%), CTNNB1 (15%) and PTEN (7%) (Figure 3). The order
of mutation frequency in ctDNA was mostly consistent with that previously reported in
HCC tumor sites [14], suggesting that ctDNA may reflect genetic abnormalities in HCC
tumor tissue. In addition, mutual exclusivity between TP53 and CTNNB1 mutations was
also observed in the ctDNA (Figure 3), which is a common mutation pattern in HCC tumor
tissue [14,19]. Patients with detectable ctDNA showed a significantly higher neutrophil
lymphocyte ratio (NLR) and maximal tumor size and more frequent macrovascular in-
vasion (MVI) than those without detectable ctDNA (Supplementary Table S3). cfDNA
levels did not significantly differ between patients with and without detectable ctDNA
(Supplementary Figure S2A). The ORR and DCR also did not differ between them (Sup-
plementary Figure S2B,C). Patients with ctDNA showed shorter PFS and OS than those
without ctDNA, but these differences were not significant (Supplementary Figure S2D,E).
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Figure 3. ctDNA profiling of u-HCC patients treated with Atezo/Bev. A heatmap showing the
genomic profiling of baseline ctDNA in 85 u-HCC patients treated with Atezo/Bev. Single nucleotide
variants are shown in a color scale of variant allele frequency. Genes are listed in the order of mutation
frequency. Bottom panel shows age, gender, etiology of background liver disease, Child-Pugh score,
AFP level and BCLC stage. ctDNA, circulating tumor DNA; u-HCC, unresectable hepatocellular
carcinoma; Atezo/Bev, Atezolizumab and bevacizumab.
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3.4. Patients with TERT Promoter ctDNA Show Significantly Shorter OS Than Those without

We then assessed the association of frequently mutated genes in cfDNA with clinical
outcome. Twenty-six patients with a TERT promoter mutation showed a significantly older
age, higher ALBI score, higher Child–Pugh score, higher cfDNA levels, lower prothrombin
time (PT) and albumin levels, and less frequent extrahepatic metastasis than patients with-
out a TERT promoter mutation (Supplementary Table S4). Nineteen patients with a TP53
mutation showed significantly higher platelet levels than those without (Supplementary
Table S5), while 13 patients with a CTNNB1 mutation showed more frequent MVI and
more frequent prior systemic therapy than those without (Supplementary Table S6). The
presence or absence of a mutation in any specific gene did not affect clinical outcomes,
including therapeutic response and PFS (Supplementary Figure S3A–F, Figure 4A–C). On
the other hand, patients with a TERT mutation had significantly shorter OS than those
without a TERT mutation (Figure 4D–F).
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Figure 4. Patients with TERT promoter ctDNA have significantly shorter OS than those without.
Total 85 u-HCC patients treated with Atezo/Bev were classified into two groups according to the
presence or absence of specific ctDNA mutations including TERT (A,D), TP53 (B,E), CTNNB1 (C,F).
The Kaplan–Meier curves of progression-free survival (PFS) (A–C) and overall survival (OS) (D–F)
for each group. ctDNA, circulating tumor DNA; u-HCC, unresectable hepatocellular carcinoma;
Atezo/Bev, Atezolizumab and bevacizumab.
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3.5. TERT ctDNA Mutation and AFP Level Can Be Used to Stratify u-HCC Patients Treated with
Combination Immunotherapy Based on Prognosis

Finally, we evaluated the factors associated with shorter PFS and OS. Univariate
Cox proportional hazards analysis showed that higher AFP levels, higher NLR, higher
intrahepatic tumor number, presence of MVI and prior systemic therapy, and higher
cfDNA levels were significantly associated with shorter PFS (Supplementary Table S7).
Multivariate Cox proportional hazards analysis showed that MVI and intrahepatic tumor
number were independent risk factors for disease progression in Atezo/Bev-treated HCC
patients (Supplementary Table S7). Regarding OS, univariate Cox proportional hazards
analysis showed that higher AFP and DCP levels, higher NLR, MVI, higher cfDNA levels
and TERT ctDNA were significantly associated with shorter OS (Table 2). TERT ctDNA and
high AFP levels were independent risk factors for poor prognosis in Atezo/Bev-treated
HCC patients by Multivariate Cox proportional hazards analysis (Table 2).

Table 2. Cox proportional hazards regression model for the prediction of overall survival.

Factor Unit
Univariate Analysis Multivariate Analysis

Hazard Ratio
(95% CI) p Value Hazard Ratio

(95% CI) p Value

Age Years Old ≥70/<70 0.96 (0.39–2.39) 0.939
Gender Male/Female 0.56 (0.23–1.39) 0.212

ECOG PS 0/1 0.59 (0.17–2.00) 0.398
Etiology Viral/non-Viral 1.41 (0.55–3.65) 0.477

PT % ≥90/<90 1.12 (0.43–2.90) 0.817
ALB g/dL ≥4.0/<4.0 0.95 (0.35–2.60) 0.920
T-BIL mg/dL ≥0.7/<0.7 2.26 (0.83–6.18) 0.112

ALBI score ≥−2.27/<−2.27 1.30 (0.55–3.09) 0.546
ALT U/L ≥45/<45 0.62 (0.14–2.66) 0.520
PLT ×104/µL ≥15/<15 0.47 (0.16–1.39) 0.170
NLR ≥3.0/<3.0 3.98 (1.62–9.78) 0.003 2.42 (0.80–7.36) 0.119
AFP ng/mL ≥400/<400 4.79 (1.99–11.54) 0.001 4.90 (1.58–15.13) 0.006
DCP mAU/mL ≥200/<200 2.96 (1.06–8.25) 0.038 1.72 (0.53–5.57) 0.365

Prior systemic
therapy Yes/No 0.99 (0.42–2.34) 0.984

Extrahepatic
metastasis Yes/No 0.99 (0.42–2.35) 0.980

Macrovascular
invasion Yes/No 3.61 (1.49–8.76) 0.005 1.85 (0.62–5.59) 0.273

Intrahepatic
tumor number ≥5/≤4 2.29 (0.96–5.46) 0.061

BCLC stage A,B/C 0.46 (0.18–1.18) 0.104
cfDNA ng/uL ≥2.23/<2.23 2.99 (1.16–7.75) 0.024 2.92 (0.98–8.71) 0.054
TERT Yes/No 3.93 (1.63–9.44) 0.002 3.25 (1.14–9.28) 0.028

Abbreviations: ECOG, Eastern Cooperative Oncology Group; PT, prothrombin time. ALB, albumin; T-Bil, total
bilirubin; ALBI, Albumin-Bilirubin; ALT, alanine aminotransferase. PLT, platelet; NLR, neutrophil-lymphocyte
ratio; AFP, alpha-fetoprotein; DCP, des-γ-carboxy prothrombin. BCLC, Barcelona clinic liver cancer; cfDNA,
cell-free DNA; TERT, telomerase reverse transcriptase.

Indeed, when patients were divided into three groups based on AFP levels
(AFP ≥ 400 or <400) and the presence or absence of a TERT ctDNA mutation, their progno-
sis was clearly stratified; patients who had high AFP levels and a TERT ctDNA mutation
showed the shortest OS (Figure 5, Supplementary Figure S4). Taken together, these findings
suggest that cfDNA/ctDNA monitoring may be useful for predicting the clinical outcome
of u-HCC patients treated with combination immunotherapy.
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4. Discussion

In this study, we evaluated the potential of pretreatment cfDNA/ctDNA profiling as
a biomarker to predict the efficacy and/or prognosis of combined anti-PD-L1 and anti-
VEGF immunotherapy in u-HCC patients. First, we found that patients with high levels
of cfDNA showed a significantly lower ORR and shorter PFS and OS than those with low
levels of cfDNA. This suggested the possibility that simple cfDNA quantification may
be useful for predicting the clinical outcomes of these patients. Multiple studies have
reported the utility of the cfDNA concentration as a prognostic biomarker in a variety
of cancer types, including prostate, lung, and breast cancers and neuroblastoma [20–25].
Most of these reports show that the cfDNA concentration may reflect the disease stage
and thus be positively associated with patient prognosis. The association between high
cfDNA concentration and poor chemotherapeutic response has also been reported in
breast cancer and ALK+ non-small cell lung cancer [26,27]. With regard to HCC, several
studies have reported that the cfDNA concentration is higher in patients with HCC than
in those with chronic hepatitis and healthy controls [28]. The cfDNA concentration has
also been shown to be positively associated with early recurrence and poor OS after
surgical resection [29]. On the other hand, the association between cfDNA levels and
clinical outcomes of pharmacotherapy has not been well studied in HCC patients. While
Nakatsuka T et al. recently reported that posttreatment early changes in cfDNA levels
predict the response to molecular targeted agents (MTAs) [30], the current study is the first
to show the potential of cfDNA quantification as a therapeutic biomarker of combination
immunotherapy in HCC patients. On the other hand, it should be noted that although a
high cfDNA level was a significant predictor of OS and PFS by univariate analysis (p value
0.024 for OS and 0.023 for PFS), it was not identified as a statistically significant predictor
by multivariate analysis (p value 0.054 for OS and 0.106 for PFS). Therefore, although
we did not find a strong association between cfDNA levels and clinical characteristics
(Supplementary Figure S1 and Table S2), the presence of confounding factors should be
cautiously considered. Nevertheless, quantification of cfDNA levels in peripheral blood
does not require next-generation sequencing or bioinformatics, so cfDNA levels may be
a useful and feasible biomarker for predicting the response to immunotherapy in daily
clinical practice. Collectively, it is important to conduct further evaluation of its utility in a
larger cohort.

We performed ctDNA profiling in 85 u-HCC patients using a custom-made panel
detecting mutations in 25 genes that were recurrently mutated in HCC [14]. Ultradeep
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sequencing of pretreatment cfDNA detected ctDNA in more than half of the patients.
Importantly, the three most frequently mutated genes (TERT promoter, TP53 and CTNNB1)
are known core HCC driver genes and have been shown to be the most frequently mutated
genes in HCC tumor tissues in many large cohorts [14,19,31,32]. Similar mutation profiles
have been observed in other studies assessing ctDNA in HCC patients [11,33]. We also
identified mutual exclusivity of TP53 and CTNNB1 mutations, which is consistent with
previous tumor genome profiling [14]. Taken together, these data supported the validity of
our ctDNA profiling.

Regarding treatment response, we first focused on the presence or absence of detectable
ctDNA and found a tendency of shorter PFS and OS in patients with detectable ctDNA,
but this difference was not significant. The appearance of ctDNA was associated with poor
prognostic factors, including the presence of MVI, larger tumor size and higher NLR. We
then evaluated the association of specific mutations with treatment response. CTNNB1-
mutated HCC has been reported to induce an immune-cold tumor microenvironment
(TME) lacking immune cell infiltration and promote resistance to ICI monotherapy [9].
However, neither treatment response (ORR and DCR) nor patient prognosis (PFS and OS)
differed between the presence and absence of CTNNB1 mutation. Since we did not perform
corresponding tumor genome sequencing in our cohort, it is difficult to reach definite
conclusions, but our ctDNA profiling results suggest that a CTNNB1 mutation might not
have a large impact on the efficacy of combination immunotherapy in HCC patients. Since
anti-VEGF antibody is known to potentiate tumor immunity via normalization of vascular-
immune crosstalk [34], it will be interesting in future studies to see whether bevacizumab
promotes intratumor immune cell infiltration and changes the CTNNB1-mutated immune-
cold TME to an immune-hot TME favorable to atezolizumab therapy.

In addition to CTNNB1, our ctDNA profiling results did not indicate an association of
any specific mutation with treatment response and PFS, suggesting that the tumor mutation
profile might not affect the efficacy of Atezo/Bev therapy. On the other hand, we found
that patients with a TERT mutation showed significantly shorter OS than those without
a TERT mutation. Li H et al., have also shown that the presence of TERT mutations was
associated with poor prognosis in about 10,000 patients with various types of cancer [35].
Meanwhile, they also showed that the presence of TERT mutations was associated with
high TMB score, high neoantigen load, suggesting the greater activity to immunotherapy.
Interestingly, they found that prognosis was better in patients with TERT mutation than
those without when treated with cytotoxic T-lymphocyte associated antigen 4 (CTLA-4)
antibody but was similar in patients with and without TERT mutation when treated
with PD-1/PD-L1 antibody. In our cohort, while OS was significantly shorter in patients
with TERT mutation than those without, treatment response and PFS were similar in
both groups, suggesting that TERT mutation may not affect the response to combined
immunotherapy in HCC. On the other hand, while tumor status, including BCLC stage,
tumor size, tumor number, and tumor markers (AFP and DCP), did not significantly differ
between the presence and absence of a TERT mutation, patients with a TERT promoter
mutation had significantly higher Child–Pugh scores and ALBI scores than those without
a TERT mutation, suggesting an association between TERT ctDNA and more advanced
background liver disease. This could be explained by the fact that TERT promoter mutations
occur even in premalignant dysplastic or regenerative nodules in cirrhotic patients [36].
Indeed, TERT ctDNA has been reported to be more frequently found in HCC patients with
cirrhosis than in those without [11]. Considering the well-known fact that a background
liver functional reservoir is the important determinant of prognosis of u-HCC patients
treated with pharmacotherapy [37], the presence of a TERT mutation may reflect more
advanced background liver disease and be associated with shorter OS. In addition, our
multivariate analysis identified AFP and TERT ctDNA as independent predictors of shorter
OS. AFP is a well-known factor reflecting HCC tumor malignancy; thus, u-HCC patients
with high AFP levels may have more aggressive tumors, which are associated with shorter
OS. Indeed, an association of high AFP levels with shorter OS has been shown in the
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subgroup analysis of the IMbrave150 trial [4]. Importantly, in the current study, we showed
for the first time that the prognosis of u-HCC patients treated with Atezo/Bev therapy was
clearly stratified based on TERT ctDNA mutation and AFP level (Figure 5), suggesting the
usefulness of ctDNA profiling as a prognostic biomarker for these patients.

The limitations of this study are as follows: (1) it was a retrospective study, (2) there
was no racial diversity (all Japanese patients), (3) we did not use a comprehensive cancer
gene panel but focused on 25 genes frequently mutated in HCC, and (4) there was no infor-
mation about tumor mutation burden status or copy number abnormality. We also cannot
completely eliminate the possibility of mutation calling error due to clonal hematopoiesis,
SNPs, or the sequencer used, because no control sequence for corresponding white blood
cells was employed.

In conclusion, we showed the potential usefulness of pretreatment cfDNA/ctDNA
profiling for predicting the clinical outcome in u-HCC patients treated with anti-PD-L1 and
anti-VEGF combination immunotherapy. To establish noninvasive efficacious and prog-
nostic biomarkers for precision medicine, further external validation in large prospective
cohorts will be necessary.

5. Conclusions

By analyzing circulating cell-free DNA profiling, we determined that cfDNA/ctDNA
profiling is a novel biomarker to predict the prognosis of u-HCC patients treated with
anti-PD-L1 and anti-VEGF combination immunotherapy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers14143367/s1, Figure S1: Association between cfDNA levels and
clinicopathological variables in 85 u-HCC patients treated with Atezo/Bev, Figure S2: Therapeutic
outcomes of 85 u-HCC patients stratified by the presence or absence of ctDNA, Figure S3: Therapeutic
outcomes of 85 u-HCC patients stratified by the presence or absence of specific ctDNA mutations,
including TERT, TP53, and CTNNB1 mutations, Figure S4: Therapeutic outcomes of 85 u-HCC
patients stratified by the presence or absence of TERT mutations and/or AFP levels, Table S1: Gene
list in a custom panel for ctDNA detection, Table S2: Clinical characterics of 85 HCC patients stratified
by cfDNA levels, Table S3: Clinical characterics of 85 HCC patients stratified by presence or absence
of ctDNA. Table S4: Clinical characterics of 85 HCC patients stratified by presence or absence of
TERT promoter ctDNA. Table S5: Clinical characterics of 85 HCC patients stratified by presence or
absence of TP53 ctDNA. Table S6: Clinical characterics of 85 HCC patients stratified by presence or
absence of CTNNB1 ctDNA. Table S7: Cox propotional hazards regression model for the prediction
of progression-free survival.

Author Contributions: Conceptualization, writing, review, and editing: T.M. and T.K.; Data curation
and formal analysis: T.M., T.K., Y.M., K.M., R.S., A.T., K.O. (Keiko Oku) and D.M.; Methodology: Y.T.,
R.Y., H.H. (Hayato Hikita) and T.T. (Tomohide Tatsumi); Funding acquisition: T.K. and T.T. (Tetsuo
Takehara); Project administration and supervision: T.T. (Tetsuo Takehara); Resources: Y.S., M.O., T.N.,
K.O. (Kazuyoshi Ohkawa), M.M., S.T. (Satoshi Tanaka), E.M., S.T. (Seiichi Tawara), T.Y., Y.N. and H.H.
(Hideki Hagiwara). All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Japan Agency for Medical Research and Development
(AMED) under grant numbers JP22fk0210074 (T.K.), JP22fk0210091 (T.K.), JP22fk0310524 (T.K.), and
by a Grant-in-Aid for Scientific Research (T.K.) from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan, under grant number 20H03661.

Institutional Review Board Statement: The study protocol was approved by the institutional review
board (IRB) committees of Osaka University Hospital and all participating hospitals (IRB No. 921,
19438, 18201).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

https://www.mdpi.com/article/10.3390/cancers14143367/s1
https://www.mdpi.com/article/10.3390/cancers14143367/s1


Cancers 2022, 14, 3367 13 of 14

Acknowledgments: We thank the following doctors for help in enrolling u-HCC patients in this
study: M. Inada from Toyonaka Municipal Hospital, H. Fukui from Yao Municipal Hospital, N.
Hiramatsu from Osaka Rosai Hospital, Y. Yamada from Kaizuka Municipal Hospital, and T. Nawa
from Higashiosaka City Medical Center.

Conflicts of Interest: Tetsuo Takehara received research grants from Eisai, MSD K. K., and Chugai
Pharmaceutical Co., Ltd., as well as lecture fees from Chugai Pharmaceutical Co., Ltd., Eisai, and
MSD K. K. Takahiro Kodama received lecture fees from Chugai Pharmaceutical Co., Ltd., MSD K. K.,
Eisai, AstraZeneca, and Bayer. All other authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Myojin, Y.; Kodama, T.; Sakamori, R.; Maesaka, K.; Matsumae, T.; Sawai, Y.; Imai, Y.; Ohkawa, K.; Miyazaki, M.; Tanaka,
S.; et al. Interleukin-6 Is a Circulating Prognostic Biomarker for Hepatocellular Carcinoma Patients Treated with Combined
Immunotherapy. Cancers 2022, 14, 883. [CrossRef] [PubMed]

3. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef] [PubMed]

4. Cheng, A.L.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Updated
efficacy and safety data from IMbrave150: Atezolizumab plus bevacizumab vs. sorafenib for unresectable hepatocellular
carcinoma. J. Hepatol. 2021, 76, 862–873.

5. Maesaka, K.; Sakamori, R.; Yamada, R.; Doi, A.; Tahata, Y.; Miyazaki, M.; Ohkawa, K.; Mita, E.; Iio, S.; Nozaki, Y.; et al.
Comparison of atezolizumab plus bevacizumab and lenvatinib in terms of efficacy and safety as primary systemic chemotherapy
for hepatocellular carcinoma. Hepatol. Res. 2022, 52, 630–640. [CrossRef]

6. Li, F.; Li, C.; Cai, X.; Xie, Z.; Zhou, L.; Cheng, B.; Zhong, R.; Xiong, S.; Li, J.; Chen, Z.; et al. The association between CD8+
tumor-infiltrating lymphocytes and the clinical outcome of cancer immunotherapy: A systematic review and meta-analysis.
EClinicalMedicine 2021, 41, 101134. [CrossRef]

7. Lu, S.; Stein, J.E.; Rimm, D.L.; Wang, D.W.; Bell, J.M.; Johnson, D.B.; Sosman, J.A.; Schalper, K.A.; Anders, R.A.; Wang, H.; et al.
Comparison of Biomarker Modalities for Predicting Response to PD-1/PD-L1 Checkpoint Blockade: A Systematic Review and
Meta-analysis. JAMA Oncol. 2019, 5, 1195–1204. [CrossRef]

8. Ruiz de Galarreta, M.; Bresnahan, E.; Molina-Sanchez, P.; Lindblad, K.E.; Maier, B.; Sia, D.; Puigvehi, M. beta-Catenin Activation
Promotes Immune Escape and Resistance to Anti-PD-1 Therapy in Hepatocellular Carcinoma. Cancer Discov. 2019, 9, 1124–1141.
[CrossRef]

9. Morita, M.; Nishida, N.; Sakai, K.; Aoki, T.; Chishina, H.; Takita, M.; Ida, H.; Hagiwara, S.; Minami, Y.; Ueshima, K.; et al.
Immunological Microenvironment Predicts the Survival of the Patients with Hepatocellular Carcinoma Treated with Anti-PD-1
Antibody. Liver Cancer 2021, 10, 380–393. [CrossRef]

10. Ray, S.K.; Mukherjee, S. Cell Free DNA as an Evolving Liquid Biopsy Biomarker for Initial Diagnosis and Therapeutic Nursing in
Cancer- An Evolving Aspect in Medical Biotechnology. Curr. Pharm. Biotechnol. 2022, 23, 112–122. [CrossRef]

11. Von Felden, J.; Craig, A.J.; Garcia-Lezana, T.; Labgaa, I.; Haber, P.K.; D’Avola, D.; Asgharpour, A.; Dieterich, D.; Bonaccorso,
A.; Torres-Martin, M.; et al. Mutations in circulating tumor DNA predict primary resistance to systemic therapies in advanced
hepatocellular carcinoma. Oncogene 2021, 40, 140–151. [CrossRef] [PubMed]

12. Wei, J.; Feng, J.; Weng, Y.; Xu, Z.; Jin, Y.; Wang, P.; Cui, X.; Ruan, P.; Luo, R.; Li, N.; et al. The Prognostic Value of ctDNA and
bTMB on Immune Checkpoint Inhibitors in Human Cancer. Front. Oncol. 2021, 11, 706910. [CrossRef] [PubMed]

13. Llovet, J.M.; Lencioni, R. mRECIST for HCC: Performance and novel refinements. J. Hepatol. 2020, 72, 288–306. [CrossRef]
[PubMed]

14. Cancer Genome Atlas Research Network. Electronic address wbe, Cancer Genome Atlas Research N. Comprehensive and
Integrative Genomic Characterization of Hepatocellular Carcinoma. Cell 2017, 169, 1327–1341.e23. [CrossRef]

15. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly, M.; et al.
The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 2010,
20, 1297–1303. [CrossRef]

16. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

17. Li, H. A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter
estimation from sequencing data. Bioinformatics 2011, 27, 2987–2993. [CrossRef]

18. Wang, K.; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010, 38, e164. [CrossRef]

19. Totoki, Y.; Tatsuno, K.; Covington, K.R.; Ueda, H.; Creighton, C.J.; Kato, M.; Tsuji, S.; Donehower, L.A.; Slagle, B.L.; Nakamura, H.; et al.
Trans-ancestry mutational landscape of hepatocellular carcinoma genomes. Nat. Genet. 2014, 46, 1267–1273. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3390/cancers14040883
http://www.ncbi.nlm.nih.gov/pubmed/35205631
http://doi.org/10.1056/NEJMoa1915745
http://www.ncbi.nlm.nih.gov/pubmed/32402160
http://doi.org/10.1111/hepr.13771
http://doi.org/10.1016/j.eclinm.2021.101134
http://doi.org/10.1001/jamaoncol.2019.1549
http://doi.org/10.1158/2159-8290.CD-19-0074
http://doi.org/10.1159/000516899
http://doi.org/10.2174/1389201021666201211102710
http://doi.org/10.1038/s41388-020-01519-1
http://www.ncbi.nlm.nih.gov/pubmed/33097857
http://doi.org/10.3389/fonc.2021.706910
http://www.ncbi.nlm.nih.gov/pubmed/34660274
http://doi.org/10.1016/j.jhep.2019.09.026
http://www.ncbi.nlm.nih.gov/pubmed/31954493
http://doi.org/10.1016/j.cell.2017.05.046
http://doi.org/10.1101/gr.107524.110
http://doi.org/10.1093/bioinformatics/btp324
http://doi.org/10.1093/bioinformatics/btr509
http://doi.org/10.1093/nar/gkq603
http://doi.org/10.1038/ng.3126


Cancers 2022, 14, 3367 14 of 14

20. Mirtavoos-Mahyari, H.; Ghafouri-Fard, S.; Khosravi, A.; Motevaseli, E.; Esfahani-Monfared, Z.; Seifi, S.; Salimi, B.; Oskooei, V.K.;
Ghadami, M.; Modarressi, M.H. Circulating free DNA concentration as a marker of disease recurrence and metastatic potential in
lung cancer. Clin. Transl. Med. 2019, 8, 14. [CrossRef]

21. Tissot, C.; Toffart, A.-C.; Villar, S.; Souquet, P.-J.; Merle, P.; Moro-Sibilot, D.; Pérol, M.; Zavadil, J.; Brambilla, C.; Olivier, M.; et al.
Circulating free DNA concentration is an independent prognostic biomarker in lung cancer. Eur. Respir. J. 2015, 46, 1773–1780.
[CrossRef] [PubMed]

22. Liu, H.; Gao, Y.; Vafaei, S.; Gu, X.; Zhong, X. The Prognostic Value of Plasma Cell-Free DNA Concentration in the Prostate Cancer:
A Systematic Review and Meta-Analysis. Front. Oncol. 2021, 11, 599602. [CrossRef] [PubMed]

23. Chen, E.; Cario, C.L.; Leong, L.; Lopez, K.; Márquez, C.P.; Chu, C.; Li, P.S.; Oropeza, E.; Tenggara, I.; Cowan, J.; et al. Cell-free
DNA concentration and fragment size as a biomarker for prostate cancer. Sci. Rep. 2021, 11, 5040. [CrossRef] [PubMed]

24. Garcia, D.F.; Hills, A.; Page, K.; Hastings, R.K.; Toghill, B.; Goddard, K.S.; Ion, C.; Ogle, O.; Boydell, A.R.; Gleason, K.; et al.
Plasma cell-free DNA (cfDNA) as a predictive and prognostic marker in patients with metastatic breast cancer. Breast Cancer Res.
2019, 21, 149. [CrossRef]

25. Su, Y.; Wang, L.; Jiang, C.; Yue, Z.; Fan, H.; Hong, H.; Duan, C.; Jin, M.; Zhang, D.; Qiu, L.; et al. Increased plasma concentration
of cell-free DNA precedes disease recurrence in children with high-risk neuroblastoma. BMC Cancer 2020, 20, 102. [CrossRef]

26. Panagopoulou, M.; Karaglani, M.; Balgkouranidou, I.; Biziota, E.; Koukaki, T.; Karamitrousis, E.; Nena, E.; Tsamardinos, I.;
Kolios, G.; Lianidou, E.; et al. Circulating cell-free DNA in breast cancer: Size profiling, levels, and methylation patterns lead to
prognostic and predictive classifiers. Oncogene 2019, 38, 3387–3401. [CrossRef]

27. Dziadziuszko, R.; Peters, S.; Mok, T.; Camidge, D.R.; Gadgeel, S.M.; Ou, S.-H.I.; Konopa, K.; Noé, J.; Nowicka, M.; Bordogna, W.; et al.
Circulating Cell-free DNA as a Prognostic Biomarker in Patients with Advanced ALK+ Non-small Cell Lung Cancer in the Global
Phase III ALEX Trial. Clin. Cancer Res. 2022, 28, 1800–1808. [CrossRef]

28. Tran, N.H.; Kisiel, J.; Roberts, L.R. Using cell-free DNA for HCC surveillance and prognosis. JHEP Rep. 2021, 3, 100304. [CrossRef]
29. Tokuhisa, Y.; Iizuka, N.; Sakaida, I.; Moribe, T.; Fujita, N.; Miura, T.; Tamatsukuri, S.; Ishitsuka, H.; Uchida, K.; Terai, S.; et al.

Circulating cell-free DNA as a predictive marker for distant metastasis of hepatitis C virus-related hepatocellular carcinoma. Br. J.
Cancer 2007, 97, 1399–1403. [CrossRef]

30. Nakatsuka, T.; Nakagawa, H.; Hayata, Y.; Wake, T.; Yamada, T.; Kinoshita, M.N.; Nakagomi, R.; Sato, M.; Minami, T.; Uchino,
K.; et al. Post-treatment cell-free DNA as a predictive biomarker in molecular-targeted therapy of hepatocellular carcinoma.
J. Gastroenterol. 2021, 56, 456–469. [CrossRef]

31. Fujimoto, A.; Furuta, M.; Totoki, Y.; Tsunoda, T.; Kato, M.; Shiraishi, Y.; Tanaka, H.; Taniguchi, H.; Kawakami, Y.; Ueno, M.; et al.
Whole-genome mutational landscape and characterization of noncoding and structural mutations in liver cancer. Nat. Genet.
2016, 48, 500–509. [CrossRef] [PubMed]

32. Schulze, K.; Imbeaud, S.; Letouzé, E.; Alexandrov, L.B.; Calderaro, J.; Rebouissou, S.; Couchy, G. Exome sequencing of hepatocel-
lular carcinomas identifies new mutational signatures and potential therapeutic targets. Nat. Genet. 2015, 47, 505–511. [CrossRef]
[PubMed]

33. Harding, J.J.; Nandakumar, S.; Armenia, J.; Khalil, D.N.; Albano, M.; Ly, M.; Shia, J.; Hechtman, J.F.; Kundra, R.; El Dika, I.; et al.
Prospective Genotyping of Hepatocellular Carcinoma: Clinical Implications of Next-Generation Sequencing for Matching Patients
to Targeted and Immune Therapies. Clin. Cancer Res. 2019, 25, 2116–2126. [CrossRef]

34. Lee, W.S.; Yang, H.; Chon, H.J.; Kim, C. Combination of anti-angiogenic therapy and immune checkpoint blockade normalizes
vascular-immune crosstalk to potentiate cancer immunity. Exp. Mol. Med. 2020, 52, 1475–1485. [CrossRef]

35. Li, H.; Li, J.; Zhang, C.; Zhang, C.; Wang, H. TERT mutations correlate with higher TMB value and unique tumor microenviron-
ment and may be a potential biomarker for anti-CTLA4 treatment. Cancer Med. 2020, 9, 7151–7160. [CrossRef]

36. Nault, J.C.; Calderaro, J.; Di Tommaso, L.; Balabaud, C.; Zafrani, E.S.; Bioulac-Sage, P.; Roncalli, M.; Zucman-Rossi, J. Telomerase
reverse transcriptase promoter mutation is an early somatic genetic alteration in the transformation of premalignant nodules in
hepatocellular carcinoma on cirrhosis. Hepatology 2014, 60, 1983–1992. [CrossRef] [PubMed]

37. Kaneko, S.; Tsuchiya, K.; Yasui, Y.; Inada, K.; Kirino, S.; Yamashita, K.; Osawa, L.; Hayakawa, Y.; Sekiguchi, S.; Higuchi, M.; et al.
Strategy for advanced hepatocellular carcinoma based on liver function and portal vein tumor thrombosis. Hepatol. Res. 2020, 50,
1375–1385. [CrossRef] [PubMed]

http://doi.org/10.1186/s40169-019-0229-6
http://doi.org/10.1183/13993003.00676-2015
http://www.ncbi.nlm.nih.gov/pubmed/26493785
http://doi.org/10.3389/fonc.2021.599602
http://www.ncbi.nlm.nih.gov/pubmed/33777743
http://doi.org/10.1038/s41598-021-84507-z
http://www.ncbi.nlm.nih.gov/pubmed/33658587
http://doi.org/10.1186/s13058-019-1235-8
http://doi.org/10.1186/s12885-020-6562-8
http://doi.org/10.1038/s41388-018-0660-y
http://doi.org/10.1158/1078-0432.CCR-21-2840
http://doi.org/10.1016/j.jhepr.2021.100304
http://doi.org/10.1038/sj.bjc.6604034
http://doi.org/10.1007/s00535-021-01773-4
http://doi.org/10.1038/ng.3547
http://www.ncbi.nlm.nih.gov/pubmed/27064257
http://doi.org/10.1038/ng.3252
http://www.ncbi.nlm.nih.gov/pubmed/25822088
http://doi.org/10.1158/1078-0432.CCR-18-2293
http://doi.org/10.1038/s12276-020-00500-y
http://doi.org/10.1002/cam4.3376
http://doi.org/10.1002/hep.27372
http://www.ncbi.nlm.nih.gov/pubmed/25123086
http://doi.org/10.1111/hepr.13567
http://www.ncbi.nlm.nih.gov/pubmed/32924266

	Introduction 
	Materials and Methods 
	Patients and Study Design 
	Extraction and Quantitative Measurement of cfDNA 
	Library Preparation, Hybridization Capture and Sequencing of cfDNA 
	Variant Analysis 
	Statistical Analysis 

	Results 
	Clinical Outcomes of Atezo/Bev Therapy in u-HCC Patients 
	Patients with High Plasma cfDNA Levels Show a Significantly Lower ORR and Shorter PFS and OS Than Those with Low cfDNA Levels 
	ctDNA Profiling in u-HCC Patients Treated with Atezo/Bev 
	Patients with TERT Promoter ctDNA Show Significantly Shorter OS Than Those without 
	TERT ctDNA Mutation and AFP Level Can Be Used to Stratify u-HCC Patients Treated with Combination Immunotherapy Based on Prognosis 

	Discussion 
	Conclusions 
	References

