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Abstract: The systemic therapy landscape for hepatocellular carcinoma is rapidly evolving, as the recent approvals of checkpoint
inhibitor-based regimens such as atezolizumab-bevacizumab and durvalumab—tremelimumab in advanced disease have led to an
expanding therapeutic armamentarium. The development of biomarkers, however, has not kept up with the approvals of new agents.
Nevertheless, biomarker research for hepatocellular carcinoma has recently been growing at a rapid pace. The most active areas of
research are biomarkers for early detection and screening, accurate prognostication, and detection of minimal residual disease
following curative intent therapies, and, perhaps most importantly, predictive markers to guide selection and sequencing of the
individual agents, including tyrosine kinase inhibitors and immunotherapy. In this review, we briefly summarize the recent develop-
ments in systemic therapeutics for hepatocellular carcinoma, introduce the key completed and ongoing prospective and retrospective
studies evaluating diagnostic, prognostic, and predictive biomarkers with high clinical relevance, highlight several potentially
important areas of future research, and share our insights for each biomarker.
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Introduction

Hepatocellular carcinoma (HCC) is the most common liver primary cancer and the second leading cause of cancer-
associated death worldwide.! Although there are established HCC surveillance systems, more than 50% of HCC patients
present with advanced disease, which limits them from receiving curative treatment such as surgical resection or liver
transplantation (LT).>> Alpha-fetoprotein (AFP) is the most widely used biomarker for HCC surveillance, in conjunction
with ultrasound (US).** However, the exact role of AFP in surveillance is somewhat controversial. No other biomarkers
have been incorporated into daily practice for HCC surveillance in the major guidelines.*> There is an unmet need for the
development of biomarkers for the early detection of HCC.

Since 2008, there have been remarkable improvements in novel systemic therapy for HCC. During this period, more
than a dozen therapies, predominantly tyrosine kinase inhibitors (TKIs), anti-angiogenesis agents, and immune check-
point inhibitors (CPIs), have been approved as first or later-line therapies, and have significantly extended survival in
advanced HCC. However, only around 27% of HCC patients respond to the atezolizumab-bevacizumab combination,
which is one of the standard first-line therapies for HCC at the time of publication.® Also, emerging data have indicated
that the clinical benefit of HCC from CPIs and TKIs may be dependent on the etiology of HCC.” ™ These heterogeneous
responses to each treatment imply that finding novel predictive biomarkers could potentially elucidate which subgroup of
HCC can achieve maximal clinical benefit from specific novel therapies.

Along with this dynamic development of new agents in HCC, a huge number of studies have been performed that
propose potential predictive biomarkers for each novel agent. However, except for AFP for ramucirumab, most of those
proposed biomarkers have not been used in clinical practice.'® Therefore, there is an unmet necessity to develop and
verify better predictive biomarkers for each novel therapy.
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In recent years, there have been an emerging developments in omics technology, such as cell-free DNA (cfDNA),
including circulating tumor DNA (ctDNA), micro-RNA (miRNA), and circulating tumor cells (CTCs), which can
potentially lead to novel diagnostic, prognostic, and predictive biomarkers in HCC. In this review, we discuss the current
evidence on early diagnostic, prognostic, and predictive HCC biomarkers, share our insights, and present a comparative
discussion for each novel biomarker.

Biomarkers for Hepatocellular Carcinoma Surveillance and Early
Detection

Phase of Cancer Biomarkers for HCC Early Detection
The Early Detection Research Network (EDRN) proposed five phases of biomarker development for early cancer
detection that have been widely used in the field."" In 2021, the International Liver Cancer Association (ILCA) suggested
modified EDRN biomarker phases tailored to HCC.'? Phase 1 is an exploratory study to find potential biomarkers in
preclinical settings. It is usually performed by comparing tumor versus non-tumor tissue with tools detecting protein or
gene expression. Phase 2 is the development of a clinical assay by comparing specimens from human subjects with
versus without tumors. It is performed in a clinical setting, such as a case—control study after case subjects have been
diagnosed with cancer. Phase 3 is a retrospective longitudinal study to evaluate the biomarkers’ early detection ability. It
compares subjects who have versus subjects who have not developed cancer, using clinical assays from multiple
timelines. Phase 4 is a prospective screening study to evaluate biomarkers as a screening tool in the target population.
Phase 5 is a controlled study, ideally a randomized controlled trial (RCT), accompanied by therapeutic intervention if
needed, with a positive screening test to evaluate the mortality benefit of the biomarker screening. Outcome measures
from each phase are described in Table 1. Outcomes from novel biomarkers for early HCC detection can be compared to
those of established surveillance tools such as AFP with or without US.'?

Although not all biomarker studies for early cancer detection fit the EDRN and ILCA models, this framework
provides an estimation of the scientific evidence from each biomarker study in HCC. In this review, we will estimate
diagnostic biomarkers based on this five-phase structure.

Table | Phases of Cancer Biomarker Development for Early Detection of HCC

Phase | Study Design Method Goal Outcome Measure
| Preclinical exploratory Compare biomarker expression in Find biomarker TPR (sensitivity), FPR (I —
tumor vs non-tumor tissue specificity), AUROC
2 Clinical, case-controlled, Compare biomarker expression in Evaluate clinical assay TPR, FPR, AUROC after HCC
at the time of diagnosis subjects with vs without tumor by diagnosis
clinical assays Comparison with AFP * ultrasound
is recommended
3 Retrospective Comparing biomarker expression in Evaluate the ability of | TPR, FPR, AUROC before and after
longitudinal, before and at | subjects who have versus have not biomarkers to detect HCC diagnosis
the time of diagnosis developed cancer before and at the time | cancer before clinical Comparison with AFP + ultrasound
of cancer diagnosis (multiple timelines), | diagnosis is recommended
ideally PRoBE
4 Prospective screening Definitive diagnostic tests are performed | Evaluate the number Early detection rate (benefit)*, false
at the time of screening biomarker and nature (stage) of referral rate (harm)*
positive. cancer detected by Comparison with AFP % ultrasound
Compare results of definitive diagnostic | biomarker screening is recommended
test vs biomarker at the time of
biomarker positivity
(Continued)
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Table | (Continued).

Phase | Study Design Method Goal Outcome Measure
5 Randomized controlled RCT with therapeutic intervention as Evaluate the reduction | Mortality benefits from all causes,
trial (RCT) needed with the positive screening test | in mortality by HCC-related mortality benefits,
biomarker screening overdiagnosis and overtreatment
(harm), cost and quality of life

Notes: *Detection rate: Positive by biomarker and disease positive following definitive tests/Screening cases. False referral rate: Negative by definitive test/Screening
positive by biomarker.'"'?

Abbreviations: AFP, alpha-fetoprotein; AUROC, area under the receiver operating characteristics curve; FPR, false-positive rate; HCC, hepatocellular carcinoma; PRoBE,
prospective-specimen collection, retrospective-blinded-evaluation; TPR, true-positive rate.

AFP, AFP-L3, DCP

Biannual abdominal US has been the standard screening tool for HCC surveillance in at-risk populations following major
international guidelines.*>'* US is known to have a high sensitivity for detecting any stage of HCC, but a relatively low
sensitivity for early-stage HCC.'*'® For example, in a meta-analysis with six prospective studies for any-stage HCC and
13 studies for early HCC, US had a high sensitivity of 94% for any-stage HCC but only 63% sensitivity for early-stage
HCC." Given this limited detection capacity for early-stage HCC with US, there is an unmet need for biomarkers for the
early detection of HCC.

AFP is a plasma glycoprotein normally produced by the fetal liver and embryonic yolk sac during embryogenesis, and
has historically been used as an HCC biomarker.'”'* However, serum AFP is also known to be elevated in other clinical
conditions, including intrahepatic cholangiocarcinoma, gastric cancer, germ cell tumors, acute hepatitis, and chronic liver
disease.? 2* Despite this controversy and the potential non-specificity of AFP as an HCC biomarker, it has been the most
studied biomarker as a surveillance tool in HCC.

Two large population-based meta-analysis studies assessed the value of adding AFP to US for HCC surveillance.'>*’
The first meta-analysis, by Singal et al, including 13 prospective studies, revealed no additional sensitivity benefit of
adding AFP to US for early HCC detection (63% vs 69%),'” whereas later meta-analysis by Tzartzeva et al, including 32
studies (23 prospective, nine retrospective), showed higher sensitivities for both early (63% vs 45%) and any stage (97%
vs 78%) HCC detection in AFP with US compared to US alone.”” It is important to note that the later study observed a
wide variation of US performance, which could potentially overestimate the detection value of AFP compared to expert-
performed US alone.*** Two phase 5 RCTs with AFP for HCC surveillance were carried out in China in the 1990s.%6”
One study evaluated biannual AFP plus US surveillance compared to non-surveillance, and showed a significant 36%
relative and 0.05% absolute risk reduction.?® The other RCT, with biannual AFP without US for HCC surveillance, did
not show a mortality benefit compared to non-surveillance.”” These RCTs were not specifically designed for evaluating
the addition of AFP to US, and focused on HBV hepatitis patients regardless of cirrhosis status.’®?” Therefore, proper
evaluation of the value of adding AFP to US for early HCC detection in cirrhosis populations is limited.

As the performance of AFP for HCC surveillance is suboptimal, many other biomarkers have been studied. Among
them, AFP-L3 and des-gamma-carboxyprothrombin (DCP) have gained attention. AFP can be classified into three groups
according to its binding capacity to lens culinaris agglutinin (LCA), from AFP-L1 (non-binding) to AFP-L3 (LCA-
reactive).”®?° Compared to AFP, AFP-L3 is known to be exclusively secreted in HCC cells in the early stages, so it has
been proposed as a more specific biomarker for HCC.**?%*° DCP, also known as prothrombin, induced by vitamin K
absence/antagonist-II (PIVKA-II), is an abnormal prothrombin molecule due to an acquired defect in -translational
carboxylation, which can stem from oncogenesis and HCC progression.>* '

Initially, AFP-L3 and DCP were proposed as possible superior biomarkers to AFP for HCC surveillance, but later
studies revealed mixed results.>*>* Accordingly, AFP-L3 and DCP have been proposed to be combined with AFP to
increase its HCC detection capacity. For example, the GALAD score, a statistical model combining gender, age, AFP,
DCP, and AFP-L3, was suggested in 2014.%° Later, a phase 2 study evaluated the GALAD score in patients with cirrhosis
or chronic hepatitis B.*® In this study, GALAD showed a larger area under the receiver operating characteristics curve
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(AUROC) compared to US for any-stage (0.95 vs 0.82, p<0.01) and early-stage (0.92 vs 0.82, p<0.01) HCC.?® This study
also suggested another statistical model combining GALAD and US, titled the GALADUS score, which showed
improved HCC detection performance, with AUROC of 0.98 and 0.97 in any- and early-stage HCC, respectively.*®
Two phase 3 studies published in 2022 evaluated GALAD and each of three biomarkers. In both studies, there were no
significant differences in AUROC between GALAD and AFP alone, but GALAD showed higher sensitivity with
compromising specificity compared to AFP, regardless of timeline or HCC stage.”’”® With fixed specificity at 90%,
GALAD increased the sensitivity compared to AFP alone by 9-20 percentage points at 6 months before HCC diagnosis
in any-stage disease, but mixed results were observed for early-stage disease.’’® Neither study compared those
biomarkers to US. An interim report from a phase 5 RCT showed that adding AFP, AFP-L3, and DCP to US improved
the sensitivity of HCC detection compared to US alone with compromising specificity, although HCC cases during the
follow-up were small (n=20) at the time of the report.>*>°*° Except for these interim data, there are limited phase 4 and 5
data for AFP-L3, DCP, GALAD, and GALADUS.

Many other candidates, such as aldo-keto reductase family 1 member B10 (AKR1B10), Dickkopf-1 (DKK1), Golgi
protein 73 (Gp-73), glypican-3, and osteopontin (OPN), have been proposed as potential biomarkers for HCC
surveillance.”***** However, most of those proposals are based on phase 1-2 studies, and phase 3 or later data for
those biomarkers are insufficient to date.

None of the three major international HCC guidelines recommends biomarkers, except for AFP for HCC surveillance,
which is also controversial, with the recommendations varying between guidelines, given limited evidence.*>'® Further
verification is warranted, with later-phase biomarker studies, for the above biomarkers to be incorporated in daily
practice. Also, possible harm from false-positive cases, such as additional costs, tests, or patient anxiety, should be
considered to comprehensively estimate the value of these biomarkers.

Liquid Biopsy: ctDNA, CTCs, miRNA

Liver biopsy is invasive, with a risk of tumor seeding and bleeding. Also, the intratumoral and intertumoral heterogeneity
of HCC limits single-specimen biopsy in fully reflecting the entire HCC tumors.*>*® Liquid biopsy, which is minimally
invasive, can potentially be used in cancer screening, recurrence monitoring, estimating prognosis and treatment
response, and identifying treatment resistance mechanisms.*’”*® In a liquid biopsy, samples of body fluids, such as
blood, are collected, and genomic and proteomic information is obtained about the primary tumor.*”** Liquid biopsy
encompasses CTCs, circulating tumor nucleic acids (ctDNA and miRNA), and extracellular vehicles.**™*® A variety of
studies have proposed novel biomarkers for HCC using these liquid biopsy techniques. Among them, ctDNA, CTCs, and
miRNA have been actively investigated in HCC. Developments in liquid biopsy for HCC have focused on the detection
of early-stage or recurrent disease, prognostic, and predictive biomarkers. The diagnostic insights of liquid biopsy is
discussed in this section, and the prognostic and predictive insights of liquid biopsy are discussed later.

ctDNA

There are multiple cancer genetic targets in ctDNA, including copy number variations (CNV), gene methylation, fusion,
integrity, and DNA mutation.* Of these, gene methylation and gene mutations are the two most studied in HCC.
Aberrant DNA methylation has been proposed as playing an important role in early carcinogenesis, including in HCC,
and investigated for early HCC detection.’®>" In contrast, gene mutation has been more investigated as a biomarker for
disease monitoring, prognostication, and treatment response, as described in a later section.

Several ctDNA methylation profiling platforms, including Epigenomics AG, ExactSciences, and Laboratory for
Advanced Medicine (LAM), have received FDA breakthrough and/or CE mark approval and have been investigated
for HCC surveillance. In a phase 2 trial with HCC cases and cirrhosis controls, Epigenomics AG single-target SEPT9
platform showed a sensitivity of 76.7% at 97% specificity.’> Another phase 2 trial with the Epigenomics AG platform in
a large population of 530 target participants is underway in France (NCT03311152).

In a phase 2 study, Chalasani et al developed an algorithm by combining the ExactSciences Oncoguard® Liver panel
of three methylated markers (HOXA1, TSPYLS5, and B3GALT6) with AFP and sex, which revealed 88% sensitivity at
87% specificity for any-stage HCC.> In another phase 2 study, the same authors developed a new multi-target panel with
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four methylation markers (HOXA1, EMX1, TSPYLS, and B3GALT6) and two protein markers (AFP and AFP-L3),
which showed higher sensitivity of 71% than the GALAD score of 41% and an AFP of 45% at fixed 90% specificity for
early-stage HCC.>*

The LAM-IvyGene DNA methylation panel was developed based on a large population-based phase 2 study in
China.”®> This IvyGene methylation platform also demonstrated promising capacity in another phase 2 study, with
sensitivity of 95% at 97.5% specificity in any-stage HCC.’® A phase 4 prospective study with this LAM-IvyGene
ctDNA methylation platform is underway in the USA (NCT03694600). Notably, each ctDNA methylation platform uses
different epigenetic factors for HCC surveillance.

CTGCs

CellSearch is an FDA-approved CTC platform based on EpCAM-based enrichment and immunofluorescent detection.’’
A phase 2 study with metastatic HCC cases and non-malignant liver disease controls, CellSearch, showed 35%
sensitivity and 100% specificity with a cut-off of >2 CTCs per 7.5 mL whole blood.”® In another phase 2 study with
any-stage HCC cases and non-malignant liver cirrhosis controls, CellSearch showed 30.5% sensitivity and 94.7%
specificity with a cut-off >1 CTCs per 7.5 mL.>® If the cut-off was increased to >2 CTCs per 7.5 mL, sensitivity was
significantly decreased to 15.3% with 100% specificity.”

Dozens of other phase 1/2 biomarker studies have been performed and many different CTC clinical assays have been
proposed as biomarkers for the early detection of HCC. For example, a phase 1/2 study, which developed an optimized
EpCAM mRNA-based CTC platform in a preclinical setting followed by a phase 2 case—control study, revealed an
AUROC of 0.70 with sensitivity of 42.6% at 96.7% specificity with a cut-off of >2 CTCs per 5 mL whole blood.*
Combined with AFP, the diagnostic capacity of CTCs was improved to an AUROC of 0.86 with a sensitivity of 73.0% at
93.4% specificity.®” Two meta-analyses which combined phase 2 data from heterogeneous CTC assays with different cut-
off values showed sensitivities of 0.60-0.67 and specificities of 0.95-0.98 for HCC diagnosis.®'*%*

EpCAM-based CTC showed limited detection capacity in phase 2 studies compared to AFP or other protein-based
biomarkers. Also, it is known that only around 30-40% of HCCs express EpCAM, which limits their use as a biomarker
for HCC surveillance.*® However, the addition of CTC markers, such as GPC3, vimentin, twist, and cadherin, has been
proposed for HCC surveillance.*®63:*
miRNA
Several phase 1 and 2 studies have proposed miRNA as a biomarker for HCC surveillance, but the miRNA from each
study is heterogeneous.”**>*® Notably, a three-stage miRNA study was performed in China.®” This initially identified a
seven-miRNA classifier (C,;;) (miR-29a, 29¢, 133a, 143, 145, 192, and 505) in phase 1. In the phase 2 stage, the C,;
showed higher sensitivity (70.4-85.7% vs 40.7-69.4%) with similar specificity (80.0-91.1% vs 84.9-100%) compared to
AFP at the time of HCC diagnosis. Following the phase 3 nested case—control stage, C,,,; showed much higher sensitivity
and larger AUROC compared to AFP at 12, 9, 6, and 3 months before HCC diagnosis, with mildly compromised
specificity.®”

Prognostic Biomarkers for Hepatocellular Carcinoma
AFP

AFP has been extensively investigated and has demonstrated high-level evidence as a prognostic biomarker in different
stages of HCC.'>**%8%% 1n France, an AFP-based statistical model for post-transplant HCC recurrence prediction was
developed in a retrospective cohort study.®® This model was validated in a following prospective cohort study, which
predicted overall survival (OS) and relapse-free survival (RFS) regardless of Milan criteria.®® Many countries incorporate
AFP as part of their criteria for LT candidacy.'>?* In subset analyses from the historic SHARP RCT cohort, increased
AFP showed worse OS and time to progression, but sorafenib showed survival benefit regardless of AFP level.”” The
authors concluded that AFP has a prognostic but not a predictive value for OS.”® A pooled analysis from two historic
sorafenib RCTs, the SHARP and the Asia-Pacific trial, found high AFP (>200 ng/mL) to be an independent factor for
worse OS but not a predictive marker for sorafenib.”’
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The following major phase 3 HCC RCTs, such as IMbravel50 and RESORCE trials, included AFP as a stratification
factor.®”* Furthermore, an AFP-driven trial was performed with ramucirumab, as shown below (Ramucirumab section). '’
There has been controversy regarding the cut-off for AFP as a prognostic biomarker, but 100, 200, 400, and 1000 ng/mL
have been commonly used.”* One noteworthy limitation of AFP as an HCC prognostic biomarker is that a limited
number of HCC patients have elevated AFP, and, in particular, only around 10% of early-stage HCC is known to elevate
AFp 1273

AFP-L3, DCP, BALAD

Multiple retrospective studies have demonstrated the prognostic value of AFP-L3 and DCP in different stages of HCC.
Several retrospective studies with curative hepatectomy patients found AFP-3 and DCP to be independent risk factors for
recurrence and survival.?*’*”> In Japan, several retrospective studies with transplant recipients for HCC showed DCP to
be an independent risk factor for recurrence and survival.”*’® DCP has been proposed as a selection criterion for LT
candidacy by several societies.”*’®’® In a prospective study including patients withunresectable HCC, with limited
population size (n=99), AFP-L3, but not DCP, showed a significant relationship to patient outcome.”

BALAD and BALAD?2 scores, which combine three biomarkers (AFP, AFP-L3, DCP) and two liver function markers
(albumin and bilirubin), were suggested as HCC prognosis systems based on retrospective analyses from large population
data sets in Japan and the UK.**®*' BALAD and BALAD2 were validated by multiple observational studies from
different countries, which demonstrated their promising prognostic capacity,®** but the comparison of the prognostica-
tion performance of these serum-based scoring systems compared to other commonly used staging systems, such as
Barcelona Clinic Liver Cancer (BCLC) staging, is limited. One relatively small population-based retrospective study
with 148 HCC patients revealed comparable performance among BALAD, BALAD2, and BCLC.* An important
limitation of these serology-based scoring systems is that they do not include the tumor burden or imaging features,
which are the key components for treatment decisions such as resection, transplantation, and liver-directed locoregional
therapy. Thus, they are not routinely used in daily practice.

Prognostic and Predictive Biomarkers for Advanced HCC from Major

Clinical Trials

In 2021, the ILCA suggested a scientific evidence level-based system of prognostic and predictive biomarkers by study
design: case—control from a convenience sample (level 3), retrospective cohort (level 2b), prospective cohort (level 2a),
archived samples from an RCT (level 2a), and RCT (level 1), with well-conducted archived samples from RCT studies
also rated level 1.'? A variety of studies have suggested many prognostic and predictive biomarkers in HCC, with
different designs in the heterogeneous HCC population. To date, except for ramucirumab from the REACH-2 trial, none
of the suggested biomarkers hasbeen derived from biomarker-driven RCTs. This section focuses on prognostic and
predictive biomarkers derived from high-level studies such as exploratory studies from RCTs or major clinical trials.
Table 2 and Table 3 summarize the suggested biomarkers from major clinical trials on HCC.

Prognostic and Predictive Biomarkers for TKls and Anti-Angiogenesis Therapy
Sorafenib

Based on the historic phase 3 SHARP trial, sorafenib became the standard first-line systemic therapy for advanced HCC
in 2008, and was also verified in an Asian population by the Asia-Pacific trial.”®*® The following biomarker study from
the SHARP trial cohort investigated 10 plasma markers: angiopoietin 2 (ANG2), EGF, bFGF, VEGF, sVEGFR-2,
sVEGFR-3, hepatocyte growth factor (HGF), s-c KIT, insulin-like growth factor-1 (IGF-2), and circulating Ras.®
Among these, baseline ANG2 and VEGF levels showed value as prognostic biomarkers, independently predicting
survival in both the sorafenib and placebo arms. Also, baseline high s-c KIT and low HGF levels showed a trend toward
survival benefit in the sorafenib compared to placebo arm, which suggests that they could be used as potential predictive
biomarkers for sorafenib.®® Another sorafenib biomarker study with analyses from a combined SHARP and Asia-Pacific
pool revealed high AFP and neutrophil to lymphocyte ratio (NLR) as prognostic biomarkers for poor 0S.”" Also,
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Table 2 Summary of Proposed Prognostic and Predictive Biomarkers for TKls and Anti-Angiogenesis Agents by Biomarker Studies from Major Clinical Trials

Treatment Trial (NCT) Trial Line | Biomarkers Assays No. in Rationale Multivariate | Validation | Authors®f
Design; Biomarker of Original Analysis
Study Design Tx Trial; No.
in
Biomarker
Study (%)*
Sorafenib vs SHARP (NCT00105443) Ist Plasma ANG2, Plasma, ELISA | 602 ® Baseline ANG2 and VEGF levels indepen- | Yes No Llovet
Placebo Phase 3, RCT VEGF, s-c KIT, HGF 491 (81.6%) dently predict OS (Prognostic) validation et al®’
Post-hoc Exploratory ® Sorafenib showed a trend toward OS
(p=0.081) and TTP (0.052) benefit com-
pared to placebo in high s-c KIT (Predictive
— sorafenib)
® Sorafenib showed a trend toward OS
(p=0.073) benefit compared to placebo in
low HGF (Predictive — sorafenib)
SHARP (NCT00105443) + Ist NLR, AFP Serum, AFP, 828 ® High AFP (>200 ng/mL) and NLR (> med- | Yes No Bruix et al”'
Asia-Pacific neutrophil, 827 (99.9%) ian) independently predict poor OS validation
(NCT00492752) lymphocyte (Prognostic)
Phase 3 RCTs ® Sorafenib OS benefit was only observed in
Post-hoc Exploratory low NLR (< median) but not in high NLR (>
median) (Predictive — sorafenib)
Lenvatinib vs REFLECT (NCTO01761266) Ist Serum VEGF, Serum, ELISA | 954 ® Baseline high ANG2, FGF2l, and VEGF | Yes No Finn et a/®
Sorafenib Phase 3 RCT ANG2, FGF21 407 (42.7%) were correlated with poor OS (Prognostic) validation
Post-hoc Exploratory ® | envatinib showed OS benefit compared to
sorafenib in high FGF21 but no OS benefit
in low FGF2I (Predictive — lenvatinib)
Gene expression Gene panel 954 ® VEGF/FGF-enriched groups showed longer | No No
profiling, VEGF, FGF 58 (6.1%) OS compared to intermediate VEGF/FGF in validation
lenvatinib
® VEGF/FGF-enriched groups showed shorter
OS compared to intermediate VEGF/FGF in
sorafenib
Ramucirumab | REACH2 (NCT02435433) Later | AFP 2400 ng/mL Serum, AFP 292 ® Ramucirumab showed improved OS and | Not applicable | No Zhu et al'®
vs Placebo Biomarker-driven Phase 3 292 (100.0%) PFS compared to placebo in this biomar- validation
RCT ker-selected (AFP 2400 ng/mL) RCT
Pre-specified (Prognostic, Predictive — ramucirumab)
REACH (NCTOI140347) + NLR Serum, AFP, 857 ® Baseline high AFP (21000 ng/mL) and NLR | Yes No Llovet
REACH2 (NCT02435433) AFP >1000 ng/mL neutrophil, 542 (63.2%) independently predict poor OS (Prognostic) validation et al®
Phase 3 RCTs lymphocyte
Post-hoc Exploratory
(Continued)
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Table 2 (Continued).

Treatment Trial (NCT) Trial Line | Biomarkers Assays No. in Rationale Multivariate | Validation | Authors®f
Design; Biomarker of Original Analysis
Study Design Tx Trial; No.
in
Biomarker
Study (%)*
Regorafenib vs | RESORCE (NCT01774344) | Later | Plasma AFP, c-MET, Multiplex 573 ® High baseline AFP and c-MET were related | Yes No Teufel
Placebo Phase 3 RCT ANGI, Cystatin-B, immunoassay 499 (87.1%) to shorter OS independently of treatment validation et al®’
Post-hoc Exploratory LAP TGF-B1, LOX- (Prognostic)
I, MIP-1a ® Decreased baseline plasma ANGI, cystatin-
B, LAP TGF-B1, LOX-1, and MIP-la were
related to longer OS with regorafenib
(Predictive — regorafenib)
miRNA miRNA PCR 573 ® 9 plasma miRNAs (miR-15B, 30A, 107, 122, | Yes No
349 (60.9%) 125B, 200A, 320b, 374B, 645) were asso- validation
ciated with OS in regorafenib (Predictive —
regorafenib)
Atezo-Bev vs GO30140 (NCT02715531) Ist RNA RNA 119 ® High expression of VEGF receptor 2 | Yes KDR, Treg | Zhu et al®®
Atezo Phase Ib, RCT sequencing 91 (76.5%) (KDR), Treg (CCR8, BATF, CTSC, were
Post-hoc Exploratory TNFRSF4, FOXP3, TNFRSF18, IKZF2, IL- validated
2RA), myeloid inflammation (CXCLI, by a small
CXCL2, CXCL3, CXCLS, IL-6, PTGSI), population
and Teff (CXCL9, PRFI, GZMB) signatures of 14 pts
were associated with improved PFS in
atezo-bev compared to atezo (Predictive —
bevacizumab)
Tumor vessel Multiplex IHC | 119 ® High tissue blood vessel density by CD31 | Yes No
density by CD31 panel 67 (56.3%) was associated with longer PFS in atezo-bev validation
compared to atezo (Predictive —
bevacizumab)
Cabozantinib CELESTIAL Later | Plasma ANG2, Luminex 707 ® |ow baseline levels of ANG2, GAS6, HGF, | Yes No Rimassa
vs Placebo (NCT01908426) GAS6, HGF, IGF-1, (immunoassay) | 674 (95.3%) IL-8, MET were related to favorable survival validation et al®?
Phase 3 RCT IL-8, MET (Prognostic)
Post-hoc Exploratory ® High baseline levels of IGF-1 were related
to favorable survival (Prognostic)

Note: *(No. in original trial/No. in biomarker study) x100.
Abbreviations: atezo, atezolizumab; bev, bevacizumab; NLR, neutrophil to lymphocyte ratio; No., number; OS, overall survival; PFS, progression-free survival; RCT, randomized controlled trial; Teff, effector T cell; TKI, tyrosine kinase

inhibitor; TTP, time to progression; Tx, treatment.
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Table 3 Summary of Proposed Prognostic and Predictive Biomarkers for CPls by Biomarker Studies from Major Clinical Trials

Biomarker Assay Trial (NCT) Trial Treatment Line of No. in Rationale Multivariate Validation Authors®ef
Design; Biomarker Treatment | Original Analysis
Study Design Trial; No.

in
Biomarker
Study (%)*

Tumor PD-LI IHC CheckMate 040 Nivolumab Ist or later 214 ® PD-LI status did not have an apparent | Not applicable | Not applicable El-Khoueiry
(NCTO01658878) 174 (81.3%) effect on ORR (PD-LI was a second- et al”
Phase 1/2, Non- ary endpoint)
comparative
Prespecified (2nd
endpoint)

CheckMate 040 Nivolumab Ist or later 214 ® PD-L| expression 21% was associated | No No validation Sangro
(NCTO1658878) 195 (91.1%) with improved OS et al’
Phase 1/2, Non- ® ORR was higher in PD-LI 21% vs PD-
comparative LI <I (28% vs 16%)
Post-hoc Exploratory
CheckMate 040 Nivolumab + Later 148 ® PD-LI status did not have an apparent | Not applicable | Not applicable Yau et al”?
(NCTO01658878) Ipilimumab 145 (98.0%) effect on ORR (PD-L| was a second-
Phase 1/2 RCT ary endpoint)
Prespecified (2nd
endpoint)
CheckMate 459 Nivolumab vs Ist 743 ® PD-LI status did not have an apparent | Not applicable | Not applicable Yau et al”
(NCT02576509) Sorafenib 730 (98.3%) effect on ORR, PFS, or OS (PD-LI was
Phase 3 RCT a secondary endpoint)
Prespecified (2nd
endpoint)
KEYNOTE-224 Pembrolizumab | Later 104 ® Tumor PD-LI expression alone was | Yes No validation Zhu et al™
(NCT02702414) 52 (50.0%) not significantly associated with ORR
Phase 2, Non-randomized and PFS
Prespecified exploratory ® Combined PD-LI (tumor cells, macro-
endpoint phages, and lymphocytes) was asso-

ciated with favorable ORR and PFS

(Continued)
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Table 3 (Continued).

Biomarker Assay Trial (NCT) Trial Treatment Line of No. in Rationale Multivariate Validation Authors®e
Design; Biomarker Treatment | Original Analysis
Study Design Trial; No.
in
Biomarker
Study (%)*
CD3", CD8+ TILs IHC CheckMate 040 Nivolumab Ist or later 214 ® CD3 expression was related to better | No No validation Sangro
(NCT01658878) 195 (91.1%) ORR etal’
Phase 1/2, Non- ® CD3 and CD8 expression in TIL
comparative showed a trend toward improved OS
Post-hoc Exploratory (p=0.08)
IMbrave | 50 Atezo-bev vs Ist 501 ® High CD8 showed a trend toward | Yes High CD8 was Zhu et al*®
(NCT03434379) Sorafenib 177 (35.3%) longer PFS (p=0.053) and significantly discovered by
Phase 3, RCT longer OS (p=0.001) in atezo-bev GO30140-A cohort and
Post-hoc Exploratory compared to sorafenib (Predictive — validated by IMbrave |50
atezo-bev) cohort
PD-1" TIL IHC CheckMate 040 Nivolumab Ist or later 214 ® PD-| expression showed a trend | No No validation Sangro
Treg (CD4, FOXP3) (NCTO01658878) 195 (91.1%) toward increased OS (p=0.05) et al’!
TAM (CDé68, CD163) Phase 1/2, Non- ® Treg (CD4, FOXP3) was not asso-
comparative ciated with response or OS
Post-hoc Exploratory ® TAM (CDé68, CDI163) was not asso-
ciated with response or OS
NLR, PLR Serum, ® |ower baseline serum NLR and PLR | No No validation Sangro
neutrophil, were related to better OS etal’
lymphocyte
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Post-hoc Exploratory

GEP RNA CheckMate 040 Nivolumab Ist or later 214 Inflammatory  signature  improved [ No No validation Sangro
sequencing (NCTO01658878) 37 (17.3%) nivolumab ORR and OS etal’
Phase 1/2, Non- Interferon-gamma and T-cell exhaus-
comparative tion signatures were associated with
Post-hoc Exploratory ORR and OS
IMbrave |50 Atezo-bev vs Ist 501177 High ABRS, CD274, and Teff signa- | Yes ABRS, CD274, and Teff Zhu et al*®
(NCT03434379) Sorafenib (35.3%) tures were associated with better OS were discovered by
Phase 3, RCT and PFS with atezo-bev compared to GO30140-A cohort and
Post-hoc Exploratory sorafenib (Predictive — atezo-bev) validated by IMbrave |50
Low Treg/Teff, AFP, and GPC3 expres- cohort
sion was associated with better PFS
and OS with atezo-bev compared to
sorafenib (Predictive — atezo-bev)
CheckMate 459 Nivolumab vs Ist 743 High Gajewski inflammation gene sig- | Unknown No validation Neely
(NCT02576509) Sorafenib 469 (63.1%) nature was related to improved ORR, etal”
Phase 3, RCT PFS, and OS with nivolumab but not
Post-hoc Exploratory sorafenib (Predictive — nivolumab)
Expression of inflammatory response
and IL6-JAK-STAT3 signaling gene sets
showed improved OS with nivolumab
but not sorafenib (Predictive —
nivolumab)
IGF-1 Serum, IMbrave | 50 Atezo-bev vs Ist 501 High baseline IGF-1 level was asso- | Yes No validation Kaseb
IGF-1 (NCT03434379) Sorafenib 371 (74.1%) ciated with improved OS in both etal®®
Phase 3, RCT arms (Prognostic)
Post-hoc Exploratory Decreased IGF-1 during treatments
showed poor OS (Surrogate,
Prognostic)
AFP Serum, AFP | IMbravel50 Atezo-bev vs Ist 605 AFP level changes during treatment | Yes Identified by GO30140- Zhu et al”’
(NCT03434379) Sorafenib 208 (34.4%) correlated with PFS and OS A cohort and validated
Phase 3, RCT + Atezo-bev (Surrogate, Prognostic) by IMbrave |50 cohort
GO30140
(NCT02715531)
Phase Ib, RCT

Note: *(No. in original trial/No. in biomarker study) x100.
Abbreviations: atezo, atezolizumab; bev, bevacizumab; CKI, checkpoint inhibitor; GEP, gene expression profiling; IHC, immunohistochemistry; NLR, neutrophil to lymphocyte ratio; No., number; ORR, overall response rate; OS, overall
survival; PFS, progression-free survival; PLR, platelet to lymphocyte ratio; RCT, randomized controlled trial; TAM, tumor-associated macrophage; Teff, effector T cell; TIL, tumor-infiltrating lymphocyte; Treg, regulatory T cell.
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sorafenib showed OS benefit compared to placebo in the low-NLR but not the high-NLR subgroup, and NLR was
suggested as a potential predictive biomarker for sorafenib.”’

Lenvatinib

In the phase 3 REFLECT trial, lenvatinib showed non-inferior OS outcome compared to sorafenib and became a first-line
therapy option for advanced HCC in 2018."° A following biomarker study explored five serum biomarkers (VEGF,
ANG2, FGF19, FGF21, and FGF23) and gene expression profiling (GEP), with 407 cases for serum and only 58 cases
for GEP analyses.® Higher baseline VEGF, ANG2, and FGF21 levels were associated with poor OS in both arms and
were suggested as prognostic biomarkers. Also, OS was longer with lenvatinib compared to sorafenib in high baseline
FGF21, which was not observed in low FGF21, so high FGF21 was suggested as a potential predictive biomarker for
lenvatinib.*> The VEGF/FGF-enriched group by GEP showed improved OS in lenvatinib but shorter OS in sorafenib
compared to the intermediate VEGF/FGF group. Also, in transcriptional regulation analyses, Wnt and DNA-repair
pathways were associated with survival outcomes in the lenvatinib arm.®> However, any interpretations from this GEP
analysis should be made with caution, given the small sample size of 58 cases.

Ramucirumab

Ramucirumab is the first and only medicine to have been verified by a biomarker-driven phase 3 RCT in HCC. The phase
3 REACH trial evaluated ramucirumab compared to placebo as the second or later line in advanced HCC, and the trial
did not meet the primary endpoint of OS.'" However, in the subgroup analysis, high baseline AFP (>400 ng/mL)
showed OS benefit in the ramucirumab compared to the placebo arm.'®' The following biomarker-driven phase 3
REACH-2 trial with the same design that only included baseline AFP >400 ng/mL revealed a significant OS benefit for
ramucirumab compared to placebo.'” Therefore, AFP showed both prognostic and predictive value in HCC with
ramucirumab.'®® The following biomarker study from the REACH and REACH-2 pool revealed AFP >1000 ng/mL
and high baseline NLR to be prognostic biomarkers in HCC but not predictive biomarkers for ramucirumab.®®

Regorafenib

The phase 3 RESORCE trial evaluated regorafenib as the second line therapy after sorafenib compared to placebo in
HCC, which met the primary endpoint of OS benefit.”* The following exploratory biomarker study with the RESORCE
pool revealed five proteins (ANG1, Cystatin-B, LAP TGF-B1, LOX-1, and MIP-1a) and nine miRNAs (miR-15b, 30a,
107, 122, 125B, 200a, 320, and 374b) as potential predictive biomarkers for improved OS with regorafenib compared
with placebo.?” Tumor immune profiling did not reveal any survival difference. High AFP and c-MET showed value as
prognostic biomarkers for poor survival outcomes in HCC, but not as predictive biomarkers for regorafenib.®’

Bevacizumab

The phase 1b GO30140 trial randomized group-F compared atezolizumab with versus without bevacizumab. The
following exploratory biomarker analysis with 91 cases showed high expression of VEGF receptor 2 (KDR), regulatory
Tcells (Tregs), myeloid inflammation, and T-effector signatures (CXCL9, PRF1, and GZMB) associated with improved
progression-free survival (PFS) for the combination compared to atezolizumab alone, which suggests them as potential
predictive biomarkers for bevacizumab.®® Also, high tissue blood vessel density measured by CD31 digital readouts from
a multiplex immunohistochemistry (IHC) panel was associated with longer PFS in combination compared to atezolizu-
mab monotherapy, which implies that CD31 is a potential predictive biomarker for adding bevacizumab to
atezolizumab.*®*

Cabozantinib

The phase 3 CELESTIAL trial investigated cabozantinib as the second or later-line therapy after sorafenib compared to
placebo in HCC, and showed significant OS and PFS benefits of cabozantinib compared to placebo.'® A following
exploratory biomarker study with the CELESTIAL pool evaluated plasma markers. High IGF-1 and low ANG2, GAS6,
HGH, IL-8, and MET baseline levels were related to favorable OS and PFS, and were suggested as prognostic
biomarkers in previously treated advanced HCC.* No potential predictive biomarker for cabozantinib was identified
from the study.89 The phase 3 COSMIC-312 trial evaluated cabozantinib—atezolizumab combination compared to
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sorafenib as the first line in advanced HCC, and did not meet one of the dual primary endpoints of OS benefit.'®* The

following exploratory biomarker study is underway.'®*

Prognostic and Predictive Biomarkers for Immune Checkpoint Inhibitors

Tumor PD-LI Expression

Initially, the CheckMate 040 phase 1/2 non-comparative study in advanced HCC evaluated the response to nivolumab by
tumor PD-L1 expression as a secondary endpoint.”® The study showed that tumor PD-L1 expression is not apparently
associated with the response to nivolumab.’ In the following biomarker analysis from the CheckMate 040 pool, tumor
PD-L1 expression was associated with improved OS.”' However, given that responses occurred in PD-LI1-negative
patients, and significant target lesion size shrinkages were observed regardless of PD-L1 status, the authors concluded
that PD-L1 was not an ideal predictive biomarker for nivolumab.’' In addition, the nivolumab plus ipilimumab cohort
from the CheckMate 040 study revealed that PD-L1 expression was not associated with response rates.”” More recently,
the CheckMate 459 phase 3 RCT compared first line nivolumab to sorafenib and evaluated anti-tumor efficacy by PD-L1
expression as a secondary endpoint.”® Positive PD-L1 showed a higher nivolumab response, but it was not significant,
and PD-L1 expression was not related to PFS and OS.”® Biomarker analyses from the phase 2 KEYNOTE-224 trial pool
with a relatively small subset of 52 cases revealed that positive combined PD-L1 (tumor cells, macrophages, and
lymphocytes) was associated with a favorable pembrolizumab response and PFS, but tumor PD-L1 expression alone was
not significantly associated with response and PFS.** In summary, PD-L1 expression in HCC has not shown a strong
enough signal as a predictive biomarker for CPIs to drive clinical decisions.

Immune- and Inflammation-Related Markers: T-Cell Subsets (CD3, CD4, CD8, FOXP3), PD-1, Macrophages
(CD68, CD163), NLR, and PLR

The exploratory biomarker study from CheckMate 040 evaluated multiple immune cells and inflammation-related
markers as potential predictive biomarkers for nivolumab. In the study, CD3 and CD8 expression in tumor-infiltrating
T cells showed a trend toward improved OS (p=0.08).”" CD3 expression was also related to better nivolumab response
(p=0.03). PD-1 expression, which is known as the T-cell exhaustion marker, was related to better nivolumab response and
showed a trend toward longer OS (p=0.05).”"'%° Also, lower serum NLR and platelet to lymphocyte ratio (PLR) were
associated with improved OS.”' Regulatory T-cell markers such as CD4 and FOXP3 or tumor-associated macrophage
markers such as CD68 and CD163 appear unrelated to either response or 0S.”"1%

In an exploratory biomarker study from the phase 3 IMbravel50 trial, patients with high CD8 expression in tumor-
infiltrating T cells were associated with improved OS in the atezolizumab—bevacizumab combination compared to the
sorafenib arm.®® There was no significant difference in survival outcome between the combination arm and the sorafenib
arm in low CDS8 expression, which implies that high intratumoral CD8" T cells are a potential predictive biomarker for
atezolizumab plus bevacizumab.®®

Gene Expression Profiling

Several studies have investigated tumor cell GEP such as RNA sequencing as a potential biomarker for CPIs in HCC.
The biomarker study from the CheckMate 040 pool performed RNA sequencing in 37 cases and revealed that the four-
gene inflammatory signature with CD274 (PD-L1 messenger RNA), CD8A, LAG3, and STAT1) was associated with
improved nivolumab response and 0S.”" Also, the six-gene interferon-gamma signature (CXCL10, CXCL9, HLA-DRA,
IDO1, IFNG, and STAT) and the T-cell exhaustion signature (CD274, CD276, CDSA, LAG3, PDCDI1LG?2, and TIGIT)
were associated with ORR and OS.”" In the biomarker study from the phase 2 single-arm pembrolizumab trial in South
Korea, GEP by RNA sequencing showed that the T-cell receptor (TCR) signaling pathway was significantly enriched in
responders compared to non-responders.'®” In contrast, non-responders showed higher expression of neutrophil gene
markers compared to responders.'’

In a study from the IMbravel50 pool, high expression of ABRS, CD274, and T-effector (Teff) signatures was
associated with better OS and PFS with the atezolizumab—bevacizumab combination compared to sorafenib.*® Survival
was not significantly different between groups with low expression of ABRS, CD274, and Teff, implying that pre-
existing immunity by those GEP markers can be a positive predictive biomarker for atezolizumab-bevacizumab
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combination.®® In contrast, lower expression of Treg/Teff ratio, AFP, and glypican 3 (GPC3) were associated with better
PFS and OS in the combination compared to sorafenib. No survival differences between groups were observed with high
expression of AFP, GPC3, and Treg/Teff ratio, suggesting these as negative predictive biomarkers for atezolizumab—
bevacizumab.**

In another exploratory biomarker analysis from the CheckMate 459 cohort with 469 cases of whole transcriptome
RNA sequencing, a high Gajewski inflammation gene signature score was related to improved response, PFS, and OS in
the nivolumab but not the sorafenib arm.”” Also, in gene set enrichment analysis, expression of inflammatory response
and IL6-JAK-STAT3 signaling gene sets showed improved OS in the nivolumab but not the sorafenib arm.”> A
biomarker study including RNA sequencing from the ORIENT-32 phase 2-3 RCT with a sintilimab (anti-PD-L1) and

bevacizumab biosimilar combination is underway in China, but no interim data are available to date.'*®

AFP, IGF-I
Serum IGF-1 and AFP levels were suggested as surrogate and/or prognostic biomarkers by the exploratory studies from
the IMbravel50 and GO30140 cohorts.”®”” As the liver synthesizes the majority of IGF-1, IGF-1 has been proposed as a
liver synthetic function marker.'®® A biomarker study from the IMbravel50 pool showed that high baseline IGF-1 level is
associated with improved OS in both the atezolizumab—bevacizumab and sorafenib arms, and it was suggested as a
prognostic but not predictive biomarker.”® Also, patients with decreased IGF-1 during treatment showed poor OS
compared to stable IGF-1 in both the combination and sorafenib arms, which suggests IGF-1 as a surrogate marker
for survival for both treatments. Notably, relatively few patients had decreased IGF-1 (32 cases in atezolizumab—
bevacizumab and 14 cases in sorafenib) during treatment, so interpretation from the findings should be done with
caution.”®

An exploratory two-step biomarker study was performed for atezolizumab-bevacizumab combination, identifying the
optional AFP cut-off from the GO30140 pool, with 58 cases followed by validating the optimized AFP cut-off in the
IMbravel50 pool, with 150 cases.”” AFP decreases of >75% and increases of <10% from baseline at 6 weeks of
treatment were identified as response and disease control, respectively. Both AFP cut-offs predicted longer OS and PFS,
which suggests that AFP response could be a surrogate biomarker for atezolizumab—bevacizumab in HCC.”” Notably,
both AFP and IGF-1 levels are easily accessible tests that can be used in daily practice.

Prognostic and Predictive Insights of Liquid Biopsy in HCC
ctDNA

Several observational studies have suggested ctDNA as a potential prognostic biomarker in HCC patients who have
undergone curative treatment. In a retrospective cohort study with 81 HCC patients who received curative hepatectomy,
ctDNA by four hotspot mutations was evaluated as a potential predictive biomarker.''® Preoperative positive ctDNA was
associated with shorter DFS (16.6 vs 35.3 months, p<0.001) and OS (22.5 vs 40.0 months, p<0.001) compared to
negative ctDNA.''" Increased mutant allele frequency (MAF) from pre- to post-hepatectomy correlated with higher
disease recurrence.''’ The following multivariable analyses revealed both pre-hepatectomy positive ctDNA and
increased MAF after hepatectomy as independent risk factors for post-hepatectomy recurrence.''® Similarly, in another
observational study with 97 HCC patients who underwent curative resection, post-resection positive ctDNA by a 1021-
gene panel showed higher recurrence (100% vs 15.8%) and shorter DFS (5 months vs not reached) compared to the
ctDNA negative group.''" In a pilot study with 74 HCC patients who underwent LT, ctDNA positivity by the fingerprint
method was related to a higher recurrence rate (31.7% vs 11.5%) and shorter recurrence-free survival (HR=3.25,
p=0.019).""> Another observational study with 45 LT recipients for HCC showed that detectable ctDNA before LT is
related to increased recurrence (48.6% vs 0%) and shorter disease-free survival (12.8 months vs not reached).'”* In a
prospective study with 41 LT recipients for HCC, the pre- and post-LT ctDNA positivities by mutation-based methods
were both related to shorter RFS.''*

The prognostic value of ctDNA has also been investigated in advanced HCC. In an observational study by Kim et al
with 107 HCC patients, including around 35% with advanced stage disease, the MLH]1 single-nucleotide variant in
ctDNA was associated with shorter OS in advanced HCC.''"” In a large observational study by Xu et al with 1098 HCC
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patients, including advanced stage, positive ctDNA with eight methylation markers was independently related to shorter
0S.> An exploratory biomarker study with personalized ctDNA assays by the Signatera platform was performed using
the GO30140 trial atezolizumab—bevacizumab cohort with advanced HCC."'® ctDNA was positive in 96% (45/47) of
patients. The post-treatment ctDNA clearance group showed longer PFS compared to the not-cleared group (not reached
vs 6.5 months), which illustrates positive ctDNA as a potential adverse prognostic biomarker and surrogate biomarker for
treatment response and disease progression.''® Notably, each study used different biomarkers and methods in the
boundary of ctDNA, which raises concerns over reliability.

ctDNA has also demonstrated its potential value to discover predictive biomarkers in HCC. In a pilot study by von
Felden et al, HCC patients with PI3K/MTOR pathway mutations had significantly poorer PFS than those without these
mutations after TKIs (2.1 vs 3.7 months, p<0.001), but not after CPIs."'” This analysis is from a small subset of 22
patients, so interpretation should be made with caution, but this finding implies that predictive biomarkers can be
potentially identified from analyses of ctDNA gene mutations in HCC.

miRNA

An exploratory biomarker study from the RESORCE study suggested nine miRNAs as potential predictive biomarkers
for regorafenib, as mentioned above (Regorafenib section).®” Other than this, multiple studies have shown the possible
prognostic value of miRNAs in HCC. Upregulation of miR-32-5p, miR-92a, miR-221, miR-224, miR-487a, and miR-
665, and downregulation of miR-125b, miR-296, miR-638, miR-940, and miR-718 were associated with poor survival
outcomes.''®!'” However, those proposals are based on observational studies with relatively small populations in
heterogeneous clinical settings. Notably, even with these multiple observation studies, almost none of these miRNAs
have demonstrated their prognostic value in two or more studies, and most of the proposal is based on a single
observational study. In addition, the comprehensive understanding of biological mechanisms and the role of each
miRNA in HCC is still unclear, which limits the clinical utility of miRNAs in HCC diagnosis and treatment.'"”

CTGCs

In an observational study with 49 HCC patients who underwent curative resection, an elevated preoperative EpCAM
CTC level was associated with a higher recurrence rate.'*° However, as mentioned above (Liquid Biopsy: ctDNA, CTCs,
miRNA; CTCs section), EpCAM is known to express only a small proportion (30—40%) of HCC cells, and other markers
such as mesenchymal CTCs have also been investigated.*® In a prospective cohort study with 62 HCC patients who
underwent curative resection, postoperative mesenchymal CTC positivity was associated with higher recurrence and
shorter DFS.'?! This prognostic value of mesenchymal CTC in post-resection HCC patients was also consistently
observed in several other observational studies.*®¢*'**

Thus, liquid biopsy with ctDNA, miRNA, and CTCs has shown potential in providing prognostic and predictive
biomarkers for HCC, particularly ctDNA. However, most of the evidence is based on observational studies, and data

from major RCT exploratory biomarker studies are insufficient at present.

Comparative Discussion on Proposed Novel Biomarkers in HCC
In regard to liquid biopsy for the early detection of HCC, the EpCAM-based CTC approach revealed lower sensitivity
outcomes than the ctDNA or miRNA approach, probably owing to limited EpCAM expression in HCC.** Many different
miRNAs were proposed as biomarkers from each phase 1 and 2 study, but these are heterogeneous. Therefore, further
validation is needed from other cohorts, and a better biological understanding is also needed to supply the rationale for
miRNA as an early detection tool in HCC. Currently, ctDNA seems to have the most scientific evidence for HCC early
detection using liquid biopsy, with several ctDNA methylation-based platforms showing promising detection capacity for
HCC in multiple phase 2 studies, but further verification with phase 3 or later studies is needed to prove its early
detection capacity before it can be used for clinical diagnosis in HCC.

To evaluate and compare the scientific rationale of each suggested prognostic and predictive biomarker, we evaluated

the design, sample size, presence of multivariate analyses, and validation from each biomarker study (Table 2 and 3).!1%

Several potential prognostic biomarkers were identified from independent cohorts, including AFP from five,'%"!-86-87:97
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ANG2 from three,®*>* and NLR,”"*® VEGF,*** and IGF-1**°° from two different phase 3 RCT cohorts. These
reproduced results from different studies potentially make AFP, ANG2, NLR, VEGF, and IGF-1 more reliable prognostic
biomarkers than other suggested markers from a sole study cohort. Notably, the sample sizes for tissue-based biomarkers
such as IHC or RNA sequencing are significantly smaller than those for blood-based biomarkers; this is likely to stem
from limited tumor tissue collection, as a definitive diagnosis of HCC can be made by radiologic evaluation alone,
without histologic confirmation. For example, sample size ranges for tissue biomarkers were 58-91, compared to blood
biomarkers with ranges of 292-827 in TKI and anti-angiogenesis agent biomarker studies from major clinical trials
(Table 2). Looking at the accumulated evidence so far, this limited sample size makes the suggested tissue-based markers
(IHC and RNA sequencing) less reliable, with poorer precision and power compared to the blood-based biomarkers
suggested from larger samples. Only a few biomarker studies performed validation. Zhu et al identified potential
predictive biomarkers from the discovery GO30140-A cohort (n=90) and validated these markers in the IMbravel50
phase 3 RCT cohort (n=177).%® Hence, predictive biomarkers suggested from this study, such as high CD8 and RNA
sequencing (ABRS, CD274, Teff, Treg/Teff, AFP, and GPC3 expression), would potentially be more reproducible and
accurate compared to others without validation. In contrast, inflammatory, interferon-gamma, and T-cell exhaustion
signatures suggested by the exploratory CheckMate 040 study have weaker evidence compared to other suggested RNA-
sequencing biomarkers for CPIs in HCC at the time of publication, as they were suggested from an early-phase, non-
comparative population without validation or multivariate analyses.

Future Directions

Although multiple candidate diagnostic biomarkers for the early detection of HCC have been proposed, including from
liquid biopsy platforms, few have been used in daily practice because of the insufficiency of verification from well-
designed phase 3-5 studies. Ideally, phase 4 and 5 studies can provide strong scientific evidence for early detection
biomarkers, but realistically, they require excessive resources with long-term follow-up. Most importantly, ethical issues
are inevitable, such as potential harm from false-positive cases in phase 4 and a non-surveillance comparison group in
phase 5 studies. So, a large population-based well-designed phase 3 study may be an alternative to find promising
biomarkers for the early detection of HCC. The NCI EDRN has launched the Hepatocellular carcinoma Early Detection
Strategy study, with 1482 LC participants, with longitudinal data and biospecimen collection.'** Also, the Texas
Hepatocellular Carcinoma Consortium Cohort Study has enrolled LC patients with a target of 5000 participants for
biomarker evaluation with a prospective specimen collection, retrospective blinded evaluation (PRoBE) phase 3 design.”
125 These large cohorts can potentially provide well-designed phase 3 validation of candidate novel biomarkers, such as
ctDNA, miRNA, and CTC, which were suggested by phase 1-2 studies.'?® Notably, a phase 4 prospective screening
study with the ctDNA LAM DNA methylation platform is underway (NCT03694600). The target enrollment is 1600
participants, with the primary endpoint as sensitivity and specificity of ctDNA compared to US. Cost can be another
important hurdle that should be overcome for liquid biopsy-based biomarkers to be used in clinical practice as HCC
surveillance tools, as their cost is relatively high compared to protein-based biomarkers.

BALAD and BALAD?2 scores showed potential prognostic value, but their current utility in daily practice is limited.
An algorithm or scoring system which incorporates BALAD components with tumor burden features can be considered
to promote its clinical utility. Also, further validation of the prognostic value of AFP-L3, DCP, and their combination
with AFP is needed with prospective studies, ideally compared to BCLC or other major HCC staging systems.

In advanced HCC, multiple candidate prognostic and predictive biomarkers have been proposed from exploratory
studies from major clinical trial pools. Also, further candidate biomarkers are expected to be presented from exploratory
biomarker studies from major HCC RCTs, including HIMALAYA, COSMIC-312, and ORIENT-32. Although biomarker
studies from RCT samples can provide stronger evidence compared to those from observational studies, given the nature
of retrospective analyses, and that the study is not powered to each biomarker, their utility in clinical practice is limited.
Ultimately, biomarker-driven RCTs such as the REACH2 ramucirumab trial with AFP will be warranted for these
candidate novel predictive and/or prognostic biomarkers to be used to drive clinical decisions in daily practice.

Arguably, one of the most pressing, unresolved issues in advanced HCC management is the optimal sequencing of
systemic therapies, namely, between TKI and CPI-based regimens. Furthermore, no prospective head-to-head
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comparative studies of efficacy exist among the various first line regimens, including atezolizumab—bevacizumab,
durvalumab—tremelimumab, lenvatinib, and sorafenib, except between sorafenib and lenvatinib in REFLECT.
Nonetheless, large, multicenter retrospective cohort studies have been invaluable in highlighting potential biomarkers
that may influence this crucial decision. A preclinical study by Pfister et al suggests that HCC arising from NASH is
characterized by the presence of exhausted CD8" T cells and impaired immune surveillance, which contribute toward
resistance against anti-PD-1 inhibitors.” This mechanistic finding is supported by several retrospective cohort studies and
meta-analyses showing that NASH-driven HCC patients have worse outcomes compared to those with non-NASH-driven
HCC when treated with anti-PD-1 or L1 inhibitors.”'?’ Furthermore, in NASH-driven HCC patients, lenvatinib was
associated with superior outcomes compared to atezolizumab—bevacizumab in a multicenter propensity-matched
analysis.'*® Other studies have suggested that the clinical benefit with sorafenib can be greater in HCV-driven HCC
compared to HCC driven by other etiology.®* Thus, the underlying HCC etiology, namely, NASH versus non-NASH or
viral hepatitis, may be a potential marker of response to CPI versus TKI. In an observational study by Fang et al, HCC
with vessels that encapsulate tumor clusters (VETC) by IHC demonstrated significant survival benefits from sorafenib,
but no survival benefits were demonstrated from sorafenib in HCC without this vascular pattern, and VETC was
suggested as a potential predictive biomarker for sorafenib.'?® Nonetheless, further validation of these findings is
warranted in larger prospective studies given the biases inherent to observational studies.

Unlike most other solid tumors, the definitive diagnosis of HCC can be made with radiologic evaluation without
histologic confirmation. This limits investigators being able to justify tumor tissue collection before treatment, which can
be a major limitation to investigating potential biomarkers and also performing biomarker-driven RCTs. This limitation is
well demonstrated in the exploratory biomarker studies from REFLECT (407 cases available for serum and only 58 cases
for tumor tissue biomarker analyses) and RESORCE (499 cases for plasma and only 46 cases for tumor tissue
biomarkers).*>*” Liquid biopsy with CTCs and ctDNA can potentially substitute part of the tissue biopsy role, but
studies validating a strong correlation between tumor tissue and liquid biopsy of that particular candidate predictive
marker should precede this.

ctDNA analysis has demonstrated a promising potential to detect measurable residual disease (MRD) for other solid
tumors after curative treatment.'’* For example, MRD measured by ctDNA with Signatera after curative resection
showed promise in predicting disease recurrence in other solid tumors in RCTs or exploratory biomarker tests from RCT
cohorts."*""'32 Accordingly, emerging data from liquid biopsies such as ctDNA and CTC have been showing a promising
prediction of the recurrence risk in HCC with post-curative treatment. The use of ctDNA in the adjuvant setting
following curative intent local therapies such as radiofrequency ablation (RFA) or liver resection is an area of active
research. The phase 2 single-arm NIVOLVE study, conducted in Japan, studied the role of ctDNA as part of an
exploratory analysis in patients treated with up to 16 cycles of adjuvant nivolumab after RFA or resection.'** The
results showed ctDNA-positive patients tended to have shorter RFS compared to patients who were ctDNA negative
(26.3 months vs not reached).'**> Another single-arm phase 2 study, conducted in China, evaluated the role of ctDNA
after perioperative camrelizumab (anti-PD-1 inhibitor) plus apatinib (VEGF-TKI), and similarly showed shorter RFS in
ctDNA-positive versus ctDNA-negative patients (205 days vs not reached).'** Although the small sample sizes of these
studies warrant caution in interpretation, the results merit close attention and validation in larger prospective studies.
Other ctDNA-driven therapeutic studies evaluating post-curative therapy with gastrointestinal cancers, including HCC,
are underway (NCT05482516). Patients with MRD positivity by Signatera ctDNA will receive atezolizumab—bevacizu-
mab, and the ctDNA response to the therapy is planned to be evaluated. Also, Natera announced a new biomarker-driven
trial, the Observational Study of Signatera in Liver Cancer (SIGNAL), in September 2020.'*> The purpose of the
SIGNAL study is to identify MRD by ctDNA after LT and evaluate the correlation with disease recurrence. Of note, the
importance of ongoing ctDNA studies in the adjuvant setting is underscored by the IMBrave050 study (NCT04102098),
the pivotal phase 3 trial evaluating adjuvant atezolizumab—bevacizumab in the post-resection adjuvant setting for early-
stage HCC patients at high risk of recurrence.'*® The study met its primary endpoint of RFS determined by an
independent review facility with a hazard ratio of 0.72 (p=0.012)."*® Indeed, the results of the study have the potential
to shift the paradigm of early stage as well as advanced HCC management, and determination of the role of ctDNA in
risk stratification of future adjuvant therapies is likely to be a growing area of research.
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Conclusion

With emerging developments in omics technologies, a variety of novel biomarkers for HCC have been proposed. To date,
nearly all of those suggested novel biomarkers for early HCC detection are from early phase studies. Findings from
ongoing large-population-based phase 3 or phase 4 studies may provide verification for promising biomarkers for early
HCC diagnosis among the candidates. Similarly, the majority of suggested novel prognostic and predictive biomarkers
for advanced HCC come from exploratory studies from RCT cohorts. Ultimately, biomarker-driven RCTs will be
warranted before these suggested prognostic and predictive markers are used to drive clinical practice.
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