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Abstract

Hepatocellular carcinoma (HCC) mortality remains high mainly due to late diagnosis as a
consequence of failed early detection. Professional societies recommend semi-annual HCC
screening in at-risk chronic liver disease patients to increase the likelihood of curative treatment
receipt and improve survival. However, recent dynamic shift of HCC etiologies from viral

to metabolic liver diseases has significantly increased the potential target population for the
screening, whereas annual incidence rate has become substantially lower. Thus, with the
contemporary HCC etiologies, the traditional screening approach might not be practical and cost-
effective. HCC screening consists of (i) definition of rational at-risk population, and subsequent
(ii) repeated application of early detection tests to the population at regular intervals. The
suboptimal performance of the currently available HCC screening tests highlights an urgent

need for new modalities and strategies to improve early HCC detection. In this review, we
overview recent developments of clinical, molecular, and imaging-based tools to address the
current challenge, and discuss conceptual framework and approaches of their clinical translation
and implementation. These encouraging progresses are expected to transform the current “one-
size-fits-all” HCC screening into individualized precision approaches to early HCC detection and
ultimately improve the poor HCC prognosis in the foreseeable future.
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INTRODUCTION

Primary liver cancer is the fourth leading cause of cancer-related death worldwide, with

an estimated 0.8 million deaths in 2020.[1] More than 80% of primary liver cancers are
hepatocellular carcinoma (HCC) that develop in patients with chronic infection of hepatitis
B virus (HBV), hepatitis C virus (HCV), excess alcohol intake, and metabolic disorders,
including non-alcoholic fatty liver disease (NAFLD)/metabolic dysregulation-associated
fatty liver disease (MAFLD).[2 3] In the U.S., the overall HCC incidence rate has been
increasing in more than half of the states.[4] Despite the improvement in early HCC
detection and the advance in treatment over the past decades, 5-year overall survival rate
of HCC is still dismal at around 20%.[5] Given the survival benefit of diagnosing HCC at
early stages amenable to potentially curative treatment, current clinical practice guidelines
recommend regular HCC screening in at-risk chronic liver disease patients.[5-8] However,
the recommended screening is utilized only in less than 25% of HCC patients in the

U.S. due to various logistical barriers, thus effectiveness of the screening is significantly
impaired.[®-11] Furthermore, application of the screening has been more challenging along
with the drastic changes in the HCC etiology landscape over the past decade, namely sharp
decline of active HCV infection with the widespread use of new-generation anti-HCV drugs
and global epidemic of obesity and metabolic disorders.[12 131 |n addition, sensitivity of
the current HCC screening test is suboptimal, and it leads to failures in early HCC diagnosis.
[14, 15] Thus, new tools and strategies are urgently needed to enable more effective HCC
screening with improved utilization and early HCC detection to substantially improve poor
HCC mortality.

To address this urgent and growing unmet medical need, new biomarkers will have

a significant role by redefining the high-risk target population for HCC screening

and by enabling more sensitive and accurate detection of early-stage HCC. Cancer
biomarker development is a challenging process that involves costly and lengthy

test development and validation.[18] To streamline and facilitate clinical translation of
experimental cancer biomarkers, several national and international efforts have been
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made to develop resources for high-quality validation of promising biomarker candidates
under federally-funded consortia such as the U.S. National Cancer Institute (NCI) Early
Detection Research Network (EDRN).I17] In parallel, development of highly sensitive omics
profiling technologies has enabled the interrogation of various cancer-associated molecular
information in body fluid samples such as blood and urine, so-called “liquid biopsy”, as
potential HCC screening biomarkers.[18] In this review, we outline the limitations of the
current HCC screening strategy, discuss the conceptual framework of precision medicine
approaches to overcome the challenges, and overview new developments on the horizon to
refine HCC risk stratification and early detection with a special focus on new biomarkers
that will likely impact HCC screening program and eventually reduce HCC mortality.

LIMITATIONS AND UNMET NEEDS IN HCC SCREENING

Professional societies recommend semi-annual HCC screening with abdominal ultrasound
and alpha-fetoprotein (AFP) to improve early detection, curative treatment receipt, and
survival in patients at risk of HCC development.[8] HCC screening consists of the following
two components: (i) definition of target population, and (ii) repeated application of HCC
detection tests at regular intervals (Figure 1A). A positive detection test triggers the
procedure of HCC diagnosis with either contrast-enhanced dynamic computed tomography
(CT)/magnetic resonance imaging (MRI) or histological assessment.[6] Efficacy of each
component is limited by suboptimal performance of currently available modalities as
detailed in the following sections. The complexity of the screening algorithm further
compromises its effectiveness due to various logistical issues in its clinical implementation
at patients, providers, and systems levels in the real-world setting.[*°] Model-based
simulation has been utilized to estimate efficacy and effectiveness of the HCC screening
protocol based on cost-effectiveness, and revealed critical factors such as HCC incidence
rates in the target population and performance of HCC detection tests.[13]

Increasingly elusive target population for HCC screening

Target population for the screening has been defined based on model-based cost-
effectiveness, balancing number needed to screen (NNS) to detect one HCC case, associated
net medical care costs, and net patient survival according to specific clinical context.

For example, the screening was deemed cost-effective in cirrhosis patients with annual
HCC incidence rate of 1.5% or greater.[®] This assumption was relevant when active HCV
infection was the dominant cirrhosis etiology, where annual HCC incidence was as high as
8%.[12] However, the assumption no longer holds with the dynamic change in the landscape
of liver disease etiology over the past decade, namely the sharp switching from active to
cured HCV infection with the widespread use of new generation anti-virals and increase of
metabolic liver diseases, particularly NAFLD.[20. 211 |n these emerging at-risk populations,
annual HCC incidence rate barely reaches the traditional threshold of 1.5% to justify HCC
screening as a cost-effective intervention. After pharmacological cure of chronic HCV
infection, i.e., sustained virologic response (SVR), annual HCC incidence rate is reduced

to 0.5% to 2.1% in patients with advanced fibrosis or cirrhosis.[22] A recent simulation
analysis suggested that the semi-annual screening is still cost-effective in SVR patients
with advanced fibrosis or cirrhosis until age 60 to 70, but with a substantially loosened
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cut-off of incremental cost-effectiveness ratio (ICER) < $150,000 that is three-times higher
than the traditionally used cut-off of < $50,000, which may not be globally acceptable.[23]
In histologically confirmed NAFLD cirrhosis patients, annual HCC incidence rate is only
0.1% to 0.6%.124 251 Of note, unlike viral hepatitis- and alcohol-related liver diseases,
HCC can develop even before establishing cirrhosis in > 30% of NAFLD-related HCC
patients.[26] It highlights necessity of expanding the target population for HCC screening
by including patients with F3 fibrosis, although this is practically infeasible given that the
guideline-recommended “one-size-fits-all” HCC screening is applied only in less than a
quarter of the patients.[1%] Furthermore, the NNS will become unrealistically large if we
adopt the recently proposed redefinition of metabolic liver disease, namely MAFLD, which
is estimated to affect half of overweight/obese adults globally (Figure 1B).[27]

In addition, given that vast majority of the patients undergoing the screening will not
develop HCC during their lifetime, unnecessary harms due to over-screening patients

with indolent disease will become unignorable with the large NNS.[28] Thus, HCC risk
stratification is urgently and increasingly needed to redefine the target population to enable
cost-effective and practically feasible HCC screening, especially with the dynamically
changing landscape of liver disease etiology.

Suboptimal performance of HCC detection tests

For HCC detection at early stage amenable to potentially curative treatments, sensitivity
should be sufficiently high, while maintaining specificity to minimize false positives.
Ultrasound is currently the standard screening test used in clinical practice, although its
sensitivity is only around 50%.[15] Even combined with AFP, sensitivity is still around 70%
to detect early-stage HCC.[*3] In addition, this performance may be overestimation due

to inclusion of phase 2 biomarker studies in the meta-analysis. Performance of ultrasound
will be further impaired due to the increase of obese NAFLD patients.[29 Other clinically
available markers, AFP-L3% and des-gamma-carboxy prothrombin (DCP), show similarly
suboptimal performance.

Frequency of HCC screening in the era of precision medicine

Currently, the HCC screening test is performed at 6-month interval based on clinically
observed superior efficacy in comparison to longer interval and non-inferiority to shorter
interval with theoretical justification according to the tumor volume doubling time.[30-32]
However, this guideline-recommended “one-size-fits-all” strategy disregards considerable
inter-tumor/patient heterogeneity in the doubling time and frequency of multicentric
carcinogenesis; the 6-month interval may not be optimal for each individual patient.[32]
Indeed, a Markov model-based simulation analysis suggested that shorter interval for high-
risk patients and longer interval for low-risk patients could enable more cost-effective HCC
screening compared to the uniform 6-month interval for all when overall annual HCC
incidence rate is > 3%.[33] This suggests that the screening interval can be tailored according
to predicted individual HCC risk.
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CONCEPTUAL FRAMEWORK OF PRECISION HCC SCREENING

General principles in precision HCC screening

To address the limitations in the current HCC screening and improve its effectiveness,
performance of the risk stratification and early detection tests should be improved, and

the tests should be rationally embedded and sequenced in an HCC screening algorithm.

To improve performance of each test, integration of multimodal information (e.g., clinical,
molecular, and/or imaging variables) has been often employed for both risk stratification
and early detection. In addition, for risk stratification, sequential application of multiple
tests has been proposed for stepwise enrichment of high-risk population to improve efficacy
and feasibility of subsequent regular application of early detection tests.[34] Early detection
tests should be applied according to predicted HCC risk to avoid under-screening of high-
risk patients (which can lead to failed early detection) and over-screening of low-risk
patients (which can lead to unnecessary harms due to the screening tests[28]). Clinical
implementation of new tests in the HCC screening protocol should be guided based on
trade-offs between multiple factors, including logistical feasibility and costs of the tests,
accessibility to the biospecimens and other information used in the testing algorithm, among
many others, to maximize its effectiveness with improved “precision” in risk stratification
and early detection.

Integrative HCC screening scores/biomarkers to improve precision

Integration of multimodal information has been attempted to improve test efficacy. It

has been empirically known that AFP elevation is associated with long-term HCC risk,
besides its use as an HCC detection marker, reflecting chronic liver injury and regeneration
underlying carcinogenic hepatic tissue milieu.[*3: 351 A blood-based Prognostic Liver
Secretome signature (PLSec) was integrated with AFP to achieve robust long-term HCC
risk stratification in cirrhotics.[3¢] Integration of etiology-specific “plug-in” biomarker with
etiology-agnostic backbone biomarker is a strategy for refining HCC risk stratification
according to liver disease etiology as shown in a recent proof-of-concept study.[371 Non-
invasive scores (NISs) or non-invasive tests (NITs) also represent the integrative approach,
combining a handful number of clinical variables (e.g., patient age, sex) and biochemical
tests (e.g., AFP, hepatic transaminases). Many of these clinical variable-based NISs/NITs
were originally developed for other purposes such as detection of advanced liver fibrosis and
subsequently associated with adverse outcomes, including HCC development, in systematic
retrospective assessment, although associated outcomes vary across studies.[38] Integration
of imaging modalities (e.g., acoustic elastography, magnetic resonance elastography [MRE])
and NISs/NITs (e.g., Fibrosis-4 [FIB-4] index) have been developed for non-invasive
detection of advanced fibrosis, and were subsequently associated with adverse outcomes,
including HCC development.[39: 401 Germline DNA variants such as single nucleotide
polymorphisms (SNPs) have been heavily studied as potential HCC risk stratification
biomarkers on easily accessible biospecimens such as buccal swab. More recently, their
combinations have been evaluated as polygenic risk scores (PRSs), mostly tailored for
metabolic liver diseases.[41] While the genetic scores show promising HCC risk association,
a recent nationwide population-level biobank study suggested that additional prognostic
information gained by PRSs on top of NISs/NITs may be limited unless the target
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population is carefully chosen.[42] The Liver Cancer Risk test algorithm (LCR1-LCR2)

is an integration of clinical demographics and several biochemical test, which has been
validated for high negative predictive value (NPV) > 99% in patients with viral hepatitis.[3]
Integration of multimodal information has also been explored for early HCC detection tests
such as the GALAD score, combining patient age and sex with AFP, AFP-L.3%, and DCP.

Sequential application of HCC screening scores/biomarkers to improve effectiveness

Sequential application of HCC risk assessments for stepwise enrichment of high-risk
population will be a rational strategy given the explosive growth of potential at-risk
population with the NAFLD/MAFLD epidemic, which has been transforming HCC
screening like finding a needle in a large haystack. Indeed, stepwise enrichment of NAFLD
patients who need medical attention/intervention has been actively explored,[34 and HCC
risk stratification could be added as a subsequent step.[44] Desired characteristics of HCC
risk stratification biomarkers would depend on target population for the tests. For instance,
cheap assay costs and robust performance in less-invasively accessible specimens would
be valued over high accuracy for the first step of HCC risk stratification applied to a

large population (e.g., adult NAFLD patients). If the first risk assessment is performed in
general population, the tests may be tailored to also cover other cancer types and chronic
diseases. Subsequent step(s) of risk stratification can be performed in the narrowed target
population with more expensive tests with higher accuracy to identify a substantially small
subset of patients as a high-risk group for certain interventions (e.g., HCC screening,
chemoprevention) with enhanced efficacy of the interventions. In a nationwide population-
based study involving 266,687 individuals, a stepwise risk enrichment with first NIS/NIT
followed by PRS successfully enriched individuals at risk of severe liver diseases.[4®]

Model-based assessment of precision HCC screening strategies

Given that the entire HCC screening protocol is complex with many modifiable parameters,
it is challenging to evaluate net benefit of new risk-stratified HCC screening algorithms

in a prospective controlled clinical trial. Instead, Markov model-based simulation analysis
has been widely used to estimate net survival benefit and cost-effectiveness of experimental
HCC screening strategies, in which plausible ranges of model parameters such as screening
utilization rate can be assessed as sensitivity analysis.[4¢] The first cost-effectiveness
analysis of risk-stratified HCC screening strategies, comparing 2 non-risk-stratified and

14 risk-stratified strategies, showed that risk-stratified screening utilizing new tests are
substantially more cost-effective than the current non-stratified screening.[33] Various key
parameters such as imaging modalities, screening interval and duration, and harms from
HCC screening can be incorporated in the modeling.[23. 33, 46-52] Model-based simulation
also provides insight into benchmarks to meet for experimental biomarkers in development.
For example, a hypothetical risk stratification biomarker enables cost-effective HCC
screening for majority of top-performing risk-stratified algorithms when it achieves risk
stratification at hazard ratio > 2 in cirrhosis patients dominantly affected with chronic HCV
infection.
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Clinical implementation of precision HCC screening

The risk-stratified approach is essentially tailoring of screening intensity, regarding test
modality and frequency, according to predicted risk level; more intensive/frequent screening
is offered to high-risk patients, whereas less intensive/frequent or no screening is offered

to low-risk patients. Practical feasibility and acceptance from the professional societies and
practitioners will be the key in clinical implementation of risk-stratified HCC screening
protocol. A questionnaire-based study showed that physicians are receptive to tailoring

HCC screening modality for each patient when individual HCC risk can be quantitatively
estimated.[53] Alteration of screening frequency, including dropping from the screening, will
need attention on specific test performance metric, e.g., high NPV to justify exclusion from
the screening, balanced with physician’s and patient’s perspective and preference. Ethical
issues and potential psychological harms such as anxiety will need to be properly considered
to justify exclusion of low-risk individuals from the screening. Patients with advanced
fibrosis or cirrhosis may need monitoring/care for liver failure and portal hypertension
regardless of HCC risk, and it may be logistically sensible to concurrently assess presence
of nodular lesions with low-cost modalities such ultrasound and/or AFP during the clinic
visits. Nevertheless, the guideline-recommended semi-annual screening is currently utilized
in a small subset (< 25%) of the target population due to the limited medical resources,

[10] and risk stratification would help identify high-risk patients to be prioritized for

the screening. Biomarker-based HCC risk level may change over time in response to
influential events (e.g., antiviral therapies, body weight loss, aging) depending on the type of
biological information the biomarker captures. Repeated assessment may be needed for such
biomarkers, considering possibility of altering subsequent HCC screening strategy. Indeed,
naturally occurring modulation of HCC risk level measured by a hepatic transcriptome
signature over a median interval of 2.3 years was associated with future HCC development
in a cohort of NAFLD cirrhosis patients.[37]

TECHNICAL ASPECTS OF HCC BIOMARKER DEVELOPMENT

Phases of cancer screening biomarker development

To streamline and facilitate development of cancer screening biomarkers, a five-phase
conceptual framework was proposed in conjunction with the NCI EDRN (Figure 2A).

[54] Phase 1 studies are preclinical exploration of candidate biomarkers in biospecimens
not necessarily collected with intention of biomarker research. Phase 2 studies aim at
clinical assay development, encompassing clinical assay implementation, optimization, and
preliminary estimation of performance typically in cross-sectional series of HCC patients
and matched controls. Analytical algorithm should be established as detailed in the next
section. Clinical confounding variables such as patient sex, age, liver disease etiology

and severity, particularly fibrosis stage, should be properly controlled to avoid over- or
under-estimation of the test performance in anticipated target patient population. Phase 3
studies are retrospective analysis of biospecimens with longitudinal follow-up information;
samples are collected before HCC development or formal HCC diagnosis and patients
who develop HCC during subsequent follow-up are compared to control patients matched
for confounding variables who are HCC-free over certain follow-up time. Phase 3 studies
will provide more accurate estimate of biomarker performance in the screening setting.
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Comparison to standard care is also within the scope of phase 3 study. As generic resources
for phase 3 biomarker studies, prospectively developed patient cohorts accompanied

with biorepository have been developed to enable high-quality biomarker evaluation by
utilizing the prospective specimen collection, retrospective blinded evaluation (PRoBE)

or “prospective-retrospective” design.[5# 551 Samples collected at the time of cancer
diagnosis would allow conduct of phase 2 studies. The EDRN Hepatocellular carcinoma
Early Detection Strategy (HEDS) study[®¢] and Texas HCC Consortium (THCCC)] are
examples of nationwide and statewide multicenter cohorts, respectively, for phase 3 HCC
biomarker validation. Phase 4 studies are prospective evaluation of candidate biomarkers in
the screening setting to determine performance of the biomarkers, i.e., cancer detection rate
and false referral rate based on standard-care diagnostic test’s result, in the target patient
population. A positive test triggers the standard-care diagnostic procedure to determine

an HCC diagnosis, following practice guidelines. Phase 5 studies evaluate whether HCC
screening interventions that incorporate new biomarkers reduce HCC burden and mortality
in the target population. This phase will prospectively determine clinical impact of new
cancer screening biomarkers measured by reduction in cancer mortality and net medical
care costs.[58] These phases provide roadmap for rigorous evaluation and development of
cancer screening biomarkers. However, this is a costly and lengthy process that limits
cancer screening biomarker development. To overcome the challenge and accelerate clinical
translation of promising candidate biomarkers, innovative approaches such as adaptive trial
design are urgently needed.

Analytical validity and clinical utility of cancer screening biomarker

Analytical validity of new cancer biomarkers should be established in clinically applicable
assays. For each molecular probe in the assays, reproducibility of its measurement should
be confirmed, and magnitude of variation should be determined across day-to-day and inter-
operator/laboratory variations measured by correlation coefficient, coefficient of variation,
and/or other relevant statistics in technical and/or biological replicates. Reference standards
will ensure proper adjustment of the measurements for experimental batch difference as
needed. Cut-off values and/or analytical algorithms to call positivity of the tests should

be pre-determined in derivation/training dataset(s), which should be applied in independent
validation dataset(s) without any modification based on information from the validation
set(s) to avoid information leak. For biomarkers that provide quantitative estimates (e.g.,
predicted probability of HCC incidence), proper calibration should be performed to ensure
agreement between predicted and observed measures.

Clinical utility is critical in determining which candidate biomarkers warrant further
clinical development and translation to ensure that the biomarkers provide clinically
actionable information. Clinically meaningful effect size (e.g., magnitude of HCC risk
association measured by hazard ratio, performance of early HCC detection measured by
area under receiver operating characteristic [AUROC] curve) should be defined a priori,
and sample size to detect the effect size should be defined for independent validation

of a candidate biomarker. Comparison to or integration with existing clinical scores
and/or biomarkers should be performed to determine whether additional information
gained by the new biomarker justifies costs and efforts of its clinical development.
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Performance metrics for risk stratification biomarker include Harrel’s C-index (a.k.a.
concordance index), time-dependent AUROC curve, explained variation (/2), Brier score,
Royston’s D index, Akaike information criterion (AlC), and Bayesian information criterion
(BIC) to assess discrimination and/or goodness of fit. Performance metrics for early
detection biomarker include contingency table statistics such as sensitivity, specificity,
positive/negative-predictive values, AUROC curve. Reporting guidelines help ensure proper
assessment for diagnostic/prognostic biomarkers (e.g., STARD, REMARK, TRIPOD)
available via the enhancing the quality and transparency of health research (equator) network
(www.equator-network.org/reporting-guidelines).

Issues in clinical deployment and implementation of cancer screening biomarkers

Analytically and clinically validated biomarkers would undergo the process of clinical
deployment and implementation, including commercial product development, regulatory
approval, coding for health insurance coverage, and incorporation in clinical practice
guidelines, which can hugely vary across geographic regions and countries. In the U.S.,
while it keeps evolving, there are two major paths under oversight by the FDA: (i) in vitro
diagnostic devices (IVVDs) as commercial medical devices with 510(k) clearance, and (ii)
laboratory developed tests (LDTs) as home-grown tests performed at each diagnostic lab.[>%
FDA guidance documents are available for several relevant types of biomarkers and topics
such as circulating tumor DNA (ctDNA)-based tests and LDTs (www.fda.gov/regulatory-
information). Clinical biomarker tests must be conducted in diagnostic laboratories certified
for Clinical Laboratory Improvement Amendments (CLIA) and in accordance with state-
specific regulations. Coverage by health insurance is critical for physicians to order the
tests. Other local/regional agencies such as European Medicines Agency (EMA) employ
similar but their own procedure.[8%] Coding for the tests, e.g., current procedural terminology
(CPT) codes, is needed for insurance coverage as billable medical procedures. Centers for
Medicare & Medicaid Services (CMS) regularly updates the billing and coding policies
according to specific indications (www.cms.gov/medicare-coverage-database).

For decision of payers and policy makers, incorporation of the tests into clinical practice
guidelines/guidance is important, which should be based on the level of available evidence
(Figure 2B). Public organizations such as the Biomarkers Compendium of National
Comprehensive Cancer Network (NCCN) (www.nccn.org) and the U.S. Preventive Services
Task Force (USPSTF) (www.uspreventiveservicestaskforce.org) also provide regularly
updated guidelines and recommendations for cancer biomarkers and screening algorithms
graded by quality of available evidence (Figure 2C, D).[61] post-marketing clinical utility
validation, including the phase 5 biomarker validation study, will further support the use of
biomarker tests and may result in indication for additional diseases and/or clinical scenarios.
With the sharply expanding clinical and commercial interests especially in circulating cancer
biomarkers so-called “liquid biopsy”, several federally-funded and private consortia have
been established to facilitate clinical translation of this type of biomarkers, including Blood
Profiling Atlas in Cancer (BloodPAC) and NCI Division of Cancer Prevention’s Liquid
Biopsy Consortium.[82] Further, engagement of practitioners who order the tests and medical
staffs via education, training, and/or incentive will be important to ensure proper adherence
to the new biomarker-based care.
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Emerging technologies/methodologies with potential utility in HCC screening

The requirement of clinic visits at 6-month interval is a significant logistical hurdle in the
current ultrasound-based HCC screening protocol.[11. 631 Body fluid (e.g., plasma, urine)-
based tests are expected to be available in clinic in near future and alleviate the burden as
overviewed in subsequent sections. A functional /n vivo genetic screening suggested that
there may be a new class of HCC risk-associated DNA variants, somatic DNA mutations

in PKD1, KMT2D, and ARID1A genes in cirrhotic liver that confers protective effect
against carcinogenesis.[84] Point-of-care (POC) biochemical tests and imaging devices
have been actively explored as potential options to substantially improve receipt of the
regular screening examination particularly in developing regions with limited access to
medical care.[65-68] These new technologies could be combined with software as a medical
device (SaMD), incorporating artificial intelligence (Al) and machine learning/deep learning
(ML/DL) for widespread application.[69] Several promising examples are overviewed in the
following sections.

HCC RISK STRATIFICATION SCORES AND BIOMARKERS

Numerous HCC risk-associated clinical and molecular scores and biomarkers have been
reported to date. None of them has been adopted into clinical practice yet, but some
scores/biomarkers have shown promising performance in more advanced stages of clinical
validation as summarized below (Table 1, Supplementary table 1).

HCC risk scores based on clinical variables

Many clinical HCC risk scores have been proposed in various regional populations,
representing diverse HCC etiology and race/ethnicity, based on etiology-agnostic clinical
variables such as age, sex, hepatic transaminases, and platelet count with or without
etiology-specific variables such as status of viral hepatitis, alcohol abuse, and metabolic
disorders. These scores are readily available and could be useful as the initial step

of risk enrichment followed by application of more accurate molecular risk biomarkers
tailored for specific clinical context. Some of the scores were developed in a cohort of
patients with various HCC etiologies within a specific region, which may compromise
general applicability of the scores to other regions with distinct etiology. Some scores
were developed in more homogeneous population such as patients with HBV infection, in
which head-to-head comparison between the scores clarified superior performance of several
scores such as REAL-B and PAGE-B.[70: 1] Toronto HCC risk index[?2] and aMAP risk
score are examples of externally validated etiology-agnostic risk scores.[3] In a systematic
comparison between six clinical HCC risk scores in HCV-cured cirrhosis patients in the
U.K., aMAP score outperformed other scores.[74] This study also found that age plays a
substantial role in the risk prediction, and their performance was suboptimal in the older
patient subgroup. In viral hepatitis patients, quickly evolving anti-viral therapies will be
critical confounding factors in the risk score performance. New-generation anti-HBV drugs
under development may have a significant impact in predicting HBV-related HCC risk,
while viral control/cure may not eliminate the risk as observed in HCV-cured cirrhosis
patients who are at risk for nearly a decade.[75] Serum AFP is currently used as an HCC
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detection tumor marker, while it is frequently selected as a variable in HCC risk scores. It

is empirically known that mild AFP elevation is often observed when hepatic injury and
regeneration occur following a transient flare of hepatic inflammation due to active HCV
infection even in the absence of HCC. Indeed, AFP elevation can be observed more than

a decade before HCC diagnosis.[38: 78] Interestingly, baseline AFP levels decrease along
with a resolution of hepatic inflammation after achieving HCV cure, namely SVR, and AFP
elevation post-SVR is more specifically associated with HCC risk.[77]

Combinations of clinical variables have been explored to develop NIS/NITs mostly to

detect liver disease severity such as fibrosis stage in viral hepatitis and NAFLD.[34] Not
surprisingly, some of the NISs/NITs such as the FIB-4 were associated with future HCC risk
in retrospective assessment (Table 1). In regional and national NAFLD cohorts, aspartate
aminotransferase to platelet ratio index (APRI) and FIB-4 showed the highest association
with cirrhosis-related morbidity, including HCC development, among 20 NI1Ss/NITs.[42]
Together with the scores specifically developed for HCC risk, the NISs/NITs may enable
convenient risk enrichment in large patient population for further biomarker-based risk
stratification and/or indication for chemopreventive interventions.

While most of the clinical risk scores were derived from conventional regression modeling,
AI/ML/DL-based approaches have also been emerging. In 48,151 patients with HCV
cirrhosis, recurrent neural network models outperformed logistic regression-based model
in predicting 3-year HCC risk.[78] These promising results demonstrate utility of the

new approaches, whereas there are several caveats such as overfitting to specific datasets/
cohorts and the black-box nature of the DL/AI models that precludes adjustment guided
by human interpretation. To avoid the issues and ensure transparency in model building,
reproducible performance, and general applicability of DL/Al-based diagnostic/prognostic
models, methodological and reporting guidelines have been developed.[”®]

Germline DNA variants

As indicators of genetic susceptibility to HCC, SNPs have been extensively studied in

the settings of genome-wide association study (GWAS) or hypothesis-driven single-gene
analysis. The major logistical advantages of SNPs include easy access via readily available
biospecimens such as buccal swab and the discrete measurement of genotypes less affected
by assay conditions.[80] Prevalence of risk alleles/genotypes often varies across patient
populations, and therefore may be associated with racial/ethnic and/or other disparities.
Vast majority of the SNPs were evaluated in comparison between HCC cases and matched
controls, and thus phase 3 validation (i.e., analysis of samples obtained before HCC
development) is needed. SNPs in EGF, IFNL3, and MICA genes were associated with viral
HCC risk, whereas SNPs in PNPLA3, TM6SF2, and HSD17B13 genes were associated
mainly with metabolic etiology-related HCC.[81-86] A SNP in WNT3A-WNTIA was
recently identified for its association with alcohol-related HCC.I87] Despite the logistical
advantages, magnitude of HCC risk association for these individual SNPs is generally
modest with odds ratio of 1.5 or less. To overcome the limited risk association of single
SNP and improve risk enrichment, combinations of multiple SNPs have been explored

as polygenic risk scores in HCV-SVR and NAFLD patients.[83. 88] However, a recent
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national biorepository-based study reported that additional prognostic information gained
by such multi-SNP scores beyond readily available NISs/NITs is likely minimal.[41] This
may not necessarily indicate that the SNP-based risk assessment is useless given that
information about several confounding factors was not available in the population-based
study, but suggest that specific clinical contexts/scenarios should be carefully considered
when applying the SNP-based scores to maximize their utility.

Tissue-based molecular HCC risk biomarkers

Tissue transcriptome has been extensively studied as a direct source to interrogate molecular
aberrations that drive HCC development.[89] Prognostic Liver Signature (PLS) is an example
of hepatic transcriptome signature predictive of long-term HCC risk in all major viral and
metabolic HCC etiologies.[8-931 Of note, PLS can be induced by HBV, HCV, ethanol,

or free fatty acids in a cell culture model called cell culture-derived PLS (cPLS) for
high-throughput drug screening and functional study.[%4 951 Such transcriptomic signatures
can capture various types of molecular dysregulations involved in the mechanisms of
hepatocarcinogenesis, including hepatic injury and regeneration, 98] HCC-promoting status
of hepatic stellate cells,[®7-9%1 and presence of pathogenic histological structures such as
ectopic lymphoid structure as a niche supporting malignant transformation.[100]

Tissue-based histopathological HCC risk scores/biomarkers

Histological fibrosis stage is associated with magnitude of future HCC risk, although
sampling bias in liver biopsy and low inter-observer agreement impair its reproducibility.[13]
Collagen proportionate area based on immunostaining of fibrous tissue enables more robust
and quantitative measurement of fibrosis severity and reliable HCC risk estimation.[101]
Second harmonic generation/two-photon excitation fluorescence microscopy combined with
artificial intelligence enables more precise quantification and characterization of collagen

in liver tissue to monitor subtle change in fibrosis,[192] which may refine HCC risk
prediction. Infiltrating HCC risk-driving immune cell types, e.g., CXCR6" PD-1* CD8 T
cells and IDO1* conventional dendritic cells, can be conveniently estimated based on tissue
transcriptome in NAFLD-affected livers.[37]

Body fluid-based HCC risk biomarkers

Body fluid such as blood, urine, ascites, and bile can serve as windows to detect hepatic

or systemic molecular dysregulations associated with HCC risk less invasively compared to
liver tissue biopsy. Serum cytokines such as interleukin (IL)-6, IL-17, and IL-27 and serum
proteins such as laminin -y2 monomer and insulin-like growth factor (IGF)-I were reported
as correlates of HCC risk.[103-108] A serum surrogate of tissue-based PLS, Prognostic Liver
Secretome signature (PLSec), was developed as a “liquid liver biopsy”, and its combination
with AFP (PLSec-AFP) was validated as an etiology-agnostic HCC risk biomarker

in cirrhosis from mixed etiologies and HCV-SVR.[36: 1091 p|_Sec-AFP also predicted
development of hepatic decompensation in cirrhosis patients.[119] NAFLD-specific “plug-in”
module, PLSec-NAFLD, refined HCC risk prediction with the etiology-agnostic PLSec-AFP
as a proof of concept of integrative test to optimize prognostic performance according to
specific clinical context.[37] Tissue transcriptome signatures can be converted by a generic
computational pipeline, TexSEC (www.texsec-app.org), to facilitate development of non-
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invasive biomarkers reflecting hepatic tissue-based molecular information.[36: 1111 Chemical
modifications of serum proteins such as glycomics-based GlycoCirrhoTest represent another
type of proteome-based HCC risk biomarker.[112] Metabolomic and lipidomic profiling by
mass spectrometry (MS) and/or nuclear magnetic resonance spectroscopy in body fluid
samples can also be non-invasive HCC risk biomarkers.[113] Liquid-chromatography-MS
analysis identified serum metabolites associated with HCC risk in the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort and a Korean prospective cohort.
[114,115] plasma phenylalanine and glutamine levels were associated with HCC incidence
in Asian patients mainly affected with viral hepatitis.[116] Phenylalanyl-tryptophan and
glycocholate were also identified as a serum metabolite biomarker in combination with AFP
to detect pre-clinical HCC.[117]

Imaging-based HCC risk scores/biomarkers

The Liver Imaging Reporting and Data System (LI-RADS) category 3 and 4 (LR-3, LR-4)
indicate suspicious hepatic nodules with no definite features of HCC, which are observed

in one-fourth of the patients enrolled in HCC screening program.[118] Presence of these
intermediate lesions is associated with elevated risk of HCC development not necessarily
from the index lesions; 32% and 21% of HCC diagnoses following detection of LR-3 and
LR-4 lesions were made elsewhere in the liver, respectively.[119. 120] These data suggest
that the presence of LR-3/LR-4 legions may have utility for HCC risk stratification. An
MRI radiomic feature-based model was developed to predict 3-year HCC risk in HBV
cirrhosis patients (AUROC 0.64 in external validation).[121] This study supports radiomics as
a promising tool for HCC risk stratification, although its reproducibility across different
MRI systems is low.[122] Deep learning model of radiomic elastography features was

used to determine liver fibrosis stage in chronic hepatitis B patients.[123] Hepatic venous
pressure gradient (HVPG) is an interventional radiology-based measure of liver disease
severity, which was correlated with HCC risk.[124] To circumvent the transcatheter-based
procedure to measure HVPG, CT-based radiomics model, auto-machine-learning HVPG,
was developed to non-invasively detect HVPG = 20 mmHg (AUROC, 0.81 in internal test
set).[125] |ntegrative scores combining imaging modalities and clinical variables/scores have
also been actively explored mainly as tools to measure disease severity in NAFLD, and

then assessed for risk of developing lethal complications, including HCC. FibroScan-AST
(FAST) score was initially developed to detect significant disease activity and fibrosis

in NAFLD patients,[126] The score was later shown to be associated with HCC risk in
HCV-cured patients, but not in NAFLD patients.[127. 1281 Similarly, MRE-FIB-4 (MEFIB)
index was developed to estimate fibrosis severity in NAFLD patients, and later was found to
be associated with adverse outcomes, including HCC development.[40]

Pathogen-related HCC risk biomarkers

Microbiome in the digestive tract and changes in its composition, namely dysbiosis, are
associated with exacerbating or protective effects on liver disease severity and HCC risk
via cellular signaling such as toll-like receptor pathway, metabolites, bile acids, fatty
acids, lipopolysaccharide, and other biomolecules.[129-131] Several intestinal bacteria such
as Enterococcus, Limnobacter, and Phyllobacterium, oral Cyanobacteria, and duodenal
Alloprevotella were associated with elevated HCC risk, whereas probiotic bacteria may
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attenuate HCC risk.[132-136] These reported HCC risk associations are likely influenced by
variations between patient populations defined by dietary habits, host genetics/race, and
geographic environmental factors, which need to be addressed before their application as
HCC risk biomarkers. History of viral exposure measured by a viral exposure signature

was associated with future HCC development.[137. 1381 Genomic integrations of HBV and
adeno-associated virus 2 were associated with HCC risk even after seroclearance of hepatitis
B surface antigen.[139] These pathogen-related features may serve as a new class of HCC
risk biomarkers upon successful high-quality validation.

Environmental exposure-related HCC risk biomarkers

Food contamination with carcinogens such as aflatoxin B1 and aristolochic acid is known
to increase HCC risk, not exclusively in developing countries.[2- 140] Several genetic
aberrations have been reported as characteristic molecular features of dietary carcinogen
exposure such as C>A transversions, hotspot somatic mutations in 7P53, ADGRBI1, and
NEIL 1 genes, high-level mutation-associated neoantigens, and infiltrating lymphocytes, and
PD-L1 over-expression.[141-143] prevalence of the aflatoxin exposure-related features in
HCC patients was 9.8% in China, whereas the prevalence in patients from other regions
was 0.4%-3.5%. A mutational signature of aristolochic acid exposure was observed in nearly
80% of Taiwanese HCC patients.[144] Prevalence of the mutational signature of aristolochic
acid exposure in HCC patients ranged from 2.7% to 47% in Asia and from 1.7% to 4.8% in
North America and Europe. These features may serve as HCC risk biomarkers according to
their regional prevalence and magnitude of risk association that influence cost-effectiveness
of HCC screening with the assays. The hotspot 7253 R249S was frequently observed in
Hispanic HCC patients in South Texas, but its detection in cfFDNA was not useful as HCC
risk biomarker.[145]

Therapeutically modifiable HCC risk biomarkers

The HCC risk scores and/or biomarkers may identify at-risk liver disease patients who
should be considered for preventive interventions because of elevated HCC risk (prognostic
enrichment) and/or anticipated benefit of such intervention (predictive enrichment)[14¢]
(Figure 3A). Many HCC risk scores based on readily available clinical variables (e.g.,

sex, age) and SNPs will allow convenient and low-cost enrichment of target population for
HCC chemopreventive therapies. However, these features are not therapeutically modifiable,
and therefore cannot be used to monitor therapeutic response. In contrast, other types of
HCC risk biomarkers measuring abundance of functional biomolecules such as transcripts
and proteins may enable real-time monitoring of dynamic change in HCC risk status in
response to medical interventions. Such biomarkers may allow monitoring of biological
response to chemopreventive therapies to gauge therapeutic modulation of HCC risk level
in hepatic tissue milieu and/or systemic condition, which is distinct from measuring effect
on direct molecular target of the therapy (Figure 3B). If the biomarker measurement is
quantitatively correlated with future HCC incidence, the modulation may serve as surrogate
biological endpoints in HCC chemoprevention clinical trials to infer anticipated reduction
of future HCC incidence (Figure 3C). This is distinct from a surrogate biological endpoint
that measures effect of tested agent on direct molecular targets (i.e., on-target effect).

Such functional HCC risk biomarkers may resolve the long-standing logistical hurdle for
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chemoprevention clinical trials that typically require a large sample size and lengthy follow-
up time exceeding the timeframe of typical clinical trials and studies.[*3] In a previous

HCC chemoprevention trial with S-adenosylmethionine (SAMe) in HCV cirrhosis patients,
modulation of AFP was assessed as surrogate endpoint of HCC risk.[147] This trial failed to
show decrease of AFP levels, and the concept of surriogate biomarkers for HCC risk is yet
to be demonstrated.

Therapeutic modulation of hepatic transcriptome signatures were associated with magnitude
of future HCC risk and prognosis in chronic liver disease patients treated with anti-HCV,
bariatric surgery, and lipophilic statin.[37: 92, 93, 148] Of note, such transcriptome signatures
can be modeled in cell culture model for in vitro high-throughput screening and functional
assessment of experimental chemopreventive agents.[%4 931 Similarly, abundance of proteins
in blood circulation was associated with reduction of HCC risk level after successful

HCV cure by direct-acting antivirals that reflect reduced HCC incidence in subsequent
clinical follow-up.[38] These promising observations have led to ongoing and planned HCC
chemoprevention clinical trials of various agents using HCC risk biomarkers as surrogate
endpoints for HCC incidence (NCT02273362, NCT05028829).

HCC EARLY DETECTION SCORES AND BIOMARKERS

Performance of the current standard-care HCC early detection tests, ultrasound and AFP, is
suboptimal and needs improvement. To address the unmet need, new approaches have been
explored by developing new biomarkers and imaging techniques integrated with existing
tests (Table 2, Supplementary table 2), many of which are under active clinical testing (Table
3).

Clinical HCC tumor markers

AFP is the most commonly used HCC tumor marker currently incorporated in practice
guideline-recommended HCC screening protocol.[7] In a recent meta-analysis of phase 2-4
biomarker studies, sensitivity of AFP for early-stage HCC is only 49% with specificity

of 88%.123] AFP can elevate due to non-malignant hepatic inflammation due to chronic
hepatitis that limits specificity.[14%] In the setting of HCC screening, addition of AFP
improved sensitivity of ultrasound for detection of early-stage HCC from 53% to 74%.

[35]1 AFP is the only HCC tumor marker assessed for its survival impact (i.e., phase 5
study) as a part of the recommended HCC screening protocol together with ultrasound. €]
It is ethically infeasible to conduct randomized controlled trial (RCT) comparing HCC
screening vs. no screening, but one RCT conducted in China showed a 37% reduction in
HCC mortality.[159] AFP-L.3% is lens culinaris agglutinin-reactive fraction of AFP, which
showed high specificity of 84%-98%, while sensitivity is limited to 13%-49%.[151-154]
DCP, also known as protein induced by vitamin k absence or antagonist-11 (PIVKA-II),
showed similarly suboptimal sensitivity of 64% and specificity of 87% in a meta-analysis of
mostly phase 2 studies.[2%%] In phase 3 studies for early-stage HCC detection, its sensitivity
dropped to 12-26%.[154. 156] Gjven the complementary positivity of these tumor markers,
their combination has been explored to improve their performance.[154 157-159] |n phase
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3 studies testing their combinations, sensitivity ranged from 31% to 77% and specificity
between 66% and 91% for early-stage HCC detection.[154. 159]

HCC risk scores based on tumor markers and clinical variables

Gender, Age, AFP-L3%, AFP, and DCP (GALAD) score was developed by using patient
gender, age, AFP, AFP-L3%, and DCP to predict presence of HCC in 833 patients with
chronic liver disease in the U.K.[160] Since the initial report, GALAD score has been
extensively validated in global viral and metabolic liver disease patients from Germany,
Hong Kong, Japan, China, and the U.S.,[161-168] which allowed us to perform meta-analysis
by the phase of biomarker development. In meta-analysis of seven phase 2 biomarker
studies, sensitivity, specificity, and AUROC for detection early-stage HCC were 69%,
91%, and 0.83, respectively, at the original cutoff of —0.63 (Figure 4, Table 2). In
meta-analysis of two phase 3 studies, sensitivity, specificity, and AUROC for detection
early-stage HCC were 58%, 83%, and 0.73, respectively, reiterating general limitation of
phase 2 studies that can overestimate test performance. Subgroup analysis suggested that
the score’s performance measured by AUROC is comparable across the HCC etiologies
and geographic regions. Despite the superiority to the individual tumor markers, high
false-positive rate (14% to 22%) raises concerns of potential harm and cost.[154 1561 More
recent studies have attempted to further improve performance of the score. Longitudinal
measurement of GALAD achieved higher sensitivity (69%) compared to cross-sectional
single-timepoint measurement (54%).[156] Integration of ultrasound (GALADUS) yielded
sensitivity, specificity, and AUROC of 88%, 94%, and 0.97, respectively, for detection of
early-stage HCC (Barcelona Clinic Liver Cancer [BCLC] stage 0/A).[165]

Hepatocellular Carcinoma Early Detection Screening (HES) algorithm is another integrative
composed of AFP, rate of AFP change within the last year, age, alanine aminotransferase
(ALT), platelets, etiology, and interaction terms (AFP and ALT, and AFP and platelets) for
HCC diagnosis in 6 months.[169. 1701 The HES algorithm has serially validated in multiple
phase 2 studies.[169-173] One of the largest studies in 709 patients reported sensitivity of
51% and specificity of 90% for early-stage HCC.[173] Phase 3 studies reported sensitivity
ranging from 39% to 42% at fixed specificity of 90%.[154. 1561 |ts superiority to the GALAD
score and individual tumor markers is yet to be conclusively determined.[154. 156]

Doylestown algorithm, comprised of age, gender, log AFP, alkaline phosphatase, and ALT,
was developed for HCC detection and validated in serial phase 2 studies.[174 1751 Wwith

the addition of polyethylene glycol-precipitated 1gG and fucosylated kininogen, a newer
version, Doylestown Plus algorithm, was tested in a phase 3 study of 29 HCC patients

and 58 matched cirrhosis controls and showed sensitivity of 80% at specificity of 90% and
AUROC of 0.92 for early-stage (BCLC stage 0/A) HCC.[175.176] | arger phase 2 study is
ongoing to further validate the algorithm (NCT03878550).

Plasma cell-free DNA (cfDNA) and circulating tumor DNA (ctDNA)

cfDNA/ctDNA are fragmented DNA in circulation that are likely released from and/or
associated with HCC cells and therefore may serve as a sensitive measure to detect presence
of malignant cell in and/or outside the liver.[18 1771 cfDNA/ctDNA may reflect various
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types of biological information from the tumor, and may serve as sensitive tools to non-
invasively detect early-stage HCC. Methylated cFDNA/ctDNA is cancer-specific circulating
DNA fragments, and represents one of the most advanced types of HCC early detection
biomarker toward clinical translation.

A 28-gene (covering 77 CpG sites) methylated cfDNA panel combined with AFP, AFP-
L3%, DCP, age, and sex (HelioLiver Test) showed superior sensitivity (76%) for early-stage
HCC (AJCC stage I/11) detection compared to AFP alone (57% at cutoff of 20 ng/mL)

and the GALAD score (65% at cutoff of —0.63) in a phase 2 study.[178] AUROC for
early-stage HCC detection for the HelioLiver Test, AFP, and the GALAD score were

0.92, 0.81, and 0.84, respectively. Another methylated cfDNA markers in three genes
(HOXA1, TSPYL5, and B3GALT6) combined with AFP and sex (multi-target HCC blood
test [mt-HBT] algorithm) showed sensitivity of 82% for early-stage HCC (BCLC stage 0/A)
detection, which was higher than AFP (40%) and GALAD score (71%) in a phase 2 study.
[167, 179, 1801 AUROC for early-stage HCC detection for the mt-HBT algorithm, AFP, and
the GALAD score were 0.92, 0.84, and 0.89 for GALAD, respectively. SEPT9is involved
in the process of liver carcinogenesis, and its methylation level in cfDNA showed a pooled
sensitivity of 80% and specificity of 90% for all-stage HCC detection in a meta-analysis

of six case-control studies conducted in Europe, Asia, and the U.S.[181-186] A 32_gene
5-hydroxymethylcytosine (5hmC) markers in cfDNA selected from genome-wide profiling
showed AUROCs of 0.85 and 0.92 in detecting early-stage (BCLC stage 0/A) HCC in a
phase 2 study Chinese patients with HBV infection or cirrhosis.[187]

HCC-specific somatic DNA mutations in 7P53, CTNNBI1, AXINI1, and TERT promoter,
HBYV integration breakpoint, combined with serum AFP and DCP (HCCscreen)
distinguished 65 HCC patients from 70 HBV-infected patients with AUROC, sensitivity,
and specificity of 0.93, 85%, and 93%, respectively, in a phase 2 study.[188] HCCscreen
was positive in four patients 6-8 months prior to early-stage HCC diagnosis among 331
HBV-infected patients under HCC screening. Despite this encouraging result, the sample
size was small and positive predictive value only 17%, which may cause unnecessary
harms from HCC screening.[189] A new approach utilized HCC-specific length of cfDNA
fragments from shallow-read whole-genome sequencing data as fragmentomics profile to
detect early-stage HCC and intrahepatic cholangiocarcinoma in a phase 1/2 study.[190]
Integration of four genomic features (i.e., 5hmC, motif, fragmentation, and nucleosome
footprint [HIF1]) yielded AUROC of 0.996 for all-stage HCC detection.[191]

Circulating tumor cell (CTC)

CTC has shown promising capability in prognostication of HCC patients.[192] For HCC
screening, sensitivity of CTC count for detecting HCC is low at 60% despite the high
specificity of 95% across different CTC platforms.[193] To address the suboptimal sensitivity
and overcome technical limitations in CTC enumeration, RNA-based CTC detection
methods were proposed and evaluated in phase 2 studies.[194-191 |_everaging a negative
enrichment platform with quantitative real-time PCR, an mRNA panel, including EPCAM,
THY1 (encoding CD90), PROMI (encoding CD133), and KR719, for identifyinga CTC
subpopulation with stem-like cell features in a large multicenter cohort comprising 1,006
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patients.[1%] The CTC detection panel distinguished early-stage (BCLC stage 0/A) HCC
from cirrhosis and HBV-infected patients with AUROC of 0.93 in a phase 2 study.[19]
Of note, the AUROC remained high (0.92) in AFP-negative subgroup. Phase 3 study for
CTC-based test is still lacking.

Circulating noncoding RNA (ncRNA), extracellular vesicle (EV)

Non-coding RNA such as microRNA (miRNA), long non-coding RNA (IncRNA), and
circular RNA (circRNA) are regulatory RNA species involved in a wide variety of
biological processes in HCC.[197] A comprehensive miRNA profiling in serum samples
from 345 HCC, 139 chronic hepatitis or cirrhosis, and 1,033 non-cancer controls derived
an 8-miRNA panel, which demonstrated sensitivity of 98% for detecting early-stage HCC,
outperforming sensitivity of AFP (59%) and DCP (40%), in this phase 1/2 study.[198]

In patients with chronic hepatitis B, a combination of miR-10aand miR-125b,119% and
IncRNA-AF085935200. 201] were suggested as potential HCC detection biomarkers, which
showed AUROC of 0.99 and 0.81-0.86, respectively, for detecting all-stage HCC. A large
multi-center Chinese study proposed a 3-circRNA panel (CircPanel) for screening HBV-
related HCC.[202] CircPanel showed superior performance in detecting small HCC (single
and < 3 cm) in three independent cohorts of HBV-related cirrhosis and chronic hepatitis
patients (AUROC, 0.81 to 0.87) compared to AFP (0.65 to 0.73), which was maintained in
AFP-negative cases.

Extracellular vesicles (EVSs), lipid bilayer-enclosed particles released from tumor and normal
cells, can serve as cargos for various biomolecules, including mRNA, ncRNA, proteins,

and lipids.[293] £ /NC00853 and miR-10b-5p were upregulated in HCC tissues and EVs
with AUROC of 0.96 and 0.94 for single small (< 2 cm) HCC, respectivelyl204. 205] E\/.
derived L/NC00853 was detectable in 97% of AFP-negative HCC patients. Whole RNA
sequencing of EVs identified three small RNA clusters (smRC) specific to HCC, which
showed sensitivity, specificity, and AUROC of 86%. 91%, and 0.87, respectively in 105
early-stage (BCLC stage 0/A) HCC and 85 chronic liver disease patients.[206] Microarray-
based screening identified three InNcRNAs, and their combination with AFP yielded AUROC
of 0.87, although half the HCC cases were advanced metastatic disease.[207] An HCC-
specific 10-EV-mRNA panel was identified by using microfluidics combination with
reverse-transcription droplet digital PCR yielded sensitivity, specificity, and AUROC of
94%, 89%, and 0.93, respectively in 36 early-stage (BCLC stage 0/A) HCC patients

and 26 cirrhosis controls.[208] EV/lipidome biomarkers were identified by using ultra-high-
resolution mass spectrometry to distinguish HCC and cirrhotic patients.[29%] A recent phase
2 study showed that HCC EV ECG score based on EpCAM* CD63*, CD147* CD63™,

and GPC3* CD63* HCC EVs, yielded AUROCS of 0.95 and 0.93 for early-stage HCC
(BCLC stage 0/A) detection in the training and validation cohorts, respectively.[210] Ev-
based biomolecules may have a potential role in HCC early detection, although its clinical
assessment is still in early phase. These promising results warrant subsequent larger phase 2
studies.
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Serum protein biomarkers

Several serum protein biomarkers, e.g., Golgi protein 73, osteopontin, glypican-3, midkine,
and aldo-keto reductase family 1 member 10, have been evaluated as HCC early detection
biomarkers in phase 2 studies and their meta-analysis.[211-220] Their performance is
generally limited at least as single biomarkers, and the previous studies have failed to
demonstrate superiority and/or additive benefit to the current standard-care tumor marker,
AFP. HCC-associated autoantibodies represent an alternative serum protein-based approach
to identify early-stage HCC. In a phase 1/2 comprehensive seromic survey, 7-autoantibody
panel was developed and validated in a large multi-center cohort, showing sensitivity,
specificity, and AUROC of 70%, 91%, and 0.88, respectively, for detection of early-stage
(BCLC stage 0/A) HCC.[221]

Urine-based HCC early detection biomarkers

Urine is another type of biospecimen even more accessible, i.e., less invasively obtainable,
than blood. In a phase 1/2 multi-center study, a urine ctDNA panel of 7253 mutation and
two methylation markers, mRASSF1IA and mGSTPI was tested in 279 chronic hepatitis

B, 144 cirrhosis, and 186 HCC patients.[222] This ctDNA panel alone did not outperform
AFP, showing AUROC of 0.74 and 0.85, respectively. However, when two-step strategy was
applied, i.e., AFP was first applied and then the ctDNA panel was used in patients with
AFP < 20 ng/mL, AUROC was improved to 0.91. Sensitivities of detecting BCLC stage 0
and A HCC tumors with this two-step strategy were 92% and 77%, respectively, at fixed
specificity of 90%. Elevated levels of urine miR-93-5p showed AUROC of 0.90 in detecting
early-stage HBV-related HCC, although it is likely over-estimated performance given that
the controls were heathy subjects.[223] Surface-enhanced Raman spectroscopy (SERS) is a
highly sensitive technique to detect low-abundant biomolecules.[224] SERS combined with
support vector machine algorithm applied to urine samples yielded sensitivity of 80% and
specificity of 76% for detection of all-stage HCC in 55 HCC and 49 cirrhosis controls.[225]
Given the logistical advantage in sample accessibility, urine will remain a promising source
of molecular information for HCC early detection.

Imaging-based HCC early detection tests

MRI with multi-phase gadoxetic acid enhancement is a standard-care test for HCC
diagnostic (not early detection).[®] This full MRI study shows obviously superior sensitivity
(85%) compared to ultrasound (27%) for detection of early-stage HCC, but is too costly and
logistically demanding as a test repeatedly applied at regular interval (i.e., 6 months) for
HCC screening.[228] To leverage the performance of MRI with limited costs and procedural
requirements, abbreviated MRI (AMRI) has been actively explored to develop protocol
tailored as an HCC screening test.[227. 2281 AMRI protocols can be classified into three
types: non-contrast-enhanced, hepatobiliary contrast-enhanced, and dynamic extracellular
contrast-enhanced AMRI.[229] The overall patient-level sensitivity and specificity of AMRI
for HCC detection were 86% and 94%, respectively, in a meta-analysis regardless of the
AMRI type, presence of cirrhosis, and HCC etiology.[227] Of note, sensitivity for BCLC
stage 0 HCC significantly dropped to 69%.[227] In a prospective study directly comparing
non-contrast-enhanced AMRI and ultrasound for HCC detection in 192 patients with chronic
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liver disease, sensitivity of AMRI for detecting six HCC patients was inferior to ultrasound
(83% vs. 100%), although the sample size is too small to make a conclusive statement.[230]
Another prospective study of 382 cirrhosis patients reported that non-contrast-enhanced
AMRI had better patient-level sensitivity and specificity for HCC detection compared to
ultrasound (sensitivities of 79% vs. 28% and specificities of 98% vs. 94% for AMRI vs.
ultrasound, respectively).[231] These inconsistent findings may be attributable to variations
in liver disease severity and/or etiology as well as other clinical confounders that affect
baseline HCC risk. In addition, these studies were conducted in patients mostly affected
with HBV and HCV infection, and the performance in patients with NAFLD and alcohol-
associated liver disease is yet to be determined in ongoing studies.

CT with multi-phase dynamic iodinated contrast enhancement is another standard-care
HCC diagnostic test.[6] Given the radiation exposure, CT is not generally considered as

an HCC screening test that is applied every 6 months. In a single-center RCT in 163
compensated cirrhosis patients, annual triple-phase CT and biannual ultrasound showed
similar sensitivities of 67% and 71%, specificities of 94% and 98%, and early-stage HCC
detection rates of 63% vs. 56%, respectively.[232] To mitigate potential harms from radiation
exposure, a prospective study compared biannual dual-phase low-dose CT (LDCT) and
ultrasound in 137 chronic liver disease patients.[233] In this relatively small study, the
dual-phase LDCT had better sensitivity in detecting all-stage HCC and BCLC-stage 0 HCC
than ultrasound (83% and 29% for all-stage HCC; 82% and 18% for BCLC stage 0 HCC,
respectively), suggesting potential utility of LDCT for HCC screening.

Contrast-enhanced ultrasound (CEUS) using microbubble-based agents enables assessment
of vascularity for focal liver lesions for improved early-stage HCC detection.[234] A
prospective intra-individual comparison was conducted to evaluate added value of CEUS

to conventional B-mode ultrasound for HCC detection in 524 patients with predominantly
HBV-related cirrhosis.[23%] There was no significant improvement in detecting any stage

or early-stage HCC with CEUS, whereas the false referral rate for definite diagnosis was
significantly lower in the CEUS group. On the other hand, a multi-center RCT enrolling
622 HCV- or HBV-infected cirrhosis patients found that CEUS-based screening had a
higher sensitivity for HCC detection than conventional B-mode ultrasound (100% and 65%,
respectively).[238] |n addition, observed HCC size detected by CEUS was significantly
smaller compared to conventional ultrasound in all patients and HCV-infected subgroup (all
patients: 13.0 mm vs. 16.7 mm; HCV subgroup: 12.7 mm vs. 17.6 mm). Further studies will
be needed to determine utility/role of CEUS in HCC in early HCC detection.

FUTURE DIRECTIONS AND CONCLUSIONS

The evolving landscape of HCC etiology, particularly the global rise of NAFLD/MAFLD,
continues to hamper the development of effective HCC screening strategy. HCC risk post
HCV cure remains high for nearly a decade when cirrhosis is present, and therefore requires
HCC screening.[”! Alcohol-associated liver disease stays as a major HCC etiology with
notable inter-individual heterogeneity.[237] With the etiological landscape, precision and
practical feasibility will need to be carefully balanced to ensure clinically acceptable costs
and complexity for actual clinical translation and implementation of the risk-stratified
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HCC screening strategy. Prospective biorepositories and clinical databases representing
global liver disease patient population will enhance and facilitate evaluation of clinical
utility for promising biomarkers across geographic regions under the PRoBE principle.
Innovative clinical trial design will also expedite the sequence of validations and help timely
translation of the biomarkers. Predefined framework will be needed to measure net benefit
of the screening intervention in controlling HCC burden and mortality at population level.
Future research will also explore use of the biomarkers and assay technologies beyond the
scope of HCC screening, including assessment of therapeutic effect, monitoring of residual
disease after treatment, and prediction of recurrence or progression following surgical or
medical therapies. Collectively, these developments are expected to lead to a transformative
improvement of HCC mortality over the next decade.
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HCC hepatocellular carcinoma

HBV hepatitis B virus

HCV hepatitis C virus

NAFLD non-alcoholic fatty liver disease
MAFLD metabolic dysregulation-associated fatty liver disease
AFP alpha-fetoprotein

CT computed tomography

MRI magnetic resonance imaging

SVR sustained virologic response

DCP des-gamma-carboxy prothrombin

PL Sec Prognostic Liver Secretome Signature
NIS Non-invasive score

NIT non-invasive test
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FIB-4 fibrosis-4
SNP single nucleotide polymorphism
AUROC area under receiver operating characteristic
PLS Prognostic Liver Signature
HVPG hepatic venous pressure gradient
GALAD Gender, Age, AFP-L3%, AFP, and DCP
BCLC Barcelona Clinic Liver Cancer
cfDNA cell-free DNA
ctDNA circulating tumor DNA
CTC circulating tumor cell
ncRNA noncoding RNA
AMRI abbreviated MRI
CEUS contrast-enhanced ultrasound
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Figure 1.
Conceptual framework and clinical implementation strategies of biomarker-guided precision

HCC screening. (A) HCC risk stratification and early detection along the natural history of
HCC development and progression. Risk stratification is the first step to identify specific
patient population with elevated HCC risk (left). Subsequently, to the high-risk population,
repeated HCC detection tests are applied at regular interval for diagnosis of early-stage HCC
(middle). Intermediate- to advanced-stage HCC is theoretically outside the concept of HCC
screening for early detection (right). New early detection biomarkers should achieve higher
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sensitivity compared to the current modalities, while maintaining a high specificity, ideally
in less-invasively accessible biospecimens. Anticipated high sensitivity of the early detection
biomarkers may lead to detection of subclinical neoplasia which is not recognizable with
the current diagnostic tools such as contrast-enhanced dynamic MRI (i.e., false negative
biomarker test based on MRI as goldstandard). Specific recall policies need to be developed
according to confirmed association of the detection with subsequent HCC diagnosis. (B)
Global shift of HCC etiology from viral to metabolic liver diseases over the past decade and
accompanying drastic increase of the number needed to screen (NNS) for the current “one-
size-fits-all” HCC screening. (C) Risk stratification by stepwise application of integrative
HCC risk biomarkers to identify high-risk patients to focus the effort and resource of HCC
screening. Tailored HCC detection tests are regularly applied according to predicted HCC
risk by altering intensity of screening. Both HCC risk stratification biomarkers and early
detection biomarkers can be integration of multimodal information, e.g., clinical, molecular
and/or imaging features.
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Figure2.

(A) Phases of cancer screening biomarker development.[4 (B) Levels of evidence (LOE)
for cancer screening biomarkers, defined based on the element category and status

of validation studies are determined according to the study design elements.[35: 238]
Correspondence to the LOE defined in the International Liver Cancer Association (ILCA)
white paper[239] is shown. (C) Categories of recommendation for clinical implementation by
the National Comprehensive Cancer Network (NCCN) according to the levels of scientific
evidence and consensus among the NCCN expert panel. (D) Grades of recommendation for
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clinical implementation by the U.S. Preventive Services Task Force (USPSTF) according to
certainty of net benefit for preventive intervention.
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as measure of biological response

Figure 3.
Potential use of HCC risk biomarkers in chemoprevention clinical trials. (A) Risk

enrichment to select participants to be enrolled in chemoprevention clinical trials. Stepwise
approach can be employed to identify super high-risk subgroup to increase HCC incidence
rate for detection of chemopreventive effect in shorter time period with smaller sample size
compared to conventional all-comer enrollment.[%2] (B) Use of therapeutically modifiable
HCC risk biomarker to monitor effect of experimental intervention on quantitative molecular
HCC risk level. (C) Use of therapeutic modulation of HCC risk biomarker as a surrogate
endpoint to estimate reduction of future HCC incidence.
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A

Phase 2

Phase 3

Etiology

Geographic
region

Stage

Stage

Subgroup

All studies
HBV
HCV

NAFLD
us.
Europe
East Asia
Early-stage*
BCLC 0-A
All studies

Early-stage*

MNo.
HCC/control

2868/5939
325/1061
1222/1749
155/280
636/1241
596/1611
1636/3087
1183/2838
248/1060
91/852
58/849

Figure 4.
Performance of the GALAD score according to clinical subgroups and the phase of cancer

screening biomarker study (meta-analysis). (A) Sensitivity, specificity, AUROC, and log
diagnostic odds ratio (DOR) by clinical subgroups defined by HCC etiology, geographic
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=y

Sensitivity

1

Sensitivity

region, and HCC stage. (B) Summary ROC curves for early-stage HCC in phase 2 (upper
panel) and 3 (lower panel) studies are separately presented. DerSimonian and Laird random-
effect method was used for the meta-analysis, and heterogeneity was assessed by Cochrane’s
Q statistic. See Table 2 and Supplementary table 3 for details of the individual studies used

for the meta-analysis.
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