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Abstract

Prediction of hepatocellular carcinoma (HCC) risk is an urgent unmet need in patients with
non-alcoholic fatty liver disease (NAFLD). In cohorts of 409 patients with NAFLD from multiple
global regions, we defined and validated hepatic-transcriptome and serum-secretome signatures
predictive of long-term HCC risk in patients with NAFLD. A 133-gene signature, Prognostic
Liver Signature [PLS]-NAFLD, predicted incident HCC over up to 15 years of longitudinal
observation. High-risk PLS-NAFLD was associated with IDO1+ dendritic cells and dysfunctional
CD8+ T cells in fibrotic portal tracts along with impaired metabolic regulators such as fibroblast
growth factor (FGF)19, FGF21, and farnesoid X receptor signaling. PLS-NAFLD was validated
in independent cohorts of patients with NAFLD who were HCC-naive (HCC incidence rates at
15 years were 22.7% and 0% in high- and low-risk patients, respectively) or HCC-experienced
(de novo HCC recurrence rates at 5 years were 71.8% and 42.9% in high- and low-risk patients,
respectively). PLS-NAFLD was bioinformatically translated into a 4-protein secretome signature,
PLSec-NAFLD, which was validated in an independent cohort of HCC-naive patients with
NAFLD and cirrhosis (HCC incidence rates at 15 years were 37.6% and 0% in high- and low-
risk patients, respectively). Combination of PLSec-NAFLD with our previously defined etiology-
agnostic PLSec-AFP yielded improved HCC risk stratification. PLS-NAFLD was modified by
bariatric surgery, lipophilic statin, and IDO1 inhibitor, suggesting that the signature can be

used for drug discovery and as a surrogate endpoint in HCC chemoprevention clinical trials.
Collectively, PLS/PLSec-NAFLD may enable NAFLD-specific HCC risk prediction and facilitate
clinical translation of NAFLD-directed HCC chemoprevention.

One Sentence Summary:

Hepatic transcriptome and serum secretome-derived signatures predict long-term HCC risk and
preventive intervention efficacy in patients with NAFLD.

Sci Transl Med. Author manuscript.
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Introduction

Results

Non-alcoholic fatty liver disease (NAFLD), alongside the global obesity epidemic, is rapidly
emerging as a dominant liver disease etiology that leads to progressive liver fibrosis and

its terminal stage, cirrhosis (1). Cirrhosis is a well-established high-risk condition for
developing hepatocellular carcinoma (HCC), the fastest rising cancer-related mortality in
the U.S. (2). Given the survival benefit of diagnosing early-stage HCC, practice guidelines
recommend semi-annual HCC screening in patients with cirrhosis (3). However, in real-
world clinical practice, regular screening is applied in <25% of at-risk patients, resulting

in frequent late-stage diagnoses and poor survival. These gaps in care highlight an issue of
insufficient medical resources to conduct recommended ultrasound-based screening among
the large at-risk population (4). Furthermore, HCC screening in NAFLD is more challenging
compared to other etiologies such as viral hepatitis due to the vast size of the patient
population and associated low HCC incidence rate; the estimated global prevalence of
NAFLD is 25%, whereas annual HCC incidence rate is only 0.1-0.6% in biopsy-proven
NAFLD cirrhosis, which is below the cut-off of 1.5% to justify HCC screening as cost-
effective (5-7). Thus, HCC risk prediction is particularly critical in NAFLD to identify a
subset of patients with elevated likelihood of developing HCC among the larger, mostly
indolent NAFLD population.

To date, several clinical risk scores have been proposed to identify patients with elevated
HCC risk, although refined risk prediction is needed to further reduce the number of
patients with NAFLD who should be closely monitored by HCC screening. We previously
developed biomarkers predictive of long-term HCC risk using liver tissue (Prognostic

Liver Signature [PLS]) (8-11) and serum (Prognostic Liver Secretome signature [PLSec])
(12) in patients with chronic liver disease from viral and metabolic etiologies, including
NAFLD. However, there is still room for improvement, especially in identifying patients
with negligible risk, who may not require HCC screening as well as identify those at highest
risk to whom intensive screening efforts could be targeted (13). To address the challenge,
we identified a NAFLD-specific HCC risk signature as a “plug-in” module to refine the
etiology-agnostic risk prediction by utilizing prospective-specimen-collection, retrospective-
blinded-evaluation (PRoBE) design for biomarker validation (14).

Study design

Study design and patient demographics are summarized in Fig. 1 and Table 1. Because
the HCC incidence rate is low in HCC-naive patients with NAFLD (<1% per year) (6,

7), it is challenging to identify a molecular signature reliably associated with time to
HCC development with sufficient statistical power (Fig. S1A). We previously addressed
the challenge when we developed the etiology-agnostic PLS by defining the biomarker in
patients with a history of prior HCC based on the two following assumptions. First, their
livers are already primed as soil for metachronous and multicentric carcinogenesis with
approximately three-time higher incidence rate compared to HCC-naive patients. Second,
HCC incidences (clinically recognized as HCC recurrences) in these patients are likely

Sci Transl Med. Author manuscript.
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de novo HCC recurrence, that is, metachronous recurrence clonally independent from
previously treated tumor, as shown in our previous loss-of-heterozygosity analysis (15).
Subsequently, PLS was successfully validated in independent cohorts of HCC-naive as
well as HCC-experienced patients with chronic liver disease (9-11). Herein, we followed
the same strategy to identify and validate a NAFLD-specific HCC risk signature (PLS-
NAFLD). We first defined the signature in a cohort of 48 patients with prior history of
HCC (derivation set) for emergence of de novo HCC recurrence (Fig. S1B). The signature
was subsequently validated in independent external cohorts of 106 HCC-naive patients
with NAFLD (tissue validation set 1) and 59 HCC-experienced patients with NAFLD who
previously underwent curative surgical tumor resection (tissue validation set 2). Further, we
translated PLS-NAFLD to a serum-protein panel, PLSec-NAFLD, using our computational
algorithm, TexSEC (12), and externally validated it in an independent cohort of 59 HCC-
naive patients with NAFLD and cirrhosis (serum validation set). Our objectives were to
confirm that NAFLD-specific HCC risk biomarker achieves risk stratification with HR >

2 that would enable cost-effective risk-stratified HCC screening, and to confirm improved
prognostic prediction by our etiology-agnostic HCC risk biomarker, PLS/PLSec. Prognostic
association of the etiology-agnostic PLS in the derivation and tissue validation sets was
limited, supporting exploration of NAFLD-specific biomarker to refine the risk prediction
(Fig. S1C-E).

Derivation of tissue-based NAFLD HCC risk signature, PLS-NAFLD

In the derivation set we defined a 133-gene PLS-NAFLD consisting of 80 high- and 53 low-
risk genes (Fig S2A, Table S1), which classified 19 (40%), 9 (18%), and 20 (42%) patients
into high-, intermediate-, and low-risk groups, respectively. Of note, high- and intermediate-
risk groups showed similar HCC incidence rates (Fig. S2B), suggesting that the main utility
of this signature would be to distinguish patients with low risk of HCC development.
Indeed, annual rate of (assumedly metachronous) HCC recurrence was substantially less
frequent in the low-risk group (7.2%) compared to the rest (60.4%). Therefore, for
subsequent validation, we merged the high- and intermediate-risk groups as high-risk to

be compared with the low-risk group (Fig. 2A, B). PLS-NAFLD was independent of

any clinical, histological, or NAFLD-related genetic features, including fibrosis stage and
single nucleotide polymorphisms (Fig. S2C-E), supporting that PLS-NAFLD provides
complementary prognostic information beyond these clinically available variables. High-
risk PLS-NAFLD showed a robust prognostic association in various multivariable models
adjusted for potential confounding variables (Table S2, 3). None of previously reported gene
expression signatures for NAFLD was predictive of long-term HCC risk (Table S2). There
was no significant prognostic association of PLS-NAFLD in patients affected with other
etiologies such as hepatitis C, hepatitis B, or alcohol-related liver disease (Fig. S2F, G),
supporting NAFLD-specificity of the signature (8, 16, 17).

Molecular dysregulations encoded in PLS-NAFLD in hepatic cells

Molecular pathway analyses revealed that the high-risk pattern of PLS-NAFLD was
associated with T cell-mediated immune reaction, B cell activation, and macrophage
migration, as well as T cell exhaustion (Fig. S2H, Table S4). High-risk PLS-NAFLD
was also associated with previously reported pathways involved in NAFLD-driven disease

Sci Transl Med. Author manuscript.
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progression and hepatocarcinogenesis, including the tumor necrosis factor (TNF) pathway
(18), autophagy and YAP signaling (19), and disrupted circadian rhythm (20). Activation of
STAT3, but not STAT1, was observed in patients with high-risk PLS-NAFLD, consistent
with previous observations (21). In contrast, metabolic pathway regulators involved in
homeostatic maintenance of normal liver function, particularly bile acid metabolism as
indicated by fibroblast growth factor (FGF)19 (18) and FGF21 (22) and nuclear receptor
signaling, for example the farnesoid X receptor (FXR) pathway, were downregulated in
association with high-risk PLS-NAFLD. A transcriptional target gene signature of an

FXR agonist, obeticholic acid (23), was also suppressed, suggesting that patients with
high-risk PLS-NAFLD prediction may be candidates for obeticholic acid treatment. Despite
no prognostic association with histological inflammation grade (Table S2), PLS-NAFLD
encoded diverse inflammatory pathways. This highlights limitation of gross histological
evaluation of inflammation (semi-quantitative scoring of lymphocyte infiltration) and the
importance of characterizing immune cell subsets and their functional status in predicting
long-term HCC risk over up to 11 years.

We next determined cellular sources of the high-risk PLS-NAFLD based on a meta-analysis
of four human hepatic single-cell RNA sequencing (scRNA-seq) datasets (108,855 cells in
total) representing all major cell types anticipated in healthy to NAFLD-affected cirrhotic
livers (Table S5) (24-28). We identified 31 single-cell clusters (SC01 to SC31) based on
similarity of transcriptome pattern (Fig. 2C, Fig. S3A, Table S6). As expected, a uniform
manifold approximation and projection (UMAP) plot showed clustering of the cells by cell
type, not by dataset (Fig. 2C, Fig. S3B). Among the liver cell clusters, we confirmed the
presence of NAFLD-associated cell types such as CXCR6+PD-1+ CD8 T cells (29) and
TLR4+ Kupffer cells (Fig. S3C) (30), some of which were associated with the high-risk
pattern of PLS-NAFLD.

The high-risk PLS-NAFLD score defined by average relative expressions of signature genes
(31) was mainly associated with immune cell clusters, whereas the low-risk score was
mostly associated with the endothelial cell clusters (Fig. 2D). Within the mononuclear
phagocyte (MP) cluster, high- and low-risk scores were enriched in distinct subclusters

(for example, high- and low-risk genes in clusters SC29 and SC10, respectively) (Fig.

2D, Fig. S3D). We found that the high-risk-related SC29 cluster contained XCR1* type

1 conventional DCs implicated in NAFLD progression, but not yet in HCC risk (Fig.

S3E, F) (32). In contrast, the low-risk-related SC10 cluster contained bone-marrow-derived
monocytes (BMDCs), which are located at the bifurcation of differentiation to either
matured macrophages or DCs in hepatic cirrhosis (25). These results suggest that mutually
exclusive presence of these cell types contributes to the generation of an HCC-prone hepatic
microenvironment in NAFLD.

Across all cell type clusters, we found that cells in SC29 almost exclusively expressed /DO,
encoding indoleamine 2,3-dioxygenase 1 (IDO1) (Fig. S3G). IDO1 is a rate-limiting enzyme
that converts L-tryptophan to L-kynurenine, which suppresses anti-tumor immunity via
induction of tolerogenic cDCs and T cell anergy (33). Indeed, enrichment of SC29 signature
significantly correlated with PLS-NAFLD-based risk prediction (rho=0.44; p=0.002) (Fig.

Sci Transl Med. Author manuscript.
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2A), suggesting that IDO1 may be a therapeutic target to modulate high-risk PLS-NAFLD
and reduce HCC incidence in NAFLD.

We next spatially mapped PLS-NAFLD onto histological architecture in human NAFLD-
affected liver (F-stage, 2; NAFLD activity score, 5) using genome-wide spatial
transcriptome profiling (Fig. S4A). First, we determined portal tract, peri-portal, mid-
lobular, and peri-central areas (based on grid-like regions called “spots” in the assay)
according to histologically-determined portal area and central vein and computationally-
defined proximity to these two histological architectures (Fig. 2E, Fig. S4B, C). The spots
with elevated high-risk PLS-NAFLD score were mainly observed in portal tracts, whereas
elevated low-risk scores distributed across the four types of the area/spot (Fig. 2F).

Elevated high-risk score in portal tracts was associated with presence of SC29 (IDO1+
cDCs), SC03 (exhausted CD8+ T cells), SC19 (memory B cells), SC20 (mesenchymal
cells), and SC24 (plasma cells), whereas low-risk score in peri-central and mid-lobular
areas was associated with SC30 (ECs) and SC10 (BMDMs) based on a non-negative matrix
factorization-based cell type deconvolution (Fig. 2G) (34). The five high-risk-PLS-NAFLD-
related cell types as well as their co-localization were most frequently observed in portal
tracts (Fig. S4D, E). Among the five cell types, cell-cell interactions between SC29 (IDO+
cDCs) and SC03 (exhausted CD8+ T cells) stood out (Fig. 2H, Fig. S4F) (35). IDO1+
cDCs and PD-1+ CD8+ T cells were indeed in close proximity in portal tracts with elevated
high-risk PLS-NAFLD scores (Fig. 2I).

Independent validation of PLS-NAFLD in HCC-naive patients with NAFLD

We externally tested PLS-NAFLD in an independent cohort of 106 HCC-naive patients
with NAFLD (tissue validation set 1) (Fig. 3A, Table 1). During a median follow-up

of 8.9 (interquartile range [IQR], 5.1-11.9) years, HCC developed in 6 patients (annual
incidence rate, 0.6%). The signature classified 71 (67%) and 35 (33%) patients into high-
and low-risk groups, respectively (Fig. 3B). There was no association between age and high-
risk PLS-NAFLD (p=0.14). Annual HCC incidence rates were 0.9% and 0% and 15-year
probabilities were 22.7% (95% confidence interval [Cl], 3.6%-38.0%) and 0% (95% Cl,
0%-0%) in the high- and low-risk groups, respectively (Fig. 3C). High-risk PLS-NAFLD
was independently associated with incident HCC (adjusted hazard ratio [aHR] with Firth’s
correction (36), 260.0; 95% confidence interval [C1], 1.02-Inf) (Table S3). Of note, three
HCC cases developed in patients with minimal fibrosis (F-stage, 1), a patient population
typically excluded from the recommended regular HCC screening, who were identified as
high-risk by PLS-NAFLD.

Refined HCC risk prediction by repeated PLS-NAFLD measurement

Clinical biomarkers such as alpha-fetoprotein (AFP) often fluctuate over time, and their
change over time-series measurements better inform prognosis compared to a single cross-
sectional measurement (37). We hypothesized that repeated measurement of PLS-NAFLD
might improve HCC risk prediction, which we tested in tissue validation set 1 using
follow-up liver biopsies. Given that there was no incident HCC in the low-risk group,

we profiled 58 out of 71 high-risk patients who had a second biopsy with a median

Sci Transl Med. Author manuscript.
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interval of 2.3 (IQR, 1.8-3.0) years. We used the combined enrichment score (CES) (11)

to quantify modulated PLS-NAFLD-based prognostic risk between the serial biopsies. There
were 27 (47%) patients with decreased HCC risk, 22 (38%), with stable risk, and 9 (16%)
with worse PLS-NAFLD-based risk of developing HCC (Fig. 3D). All HCCs developed

in patients without improvement in PLS-NAFLD-based risk. Change in PLS-NAFLD risk
was significantly associated with HCC development (aHR with Firth’s correction (36),

15.5; 95% Cl, 1.25-2273) and showed stably high discrimination ability (Fig. 3E, F).
Annual incidence rates were 2.2% and 0% in PLS-NAFLD-non-improved and improved
patients, respectively. The incidence rate among non-improved patients is higher than the
traditionally used cut-off of 1.5% to justify cost-effectiveness of the HCC screening (3).
CES was significantly correlated with change in fibrosis stage (rho=0.41; false discovery
rate [FDR]=0.028) (Fig. 3D). The CES also showed better prognostic capability than change
in fibrosis stage (Fig. 3F, Table S7). Collectively, repeated assessment of PLS-NAFLD
would refine HCC risk estimation in NAFLD.

Independent validation of PLS-NAFLD in clinical NAFLD with history of prior HCC

We further externally validated PLS-NAFLD in 59 HCC-experienced patients with NAFLD
who underwent complete tumor resection with no radiological/pathological residual tumor
(tissue validation set 2). PLS-NAFLD classified 34 (58%) and 25 (42%) patients into

high- and low-risk groups, respectively. The high-risk prediction was associated with HCC
recurrence after curative resection (aHR, 2.38; 95% CI, 1.07-5.25) (Fig. 3G, H, Table S3).
HCC incidence rates were 34.0% and 13.8% at 1 year and 71.8% and 42.9% at 5 years in
high- and low-risk patients, respectively.

Serum protein-based surrogate marker of PLS-NAFLD (PLSec-NAFLD)

Requirement of liver tissue would be a major bottleneck for widespread use of tissue-
based PLS-NAFLD, particularly in HCC-naive patients who do not undergo liver surgery.
To address this limitation, we converted tissue-transcriptome-based PLS-NAFLD into a
blood-based four-protein secretome panel (PLSec-NAFLD) using our previously developed
computational pipeline, TexSEC (www.texsec-app.org) (12) (Fig. S5A). PLSec-NAFLD
consists of 2 high-risk proteins (lymphotactin and progranulin, encoded by XCL 1 and
GRN, respectively) and 2 low-risk proteins (angiopoietin 2 and hepatocyte growth factor
receptor, encoded by ANGPTZand MET, respectively). Lymphotactin is a ligand of
XCR1, suggesting that the panel monitors status of the XCR1* ¢cDCs in the liver (38).
PLSec-NAFLD was implemented in a US Food and Drug Administration (FDA)-approved
multiplex clinical diagnostic platform, xMAP assay (Luminex), and a cut-off of >1 was
defined for prediction of high risk in two independent optimization sets (n=73 and n=72)
covering broad stages of NAFLD (Fig. S5B).

PLSec-NAFLD was subsequently externally validated in an independent cohort of 59 HCC-
naive patients with NAFLD cirrhosis (serum validation set). PLSec-NAFLD identified 42
(71%) high-risk and 17 (29%) low-risk patients (Fig. 4A). Similar to tissue-based PLS-
NAFLD, PLSec-NAFLD-based prediction was independent of known HCC-risk-associated
clinical variables. Annual HCC incidence rates were 2.7% and 0% and 15-year probabilities
were 37.6% and 0% in high- and low-risk patients, respectively (Fig. 4B). High-risk

Sci Transl Med. Author manuscript.
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predictions were significantly associated with HCC development (aHR with Firth’s
correction (36), 32.4; 95% Cl, 1.13-1.96x1010), and PLSec-NALFD was well-calibrated
over time (Fig. 4C, Table S3). Of note, all HCC developed in high-risk patients, supporting
that the biomarker might discriminate low-risk patients who are spared from the regular
HCC screening because of negligible HCC risk.

Last, to test whether the etiology-specific PLSec-NAFLD can serve as a “plug-in” module
to improve prognostic prediction by the etiology-agnostic PLSec-AFP (12), we tested a
combination of these HCC risk predictive signatures as an integrative etiology-specific
method of predicting NAFLD-related HCC risk (etPLSec-NAFLD) in the serum validation
set. First, we confirmed that high-risk PLSec-AFP (n=10, 17%) was associated with HCC
development (Fig. S5C). High-risk predictions with PLSec-AFP and PLSec-NAFLD were
independent, suggesting their complementary prognostic utility (Fig. S5D). Integration of
two signatures into etPLSec-NAFLD substantially improved HCC risk stratification. Annual
HCC incidence rates were 13.3%, 1.2%, and 0% in patients with high-risk prediction by
both (etPLSec-NAFLD high-risk group), either (intermediate-risk group), and neither (low-
risk group) of the signatures, respectively (Fig. 4D). High-risk etPLSec-NAFLD scores were
significantly associated with HCC development (aHR with Firth’s correction (36), 100.7;
95% ClI, 2.95-Inf for high-risk compared to low-risk patients) (Table S3). In addition, this
integration achieved consistently high prognostic performance compared to its individual
components over time (Fig. 4E).

Therapeutic modulation of PLS-NAFLD as surrogate biomarker of future HCC incidence

Various NAFLD therapeutics have been actively explored, targeting specific pathologies
such as steatosis, inflammation, and fibrosis (39). However, it is difficult to estimate the
impact of their short-term therapeutic modulation on long-term prognosis within the typical
timeframe of clinical trial (15, 40). To address this challenge, we evaluated the utility of
PLS-NAFLD as a surrogate biomarker of HCC development. As proof of concept, we
assessed the magnitude of PLS-NAFLD modulation and its association with future HCC risk
in patients with NAFLD in the following three distinct types of therapeutic interventions.

The first example is bariatric surgery, which is associated with reduced HCC incidence in
NAFLD patients (41). We analyzed hepatic transcriptome profiles of paired liver biopsies
obtained before and after therapies in 79 patients with NAFLD (Fig. 5A) (42, 43). Based

on pre-treatment hepatic transcriptomes, 68 (86%) and 11 (14%) patients were classified

to high- and low-risk groups, respectively. Among the high-risk patients, bariatric surgery
showed more frequent significant reduction of PLS-NAFLD-based HCC risk compared to
lifestyle-only intervention (odds ratio [OR], 0.21; 95% CI, 0.06-0.73), which is comparable
with the magnitude of reduction in HCC incidence by bariatric surgery in the previous
epidemiological study (HR, 0.32) (41), whereas no low-risk patients showed improved PLS-
NAFLD status (Fig. 5B). The second example is use of lipophilic statins such as atorvastatin
and simvastatin, which is associated with reduced HCC incidence in NAFLD patient cohorts
(HR 0.36) (44). Prevalence of high-risk PLS-NAFLD in lipophilic statin users was three-fold
lower compared to non-statin users (conditional OR, 0.33; 95% CI, 0.16-0.68) in severely
obese patients, which is again comparable to the magnitude of reduction in HCC incidence

Sci Transl Med. Author manuscript.
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(Fig. 5C, D) (45). The third example is use of an IDOL1 inhibitor, which could potentially
target the IDO1+ cDCs we identified in the single-cell and spatial transcriptome profiling.
In our PLS-inducible cell culture model (cPLS system) (46), we confirmed that high-risk
pattern of PLS-NAFLD induced by free fatty acid treatment was reversed by an IDO1
inhibitor under clinical development for malignancies, epacadostat, in a dose-dependent
manner (Fig. 5E, F).

These examples collectively support the utility of PLS-NAFLD to monitor therapeutic
modulation of HCC risk to gauge anticipated HCC-preventive effect as a surrogate endpoint
in clinical trials of anti-NAFLD therapies. Additionally, presence of high-risk PLS-NAFLD
may justify enrollment to HCC chemoprevention clinical trials because of elevated HCC
risk. PLS-NAFLD might also be used for cell-based high-throughput screening of candidate
chemoprevention agents for NAFLD-related HCC.

DISCUSSION

The global shift of the etiology of liver cirrhosis and HCC from viral hepatitis to NAFLD
highlights an urgent need for developing a risk-stratification markers to allocate limited
medical resources such as regular HCC screening to those who would benefit most.

We previously developed etiology-agnostic biomarkers, tissue-based PLS and serum-based
PLSec-AFP, to identify patients with chronic liver disease at high risk of developing HCC
(8-10, 12). Although these biomarkers showed promising prognostic capability, there was
room to improve the identification of low-risk patients who do not require HCC screening.
Here we found that PLS/PLSec-NAFLD identified low-risk patients with NAFLD who had
negligible HCC risk consistently in derivation and validation sets. This is a substantial

step toward refining HCC screening because over-screening of low-risk patients can cause
unnecessary physical, economical, and psychological harms, and under-screening of high-
risk patients likely results in late HCC diagnosis and misses the chance of curative treatment
(47). Although serum-based PLSec-NAFLD might be preferred for HCC risk stratification
given the invasiveness of liver biopsy, tissue-based PLS-NAFLD could still be useful to
gauge HCC-preventive effect of anti-NAFLD agents in clinical trials, in which liver biopsy
is typically performed, along with other tissue-based endpoints. Furthermore, we show
proof of principle that combining an etiology-specific biomarker with an etiology-agnostic
biomarker can improve prognostication as a “plug-in” module, which can be extended to
HBV-infected, HCV-cured, and patients with alcoholic liver disease. PLS-NAFLD may also
guide application of screening biomarkers such as circulating cell-free methylated DNA
according to predicted HCC risk.

Several hepatic gene expression-based signatures for NAFLD have been proposed (48-50).
However, all of them were derived from cross-sectionally obtained samples; therefore, it
was challenging to know whether these signatures reflect cause or consequence of disease
progression as evidenced by the lack of their prognostic association. PLS-NAFLD is the
first gene expression signature to predict future HCC risk, reflecting status of molecular
drivers of hepatocarcinogenesis in HCC-naive NAFLD livers. Indeed, we found IDO1+
cDCs associated with high-risk signatures, and suggesting they may be possible targets for
HCC chemoprevention in NAFLD.

Sci Transl Med. Author manuscript.
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There is increased interest in HCC chemoprevention using generic agents such as aspirin and
statins as well as other molecular-targeted agents (15). However, it is practically infeasible
to follow patients in a clinical trial until significant reduction of HCC incidence is observed
because of the low incidence rate (<1% per year). Our study showed that PLS-NAFLD

can be modulated in a short time period (in several days to weeks) by potential medical
interventions reducing HCC risk, suggesting that PLS-NAFLD might serve as a surrogate
endpoint to estimate their long-term prognostic benefit in clinical trials. This concept is
already incorporated in our ongoing clinical trials using the etiology-agnostic PLS/PLSec as
companion biomarkers (NCT02273362, NCT04172779).

Although PLS/PLSec-NAFLD showed promising prognostic capability, there are several
limitations. First, the number of events was small in the HCC-naive cohorts (the tissue
validation set 1 and serum validation set) as typically observed in clinical studies, which
may obscure accurate magnitude of risk difference between the high- and low-risk groups.
Nevertheless, the absence of HCC incidence in low-risk patients supports the capability
of PLS/PLSec-NAFLD to identify patients with negligible HCC risk. Second, given the
heterogeneous clinical demographics between the cohorts, PLS/PLSec-NAFLD should be
prospectively validated in future studies to eliminate potential influence of confounding
factors before its clinical translation. Third, association of therapeutic modulation of the
biomarkers and future HCC incidence should be prospectively confirmed. Fourth, although
we employed a selective gene signature development method based on the leave-one-out
procedure, further shaving of the gene list may lower the bar for its clinical application.

In summary, we developed and validated tissue-transcriptome- and serum-secretome-based
signatures, PLS/PLSec-NAFLD, for predicting long-term HCC risk and estimating effects
of therapeutic interventions in patients with NAFLD. These signatures may lead to
improvement of the poor prognosis of NAFLD-related HCC.

Materials and Methods

Study design

We first defined the signature in a cohort of 48 patients with prior history of HCC
(derivation set) for emergence of de novo HCC recurrence (Fig. S1B). The signature was
subsequently validated in independent external cohorts of 106 HCC-naive patients with
NAFLD (tissue validation set 1) and 59 HCC-experienced patients with NAFLD who
previously underwent curative surgical tumor resection (tissue validation set 2). Further, we
translated PLS-NAFLD to a serum-protein panel, PLSec-NAFLD, using our computational
algorithm, TexSEC (12), and externally validated it in an independent cohort of 59 HCC-
naive patients with NAFLD and cirrhosis (serum validation set).

Patient cohorts

Diagnoses of NAFLD and HCC were made based on the clinical practice guidelines

from the American Association for the Study of Liver Diseases (3, 51) for patients in

the PLS/PLSec-NAFLD derivation and validation sets detailed below. Histological grading
and staging of NAFLD were performed in a centralized manner by an experienced liver
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pathologist blinded to clinical information according to the established criteria (52). In
these prospective-retrospective cohorts (53), biospecimens were collected and analyzed by
utilizing the PRoBE design for biomarker validation (14). The study was approved by

the institutional review board at respective institutions with written informed consent or
exemption for use of archived de-identified samples (protocol numbers: STU062018-058,
STU072018-071, 2010P000220/PHS, and HS13-00159)

The PLS-NAFLD derivation set includes 48 patients who underwent curative ultrasound-
guided percutaneous radiofrequency ablation (RFA) for early-stage NAFLD-related HCC
(AJCC T1/2 tumor without extrahepatic lesion) at the University of Tokyo between May
2006 and December 2018 (54). Absence of residual tumor was radiologically confirmed
with contrast-enhanced multiphase CT/MRI. Non-cancerous liver biopsy (16-gauge needle)
tissues were collected at the time of treatment and immediately fixed in formalin. Post
treatment follow-up was performed with multiphase CT/MRI and tumor markers every
3-4 months. Time to HCC development was defined as the interval between RFA and
HCC diagnosis or the last follow-up including death as a censored observation. During

a median follow-up of 1.8 (IQR, 0.8-2.7) years, 28 patients developed HCC recurrence.
The recurrence hazard curve suggested that the observed recurrences were assumed to be
dominantly de novo HCC recurrence (Fig. S1B) (15).

The tissue validation set 1 included 106 non-cirrhotic HCC-naive patients with NAFLD
who underwent diagnostic liver biopsy at Hiroshima University between May 2003 and
February 2015 and regularly followed up using ultrasound every 6 months for a median

of 8.9 (IQR, 5.1-11.9) years, during which 6 patients developed HCC (55). Time to

HCC development was defined as the interval between biopsy and HCC diagnosis or the
last follow-up. The tissue validation set 2 included 59 patients with early-stage NAFLD-
related HCC who underwent curative surgical resection for HCC at Toranomon Hospital

or Kumamoto University between January 2003 and November 2011 (11). Post-treatment
follow-up, diagnosis of HCC, and determination of time to HCC development were similarly
performed as in the derivation set. During a median follow-up of 1.8 (IQR, 0.6-3.5) years,
32 patients developed HCC recurrence. The serum validation set included 59 patients with
NAFLD cirrhosis enrolled at University of Michigan between January 2004 and September
2006, and regularly followed up using ultrasound and AFP every 6 months for a median
follow-up of 5.8 (1.8-10.8) years, during which 7 patients developed HCC. Time to HCC
development was defined as the interval between the dates of blood sampling and HCC
diagnosis or the last follow-up as a censored observation.

Derivation of PLS-NAFLD in hepatic tissue transcriptome profiles

To define a transcriptome signature correlating with time to HCC development, we
employed the leave-one-out procedure as previously described (8). Briefly, in the derivation
set including 48 patients, genes that were less variably expressed across patients were
excluded based on the cut-offs of CV <0.1 and a difference between maximum and
minimum expression <100. This gene filtering did not rely on any prior knowledge related
to the HCC status during follow-up. Subsequently, one patient was excluded, and genes
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associated with time to HCC development were selected in the remaining patients by using
Cox score (56) calculated with the following equation;

d= [ZkK= 1(xk — dk?k)]/[ZkK= 1(dk/'nk)2i e Ry (xi - )’ 2

, where 7is indices of samples, x;is gene expression for sample /, t;is time for sample /,
k €1, ..., Kis indices of unique death times z;, 2, ..., Zx, diis number of deaths at time
Zk, My is number of samples in Ry =7 ;2 24, xi = i =z % and X = ¥ e Ry Xi/my.

Genes with a random permutation test p-value less than 0.05 were selected for the HCC risk
signature in the leave-one-out step. This procedure was repeated for each of the 48 patients,
and 48 HCC risk signatures were derived. Genes consistently selected throughout the 48
HCC risk signatures were regarded as the PLS-NAFLD member genes (80 high-risk and 53
low-risk genes) to be subsequently evaluated for prognostic performance in the independent
validation sets. Cox scores calculated in 48 patients for the final signature genes were used
as a weight vector for prognostic prediction in independent cohorts as described in the
Supplementary Materials and Methods.

Statistical analysis

Categorical and continuous variables were tested by Fisher’s exact test and Wilcoxon
rank-sum test, respectively. Time-to-event analyses were performed using the Kaplan-Meier
method and uni/multivariable Cox regression modeling. Proportional-hazards assumption
was confirmed by using cox.zph function in survival R package (Table S8). The matched
case-control series was analyzed by conditional logistic regression model (Fig. 5D).
Estimated hazard ratios were adjusted by the Firth’s correction using coxphf R package (36)
when no event occurred in a patient group and therefore hazard ratios could not be reliably
calculated. To evaluate the robustness of our signature’s association with prognosis, we
built multiple multivariable models with clinically known confounding variables (Table S3).
Correction for multiple hypothesis testing was applied using FDR as needed. A two-tailed
p-value <0.05 was regarded as statistically significant. All data analyses were performed
using R statistical language otherwise specified (www.r-project.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Study design.
PLS-NAFLD was derived in a cohort of patients with history of prior NAFLD-associated

HCC who underwent curative ablation therapies and validated in HCC-naive and HCC-
experienced patients with NAFLD. PLS-NAFLD was translated to serum protein-based
PLSec-NAFLD and validated in an independent cohort of HCC-naive patients with cirrhosis
from NAFLD.
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Fig. 2. Derivation of PLS-NAFLD.
(A) Expression of PLS-NAFLD genes and clinico-histological and genetic features in

the derivation set. (B) Prognostic association of PLS-NAFLD. (C) Clusters of human
liver-derived single cells from a meta-analysis of four SCRNA-seq datasets representing
healthy to NAFLD-affected livers. (D) Induction of high- and low-risk PLS-NAFLD genes
measured by the average relative expression (“score™) across human hepatic single-cell
clusters. (E) H&E staining (upper panel) and histological architecture determination over
grid-like “spots” for spatial transcriptome profiling (lower panel) of liver tissue from a

Sci Transl Med. Author manuscript.
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patient with NAFLD. (F) Induction of high- and low-risk PLS-NAFLD genes measured by
the “score” across the four histological architectures. (G) Correlation of high- and low-risk
PLS-NAFLD scores with relative abundance of the hepatic single cell clusters across the
four histological architectures. (H) Number of inferred cell-cell interactions between the five
hepatic single cell clusters co-presenting in the portal tracts and contributing to the high-risk
PLS-NAFLD induction. (I) Representative portal tract (outlined by dotted line) with the
high-risk PLS-NAFLD induction determined by the spatial transcriptome profiling (right
upper panel), where IDO1+ c¢DCs (left lower panel) and PD-1+ CD8+ T cells (right lower
panel) were co-localized in close proximity.
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Fig. 3. Independent validation of PLS-NAFLD in HCC-naive and HCC-experienced patients
with NAFLD.

(A) Overview of tissue sampling and clinical follow-up in the tissue validation set 1. (B)
Expression of PLS-NAFLD genes and clinico-histological and genetic features in tissue
validation set 1. (C) Prognostic association of PLS-NAFLD with incident HCC in tissue
validation set 1. (D) Longitudinal changes in PLS-NAFLD-based HCC risk measured by
combined enrichment score (CES) and clinico-histological features and laboratory tests
between the serial biopsies. (E) Prognostic association of improved PLS-NAFLD. (F) Time-
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dependent AUROC of improved PLS-NAFLD and regressed fibrosis (decreased F-stage).
(G) Expression of PLS-NAFLD genes with clinico-histological and genetic features in tissue
validation set 2. (H) Prognostic association of PLS-NAFLD in tissue validation set 2.
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Fig. 4. Independent validation of serum-based PLSec-NAFLD in HCC-naive patients with
NAFLD cirrhosis.

(A-B) PLSec-NAFLD protein abundance (A) and prognostic association of high-risk PLSec-
NAFLD (B) in the serum validation set. (C) Calibration plot of PLSec-NAFLD at 5, 10,

and 15 years after blood collection for PLSec-NAFLD assessment. The diagonal dotted

line indicates ideal calibration. (D) Prognostic association of etPLSec-NAFLD. (E) Time-
dependent AUROC of etiology-agnostic PLSec-AFP, etiology-specific PLSec-NAFLD, and
their combination named etPLSec-NAFLD.

Sci Transl Med. Author manuscript.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fujiwara et al.

Page 25

Fig. 5. Therapeutic modulation of PLS-NAFLD.
(A) Study design to assess PLS-NAFLD modulation by bariatric surgery in patients with

NAFLD under lifestyle intervention. (B) Proportion of patients with significantly improved
PLS-NAFLD with bariatric surgery in patients with NAFLD under lifestyle intervention. (C)
Study design to assess association of PLS-NAFLD status with statin use in patients who
underwent bariatric surgery. (D) Association of PLS-NAFLD-based HCC risk prediction
with lipophilic or hydrophilic statin use. (E) Experimental design to assess the effect of

an IDO1 inhibitor, epacadostat, in a PLS-inducible cell culture model (cPLS system). (F)

Sci Transl Med. Author manuscript.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fujiwara et al.

Induction of high-risk pattern of PLS-NAFLD by free fatty acid and its reversal with
epacadostat in the cPLS system.
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PLS-NAFLD PLSec-NAFLD
Variables Derivation set Tissue validation Tissue validation Serum validation
(n=48) set 1 (n=106) set 2 (n=59) set (n=59)

HCC-experienced HCC-naive HCC-experienced HCC-naive
Age (y) 73 (67-75) 53 (42-62) 72 (65-77) 55 (50-62)
Male sex 16 (33%) 64 (60%) 44 (75%) 23 (39%)
BMI (kg/m?) 27.0 (25.4-29.2) 26.5 (24.7-29.7) 23.4 (22.0-24.9) 33.7 (28.6-38.1)
Obesity 37 (79%) 77 (73%) 10 (24%) 29 (49%)
Diabetes 31 (65%) 59 (57%) 18 (43%) 42 (71%)
AST (IU/L) 44 (36-60) 39 (29-64) 24 (19-32) 50 (36-72)
ALT (IU/L) 36 (22-47) 73 (50-105) 22 (16-36) 41 (33-67)
Albumin (g/dL) 3.7 (3.4-4.1) 4.6 (4.3-4.8) 3.9 (3.7-4.2) 3.4 (3.1-3.7)
Total bilirubin (mg/dL) 0.9 (0.7-1.2) 0.8 (0.6-1.0) 0.7 (0.5-0.9) 1.2 (0.8-1.8)
Platelet count (x103/uL) 123 (75-165) 221 (192-261) 175 (122-254) 97 (73-137)
Child-Pugh class A 40 (83%) 106 (100%) 58 (98%) 23 (39%)
Fibrosis stage (0-2/3-4) (10!%;19%%) (75%/00552%) (59%/505‘11%) :
NAFLD activity score 3.0 (2.0-4.3) 4.0 (3.0-5.0) 1.0 (0-2.0) -

NAFLD fibrosis score

3.79 (3.04-4.38)

0.78 (-0.27-1.87)

2.30 (0.93-3.03)

1.65 (0.56-3.09)

FIB-4 index

4.56 (2.80-8.03)

1.05 (0.74-1.69)

2.01 (1.36-2.95)

4.87 (3.34-7.24)

AJCC stage |

33 (69%)

47 (80%)

Single nucleotide polymorphism

(SNP) ™

PNPLA3rs738409 (CC/CG/GG)

2119127 (4%/40%/56%)

16/48/42 (15%/45%/40%)

8/32/19 (14%/54%/32%)

TM6SF2rs58542926 (CC/CT/TT)

41/6/1 (85%/13%/2%)

83/21/2 (78%/20%/2%)

53/6/0 (90%/10%/0%)

MBOAT7rs641738 (CC/CT/TT)

48/0/0 (100%/0%/0%)

106/0/0 (100%/0%/0%)

58/1/0 (98%/2%/0%)

GCKRs1260326 (TT/TCI/CC)

41/6/1 (85%/13%/2%)

80/18/8 (76%/17%/8%)

53/3/3 (90%/5%/5%)

HSD17B13rs72613567 (TT/TTA/

TATA)

38/5/5 (79%/10%/10%)

61/24/21 (58%/23%/20%)

471418 (80%/7%/14%)

MTARCI 152642438 (GG/GA/AA)

411314 (85%/6%/8%)

45/14/47 (43%/13%/44%)

45/0/14 (76%/0%/24%)

Genetic Risk Score”

3(3-4)

3(2-4)

3(2.5-4)

Categorical variables are shown as 77 (%). Continuous variables are shown as median (IQR).

*
Most right shows risk genotype for PNPLA3, TM6SF2, MBOAT7, and GCKR and protective genotype for HSD17B813and MTARCI.

7‘A combined score of PNPLAS3, TM6SF2, and HSD17B13 (57).

PLS, Prognostic Liver Signature; NAFLD, non-alcoholic fatty liver disease; PLSec, Prognostic Liver Secretome Signature; BMI, body mass index;
AST, aspartate transaminase; ALT, alanine transaminase; AJCC, American Joint Committee of Cancer; IQR, interquartile range.
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