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AFP-L3 and DCP strongly predict early hepatocellular
carcinoma recurrence after liver transplantation
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Background & Aims: Alpha-fetoprotein (AFP) predicts hepatocellular carcinoma (HCC) recurrence after liver transplant (LT) but
remains an imperfect biomarker. The role of DCP (des-gamma-carboxyprothrombin) and AFP-L3 (AFP bound to Lens culinaris
agglutinin) in predicting HCC recurrence remains incompletely characterized. AFP-L3 and DCP could identify patients at high risk
of post-transplant HCC recurrence and serve as liver transplant exclusion criteria to defer transplant until patients receive
additional risk-reducing pre-transplant locoregional therapy.

Methods: This prospective cohort study included consecutive patients with HCC who underwent LT (within or down-staged to
Milan criteria) between 2017 and 2022. Pre-transplant AFP, AFP-L3, and DCP measurements were obtained. The primary
endpoint was the ability of biomarkers to predict HCC recurrence-free survival.

Results: This cohort included 285 patients with a median age of 67 (IQR 63-71). At LT, median biomarker values were AFP 5.0 ng/
ml (IQR 3.0-12.1), AFP-L3 6.7% (0.5-13.2), and DCP 1.0 ng/ml (0.3-2.8). Most (94.7%) patients received pre-LT locoregional
therapy. After a median post-LT follow-up of 3.1 years, HCC recurrence was observed in 18 (6.3%) patients. AFP-L3 and DCP
outperformed AFP with C-statistics of 0.81 and 0.86 respectively, compared with 0.74 for AFP. A dual-biomarker combination of
AFP-L3 >15% and DCP 27.5 predicted 61.1% of HCC recurrences, whereas HCC only recurred in 7 of 265 (2.6%) patients not
meeting this threshold. The Kaplan-Meier recurrence-free survival rate at 3 years post-LT was 43.7% for patients with dual-
positive biomarkers compared to 97.0% for all others (p <0.001).

Conclusions: Dual-positivity for AFP-L3 215% and DCP 27.5 strongly predicted post-LT HCC recurrence. This model could refine

LT selection criteria and identify high-risk patients who require additional locoregional therapy prior to LT.

© 2023 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

Introduction

Hepatocellular carcinoma (HCC) is a highly fatal tumor that was
the sixth most diagnosed cancer and the third leading cause of
cancer-related death worldwide in 2020." In the US, ~30% of
all liver transplants (LT) are performed for HCC.? Historically,
transplant criteria were solely based on tumor size and number
using the Milan criteria which improved survival by reducing
HCC recurrence risk.> More recently, using biomarkers to
predict tumor biology has become important in determining LT
eligibility for more nuanced allocation of donor livers. Alpha-
fetoprotein (AFP) is the most robustly studied tumor marker
for liver transplant in HCC and has been shown to predict
waitlist dropout, presence of microvascular invasion, and
worse tumor differentiation.*™® In the US, patients with an AFP
21,000 ng/ml are not eligible for model for end-stage liver
disease (MELD) score exception points until their AFP falls
below 500 ng/ml with locoregional therapy (LRT) due to the
high-risk of recurrence.”® Reducing AFP levels to <100 ng/ml
further improves post-LT survival.’
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Despite its utility, AFP is an imperfect tumor marker. Most
patients with HCC being evaluated for LT have a normal AFP
and patients with normal AFP levels still experience post-LT
HCC recurrence or waitlist dropout.**'° Despite the exclu-
sion of patients with an AFP >1,000 ng/ml, 10-15% of patients
still experience post-LT HCC recurrence, highlighting the need
for additional prognostic markers to predict unfavorable tumor
biology.?'" Studies have shown improved HCC detection and
surveillance using the tumor markers AFP-L3 (fraction of AFP
bound to Lens culinaris agglutinin) and DCP/PIVKA-II (des-
gamma-carboxyprothrombin, also known as protein induced
by vitamin K absence or antagonist II)."> DCP is a form of
prothrombin lacking carboxylation due to some HCC cells not
expressing the vitamin K dependent carboxylase enzyme.'®
Similarly, HCC cells supplied by arterial blood differentially
express uridine diphosphate alpha (1,6)-fucosyltransferase
that attaches fructose residues to AFP, resulting in differential
binding to the reagent Lens culinaris agglutinin, termed
AFP-L3.™
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AFP-L3 and DCP predict post-LT HCC recurrence

While AFP-L3 and DCP have been shown to be useful in
HCC diagnosis, the utility of these markers in predicting HCC
tumor biology and LT outcomes has not been well established.
We previously reported that AFP-L3 levels 215% or DCP levels
>7.5 ng/ml at the time of LT (n = 153) were associated with a 5-
and 9-fold greater risk, respectively, of one or more high-risk
histopathologic explant features such as microvascular inva-
sion, poorly differentiated tumor grade, and tumor burden
beyond Milan LT eligibility criteria.’® We also recently showed
AFP-L3 >35% and DCP >7.5 ng/ml were more strongly asso-
ciated with increased waitlist dropout than AFP.'® The goal of
this study is to prospectively evaluate the utility of the bio-
markers AFP, AFP-L3, and DCP in prognosticating post-LT
outcomes for HCC with a primary outcome of HCC
recurrence-free survival (RFS), and a secondary outcome of
high-risk explant pathology in a single-center US cohort.

Patients and methods

Study population

Biomarkers were measured within 90 days of LT in consecutive
patients with HCC from July 2017 to August 2022. The study
received expedited approval by our center’s Institutional Re-
view Board with minimal study risk assignment. Inclusion
criteria included diagnosis of HCC based on CT or MRI meeting
LI-RADS (Liver Imaging Reporting and Data System) 5 criteria
or needle biopsy confirming a histologic diagnosis of HCC if
imaging diagnosis was equivocal.'” Patients met either Milan
LT criteria or down-staging criteria at the time of listing for LT.®
United Network for Organ Sharing (UNOS) national down-
staging criteria include: one lesion >5 cm and <8 cm, two or
three lesions each <5 cm with total tumor diameter <8 cm, four
or five lesions none >3 cm with total tumor diameter <8 cm, and
no vascular invasion on imaging or metastatic disease. Patients
without vascular invasion or extrahepatic disease but
exceeding UNOS down-staging criteria based on tumor num-
ber, tumor size, or total tumor diameter (“all-comers”) were
considered for LT at our center on a case-by-case basis. AFP
21,000 ng/ml was an exclusion criterion for LT unless the level
decreased to <500 ng/ml with LRT. Of the 345 patients trans-
planted at University of California, San Francisco for HCC since
July 2017, 21 patients were excluded due to missing bio-
markers and 22 patients were excluded due to the presence of
mixed HCC-cholangiocarcinoma on pathology. Additionally,
warfarin is known to cause artificial elevations of DCP. There-
fore, 17 patients taking warfarin at the time of LT biomarker
measurements were excluded from the analysis.

Tumor characteristics and recurrence

Explant histopathologic features included maximal tumor
diameter, number of tumor nodules, histologic grade of differ-
entiation based on the Edmondson and Steiner criteria and the
presence or absence of vascular invasion, based on stan-
dardized reporting during the entire study period. High risk
pathology was defined as the presence of microvascular in-
vasion, beyond Milan Criteria on explant, or poor tumor differ-
entiation on explant. Only viable tumors in the explant
specimen were considered during tumor staging. Information
was obtained from explant histology for each patient to
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calculate the RETREAT (Risk Estimation of Tumor Recurrence
After Transplant) score, a validated HCC recurrence prediction
model.’® HCC recurrence was determined from query of the
Electronic Health Record by radiographic (LI-RADS) or bi-
opsy results.

Statistical analysis and biomarker thresholds

Data were analyzed using Stata version 17 (StataCorp, College
Station, TX). The primary outcome was the ability for an indi-
vidual biomarker or biomarker combination to predict HCC
RFS. Secondary outcomes were the ability of biomarker
models to predict explant tumor characteristics and the ability
of explant characteristics to predict HCC recurrence. Single
biomarker cut-offs for AFP (2100 ng/ml), AFP-L3 (>15%, 225%)
and DCP (27.5 ng/ml, 215 ng/ml) were used. Biomarker com-
binations investigated included dual-positivity for AFP-L3
215% and DCP 27.5 ng/ml and dual-positivity for AFP-L3
>25% and DCP 215 ng/ml.

Due to the varying post-LT follow-up times in the cohort, a
standardized timepoint of 3 years was selected to analyze
descriptive statistics, given a median follow-up time of 3.1
years. This method reduced bias by excluding patients with
short follow-up times and no recurrence. Two-sample exact
Wilcoxon rank-sum (Mann-Whitney) and Chi-squared analyses
were employed to evaluate the association biomarker thresh-
olds with explant pathology and the RETREAT score. Univariate
Cox-proportional hazards analysis, the Kaplan-Meier method,
and the log-rank test were used to evaluate associations be-
tween explant characteristics and RFS, along with the ability of
individual and combined biomarkers to predict RFS. Area under
the receiver-operating characteristic curves and time-
dependent mean Harrell’s C-statistic from 100 bootstrap rep-
lications quantified individual continuous biomarkers’ ability to
predict HCC recurrence. Multivariate Cox-proportional hazards
analysis was performed with a dual positive biomarker
threshold of AFP-L3 >15% and DCP 27.5 ng/ml and initial Milan
classification at diagnosis.

Results

Patient characteristics

The baseline demographic and clinical characteristics of the
285 patients comprising the cohort are summarized in Table 1.
The median age of these patients was 67.0 years (IQR 63.0-
71.0), 214 (75.1%) were men, and 60 (21.1%) were Asian/Pa-
cific Islander. Hepatitis B and C were the most common etiol-
ogies of liver disease (64.6%), followed by non-alcoholic
steatohepatitis (15.4%) and alcohol use (12.3%). In this cohort,
239 (83.9%) patients were within Milan criteria at diagnosis, 32
(11.2%) were within UNOS down-staging criteria, and 14
(4.9%) were within “all-comers” criteria. At time of listing, the
median MELD was 11.0 (IQR 8.0-13.0). Most (94.7%) patients
underwent LRT with transarterial chemoembolization (TACE)
(66.3%) as the most common modality. The median overall
biomarker values at LT were AFP 5.0 ng/ml (IQR 3.0-12.1), AFP-
L3 6.7% (0.5-13.2), and DCP 1.0 ng/ml (IQR 0.3-2.8; Table 1).
Median waitlist time until LT was 1.0 year (IQR 0.6-1.4).
Explant tumor size and number of HCC lesions are sum-
marized in Table 2. On explant pathology, 13 (4.6%) patients
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Table 1. Baseline and waitlist characteristics of study population.

Patients (N = 285)

Median age at listing (years, IQR) 67.0 (63.0-71.0)

Sex (n, %)

Men 214 (75.1)

Women 71 (24.9)
Race (n, %)

White 127 (44.6)

Hispanic 67 (23.5)

Asian/Pacific Islander 60 (21.1)

African American 13 (4.6)

Other 18 (6.3)
Etiology of liver disease (n, %)

Hepatitis B or C 184 (64.6)

NASH 44 (15.4)

Alcohol Use 35 (12.3)

Other 22 (7.7)
Tumor stage at diagnosis (n, %)

Milan criteria 239 (83.9)

UNOS downstaging 32 (11.2)

All-comers 14 (4.9)
Median number of HCC viable lesions on explant (n, IQR) 1.0 (0-2.0)
Median size of largest tumor on explant (cm, IQR) 1.0 (0-1.8)
Median total viable tumor on explant (cm, IQR) 1.2 (0-3.0)
Locoregional therapy

Ever received (n, %) 270 (94.7)

Median number of treatments (n, IQR) 2 (1-3)
Types of locoregional therapy (n, %)

TACE 189 (66.3)

RFA 100 (35.1)

Y90 73 (25.6)
Median MELD at listing (n, IQR) 11.0 (8.0-13.0)
Median MELD at transplant (n, IQR) 17.0 (13.0-21.0)
Median waitlist time to LT (years, IQR) 1.0 (0.6-1.4)
Median AFP at LT (ng/ml, IQR) 5.0 (3.0-12.1)
AFP 2100 ng/ml at LT (n, %) 12 4.2)
Median AFP-L3 at LT (%, IQR) 6.7 (0.5-13.2)
AFP-L3 215% at LT (n, %) 57 (20.0)
Median DCP at LT (ng/ml, IQR) 1.0 (0.3-2.8)
DCP 27.5 ng/ml at LT (n, %) 40 (14.0)

AFP, alpha-fetoprotein; AFP-L3, AFP bound to Lens culinaris agglutinin; DCP, des-
gamma-carboxyprothrombin; HCC, hepatocellular carcinoma; LT, liver transplant;
MELD, model for end-stage liver disease; NASH, non-alcoholic steatohepatitis; RFA,
radiofrequency ablation; TACE, transarterial chemoembolization; UNOS, United
Network for Organ Sharing.

had vascular invasion, 47 (16.5%) patients had high-risk pa-
thology, and 40 (14.0%) had tumor size and number beyond
stage T2/Milan criteria (under-staged; Table 2). The median
RETREAT score was 1.0 (IQR 0-2.0).

Performance of single biomarkers at predicting
HCC recurrence

The median post-LT follow-up was 3.1 years (IQR 1.6-4.3).
Early HCC recurrence was observed in 6.3% (n = 18) of pa-
tients with a median time to recurrence of 1.0 years (IQR 0.6-
1.4) after LT. Of the 21 (7.4%) deaths recorded, 10 (48%)
were attributed to HCC recurrence. The overall RFS rates for
the entire cohort were 96.7% (95% CIl 94.0-98.3) at 1 year,
94.1% (95% CIl 90.4-96.4) at 2 years, and 93.0% (95% CI
88.8-95.6) at 3 years. Median biomarker values stratified by
recurrence vs. no-recurrence at 3 years post-LT were 29 ng/
ml (IQR 9-85) and 5.0 ng/ml (IQR 3.0-14.0) for AFP, 30.7%
(IQR 12.5-65.7) and 6.7% (IQR 0.5-12.9) for AFP-L3, and
26.2 ng/ml (IQR 9.5-46.0) and 1.0 ng/ml (IQR 0.4-2.4)
for DCP.
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Overall area under the receiver-operating characteristic
curve analysis of continuous biomarkers predicting HCC
recurrence is shown in Fig. 1A. The overall bootstrapped time-
dependent C-statistics were AFP at 0.74 (95% CI 0.58-0.89),
AFP-L3 at 0.81 (95% CI 0.69-0.93), and DCP at 0.86 (95% CI

0.77-0.96). Sensitivity and specificity of dichotomized
biomarker measures for HCC recurrence are shown
in Table S1.

Biomarker cut-offs were likewise evaluated at 3 years post-
LT, at which time, AFP 2100 ng/ml was a poor predictor of
HCC recurrence in our cohort as only two of nine patients who
met this cut-off developed recurrence (Table S1). For
this reason, AFP was not included in multi-biomarker models.
The prognostic ability of low and high AFP-L3 (215% vs.
225%) and DCP (7.5 ng/ml vs. 15 ng/ml) thresholds were
compared at 3 years post-LT. The higher thresholds increased
specificity by excluding 14 false positives for AFP-L3 and six
for DCP.

Univariate predictors of early HCC recurrence

Of the biomarker thresholds evaluated, only AFP >100 ng/ml at
LT was not significantly associated with worse overall RFS (p =
0.17 Fig. 2A, Table S2). At 3 years post-LT, the RFS was 93.3%
(95% CI 89.2-96.0) for AFP <100 ng/ml and 83.3% (95% CI
48.2-95.6) for AFP 2100 ng/ml. AFP-L3 >15% was associated
with worse overall RFS (p <0.001; Fig. 2B, Table S2). The 3-year
RFS was 76.4% (95% CI 61.9-86.0) if positive for AFP-L3
215% and 97.4% (95% CI 93.9-98.9) if negative. DCP had
the largest hazard ratio (HR) for risk of RFS among single bio-
markers (DCP >7.5 vs. <7.5 ng/ml; HR 24.2, 95% CI 8.0-73.7, p
<0.001; Fig. 2C; Table S2). DCP 27.5 ng/ml had a 3-year RFS of
62.8% (95% Cl 44.2-76.7) if positive vs. 98.2% (95% CI 95.3-
99.3) if negative.

Baseline characteristics including age, waitlist time, and
MELD at listing were not significantly associated with HCC
recurrence. Total number of LRT treatments (HR 1.5; 95% CiI
1.2-1.8; p <0.001) and total number of TACE treatments
(HR 1.6; 95% CIl 1.24-1.94; p <0.001) were significantly
associated with HCC recurrence. Zero of 71 female
patients experienced early HCC recurrence, while 18 of 214
male patients recurred (estimated HR = 1); the effect was
statistically significant by the likelihood ratio chi-squared
test from the Cox model (p = 0.002). All explant tumor
characteristics were significantly associated with worse
RFS (Table 2).

Dual-biomarker models improve prediction of early
HCC recurrence

At 3 years post-LT the dual positive AFP-L3 215 % and DCP
>7.5 ng/ml model reduced the percentage of patients who
tested positive but did not recur to 3.4% from 16.5% and
10.1% with the AFP-L3 or DCP single biomarker thresholds,
respectively. A more stringent dual positive biomarker
combination of AFP-L3 225% and DCP 215 ng/ml further
reduced the false positive rate to 0.4%. AFP-L3 and DCP
levels at LT were stratified by HCC recurrence and plotted to
visualize the distribution of individual patient biomarker
values with respect to the two dual-positive biomarker
models (Fig. 1B).
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AFP-L3 and DCP predict post-LT HCC recurrence

Table 2. Explant characteristics on pathology by dual positivity for AFP-L3 215% and DCP 27.5 ng/ml.

Overall Negative for AFP-L3 215% and p value

(N = 285) dual biomarker DCP 27.5 ng/ml

elevation (n = 265) (n =20)
Median largest viable tumor on explant (cm, IQR) 1.0 (0-1.8) 0.8 (0-1.7) 2.0 (1.6-2.9) <0.001"
Median total viable tumor diameter on explant (cm, IQR) 1.2 (0-3.0) 1.0 (0-2.7) 4.9 (3.1-8.2) <0.001°
Median number of viable HCC lesions on explant (n, IQR) 1.0 (0-2) 1.0 (0-2) 4.0 (2.5-5) <0.0017
Vascular invasion (n, %) 13 (4.6) 5(1.9) 8 (40.0) <0.001*
High risk pathology on explant (n, %) 47 (16.5) 30 (11.3) 17 (85.0) <0.001*
Explant outside Milan (n, %) 40 (14.0) 28 (10.6) 12 (60 0) <0.001*
RETREAT score (score, IQR) 1(0- 2) 1(0-2) 3 (2-4) <0.001°
Recurrence-free survival (HR, 95% CI) Reference 26.6 (10.3-68.9) <0.001%
Overall survival (HR, 95% ClI) — Reference 8.2 (3.4-19.6) <0.001*

AFP-L3, AFP bound to Lens culinaris agglutinin; DCP, des-gamma-carboxyprothrombin; HCC, hepatocellular carcinoma; HR, hazard ratio; RETREAT, risk estimation of tumor
recurrence after transplant.

*Chi squared test.

¥Two-sample exact Wilcoxon rank-sum (Mann-Whitney) test.

ACox proportional hazards test.
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Fig. 1. Relationships of AFP-L3 and DCP with HCC recurrence. (A) Area under the receiver-operating characteristics curves for continuous AFP, AFP-L3, and DCP
relationship with recurrence (n = 285). (B) Relationship between AFP-L3 and DCP values stratified by HCC recurrence. Low (AFP-L3 215% and DCP >7.5 ng/ml) cut-off
represented by short-dashed line. High (AFP-L3 >25% and DCP 215 ng/ml) dual biomarker positive model represented by the dash-dot line. AFP, alpha-fetoprotein;
AFP-L3, AFP bound to Lens culinaris agglutinin; DCP, des-gamma-carboxyprothrombin.
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Fig. 2. Kaplan-Meier survival estimates of single biomarker thresholds. (A) AFP 2100 ng/ml (B) AFP-L3 215% (C) DCP 7.5 ng/ml. AFP, alpha-fetoprotein; AFP-L3,
AFP bound to Lens culinaris agglutinin; DCP, des-gamma-carboxyprothrombin.
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alpha-fetoprotein; AFP-L3, AFP bound to Lens culinaris agglutinin; DCP, des-gamma-carboxyprothrombin.

Dual positivity for AFP-L3 and DCP predicts

explant pathology

Both dual positive models strongly predicted high-risk explant
pathology at transplant (Table 2, Table S3). On Cox-
proportional analysis both dual positive models were also
associated with increased HCC recurrence, and worse all-
cause mortality (o <0.001) with higher HRs observed with
AFP-L3 225% and DCP 215 ng/ml.

Dual positivity for AFP-L3 215% and DCP 27.5 ng/ml
strongly predicts RFS

The dual positive combination of AFP-L3 >15% and DCP 27.5
demonstrated superior ability to predict RFS (p <0.001, Fig. 3A).
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The 3-year RFS was 43.7% (95% CI 20.3-65.2) if dual-positive
vs. 97.0% (93.8-98.6) if negative for dual-biomarker elevation.
Regarding the AFP-L3 >25% and DCP 215% model, the 3-year
RFS was 11.1% (1.0-38.8) if positive for dual-elevation vs.
96.2% (92.9-98.0) if negative (p <0.001 for overall RFS, Fig. 3B).

Stratification by initial milan classification

Of the 20 patients who pet the dual-biomarker combination of
AFP-L3 215% and DCP >7.5, 18 were within Milan criteria of
whom 11 recurred and two were UNOS-downstaged, though
neither experienced HCC recurrence. None of the 14 “all-
comers” patients met the dual-biomarker positive threshold
(Table S4). In a subgroup analysis (n = 271) excluding UNOS
“all-comers”, we observed a 3-year RFS rate of 98.2% in
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patients not meeting the dual AFP-L3 and DCP biomarker
positive threshold compared to 43.7% in those who did have
dual biomarker positivity.

In an exploratory multivariate analysis including the dual
biomarker model and initial Milan category at diagnosis, the
dual-positive biomarker model was independently associated
with worse RFS (HR 44.3; 95% CI 14.0-139.5; p <0.001). UNOS
downstaging was not an independent predictor of worse RFS
(HR 0.55; 95% CI 0.07-4.2; p = 0.567) though the ‘all-comers’
group was an independent predictor of worse RFS (HR 14.4;
95% CIl 3.2-64.4; p <0.001) when compared to a reference
group of within Milan (Table S5).

Discussion

Herein, we report the results of the first prospective analysis
demonstrating AFP-L3 and DCP strongly predict early HCC
recurrence after LT. This study aimed to investigate AFP-L3
and DCP thresholds that could supplement the role of AFP
>1,000 ng/ml as a LT exclusion criterion and identify patients
who would benefit from additional LRT prior to LT. We found
that AFP-L3 and DCP were more powerful at predicting early
HCC recurrence than AFP with Harrell’s C-statistics of 0.81 and
0.86, respectively, compared to 0.74 for AFP.

An optimal biomarker threshold to serve as an exclusion
criterion for LT should identify patients with an unacceptably
high risk of early post-transplant HCC recurrence while mini-
mizing the number of patients that test positive but do not
experience early HCC recurrence. Presumably, most patients
at a high risk of recurrence can receive additional LRT to reduce
their tumor burden prior to LT. This strategy judiciously allo-
cates organs by limiting HCC recurrence and allowing patients
to receive maximal benefit from a LT. We therefore opted for a
dual-positive biomarker combination as single biomarker
models resulted in up to 17% of patients without early HCC
recurrence testing positive for AFP-L3 or DCP.

We identified a dual-positive AFP-L3 >15% and DCP
>7.5 ng/ml model that represented 7% of the cohort with a 3-
year HCC RFS rate of 44% (compared to a 3-year RFS rate of
97% in all others). This model showed excellent discrimina-
tive capacity at identifying patients at high risk of early HCC
recurrence, with a lower false positive rate of 3%. We also
considered a more stringent model of AFP-L3 225% and
DCP 215 ng/ml, which was associated with a 3-year RFS rate
of 11% and further reduced the number of patients testing
positive but not experiencing recurrence to <1%. These dual-
biomarker models show a discriminative power similar to the
MoRAL (model to predict tumor recurrence after living donor
LT) score (3-year RFS of ~60% if MoRAL positive and ~85%
if MORAL negative).?* Similarly, the Kyoto criteria that utilizes
DCP was associated with a 5-year post-transplant recur-
rence rate of 51% if outside Kyoto vs. 4% if within
Kyoto criteria.'®

The AFP-L3 225% and DCP 215 ng/ml model mirrors the
stringent approach of using AFP 21,000 ng/ml to select the
highest risk patients for LT exclusion, though only nine pa-
tients met these criteria. Importantly, the less stringent dual-
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biomarker model, AFP-L3 215% and DCP 27.5 ng/ml, was
still strongly predictive of HCC recurrence. We favor this
model as clinically a 56% estimated risk of recurrence at 3
years is sufficient to exclude a patient from transplant and
uses commonly accepted clinical cut-offs for straightforward
interpretation. Lastly, while our study’s median follow-up
time of 3 years with a median time to recurrence of 1 year
captures early recurrences with poor prognosis, we are
cognizant that some patients will develop late HCC recur-
rence in the future. Therefore, adopting the dual-positivity for
AFP-L3 215% and DCP 27.5 ng/ml model will conservatively
allow more patients to receive additional LRT prior to LT to
decrease the chance of late recurrences. Studies have
demonstrated that LRT reduces AFP-L3 levels and improves
survival.?° Rising AFP-L3 levels post-transplant also predict
HCC recurrence, hinting that decreasing AFP-L3 levels with
LRT prior to LT may reduce the risk of HCC recurrence.”’ A
small retrospective study likewise showed DCP reduction
after TACE improved survival in a subgroup of patients with
DCP levels >3.8 ng/ml.*?

Prior research from our group showed that AFP-L3, and
DCP correlated with high-risk explant pathology.'® This report
confirms that high-risk explant pathology correlates with
increased risk of HCC recurrence and furthermore shows that
dual-positivity for AFP-L3 215% and DCP 27.5 ng/ml predicted
all high-risk explant characteristics evaluated in our study. This
supports our theory that high AFP-L3 and DCP levels predict
unfavorable tumor biology. The RETREAT score which
currently uses AFP and explant characteristics to predict the
risk of post-LT HCC recurrence may also be improved with the
addition of AFP-L3 and DCP.

The strengths of this study include a prospective study
design, homogenous study population, few patients missing
biomarker measurements, and well-designed LT selection
criteria for HCC at a high-volume transplant center. Our study
with a median post-LT follow-up time of 3 years captures early
HCC recurrences that occur in the first 2 years and accounts for
the majority of all post-LT recurrences.?® Early recurrences are
also known to carry an inferior prognosis compared with
late recurrences.®*

However, our study was limited by a relatively small number
of recurrences and thus we were unable to perform substantive
multivariate analyses. This cohort (n = 285 with 18 recurrences)
is larger than the study that resulted in AFP >1,000 ng/ml being
adopted as an exclusion criterion for LT (n = 211 with 19 re-
currences).” It will be important to confirm these findings in
larger, multi-center prospective studies with multivariate ana-
lyses. Since AFP-L3 and DCP are not routinely measured at
most centers it is difficult investigate their role in LT. We
advocate for broader testing of AFP-L3 and DCP at diagnosis,
listing, and transplant. If these biomarkers were measured
every 3 months like AFP, more granular analyses of the effect of
these biomarkers would be possible. Due to the known artificial
elevations in DCP from taking warfarin, the dual-biomarker
model is not applicable to patients taking warfarin.

In conclusion, this first prospective study analyzing the
discriminative power of AFP, AFP-L3 and DCP to predict early
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post-LT recurrence demonstrates patients meeting a dual-
positive combination of AFP-L3 >15% and DCP 27.5 ng/ml
have a poor 3-year RFS rate of 44%. This high-risk of early
recurrence indicates that these patients are likely not

appropriate candidates for LT without additional pre-transplant
LRT. These biomarkers are promising candidates to further
refine LT exclusion criteria to complement the use of AFP to
optimize organ allocation.
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Supplemental Table 1. Comparison of Biomarker Thresholds at Predicting HCC Recurrence

No HCC No HCC Sensitivity  Specificity
Recurrence  Recurrence  Recurrence Recurrence at at 3 years
Overall Overall at 3 years at 3 years 3 years (%)
(n=267) (n=18) post LT post LT (%)
(n=145) (n=17)
AFP >100 10 (3.8) 2 (11.1) 7 (4.8) 2(11.8) 11.8 95.2
ng/mL
AFP-L3 > 44 (16.5) 13 (72.2) 28 (19.3) 12 (70.6) 70.6 80.7
15%
AFP-L3 > 25(94) 12 (66.7) 14 (9.7) 12 (70.6) 70.6 90.3
25%
DCP>17.5 27 (10.1) 14 (77.8) 15 (10.3) 13 (76.5) 76.5 89.7
ng/mL
DCP > 15 15 (5.6) 11 (61.1) 9(6.2) 10 (58.8) 58.8 93.8
ng/mL
AFP-L3 > 934 11 (61.1) 6 (4.1) 10 (58.8) 58.8 95.9
15% & DCP >
7.5 ng/mL
AFP-L3 > 1(0.4) 8 (44.4) 1(0.7) 8(47.1) 47.1 99.3

25% & DCP >
15 ng/mL



Supplemental Table 2. Univariate Cox-Proportional Hazards Analysis of Tumor Characteristics and
Biomarkers Associated with HCC Recurrence

No HCC HCC Recurrence Univariate HR P-Value
Recurrence (n=18) (95% CI)

(n=267)
Largest Viable 0.9 (0-1.7) 1.8 (1.0-2.4) 1.5 (1.1-2.1) 0.004
Tumor on Explant
(cm, IQR)
Total Viable 1.0 (0-2.8) 4.5 (1.8-7.8) 1.3 (1.2-1.5) <0.001
Tumor Diameter
on Explant (cm,
IQR)
Number of Viable 1 (0-2) 3 (1-5) 1.4 (1.2-1.6) <0.001
HCC Lesions on
Explant (n, IQR)
Vascular Invasion 7 (2.6) 6 (33.3) 11.8 (4.4-31.5) <0.001
(n, %)
High Risk 36 (13.5) 11 (61.1) 8.3(3.2-21.3) <0.001
Pathology on
Explant (n,%)
Explant Outside 31(11.6) 9 (50.0) 6.5 (2.6-16.5) <0.001
Milan (n, %)
RETREAT Score 1 (0-2) 3(2-4) 1.6 (1.6-2.6) <0.001
(m, IQR)
AFP >100 ng/mL 10 (3.8) 2(11.1) 2.8 (0.6-12.1) 0.173
at LT (n, %)
AFP-L3 >15% at 44 (16.5) 13 (72.2) 11.0 (3.9-30.8) <0.001
LT (n, %)
DCP >7.5 ng/mL 27 (10.1) 14 (77.8) 24.2 (8.0-73.7) <0.001
at LT (n, %)
AFP-L3 >15% 9(3.4) 11 (61.1) 26.6 (10.3-68.9) <0.001
and DCP >
7.5ng/mL at LT
(n, %)
AFP-L3 > 25% 1(0.4) 8(44.4) 40.0 (15.5-103.1) <0.001
and DCP >15 at

LT (n, %)



Supplemental Table 3: Explant Characteristics on Pathology Stratified by Dual Positivity for AFP-L3 >

25% and DCP >15 ng/mL

Overall Negative for Dual AFP-L3 > 25% P-Value
(n=285) Biomarker and DCP >15
Elevation (n=276) ng/mL
(n=9)

Median Largest Viable 1 (0-1.8) 0.9 (0-1.8) 1.6 (1.2-2.1) 0.048"
Tumor on Explant (cm,
IQR)
Median Total Viable 1.2 (0-3.0) 1.1 (0-2.9) 4.1 (1.8-4.9) 0.004"
Tumor Diameter on
Explant (cm, IQR)
Number of Viable HCC 1 (0-2) 1 (0-2) 3(1-5) 0.003"
Lesions on Explant (n,
IQR)
Vascular Invasion 13 (4.6) 9(3.3) 4 (44.4) <0.001*
(n, %)
High Risk Pathology on 47 (16.5) 39 (14.3) 8(88.9) <0.001*
Explant (n,%)
Explant Outside Milan 40 (14.0) 36 (13.0) 4 (44.4) 0.008*
(n, %)
RETREAT Score 1 (0-2) 1 (0-2) 4 (2-4) <0.0017
(score, IQR)
Recurrence Free - Reference 40.0 (15.5-103.1) <0.001 2
Survival (HR, 95% CI)
Overall Survival - Reference 16.8 (6.8-41.5) <0.0014

(HR, 95% CI)
* Chi squared test

I Two-Sample Exact Wilcoxon rank-sum (Mann-Whitney) test
A Cox Proportional Hazards Test



Supplemental Table 4: Stratification by Initial Milan Diagnosis Category and Tumor Markers

Within Milan Beyond Milan All Comers
Total patients 239 (14) 32 (1) 14 (3)
(recurrence)
AFP >100 ng/mL 11 (2) 0 (0) 1(0)
(recurrence)
AFP-L3 >15% 46 (12) 10 (1) 1(0)
(recurrence)
DCP > 7.5 ng/mL 31 (12) 5(0) 5(2)
(recurrence)
AFP-L3 >15% & DCP 18 (11) 2(0) 0 (0)
>7.5 ng/mL

(recurrence)



Supplemental Table 5: Multivariate Cox Proportional Hazards with Dual Biomarkers Adjusted for
Initial Milan Category at Diagnosis

Multivariate HR (95% CI) P-value
Dual Positive Biomarkers 44.3 (14.0-139.5) <0.001
Within Milan* Reference Reference
UNOS-Downstaging 0.55 (0.07-4.2) 0.567
“All-Comers” 14.4 (3.2-64.4) 0.001

*Reference category for initial Milan at diagnosis
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