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Background: Though the precise criteria for accessing LT are consistently

being applied, HCC recurrence (HCC-R_LT) still affects more than 15% of the

patients. We analyzed the clinical, histopathological, and biological features of

patients with HCC to identify the predictive factors associated with cancer

recurrence and survival after LT.

Methods: We retrospectively analyzed 441 patients with HCC who underwent

LT in our center. Overall, 70 (15.8%) of them developed HCC-R_LT. We

matched them by age at transplant and etiology with 70 non-recurrent
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patients. A comparable cohort from the Liver Transplant Centre of Bologna

served as validation. The clinical and biochemical characteristics and pre-LT

criteria (Milan, Metroticket, Metroticket_AFP, and AFP model) were evaluated.

Histological analysis and immunohistochemistry for angiopoietin-2 in the

tumor and non-tumor tissue of explanted livers were performed. Patients’

follow-up was until death, last clinical evaluation, or 31 December 2021. In

patients with HCC-R_LT, the date of diagnosis of recurrence and anatomical

site has been reported; if a biopsy of recurrence was available, histologic and

immunohistochemical analyses were also performed.

Results: Patients were followed up for a mean period of 62.7 ± 54.7 months

(median, 39 months). A higher risk of HCC-R_LT was evident for factors related

indirectly (AFP) or directly (endothelial angiopoietin-2, microvascular invasion)

to biological HCC aggressiveness. In multivariate analysis, only angiopoietin-2

expression was independently associated with recurrence. Extremely high

levels of endothelial angiopoietin-2 expression were also found in hepatic

recurrence and all different metastatic locations. In univariate analysis, MELD,

Metroticket_AFP Score, Edmondson–Steiner grade, microvascular invasion,

and endothelial angiopoietin-2 were significantly related to survival. In

multivariate analysis, angiopoietin-2 expression, Metroticket_AFP score, and

MELD (in both training and validation cohorts) independently predicted

mortality. In time-dependent area under receiver operating characteristic

curve analysis, the endothelial angiopoietin-2 expression had the highest

specificity and sensitivity for recurrence (AUC 0.922, 95% CI 0.876–0.962,

p < 0.0001).

Conclusions: Endothelial angiopoietin-2 expression is a powerful independent

predictor of post-LT tumor recurrence and mortality, highlighting the

fundamental role of tumor biology in defining the patients’ prognosis after

liver transplantation. The great advantage of endothelial angiopoietin-2 is that it

is evaluable in HCC biopsy before LT and could drive a patient’s priority on the

waiting list.
KEYWORDS

hepatocellular carcinoma, liver transplantation, recurrence, angiopoietin-2, survival,
neoangiogenesis, immunocytochemistry
Introduction

Liver cancer remains a major global health problem,

representing a leading cause of cancer deaths worldwide (1).

Hepatocellular carcinoma (HCC) is the most common type of

primary liver cancer (75%). The incidence of HCC increases

progressively with age in all populations, with a peak at 70 years,

and the male-to-female ratio is estimated to be 2–2.5:1 (2).

Approximately 90% of HCC cases occur in the setting of known

underlying etiology, most frequently chronic viral hepatitis

(HBV and HCV), alcohol intake, and dysmetabolism; in the

Western world, the most considerable attributable fraction is
02
caused by chronic hepatitis C, although data are changing with

the advent of the new direct-acting antiviral drugs for HCV. The

presence of cirrhosis is associated with a significant risk of HCC,

with approximately one-third of the cirrhotic patients

developing HCC during their lifetime, and liver diseases’

severity correlates with risk for HCC development (3, 4). One

of the scientific community’s main objectives is, therefore, to

identify the best therapeutic option for HCC patients, in the

complexity of a patient affected not only by a neoplasm but also

by liver disease, which is sometimes profoundly disabling.

Liver transplantation (LT) is currently the only effective

potential cure for patients with HCC and underlying liver disease.
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The criteria for access to LT for HCC patients have been

continuously refined in the attempt to reduce the HCC

recurrence rate and, thus, increase post-LT survival. In 1996,

Mazzaferro and colleagues demonstrated that HCC patients with

well-defined characteristics (Milan criteria: single tumor ≤ 5 cm or

maximum of three nodules ≤ 3 cm in the absence of vascular

invasion) had amuch better survival rate after LT than patients who

exceeded these limits, comparable to patients transplanted for non-

neoplastic conditions (5-year survival of 75%) (5). The Milan

criteria were then acquired in the “Barcelona Cancer Liver

Classification (BCLC)”, universally adopted as a gold standard in

HCC therapy, as guidelines for access to liver transplantation (6).

Currently, the presence of HCC is the fastest-growing

indication of LT worldwide (7). In recent years, many authors

have therefore tried to find new LT criteria for HCC that extended

the Milan criteria, in order to make available a curative treatment

to a greater number of patients, with comparable survival and

tumor recurrence rates. To achieve this goal, “Downstaging” loco-

regional treatments for HCC outside the Milan criteria and the

search for “Extended Criteria” were studied.

Among the best known, also externally validated, were the

San Francisco criteria (single nodule ≤6.5 cm or two to three

nodules ≤4.5 cm with a total diameter ≤8 cm) (8), the Up-To-

Seven criteria [HCC which has 7 as the sum of the diameter (cm)

of the major nodule and the number of nodules] (9), and the

French-AFP model (point system based on tumor diameter,

number of nodules, and AFP value) (10). The 5-year survival

rates estimated using these criteria were 75.2% (8), 71.2% (9),

and 69.9% (10), respectively. For all these scores, the percentages

of neoplastic recurrence (approximately 15%–20% of the total

cases) were very similar to the standard criteria. Recently,

Mazzaferro and colleagues developed a new model based on

the AFP level, size, and number of nodules able to estimate at

any time (pre- or post-downstaging) the probability of 5-year

post-LT HCC recurrence-free survival—the Metroticket 2.0

Model (11).

Despite all these refinements, about 15%–20% of patients

undergoing LT for HCC still suffer from recurrence, which

dramatically affects the prognosis (12). This residual

percentage of recurrences evades the usual diagnostic systems,

not being wholly perceived by the predictive scores mentioned

above or by other risk factors such as the biological

characteristics of the tumor, i.e., the Edmondson–Steiner grade

or the presence of microvascular invasion (13).

This substantial residual rate of recurrences, regardless of the

score used to predict risk, suggests that other factors besides the

number and size of lesions should be considered when assessing

the risk of recurrence. The biology of the tumor is undoubtedly

one of these. Still, despite solid evidence of the role of HCC

aggressiveness in determining its clinical course (14, 15), this has

not been evaluated in the transplant setting. The aggressiveness

of HCC can be defined in several ways, the grading system of

Edmondson–Steiner (E-D score) being the most feasible and
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to not being included in any of the scores above mentioned, the

accuracy of the E-D score in identifying aggressive cases is not

complete, as a substantial proportion of the E-D score 1–2 is

already biologically aggressive when this feature is evaluated by

other approaches, such as neoangiogenic transcriptomic

signature (14). This signature was set up on fresh tumor

tissue, which is often not available in retrospective series, but

we have previously shown that the neoangiogenic transcriptomic

signature is equivalent to the immunohistochemical expression

of angiopoietin-2 (ANGPT2) in HCC tissue (15).

The current study analyzed the clinical, histopathological,

and biological features of patients with HCC undergoing liver

transplantation at our center in order to identify the role of the

biological aggressiveness of tumors in post-transplant HCC

recurrence and survival.
Methods

Patients

We retrospectively analyzed 441 consecutive HCC patients

who underwent LT for HCC between 2000 and 2020 at Modena

Liver Transplant Centre (Italy). On the whole, 70 patients

(15.8%) experienced recurrence. They were matched by age at

LT and etiology with 70 other non-recurrent patients and

considered a derivation cohort. As a validation cohort, we

identified a cohort of 60 patients who had received liver

transplants at the Bologna Liver Transplant Center (Italy) at

the same time interval with an HCC recurrence:non-recurrence

ratio of 1:1 and matched by age at LT and etiology. We collected

data before LT (gender, etiology of liver disease, Child–Pugh and

MELD scores, AFP levels, number of HCC lesions and size of the

largest lesion, and downstaging treatments for HCC) and at LT

(age, number of HCC lesions and size of largest lesions, AFP

levels, microvascular invasion, and Edmondson–Steiner grading

in the explanted liver and immunosuppressive regimens after

LT). The Milan criteria, AFP model (10), and Metroticket_AFP

were assessed according to the radiological and biochemical

features before LT, while Metroticket (9) was calculated

according to the pathology features at LT. The maintenance

immunosuppressive schedules were also recorded.
Outcomes

Outcomes were HCC recurrence and overall survival (OS)

after LT. Diagnosis of HCC recurrence was based on a dynamic

CT or MRI according to the European Association for the Study

of Liver (EASL) guidelines (2). All patients were followed up

after LT with clinical examination, biochemical evaluation, and

abdominal ultrasound every 3 months and dynamic computed
frontiersin.org
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tomography (CT) or magnetic resonance imaging (MRI) every 3

months for the first 3 years after LT.

Patients who developed HCC recurrence were defined as the

recurrent group, and those who did not develop HCC recurrence

were defined as the non-recurrent group. The patients’ follow-up

was until death, last clinical evaluation, or 31 December 2021.
Immunohistochemical methods

The expression of ANGPT2 in HCC tissue and the

surrounding non-tumoral cirrhotic tissue of matched patients

of both training and validation sets was evaluated both in

hepatocytes and in the vascular endothelia in formalin-fixed

paraffin-embedded samples from liver tissue explanted at

transplant by routine histologic and immunohistochemical

analysis, as already detailed in (15). In nine HCC recurrent

patients, tumoral liver or extra-hepatic tumoral tissue (mostly

lung metastasis) was also studied. After deparaffinization and

rehydration, antigen unmasking was performed with 1 mM

EDTA buffer pH 8 at 98°C for 15 min. The sections were then

incubated in 5% methanol and 1% H2O2 for 5 min for blocking

endogenous peroxidases, and then nonspecific sites were blocked

using a blocking solution reagent with 3% BSA for 30 min at

room temperature. Sections were then incubated with primary

antibody Goat anti-ANGPT2 (AF623) (R&D Systems, Inc.,

Minneapolis, MN, USA) at a working dilution of 1:50. Next,

the sections were incubated with secondary antibody OmniMap

anti-Goat HRP conjugated prediluted (Ventana Medical

Systems, Inc., Tucson, AZ, USA), for 20 min in a humidity

chamber and then with detection kit reagents [Ultra view

universal HRP multimer and diaminobenzidine (DAB)

Chromogen, Ventana Medical Systems, Inc., Tucson, AZ,

USA] following the manufacturer’s instructions. After this, the

sections were counterstained with hematoxylin, dehydrated, and

permanently mounted for microscopic examination. Images of

the stained liver tissue were processed with ImageJ software

(http://rsbweb.nih.gov/) to obtain the medium intensity value of

the DAB signal.
Statistical analysis

Continuous variables were expressed as means ± SD, and

data were reported as counts and percentages. Continuous and

categorical variables were compared using Student’s t-test and

the Pearson chi-squared test, respectively.

The Kaplan–Meier method was used to estimate the

cumulative probability of HCC recurrence and OS. A log-rank

test assessed the differences in observed probability.

Univariate and multivariate Cox regression analyses were

used to identify variables associated with HCC recurrence and

mortality after LT in matched patients. Robust standard errors
Frontiers in Oncology 04
were obtained to consider correlation potentially induced by

matched observations. The following variables, all obtained at

the time of transplant, were evaluated in the univariate analysis:

gender, BMI, log AFP at transplant, number of downstaging

treatments, Edmondson–Steiner grading, Milan criteria (5),

Metroticket and Metroticket_AFP (9), AFP model (10),

microvascular invasion in the explant, and endothelial

angiopoietin-2 in the explant. Variables with a p-value <0.10

at univariate analysis were included in the multivariate models.

To prevent a high level of interaction between the different

variables, these were tested for collinearity, and we excluded the

collinear variables from the multivariate model. For recurrence,

we tested the two strongest variables (endothelial angiopoietin-2

and microvascular invasion in the explant), which were

collinear, in two different multivariate models, one including

endothelial angiopoietin-2 (Table 1, first model) and the other

microvascular invasion in the explanted liver (Table 1,

second model).

The estimated survival function was computed to assess the

expected time to HCC recurrence and survival after LT for a

hypothetical patient with a combination of prognostic factors.

Time-dependent area under receiver operating characteristic

curve (AUROC) was used to assess the discrimination of the

obta ined mul t ivar ia te mode l and AFP model for

HCC recurrence.

PASW Statistics (ver. 28; IBM Corporation, Armonk, NY,

USA) was used for the statistical analyses. The study protocol

was approved by the Area Vasta Emilia Nord (AVEN) Ethics

Committee (IRB10/08_CE_UniRer/AOU_MO).
Results

Patients were followed up for a mean period of 62.7 ± 54.7

months (median, 39 months). Recurrence occurred after 27.1 ±

34.9 months (median, 15 months) from LT. All recurrent

patients but 6 (64, 91.4%) as well as 60 non-recurrent patients

(85.7%) were men (p = 0.288 Fisher’s exact test). By matching

the mean age at LT and the etiology of primary liver disease, it

was observed that there were no significant differences between

the two groups. The mean AFP values at HCC diagnosis were

not significantly different between recurrent and non-recurrent

patients (p = 0.103, Mann–Whitney U test) while the AFP levels

were significantly higher at the time of LT in the recurrent group

than in the non-recurrent group (p = 0.004). There was no

significant difference in recurrence rate in patients undergoing

one downstaging treatment, two or more, or no treatment

before LT.

In the group of recurrent patients, 35 (50.0%) were Milan-in

and 35 (50.0%) were Milan-out; among non-recurrent patients, 18

(25.7%) were Milan-out and 52 (74.3%) were Milan in (p = 0.003,

Pearson Chi-square). The Metroticket values did not discriminate

between recurrent and non-recurrent patients (p = 0.307), while the
frontiersin.org
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Metroticket_AFP values were significantly different between the

two groups (p < 0.001) (Table 2). The distribution of different scores

in the AFP model between recurrent and non-recurrent patients

was of borderline significance (p = 0.049).

No substantial differences were observed between the two

cohorts, but the percentage of patients with AFP model scores

lower than 2 among recurrent patients was higher in the

derivation cohort. The demographic and clinical characteristics

of the two cohorts under study are shown in Table 2.
Histological analysis

Analysis of the Edmondson–Steiner score showed that there

was an uneven distribution between recurrent and non-

recurrent patients, with a higher percentage of G3–G4 grade

among recurrent patients (p = 0.018) (Table 2).

The microvascular invasion was significantly higher in

recurrent than in non-recurrent cases (p ≤ 0.001) in both cohorts,

with a significantly higher percentage in the validation cohort.
Immunohistochemical analysis

Immunohistochemical analysis was performed in all explanted

livers but four, inwhich tumoral tissuewas completelynecrotic and,
Frontiers in Oncology 05
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hepatocytes was not significantly different between recurrent and

non-recurrent cases, both in tumoral and in non-tumoral tissues.

Instead, the endothelial expression was significantly higher in the

tumor vasculature of recurrent patients in comparison with non-

recurrent patients (Figure 1 and Table 3). The same expression

pattern was also present in the validation cohort (Table 3).

The immunohistochemical analysis of recurrent hepatic

HCC after LT and of extra-hepatic metastasis (nine patients)

showed extremely high levels of angiopoietin-2 expression at

endothelial level, higher than the primary tumor both for hepatic

recurrence and for all the different types of metastasis; extra-

hepatic metastasis also displayed very high angiopoietin-2

expression in metastatic hepatocytes (Figure 1 and Table 3).
Analysis for recurrence

HCC recurrence occurred in 31/70 (22.1%) patients within

the first year from LT; 16/70 (11.4%) recurred in the second year

from LT, and 23/70 (32.8%) recurred 3–5 years after LT.

Kaplan–Meier analysis showed that all the factors tested,

except for gender and previous downstaging treatments, were

significantly associated with the probability of HCC recurrence

after LT (Supplementary Figure 1). Among the different factors

examined, a higher relationship with the risk of recurrence was
TABLE 1 Univariate and multivariate analysis results for recurrence of HCC after LT in the training cohort.

Variables Univariate analysis Multivariate analysis

HR (95% CI) p HR (95% CI) p

Model 1

Gender 1.659 (0.716–3.842) 0.237

BMI 0.916 (0.844–0.994) 0.035 0.940 (0.839–1.052) 0.283

MELD score 1.012 (0.972–1.053) 0.570

Log AFP LT 1.517 (1.144–2.012) 0.004 0.828 (0.487–1.408) 0.828

Endothelial angiopoietin-2*,** 4.411 (2.352–8.272) <0.001 5.634 (2.597–12.224) <0.001

Edmondson–Steiner grade* 2.130 (1.460–3.106) <0.001

Microvascular invasion** 3.246 (6.2920–11.904) <0.001

Milan Criteria 1.886 (1.167–3.049) 0.010 1.088 (0.505–2.347) 0.829

Metroticket Score 0.998 (0.955–1.042) 0.920

Metroticket_AFP Score 2.426 (1.387–4.244) 0.002 1.724 (0.779–3.815) 0.179

AFP model 1.279 (1.107–1.477) <0.001 1.266 (0.963–1.665) 0.092

Number of downstaging treatments before LT 1.091 (0.783–1.520) 0.606

Model 2

BMI 0.916 (0.844–0.994) 0.035 0.868 (0.782–0.963) 0.004

Edmondson–Steiner grade 2.130 (1.460–3.106) <0.001 1.341 (0.804–2.238) 0.261

Microvascular invasion 3.246 (6.2920–11.904) <0.001 3.676 (1.781–7.588) <0.001

Milan Criteria 1.886 (1.167–3.049) 0.010 1.154 (0.581–2.292) 0.682

Metroticket_AFP Score 2.426 (1.387–4.244) 0.002 1.360 (0.675–2.743) 0.390

AFP model 1.279 (1.107–1.477) <0.001 1.090 (0.845–1.405) 0.508
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found for factors that were, either directly (such as endothelial

angiopoietin-2 or microvascular invasion) or indirectly (such as

AFP levels), related to biological HCC aggressiveness. The Milan

criteria (p = 0.011) were significantly related to the probability of

recurrence while the Metroticket score was not (p = 0.653).

However , AFP inclus ion in the Metrot icket score

(Metroticket_AFP) significantly improved its performance (p =

0.001). The AFP model also showed a good prediction of

recurrence (p < 0.001).

We evaluated the diagnostic power of the significant factors

(Milan criteria, Metroticket_AFP, AFP model, presence of

microvascular invasion, Edmondson–Steiner grade, log AFP value

at the time of LT, and endothelial angiopoietin-2 expression in the

explanted liver) by receiver operating characteristic (ROC) curve

analysis to predict HCC recurrence after LT. Microvascular
Frontiers in Oncology 06
invasion, Metroticket_AFP, AFP model, and endothelial

angiopoietin-2 significantly predicted recurrence. However,

endothelial angiopoietin-2 expression had a much higher

specificity and sensitivity for recurrence (AUC 0.922, 95% CI

0.876–0.962, p < 0.0001) than the other significant variables

(Figure 2A). Similar figures were obtained for the validation

cohort (AUC 0.957, 95% CI 0.862–1.000, p = 0.003).

The univariate Cox analysis identified the BMI, log AFP at

transplant, endothelial angiopoietin-2 expression, Milan criteria,

Metroticket_AFP score, and the AFP model as significantly

associated with recurrence. In multivariate analysis, angiopoietin-

2 expression was the only independent factor associated with

recurrence (HR: 5.634, 95% CI 2.597–12.294, p < 0.001)

(Table 1). These Cox analyses were confirmed in the validation

cohort analysis (Supplementary Table 2).
TABLE 2 Demographic, clinical, pathological, and histopathological features of training (Liver Transplant Centre of Modena) (n = 140) and
validation (Liver Transplant Centre of Bologna) (n = 60) cohorts at the time of liver transplant for hepatocellular carcinoma (HCC).

Characteristics Modena’s training cohort (n = 140) Bologna’s validation cohort (n = 60) Intergroup
p-value

Recurrent
group (n = 70)

Non recurrent
group (n = 70)

Intragroup
p-value

Recurrent
group (n = 30)

Non recurrent
group (n = 30)

Intragroup
p-value

Male gender (n, %) 64 (91.4) 60 (85.7) 0.288 25 (86.2) 26 (86.7) 0.003 0.484

Age at LT (mean ± SD) 57.2 ± 7.9 57.6 ± 7.4 0.751 59.2 ± 5.4 58.6 ± 5.3 0.868 0.692

Deaths 54 (89.4) 8 (11.4) <0.0001

BMI (kg/m2) (mean ± SD) 24.6 ± 2.8 26.3 ± 3 0.003 24.9 ± 3.0 26.6 ± 3.3 <0.001 0.148

AFP (ng/ml) (mean ± SD) 377 ± 2631 79.0 ± 94.8 0.011 68.9 ± 125.5 26.7 ± 87.5 0.042 0.107

Tumor endothelial
angiopoietin-2

0.43 ± 0.05 0.34 ± 0.05 <0.001 0.44 ± 0.01 0.40 ± 0.01 0.001 0.352

Number of HCC lesions at
LT (n, %)

1.000 0.217 0.407

≤2 57 (81.4) 57 (81.4) 22 (78.6) 22 (73.3)

>2 13 (18.6) 13 (18.6) 6 (21.4) 8 (26.7)

Size of largest lesion at LT
(mm) (mean ± SD)

28 ± 16 20 ± 13 <0.001 32.0 ± 23.3 20.2 ± 17.9 0.045 0.088

Microvascular invasion at
LT (n, %)

23 (34.8) 7 (10.0) <0.001 18 (66.7) 5 (20.8) 0.004 <0.001

Edmondson–Steiner grade at LT (n, %)

GX
G1–G2
G3–G4

9 (12.9) 20 (28.6) 0.018 2 (6.9) 6 (19.4)

32 (45.7) 34 (48.6) 8 (27.6) 14 (45.2) 0.031 0.017

29 (41.4) 16 (22.9) 20 (66.7) 10 (33.3)

Downstaging treatments before LT (N, %)

None 13 (18.6) 11(15.7) 0.882 1 (3.3) 2 (6.6) 0.673 <0.001

>2 23 (32.9) 25 (35.7) 22 (73.3) 25 (83.3)

<2 34 (47.6) 34 (48.6) 7 (23.3) 3 (10.0)

Milan criteria In (n, %) 35 (50.0) 52 (74.3) 0.003 14 (46.6) 25 (83.2) 0.001 0.585

Up-To-Seven criteria In
(n, %)

51 (72.9) 64 (91.4 0.18 24 (80.0) 26 (86.6) 0.147

Metroticket_AFP * 83.6 ± 14.9 92.3 ± 7.9 <0.001 81.2 ± 15.4 92.6 ± 3.9 0.003 0.568

AFP model < 2** 61 (87.1) 65 (92.2) 0.260 21 (68.8) 23 (79.3) 0.376 0.002
f

Categorical data are expressed as numbers (percentages). Continuous variables are expressed as mean ± standard deviation.
LT, liver transplant. BMI, body mass index. AFP, alfa-fetoprotein. SMD: standardized mean difference.
* For Metroticket_AFP, the mean 5-year survival rate ± standard deviation is reported.
** The cutoff of 2 has been used according to Duvoux et al. (10).
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FIGURE 1

Immunohistochemical analysis of angiopoietin-2 in endothelia of primary and recurrent HCCs after LT. Immunostaining for angiopoietin-2 (20×)
shows marked cytoplasmic and vascular endothelial positivity both in primary HCCs at explant (A, C, E, G) and in the respective recurrent tumors
(B: liver; D: peritoneum; F: lung; H: kidney). Endothelial and parenchymal angiopoietin-2 expression in hepatic and extra-hepatic recurrent HCCs is
more marked than in the corresponding primary tumor. Arrows indicate representative endothelial localization (scale bar: 6.7 mm).
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Survival analysis

At the time of the last visit, 77 patients (47.9%) had died. A

significantly higher number of deaths occurred in recurrent vs.

non-recurrent patients (58 [86.6%] vs. 9 [13.4%], respectively, p <

0.001). Survival was greatly influenced by recurrence, with

recurrent patients having strikingly lower survival than non-

recurrent patients (Supplementary Figure 2). Similar results were

observed in the validation cohort, in which, among 19 deaths, 17

(89.4%) occurred in recurrent patients.

Thenumberofdeathswashigher inpatientswhorelapsedinthefirst

yearvs. thoserecurring inthesecondorthirdtofifthyear fromLT(29/58

[50.0%] vs. 9/58 [15.5%] vs. 20/58 [34.3%], respectively). The median

survival in these three groups was significantly different (17 vs. 51 vs. 75

months, respectively, p<0.001, log-rank test) (Supplementary Figure 2).

The cause of death in the great majority of recurrent patients

(86.8%) was due to the progression of the recurrent tumor, while the

most frequent cause of death in non-recurrent patients was

sepsis (66.7%).
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No significant difference in mortality was observed among

recurrent patients according to sex [male vs. female 40/46

(86.9%) vs. 2/2 (100.0%), p = 1.000, Fisher’s exact test].

The survival ratewas borderline significant in patientswith higher

median AFP values at the time of the transplant (p = 0.070, log-rank

test) while it was significantly lower in patients in the highest AFP

quartile (i.e., 21 ng/ml) (p = 0.027, log-rank test). Median survival was

also significantly lower in patients whose angiopoietin-2 expression in

theendotheliaof tumoralvasculaturewashigher thanthemedianvalue

(p < 0.001, log-rank test) as well as in patients with microvascular

angioinvasion (p < 0.001, log-rank test) and in thosewith Edmondson

G3–G4 (p = 0.007, log-rank test). The presence of portal vein

thrombosis, previous therapeutic interventions for HCC, and sex or

age at transplant were not significantly related to survival.
Survival rates were not significantly different between Milan-in

and Milan-out patients (p = 0.138, Log-rank test) and patients

stratified by the Metroticket (p = 0.775, log-rank test) or the AFP

model. Incorporating the angiopoietin-2 value into the Milan

criteria, i.e., coding as Milan-out those with upper median
TABLE 3 Intensity of angiopoietin-2 staining (expressed as optical density [OD]) in primary tumors of recurrent and non-recurrent cases of the
training and validation cohorts, and in recurrent tumors occurring in transplanted livers, and metastasis of both training and validation cohorts.

Modena’s training cohort (n = 140) Bologna’s validation cohort (n = 60)

Recurrent group (n=68) Non-recurrent group
(n=68)

p-
value

Recurrent group
(n=30)

Non-recurrent group
(n=30)

p-
value

Primary tumor

Endothelial (T) 0.435 ± 0.05 0.350 ± 0.06 <0.001 0.445 ± 0.01 0.400 ± 0.01 0.001

Hepatocyte (T) 0.308 ± 0.07 0.306 ± 0.09 0.768 0.398 ± 0.01 0.355 ± 0.04 0.098

Hepatocyte
(NT)

0.410 ± 0.05 0.409 ± 0.05 0.612 0.441 ± 0.02 0.450 ± 0.02 0.432

Recurrent hepatic tumor (n = 12)

Endothelial (T) 0.528 ±
0.060

– – –

Hepatocyte (T) 0.552 ±
0.143

– – –

Hepatocyte
(NT)

0.560 ±
0.097

– – –

Extrahepatic metastasis (n = 9)

Lung (n = 4)

Endothelial 0.645 ± 0.11 – 0.579 ± 0.02 –

Parenchymal 0.652 ± 0.14 – 0.572 ± 0.03 –

Bone (n = 2)

Endothelial 0.576 ±
0.056

–

Parenchymal 0.606 ±
0.042

–

Lymph node
(n = 3)

Endothelial 0.790 ±
0.005

–

Parenchymal 0.749 ±
0.006

–

fronti
T, Tumor.
NT, Non-tumor.
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angiopoietin-2 levels, drastically improved survival prediction by

Milan criteria (p = 0.003) (Supplementary Figure 2). Patients with a

higher Metroticket_AFP score had only a moderate survival

advantage (p = 0.022, log-rank test) (Supplementary Figure 2).

The UNIVARIATE Cox regression analysis showed that

HCC recurrence, MELD, log-AFP at transplantation,

Edmondson–Steiner grade, microvascular invasion, and

endothelial angiopoietin-2 expressions were significantly

associated with HCC recurrence after LT. According to the

multivariate Cox analysis, Metroticket_AFP, MELD, and

endothelial angiopoietin-2 expressions were independently

related to survival (Table 4). AUROC also confirmed this for

mortality: all factors tested in relation to survival, except for

endothelial angiopoietin-2, Metroticket_AFP, and MELD, had a

low discriminatory power (Figure 2B). Endothelial angiopoietin-

2 had the best predictive power.
Discussion

In this derivation–validation study of patients who

underwent LT for HCC, we have shown, both in the training

and in the validation cohorts, that endothelial expression of

angiopoietin-2 assessed at explant was able to strongly and

independently predict HCC recurrence and mortality after LT.

Analysis of angiopoietin-2 in explanted livers strikingly

improved the accuracy of outcome prediction in comparison

with the available scores previously designed for this purpose, as

shown both by Cox regression analysis and by AUROCs.

Angiopoietin-2 staining was abundant both in hepatocyte

cytoplasms and in the sinusoidal endothelia, but it was the
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latter that was highly significant in recurrent HCCs,

highlighting the important role of endothelium in

neoangiogenic activation. It should be emphasized that

although these data were obtained on liver explant, they could

be easily collected well before LT by ultrasound-guided liver

biopsy at first HCC diagnosis, thus largely anticipating the

characterization of the biologic aggressiveness of the individual

HCC (15). The relevant gain in the prediction of HCC

aggressiveness with its prognostic information can offset the

risk associated with the biopsy maneuver. It should be

underlined that severe complications, mostly hemorrhagic,

have become rare, less than 0.5% with null mortality (18, 19).

Also, the issue of sampling error is more likely to affect the

histologic interpretation rather than the molecular one. The

increasing sensitivity of the methodologies, such as Next-

Generation Sequencing, is able to overcome the challenge of

obtaining a representative tumor sample, bringing the analysis to

the single-cell level (20). From the clinical point of view, our

model for the prediction of HCC recurrence after LT based on

angiopoietin-2 would be a useful tool to identify the best

candidates for LT, optimize the radiological schedule of

follow-up, and finally determine the optimal target population

that could receive maximal benefit from novel adjuvant

treatments blocking the angiopoietin-2 pathway.

The prediction of HCC recurrence after LT continues to

represent an unsolved medical need. This has led, in recent years,

to an intense search for clinical scores that could help in

choosing the best candidates for LT and in the risk

stratification of HCC recurrence and mortality after LT

according to biochemical, radiological, and pathological

features collected before and after LT. In the direct
A B

FIGURE 2

Receiver operating characteristic (ROC) analysis. Receiver operating characteristic (ROC) curves for the endothelial angiopoietin-2 and the different
clinical scores for HCC recurrence (A) and survival (B) after liver transplantation in 140 matched transplanted HCC patients. angiopoietin-2
discriminating capacity was significantly higher than that of all clinical or pathologic scores for both recurrence (A) and survival (B).
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comparison for recurrence between endothelial angiopoietin-2

and clinical scores, endothelial angiopoietin-2, with an AUC of

0.922, greatly outperformed all clinical scores. Among the other

scores, Metroticket_AFP showed the best performance.

However, the AUC for the other scores were below 0.640. The

predictive strength for recurrence of endothelial angiopoietin-2

was further confirmed by the Cox multivariate regression

analysis, which showed that endothelial angiopoietin-2 was the

only independent factor for post-LT HCC recurrence. The

ability of angiopoietin-2 to predict recurrence is not

surprising. We have already shown that angiopoietin-2 is the

leader gene in the transcriptomic signature defining

aggressiveness in HCC (14) and that this is linked to the

powerful neoangiogenesis that develops in these patients. This

is not unique to HCC. Similar data have been reported in both

lung (21) and breast cancer (22).

Among the available prediction rules for survival,

MetroTicket and MetroTicket_AFP were explicitly built to

calculate the 5-year HCC survival after LT. Similarly to our

model, the MetroTicket calculator is based on explant pathology,

also including microvascular invasion, while MetroTicket_AFP

is calculated according to the preoperative radiological staging

and AFP levels. Kaplan–Meier analysis for survival indicated

that of all clinical scores considered (Milan criteria,

Metroticket_AFP, and AFP model) only Metroticket_AFP

predicted survival These data point, with greater or lesser

intensity depending on the factor considered, toward a greater

relevance of the biologic rather than the morphologic or

pathologic features for predicting recurrence or defining

prognosis. The number and size of the tumor, like in the

Milan criteria or Metroticket, are clearly insufficient for

prognostication and only the addition of angiopoietin-2 for

Milan criteria, or AFP for Metroticket, makes them able to

discriminate between low and high risk of the event. Endothelial

angiopoietin-2 strongly related to survival at the Kaplan–Meier
Frontiers in Oncology 10
analysis, as robustly as recurrence, which was understandably

the most decisive post-transplant factor associated with survival.

The strong relationship between endothelial angiopoietin-2 and

survival was confirmed by the Cox regression analysis. In the

multivariable model, Metroticket_AFP, MELD, and endothelial

angiopoietin-2 were the only factors independently predicting

survival after LT, but Angiopoietin had a higher level of

significance. Compared with the other prediction rules, our

model showed better discrimination and calibration for

predicting survival after LT. The ROC curve analysis showed

that endothelial angiopoietin-2 had higher accuracy in

identifying non-survivors than all clinical scores tested,

including MELD. These data indicate that a specific biologic

feature of the tumor, i.e., endothelial angiopoietin-2, is more

robust than any other clinical or pathologic factor tested for

predicting survival after liver transplantation.

Angiopoietin-2 is a protein expressed in the endothelium

and is involved in the processes of neoangiogenesis. Although it

is a mainly endothelial gene, it can also have a secondary

parenchymal localization (23, 24). Angiopoietin-2 is inducible

by hypoxia and its expression is increased in the endothelial cells

in this condition (15, 23, 25). Also, it is fundamental for the

progression of HCC (26). This gene has been identified as the

molecular signature leader gene of the five liver genes, strongly

related to growth rate, neoangiogenesis, aggressiveness, and high

metastatic capacity of HCC patients (14). When fresh tissue is

not available for analysis, the histochemical demonstration of

angiopoietin-2 in the liver is as accurate as the transcriptomic

signature in characterizing aggressive HCCs (15) It is, therefore,

not surprising that angiopoietin-2-positive HCCs had such a

high rate of recurrence after liver transplant. On this same line, it

is also not surprising that a high percentage of patients did not

experience a recurrence in the liver but in an extra-hepatic site

and a few years after. This opens the possibility of dormant

micrometastases (27) that, for several different reasons, like
TABLE 4 Univariate and multivariate analysis results for the survival of HCC after LT in the training cohort.

Variables Univariate analysis Multivariate analysis

HR (95% CI) p HR (95% CI) p

Gender 0.618 (0.267–1.434) 0.263

BMI 0.947 (0.870–1.031) 0.211

MELD 1.039 (1.000–1.079) 0.048 1.044 (1.004–1.086) 0.032

Log AFP at transplant * 1.574 (1.188–2.086) 0.002

Endothelial angiopoietin-2 *,**, *** 2.622 (1.564–4.396) 0.000 2.274 (1.232–4.999) 0.009

Edmondson–Steiner grade** 1.651 (1.163–2.343) 0.005

Microvascular invasion *** 2.987 (1.775–5.026) 0.000

Milan score 0.698 (0.424–1.118) 0.132

Metroticket_AFP Score 0.519 (0.299–0.901) 0.020 0.533 (0.302–0.942) 0.030

AFP model^ 1.440 (0.654–3.174) 0.365

Downstaging treatments before LT 1.062 (0.768–1.467) 0.717
frontiers
*, **, *** collinear.
^ ref. Duvoux et al. (10).
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modifications of immunocompetence or concurrent therapies,

find a favorable environment for their growth in an organ

different from the liver, and sometime after LT. Not

surprisingly, although angiopoietin-2 was found to be the most

powerful predictor of recurrence, many other factors, all

expressions of greater tumor aggressiveness (such as AFP

levels, size of the larger nodule, presence of microvascular

invasion, poorly differentiated/undifferentiated grading), were

significant on univariate analysis. In fact, relapsed HCCs had

higher AFP levels, more undifferentiated grading, and higher

tumor size than non-recurrent patients. The AFP level is known

to be elevated in fast-growing, more aggressive HCCs than in

slow-growing ones (14). An elevated AFP level has also been

linked to the risk of relapse after liver transplantation (28).

In conclusion, our study demonstrated that endothelial

angiopoietin-2 expression is the only independent predictor of

post-liver transplant tumor recurrence, compared to other

relevant characteristics of tumor aggressiveness such as tumor

size HCC and/or presence of residual viability of the tumor

nodule at explant. Equally important was the demonstration that

angiopoietin-2 is an independent factor of mortality,

emphasizing the extremely important role of the biology of the

tumor in defining patients’ prognosis after liver transplantation.

The availability of selective angiopoietin-2 inhibitors can open

the path for clinical trials attempting to modify these patients’

otherwise extremely poor prognosis.
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