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Highlights:

• HOPE treatment was identified as an independent signifi-
cant protective factor against HCC recurrence.

• Among patients with HCC, 5-year suvival and recurrence
-free survival was higher in matched recipients of HOPE
treated DBD grafts than non-perfused DBD grafts (84% vs.
74% and 77 vs. 67%, respectively).

• In contrast, survival was not different between HOPE
treated HCC recipients and matched non HCC recipients (
82% vs 84% at 5 years).

Impact and implications:

This post hoc analysis of the HOPE REAL study demonstrates,
for the first time, low hepatocellular carcinoma (HCC) recur-
rence rates in a large cohort of hypothermic oxygenated ma-
chine perfusion-treated liver transplant recipients with HCC,
and significantly better survival outcomes compared to
matched recipients of non-perfused grafts. These findings may
have important implications, particularly as tumor-related in-
dications for liver transplantation continue to rise. Machine
liver perfusion could emerge as a novel strategy to improve
oncological outcomes in high-risk cancer conditions after
transplantation, potentially via mitigation of inflammation and
reduced tumor cell seeding.
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Background & Aims: Liver transplantation (LT) for hepatocellular carcinoma (HCC) is performed worldwide, with 5-year survival 
rates of approximately 70%. However, post-transplant HCC recurrence occurs in 15-20% of recipients. We aimed to evaluate, 
for the first time, long-term recurrence-free survival in a large international cohort of patients undergoing LT for HCC using grafts 
treated with hypothermic oxygenated machine perfusion (HOPE).

Methods: This observational post hoc analysis of the multicenter European HOPE-REAL study (NCT05520320) included adult 
recipients with HCC (N = 599) who received a liver from either a donation after brain death (DBD) or donation after circulatory 
death (DCD) donor, preserved using HOPE, dual-HOPE (DHOPE), or normothermic regional perfusion followed by HOPE 
(NRP-HOPE) between 2012 and 2022. Propensity score matching was used to compare outcomes between HCC and non-HCC 
recipients within the HOPE-REAL cohort, and between HOPE-treated HCC recipients and an external control cohort receiving 
non-perfused livers (n = 484).

Results: The overall HCC recurrence rate in the HOPE-REAL cohort was 6.9% (41/599), with no significant difference between 
DBD and DCD liver transplants (7.1% [25/350] vs. 6.4% [16/249]; p = 0.346). One-, 3-, and 5-year overall survival rates were 
92%, 86%, and 81%, while recurrence-free survival rates were 90%, 83%, and 78%, respectively. Five-year overall survival was 
similar between 347 HOPE-treated HCC recipients (82%) and 347 matched non-HCC recipients (84%) (p = 0.625). In contrast, 
compared to an external cohort of 312 non-perfused HCC recipients, 5-year overall survival was significantly higher in 312 
matched HOPE-treated HCC recipients (74% vs. 84%; p = 0.034).

Conclusions: HCC recurrence was rare after transplantation of livers treated with HOPE. Long-term survival in HOPE-treated 
HCC recipients was significantly better than in those receiving non-perfused livers, and comparable to outcomes in non-HCC 
recipients. These findings warrant validation in a randomized clinical trial.

Clinical trial number: NCT05520320

© 2026 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access 
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction
Hepatocellular carcinoma (HCC) is the most common primary 
liver cancer and the third leading cause of cancer-related 
mortality worldwide. Liver transplantation (LT) is the treat-
ment of choice for early-stage HCC, offering excellent out-
comes, with 5-year survival rates exceeding 70%. 1 However, 
despite the implementation of strict selection criteria, post-LT 
HCC recurrence occurs in up to 15-20% of recipients and is

associated with poor outcome. 2 HCC recurrence typically ari-
ses within the first 2 years after LT, frequently in the trans-
planted liver but also at other locations such as the lungs and 
bones. 3 The mechanisms driving HCC recurrence after LT 
remain incompletely understood. Ischemia-reperfusion injury 
(IRI) has been identified as a contributing factor, alongside 
immunosuppressive therapy and tumor-related parameters, 
such as tumor size, tumor number, vascular infiltration, and
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serum alpha-fetoprotein (AFP) levels. 4 The current rationale is 
that IRI promotes tumor seeding and tumor growth by creating 
an inflammatory environment, triggered through the release of 
danger signals, adhesion molecules, and by exacerbation of 
hypoxic conditions. 5,6 Ex situ machine perfusion approaches, 
such as hypothermic oxygenated machine perfusion (HOPE), 
represent a novel and straightforward strategy to reduce graft 
inflammation prior to transplantation, 7 and have therefore 
recently been suggested as a potential intervention to mitigate 
cancer recurrence due to their anti-inflammatory effects. 8 We 
hypothesized that HOPE-treated livers would demonstrate a 
lower risk of HCC recurrence compared to non-perfused livers. 
Here, we report for the first time the impact of HOPE treatment 
on HCC recurrence in a large, international cohort of livers 
donated after brain death (DBD) and circulatory death (DCD).

Patients and methods

Study design

This observational cohort study is a post hoc analysis of the 
multicenter European HOPE-REAL study (NCT05520320). 9 It 
includes adult recipients with HCC from 22 European LT 
centers who received either a DBD or DCD liver graft treated 
with HOPE, dual-HOPE (DHOPE), or normothermic regional 
perfusion followed by HOPE (NRP-HOPE) between 2012 and 
2022. Eligibility criteria for participating centers have been 
detailed previously; 9 in summary, centers were eligible after 
performing at least 20 HOPE procedures, and all consecutive 
HOPE cases outside clinical trials were included in this anal-
ysis. Data collection extended until December 31, 2022, 
ensuring a minimum follow-up time of 12 months for 
each patient.

The primary endpoint of this study was recurrence-free 
survival after LT, defined as survival without evidence of 
HCC recurrence. Time-to-event data were measured starting 
from the date of transplantation, and patients were censored at 
the end of the observation period when alive without evidence 
of recurrence. HCC recurrence was defined as tumor recur-
rence in the transplanted liver or disseminated disease (me-
tastases at other sites), as detected through cross-sectional 
imaging or ultrasonography. Histological confirmation was 
obtained in the cases with ambiguous findings. Secondary 
endpoints included patient survival following LT. We collected 
donor, graft and recipient parameters, including donor age, 
total donor warm ischemia time (interval between donor with-
drawal of life support and cold flush), functional warm ischemia 
time (interval between blood pressure <50 mmHg and the start 
of cold in situ flush), cold storage preservation time, recipient 
age, and recipient laboratory model for end-stage liver disease 
(MELD) score.

The most recent AFP value prior to transplantation was 
recorded. Tumor number, tumor size (diameter of the largest 
lesion), and vascular invasion were assessed on the patho-
logical specimen to account for potentially undetected tumors 
on pre-transplant imaging. To estimate oncological risk pro-
files, we calculated risk scores for each patient, including risk 
assessments based on the balance of risk score, donor risk 
index, and the UK DCD risk score, and tumor stage assess-
ments based on Milan criteria (within vs. outside) 10 and the
AFP model (score < −2 vs. >2). 

11

Data from the HCC cohort were first compared to non-HCC 
patients within the HOPE-REAL cohort. In a second analysis, 
survival outcomes of HOPE-treated HCC DBD liver transplants 
were compared to those of an external cohort of patients with 
HCC who received non-perfused DBD livers. This external 
cohort included patients transplanted within the last 5 years at 
two Italian centers: the Instituto Nazionale dei Tumori IRCCS, 
University of Milan, and the Hepato-Pancreato-Biliary Surgery 
and Liver Transplantation Unit, University of Modena. Both 
comparisons were performed using propensity score matching.

Statistical analysis

Propensity score analysis was performed using R software 
(version 4.4.3). For the HCC vs. non-HCC comparison within 
the HOPE-REAL cohort, 1:1 matching was conducted based 
on the following potential confounders: HOPE type (DHOPE, 
HOPE, NRP-HOPE), graft type (DBD, DCD), graft risk category 
(benchmark DBD, standard DBD, extended criteria DBD, low-
risk DCD, high-risk DCD, futile DCD), donor age, recipient age, 
recipient MELD, re-transplant status (yes, no), and cold 
ischemia time. For the comparison between HOPE-treated and 
non-perfused patients with HCC, 1:1 matching was performed 
with the confounders AFP, tumor size, tumor number, recipient 
age, recipient MELD, donor age and cold ischemia time. For 
both comparisons, propensity scores were generated using 
the specified variables for each patient using a multivariate 
regression model. We used the nearest neighbor method with 
a caliper width of 0.1 of the standard deviation of the logit of 
the estimated propensity score. The standardized mean dif-
ference was less than 0.25 in both comparisons, indicating 
balance between the cohorts.

Numeric variables were compared using the Mann-Whitney 
U test, while categorical variables were analyzed using Fisher’s 
exact test. Distribution was assessed visually and using a 
Shapiro–Wilk test. Recurrence-free survival and patient sur-
vival were calculated using Kaplan-Meier analysis and 
compared using the log-rank test. Cox regression analysis was 
performed to adjust for the abovementioned matching vari-
ables of prognostic relevance. The proportional hazard 
assumption was assessed using Schoenfeld residuals, which 
were inspected visually (Schoenfeld residual plots) and tested 
for a non-zero slope.

Results
This post hoc analysis from the HOPE-REAL study reports on 
599 patients (49.8%) who underwent LT for HCC and on 603 
LT recipients (50.2%) without HCC. 9 The median tumor size in 
the HCC cohort was 2.0 cm (IQR 1.0-3.0 cm), with a median 
tumor number of 2 (IQR 1-3), and a median AFP level of 6 ng/ 
ml (IQR 3.2-29.6 ng/ml) (Fig. 1A). Two thirds of these cases 
(64%) fell within the Milan criteria, corresponding to 380/599
patients (63%) with a low-risk AFP model score (< −2). The
median donor age was 63 years (IQR 52-74 years), and the 
median recipient age was 61 years (IQR 55-66 years). DBD LT 
was performed in 350 patients (58%), and 249 (42%) recipients 
received DCD livers (231/249 [93%] Maastricht type III; 18/249 
[7%] Maastricht V), including 196 of 599 livers (33%) ranked in 
the high-risk or futile category according to the UK DCD risk 
score. Most livers underwent HOPE treatment (46%), followed 
by DHOPE (39%) and NRP-HOPE (15%). Eighty percent of
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livers were perfused with Liver Assist ® (XVIVO), 18% were 
perfused with Vitasmart ® (Bridge to Life). The HOPE/DHOPE 
procedure was performed for a median of 140 min (106-
196 min) with a median perfusion flow rate of 240 ml/min (150-
250 ml/min) and a perfusate oxygenation degree of 80 kPa. 
Additional descriptive parameters, stratified by DBD and DCD 
cases, are summarized in Table 1.

After a median follow-up time of 2.4 years, the overall HCC 
recurrence rate was 6.9%, with no significant difference

between DBD (7.1%) and DCD (6.4%) liver transplants (p = 
0.732; Table 1). Correspondingly, the 1-, 3-, and 5-year overall 
survival rates for the HCC cohort were 92%, 86%, and 81%, 
while recurrence-free survival rates were 90%, 83%, and 78%, 
respectively. Recipients with HCC recurrence had a signifi-
cantly worse outcome (log-rank p <0.0001; Fig. 1B). Overall 
survival (log-rank p = 0.346; Fig. 1C) and recurrence-free sur-
vival (log rank p = 0.364; Fig. 1D) were not significantly different 
between DBD and DCD recipients. Likewise, post-transplant
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Fig. 1. Risk profile and survival outcomes of HCC recipients in the HOPE-REAL study. (A) Risk profile of the HCC cohort in the HOPE-REAL study. Tumor risk is
reported by the number of cases within/outside Milan, AFP model < −2 or >2, tumor size < −3 cm, 3-5 cm, or >5 cm. The graft risk is shown by the number of cases
receiving low-risk, high-risk or futile DCD livers according to the UK DCD score (red circles visualize higher risk). (B) Patient survival of the HCC cohort with and 
without HCC recurrence. (C,D) Separate survival analysis (patient and recurrence-free survival) for DCD and DBD livers. (E,F) Patient survival rates within advanced
tumor stages, i.e. outside Milan criteria and AFP model > −2. AFP, alpha-fetoprotein; DBD, donation after brain death; DCD, donation after circulatory death; HCC,
hepatocellular carcinoma.
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overall survival in HOPE-treated patients was not affected by 
more advanced tumor stages, i.e. overall survival was similar in 
HOPE-treated patients within vs. outside the Milan criteria (log 
rank p = 0.237; Fig. 1E), as well as in those with an AFP score 
up to 2 compared to those with a score exceeding 2 (log rank 
p = 0.560; Fig. 1F).

To assess the impact of HCC as the underlying indication 
for LT on long-term overall survival, we performed propensity 
score matching with adjustment for key confounders (Fig. 2A). 
Five-year overall survival and recurrence-free survival were 
comparable between 347 HOPE-treated HCC recipients (82%) 
and 347 matched non-HCC recipients (84%) (log rank p = 
0.625 and p = 0.154; Fig. 2B).

A separate propensity score-matched analysis was con-
ducted in a DBD subgroup to assess the impact of HOPE 
treatment in 312 patients with HCC from the HOPE-REAL 
cohort, compared to a contemporary external cohort of 312 
patients with HCC who received non-perfused grafts (Fig. 3A).

Five-year overall survival and recurrence free survival rates 
were significantly higher in the HOPE-treated DBD group 
compared to the non-perfused DBD control group (84% vs. 
74% & 77 vs. 68% respectively; log rank p = 0.034 & p = 0.019; 
Fig. 3B), despite comparable tumor burden (Table 2). 
Accordingly, the overall HCC recurrence rate was 23/312 
(7.4%) in the HOPE cohort and 59/312 (18.9%) in the non-
perfused cohort (p <0.0001). Importantly, tumor recurrence in 
the transplanted liver graft (as the first site of recurrence) 
occurred in 35% (8/23) of HOPE-treated recipients compared 
with 59% (35/59) of non-perfused controls (p = 0.05).

Finally, to investigate independent factors associated with 
HCC recurrence, a multivariable Cox regression analysis was 
performed on the total cohort of HOPE-treated (N = 599) and 
non-perfused (n = 484) HCC LT recipients. This analysis 
confirmed a favorable effect of HOPE on both recurrence-free 
and overall survival (Fig. 4). The specific HOPE modality (NRP-
HOPE, DHOPE, or HOPE) had no significant impact.

Table 1. Descriptive parameters of the HCC cohort in the HOPE REAL study.

Parameter Overall (N = 599) DBD (n = 350) DCD (n = 249) p value*

Donor age (years) 63 (52-74) 69 (55-78) 57 (48-66) <0.001 1

Donor BMI 26 (24-29) 26 (24-29) 26 (24-28) 0.157 1

Tumor size (cm) 2 (1-3) 1.8 (1-2.7) 2 (1.2-3) <0.001 1

Tumor number 2 (1-3) 2 (1-3) 2 (1-3) 0.421
AFP (ng/ml) 6 (3.2-15.3) 5.3 (3-14.6) 6.2 (3.6-16.4) 0.079 1

AFP model
< −2 (%) 380/599 (63.4) 218/350 (62.3) 162/249 (65.1) 0.762 2

>2 (%) 49/599 (8.2) 27/350 (7.7) 22/249 (8.8)
Missing 170 (28.4) 105/350 (30) 65/249 (26.1)

Milan criteria 
Within (%) 384/599 (64.1) 228/350 (65.1) 156/249 (62.7) 0.752 2

Above (%) 122/599 (20.4) 70/350 (20) 52/249 (20.9)
Missing 93/599 (15.5) 52/350 (14.8) 41/249 (16.4)

Donor risk index 2.14 (1.89-2.52) 2.00 (1.77-2.19) 2.47 (2.05-2.77) <0.001 1

Functional warm ischemia time (min) 31 (25-40) - 31 (25-40) -
Cold ischemia time (min) 360 (264-471) 410 (294-502) 316 (241-406) <0.001 1

HOPE-type: 
HOPE (%) 273/599 (45.6) 162/350 (46.3) 111/249 (44.6) <0.001 2

DHOPE (%) 235/599 (39.2) 188/350 (53.7) 47/249 (18.9)
NRP HOPE (%) 91/599 (15.2) - 91/249 (36.5)

Hope-time (min) 140 (106-196) 150 (116-200) 134 (100-192) 0.044 1

Recipient age (years) 61 (56-66) 61 (55-66) 61 (57-67) 0.385
Recipient MELD 11 (8-15) 11 (9-16) 10 (8-13) <0.001 1

BAR 4 (3-5) 5 (3-7) 4 (3-5) <0.001 1

UK DCD 8 (5-11) - 8 (5-11) -
Peak AST (U/L) 805 (406-1,995) 679 (316-1,438) 1,120 (556-2,921) <0.001 1

Peak ALT (U/L) 598 (297-1,185) 454 (239-895) 846 (483-1,643) <0.001 1

Immunosuppression: 
mTor inhibitors (%) 12/599 (2%) 7/350 (2%) 5/249 (2%) 1.0

ICU stay (days) 4 (2-6) 5 (3-7) 3 (2-5) <0.001 1

Hospital stay (days) 15 (11-21) 15 (11-22) 15 (10-21) 0.152 1

HCC recurrence (%) 41/599 (6.9) 25/350 (7.1) 16/249 (6.4) 0.732
Recurrence site § : 
Liver (n/%) 22/41 (54%) 14/25 (56%) 8/16 (50%) 0.856 3

Lung (n/%) 5/41 (12%) 2/25 (8%) 3/16 (19%)
Bones (n/%) 7/41 (17%) 5/25 (20%) 2/16 (13%)
Other (n/%) 14/41 (34%) 6/25 (24%) 8/16 (50%)

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BAR, balance of risk; DBD, donation after brain death; DCD, donation after circulatory 
death; DHOPE, dual hypothermic oxygenated machine perfusion; HCC, hepatocellular carcinoma; HOPE, hypothermic oxygenated machine perfusion; ICU, intensive care unit; 
MELD, model for end-stage liver disease; NRP, normothermic regional perfusion.
4 Log-rank test.
*DCD vs. DBD.
§ Multiple counts.
1 Mann-Whitney U test.
2 Fisher exact test.
3 Chi-square test.
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Discussion
This study represents the largest cohort of machine-perfused 
livers transplanted for HCC to date and demonstrates that 
HOPE-treated livers are associated with low HCC recurrence 
rates after DBD (7.1%) or DCD (6.4%) LT. These low recur-
rence rates correspond to excellent 5-year overall (81%) and 
recurrence-free (78%) survival, comparable to outcomes in 
non-HCC patients.

Machine perfusion of donor livers prior to transplantation 
has gained substantial attention over the past decade due to 
its ability to optimize grafts compared to conventional static 
cold storage, 12 as well as its potential to evaluate graft viability 
before transplantation. 13 Currently, multiple liver perfusion 
strategies are used in clinical practice: in situ NRP, ex situ 
normothermic machine perfusion (NMP), ex situ HOPE, or a

combined, sequential approach. Each technique has distinct 
advantages and limitations.

HOPE is typically applied end-ischemically at the recipient 
center, after rapid procurement and static cold storage. HOPE 
reoxygenates ischemic tissue under hypothermic conditions, 
which decreases the risk of mitochondrial complex I 
dysfunction compared to normothermia, 14 thereby reducing 
mitochondrial oxidative stress. During HOPE, ongoing NADH 
and succinate metabolism enables ATP synthesis, 15 resulting 
in a metabolically resuscitated liver with high ATP and low 
succinate levels before implantation. 16 This state contributes 
to reduced inflammatory signaling during reperfusion. It re-
mains to be established whether application of HOPE already 
starting at the procurement center could yield even 
greater benefit.
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Fig. 2. Propensity score-matched comparison of survival in HOPE-treated HCC vs. non-HCC recipients. (A,B) Adjusting for key confounders by propensity 
score matching in the HOPE-REAL cohort resulted in similar long-term overall and recurrence-free survival after liver transplantation for HOPE-treated HCC and non-
HCC liver transplant recipients. DBD, donation after brain death; DCD, donation after circulatory death; DHOPE, dual hypothermic oxygenated machine perfusion; 
HCC, hepatocellular carcinoma; HOPE, hypothermic oxygenated machine perfusion; ICU, intensive care unit; MELD, model for end-stage liver disease; NRP, 
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Ex situ NMP can be applied either immediately after pro-
curement, replacing cold storage, or end-ischemically at the 
recipient center, similar to HOPE. 17 However, when NMP is 
used following a period of cold storage, the resulting warm 
reperfusion may trigger greater oxidative stress and inflam-
mation compared to HOPE. 18 In contrast, NRP is applied in 
situ in DCD donors offering tissue reoxygenation without the 
need for additional cooling. A key drawback of NRP, however, 
is the subsequent cold storage phase, which can lead to

metabolic depletion before implantation. 19 Based on these 
limitations, combined sequential strategies of NRP and 
HOPE, 20 NRP plus NMP, or HOPE and NMP, 21 have been 
introduced clinically in Italy and the Netherlands, particularly 
for DCD livers.

Tumor recurrence after liver surgery or transplantation is 
postulated to result from mobilization of circulating tumor cells, 
reactivation of dormant micro-metastases, or both. 5 Surgical 
stress and IRI alter both the hepatic microenvironment and
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Fig. 3. Propensity score-matched comparison of survival in HOPE-treated vs. non-perfused DBD HCC recipients. (A,B) Adjusting for key confounders by 
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Table 2. Tumor and transplant parameters in HCC liver transplant cohorts.

HOPE REAL cohort 
2012-2022

SRTR 12 

2003-2020
ELTR 13 

2006-2016
Cleveland 12 

2000-2020
External cohort § 

2019-2024

Number of patients 599 26,232 6,720 547 484
Recipient MELD 11 (8-15) 12 (9-16) 13.1 (6.1)* 12 (8-19) 10 (8-14)
Recipient age (years) 61 (56-66) 50 (55-65) 56.8 (8.6)* 60 (56-65.5) 59 (54-64)
Outside Milan criteria (%) 122 (20.4) 1,820 (6.9) 2,894 (40.1) 100 (18.2) 162 (33.5)
Outside up to seven criteria (%) 78 (13) 992 (3.8) 1,717 (24.3) 42 (7.7) 92 (19.0)
>3 nodules (%) 84 (14) - 1,540 (20.7) - 84 (17.4)
Max size of noules >5 cm 18 (3) - 760 (10.7) - 67 (13.8)
Median tumor number 2 (1-3) 1 (1.2) - 1 (1-2) 2 (1-3)
Median tumor size (cm) 2 (1-3) 2.5 (1.5-3.5) - 2.3 (1.7-2.3) 2.1 (1.5-3.2)
Median AFP (ng/ml) 6 (3-15) 8 (4-26) - 9.1 (4.6-29.6) 5.3 (3.0-14.6)
Median donor age (years) 63 (52-74) 44 (28-56) - 43 (29-55) 66 (60-73)
Median donor BMI 26 (24-29) 37 (23-31) - 27 (24-32) -
DCD (%) 249 (41.6) 1,906 (7.2) - 58 (10.8) 0
Median cold ischemia (h) 6 (4.4-7.9) 6 (4.8-7.9) - 6.8 (5.8-8) 6.8 (6-7.3)

DCD, donation after circulatory death; ELTR, European Liver Transplant Registry; MELD, model for end-stage liver disease; SRTR, Scientific Registry of Transplant Recipients. 
*Mean (SD).
§ Instituto Nazionale Tumori IRCCS, University of Milan, Hepato-Pancreato-Biliary Surgery and Liver transplantation Unit, University of Modena, Italy.
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systemic immune landscape, potentially facilitating engraft-
ment of tumor cells. 5 The underlying mechanism is related to 
downstream consequences of ischemia reperfusion, e.g. the 
release of damage-associated molecular patterns, cytokines, 
adhesion molecules, and inflammasome activation. 5 Accord-
ingly, hepatic IRI can be divided into an acute phase, lasting 
approximately 3 h after reperfusion, and a late phase lasting up 
to 48 h after reperfusion. The acute phase is characterized by 
mitochondrial dysfunction causing oxidative stress in hepato-
cytes, Kupffer cells, and sinusoidal epithelial cells. 22 Oxidative 
stress induces the release of HMGB1 (high-mobility group box 
1), a damage-associated molecular pattern that mediates 
Kupffer cell activation through a toll like receptor 4-mediated 
pathway. Activated Kupffer cells produce more reactive oxy-
gen species, which induce the degradation of IKB, a molecule 
that inhibits the translocation of NF-κB from the cytosol to the 
cell nucleus. 23 Once freed, NF-κB enters the nucleus and 
upregulates the synthesis of mediators of the pro-inflammatory 
cytokine cascade, including IL-1b, IL-6, and TNF-a. Pro-in-
flammatory cytokines act on adhesion molecules and com-
plement proteins to attract neutrophils and CD4+ T cells into 
the liver, which are the main mediators of the late phase of IRI. 
Neutrophils increase liver damage through secretion of reac-
tive oxygen species and proteases causing hepatocyte ne-
crosis. 24 This liver damage can eventually evolve into chronic 
inflammation, causing long-term consequences such as liver 
fibrosis but also tumor growth by creating a favorable micro-
environment for tumor cell engraftment or proliferation of 
dormant micro-metastases. Correspondingly, increased cold 
or warm ischemia times, 25–27 as well as donor-related risk 
factors, 3 have been associated with higher HCC recurrence 
rates after LT. Machine perfusion, by mitigating IRI and 
dampening inflammation, may therefore offer a novel and 
clinically relevant approach to reduce tumor seeding and 
HCC recurrence. 4,5

To date, however, data on the effects of NRP and NMP on 
HCC recurrence after LT remain scarce. Clinical evidence on

HOPE in terms of cancer is also limited and somewhat con-
flicting. Mueller et al. reported lower HCC recurrence rates 
following DCD LT with HOPE, 8 whereas Rigo et al. observed 
no difference. 28 HOPE may also exert immunomodulatory ef-
fects, reducing rejection and allograft immunogenicity by 
suppressing direct alloantigen presentation. 29 After HOPE 
treatment, LT recipients have demonstrated increased circu-
lating regulatory T cells (CD4 + CD25 + FoxP3 + ), as well as a se-
lective decrease in donor-specific CD8 + T cells 3 months after 
LT. 30 Recent data on ischemia-free liver transplantation, a 
special form of NMP that entirely avoids ischemia during 
procurement, preservation, and implantation, showed signifi-
cantly lower HCC recurrence compared to conventional LT. 31 

These findings further support the hypothesis that ischemia in 
fact plays a central role in post-LT HCC recurrence, and that 
either avoiding ischemia or mitigating IRI may reduce the risk 
of HCC recurrence after LT.

Our findings align with this hypothesis. We observed low 
HCC recurrence rates in a large international cohort of HOPE-
treated LT recipients, despite a high proportion of DCD grafts 
and a median donor age of 63 years. Notably, overall survival 
was comparable between propensity score-matched HCC and 
non-HCC recipients within the HOPE-REAL study. In an 
external propensity-matched comparison with non-perfused 
DBD livers, HOPE-treated HCC DBD recipients demonstrated 
significantly superior 5-year overall survival (Fig. 3). These 
outcomes compare favorably with previously published data 
from several large US 32 and European LT cohorts, 33–37 which 
report HCC recurrence rates of 15-19% and 5-year overall 
survival rates ranging from 54% to 76% in over 50,000 non-
perfused HCC recipients (Fig. 5).

This study has several limitations. The median follow-up 
time in the HOPE-REAL study was 2.4 years; however, most 
HCC recurrences typically occur within this time frame. Addi-
tionally, the cohort included a relatively high proportion of low-
risk HCC cases. Nevertheless, propensity score-matching 
ensured that the tumor burden in the HOPE-treated cohort

A BPatient survival

0.1 1 10

HOPE

Donor age >70 y

Recipient age >70 y

MELD >20

CIT >6 h

 AFP >100 ng/ml

Tumor size >3 cm

Tumor number >3

Outside Milan criteria

Hazard ratio with 95% confidence interval

Favorable Unfavorable

1.44 (1.06-1.98) p = 0.019

1.95 (1.37-2.79)  p <0.001

0.64 (0.43-0.95)  p = 0.030

Recurrence-free survival

HOPE

Donor age >70 y

Recipient age >70 y

MELD >20

CIT >6 h

 AFP >100 ng/ml

Tumor size >3 cm

Tumor number >3

Outside Milan criteria

Hazard ratio with 95% confidence interval

2.14 (1.44-3.19)  p <0.001

1.53 (1.04-2.24)  p = 0.027

1.46 (1.00-2.12)  p = 0.046

2.46 (1.58-3.85)  p <0.001

3.10 (1.38-6.97)  p = 0.006

1.66 (1.11-2.48)  p = 0.012

0.48 (0.28-0.83) p = 0.008

0.1 1 10

Favorable Unfavorable

Fig. 4. Multivariable Cox regression identifying independent predictors of survival in HCC liver transplant recipients. (A,B) Multivariable Cox regression 
analysis in 1,083 liver transplant recipients with HCC (599 from the HOPE-REAL cohort and 484 from the non-perfused control group), assessing overall patient 
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was comparable to that of the external non-perfused control 
group. Third, the HOPE REAL cohort consisted of a much 
higher number of centers, while the control group included

only two centers. However, we observed no center effect on 
HCC recurrence in the HOPE treated cohort and would 
therefore not consider the difference in participating centers as 
systematic bias. Another shortcoming is the lack of reporting 
on waiting times and potential bridging therapies in this 
observational study, as these data were not available retro-
spectively from all centers. In addition, non-standardized sur-
veillance regimens could potentially have influenced the time 
to reported recurrence. These are all important shortcomings, 
which can likely only be well addressed by prospective multi-
center trials, such as the ongoing HOPE4Cancer trial 
(NCT06717919), including more than 35 LT centers across 
Europe and the US, with standardized imaging for all patients 
and adjustment for pre- and post-transplant treatments as well 
as for tumor biology. 38 This study may also provide an op-
portunity to investigate potential biomarkers of tu-
mor recurrence.

In summary, this study demonstrates low recurrence rates 
and excellent long-term survival after LT for HCC using 
HOPE-treated grafts, with outcomes comparable to non-HCC 
recipients and superior to those receiving non-perfused 
livers. These results support the potential anti-tumor 
benefits of machine perfusion and warrant further validation 
in the ongoing multicenter HOPE4Cancer trial. As an ex situ 
treatment that is relatively straightforward, HOPE 
and potentially other perfusion strategies may have signifi-
cant clinical implications in the evolving field of trans-
plant oncology.
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