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Abstract

Background A frequent and increasing indication for liver transplantation (LT) is hepatocellular carcinoma (HCC).
However, despite strict selection criteria, HCC recurrence after LT occurs in a relevant proportion of patients

and is associated with an unfavorable prognosis. Hypothermic oxygenated perfusion (HOPE) is a novel machine liver
perfusion approach to optimize liver grafts before implantation and has been suggested to decrease graft inflamma-
tion with potential anti-cancer effects.

Methods HOPE4Cancer is an international, multicentric, parallel group, randomized controlled trial comparing HOPE
performed after initial cold storage (intervention) with conventional cold storage alone (control) in a 1:1 allocation
ratio. Adult recipients with proven HCC will be included for transplantation of a DBD (donation after brain death)

Liver graft. The minimum perfusion duration is defined at 2 h and perfusion is generally continued until the recipient
hepatectomy is completed. The conventional cold storage at 4 °C will be performed with a precooled preservation
solution according to the local standard of care. The primary endpoint is defined as post-transplant HCC recurrence-
free survival, i.e, the time interval a patient is alive without HCC recurrence after transplantation. Secondary endpoints
are the single components of the events considered for the primary outcome (i.e,, HCC recurrence, HCC-related
death, death from any other causes than HCC), circulating tumor DNA, high-mobility-group-protein B1 in the blood,
the Rejection Activity index, and the number of liver-related complications experienced by the patient.

Discussion HOPE4Cancer investigates if cold storage plus end-ischemically applied HOPE in DBD LT is superior

to conventional cold storage of liver grafts in terms of post-transplant HCC recurrence-free survival. The results will
indicate for the first time whether ex situ HOPE before transplant has an anti-cancer potential compared to transplan-
tation of un-perfused livers.
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protocol-items-for-clinical-trials/).
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Introduction

Background and rationale {6a}

Hepatocellular carcinoma (HCC) is the most common
primary liver cancer, and liver transplantation for early
HCC stages is the treatment of choice [1, 2]. Liver trans-
plant results in excellent outcomes with overall 5-year
survival rates of 70% [3]. However, HCC recurrence may
occur after LT and is reported in up to 15% of cases,
associated with poor outcome [4, 5]. The mechanisms
for HCC recurrence after hepatectomy and liver trans-
plantation (LT) are not yet fully understood. Several fac-
tors, including tumor seeding, unrecognized residual
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Fig. 1 Postulated protective mechanism of machine liver perfusion against cancer recurrence. Modified from Maspero et al., JHPE 2023 [38]

micro-lesions in lymph nodes, active hepatitis, increased
liver regeneration, and immunosuppressive treatment,
may promote cancer growth or recurrence [6]. In addi-
tion, ischemia reperfusion injury has been recognized as
an important initial driver of microvascular dysfunction
with subsequent tissue hypoxia and ongoing inflamma-
tion, which promotes tumor cell reseeding and growth
[6]. Accordingly, in a cascade-like mechanism, ischemia
reperfusion injury (IRI) leads to hepatic sinusoidal injury,
which causes dysregulation of the hepatic microcircula-
tory barrier and activates cell signaling related to invasion
and migration [7]. Hypoxia triggers gene upregulation
and release of cytokines, involved in angiogenesis, cel-
lular proliferation, growth, and adhesion. In the absence
of oxygen, hypoxia-inducible transcription factor 1 (HIF-
1a) binds to hypoxia-response elements, thereby upregu-
lating the hypoxia-response gene expression, including
vascular endothelial growth factor [8, 9]. Inflammatory
mediators, including reactive oxygen species (ROS) and
numerous cytokines (TNFa, IL-1, IL-6, IFN-y) released
from various immune cells, induce epigenetic altera-
tions in premalignant lesions and silence tumor suppres-
sor genes [10, 11]. It is currently hypothesized that a key
link between inflammation and cancer recurrence may
originate from mitochondria. An early mitochondrial
protection may therefore be decisive for decreasing tissue
inflammation and subsequent tumor cell seeding (Fig. 1).

During the past 10 years, organ machine perfusion has
regained clinical interest due to advantages compared

to cold static storage. For example, machine liver perfu-
sion reduces post-transplant complications and increases
graft survival by improving early allograft function [12].
Hypothermic oxygenated perfusion (HOPE) has recently
gained popularity due to its simplicity besides clinical
efficacy. First, it is performed at the recipient center after
organ transport, i.e., cold storage, and therefore does not
change current practice in organ procurement. Secondly,
it reduces significantly IRI by mitochondrial reprogram-
ming [13-15]. Thirdly, it is particularly beneficial in
extended criteria donor livers, such as steatotic livers and
livers donated after circulatory death (DCD). Mechanis-
tically, HOPE leads to full metabolization of accumulated
succinate and NADH, together with replenished cellular
ATP pools and improved function of mitochondrial com-
plexes I-1V. This leads consecutively to decreased inflam-
mation signals during implantation and may therefore
potentially reduce also the risk of HCC recurrence [14,
16, 17]. Accordingly, a retrospective study reported a sig-
nificant reduction of tumor recurrence rate from 25.7%
in un-perfused donation after brain death (DBD) Liv-
ers compared to only 5.7% in HOPE-treated DCD organ
recipients [14].

This study therefore aims at showing that post-trans-
plant HCC recurrence-free survival (RFS) is improved
by end-ischemically applied HOPE before transplanta-
tion, compared to standard conventional cold storage in
patients who undergo liver transplantation for HCC.
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Objectives {7}

The overall objective of this trial is to investigate the anti-
tumor effects of HOPE before liver transplantation in
patients with HCC. The primary objective is to show that
HCC recurrence-free survival is improved with HOPE
compared to conventional cold storage alone in patients
with liver transplantation for HCC.

Trial design {8}

HOPE4Cancer is an international, multicentric, paral-
lel group, superiority randomized controlled trial (RCT)
comparing HOPE to conventional cold storage. Patients
will be allocated in a 1:1 ratio.

Methods: participants, interventions and outcomes
Study setting {9}

The trial will be conducted in approximately 34 academic
tertiary referral centers that have implemented HOPE
before the start of the trial. Centers are in Switzerland,
other European countries, and the USA (Fig. 2).

Eligibility criteria {10}
The following are inclusion criteria for patients:

+ Adult recipients (> 18 years old)
+ Listed for liver transplantation

Lithuanian University of Health Cervices Vilnius

34 centers
15 countries

+ Documented HCC (LIRADS-5 lesion in MRI or CT
of the liver or biopsy proven) within up to seven cri-
teria, i.e, HCC with seven as the sum of the diam-
eter of the largest tumor (in cm) and the number of
tumors at the timepoint of liver transplantation. This
includes also patients beyond the up to seven criteria
after successful downsizing of the HCC.

«  Written informed consent for the trial

The following exclusion criteria will be applied:

+ DCD liver grafts

+ Combined liver transplants

« DPartial liver transplants

+ Combined or mixed hepatocellular cholangiocarci-
noma or pure cholangiocarcinoma or other malig-
nancies in histopathology of the liver explant

+ Systemic antitumoral medical treatment with check-
point inhibitors or multikinase inhibitors

+ DPost-transplant treatment with mTOR inhibitors

+ Acute and unexpected medical contraindication

+ Pregnancy

+ Cold storage time of>10 h (in both study arms)
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HOPE (Vitasmart, Xvivo, perLife)

Liver Assist Xvivo®

Fig. 3 Machine perfusion technique and devices

Who will take informed consent? {26a}

All participants will be provided a participant informa-
tion sheet and a consent form describing the study and
providing sufficient information for participants to
make an informed decision about their participation in
the study. The time frame given is at least 7 days. The
formal consent of a participant, using the approved
consent form, must be obtained before the participant
is submitted to any study procedure. The investigators
or a designee will take consent in the outpatient clinic.

Additional consent provisions for collection and use

of participant data and biological specimens {26b}
Participants will be asked in the consent form if they
agree to the use of their data should they choose to
withdraw from the trial. Participants will also be asked
for permission for the research team to share relevant
data with people from the universities and regulatory
authorities taking part in the research. In addition, all
participants will be asked whether they agree to the
further use of health-related data or not.

Interventions

Explanation for the choice of comparators {6b}
Conventional cold storage after organ procurement has
been the standard of care before the implementation of
machine perfusion for liver grafts and is currently still

DHOPE (Xvivo, perLife)
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DHOPE (Organ recovery)

PerLife Aferetica®

the most commonly used method. It involves storage of
the organ on ice. Every transplant center is familiar with
the procedure and no additional training or material is
required for the storage procedure in the control arm.

Intervention description {11a}

All study centers will use either a VitaSmart®, Liver
Assist®, or Perlife® device for machine liver perfusion
(Fig. 3), with a pressure-controlled hypothermic oxygen-
ated liver perfusion through the portal vein (HOPE) or
through the portal vein and the hepatic artery (DHOPE).
The rationale to choose VitaSmart® and Liver Assist® is
based on their CE sign and the clinical experience during
recent and ongoing RCTs [18-20] (NCT05045794). Per-
life® also has a CE sign and is used currently in another
RCT (NCT04644744). There are no RCTs comparing the
effectivity of HOPE vs. DHOPE. However, recent cohort
and experimental data show no differences between
HOPE and DHOPE in terms of perfusion quality and
also in terms of outcome [18, 21-23]. The oxygenation
process of the perfusate is similar, as the same oxygen-
ators are used. The perfusion flow in both procedures is
pressure controlled. For the sake of simplicity, we there-
fore refer to HOPE/DHOPE as HOPE throughout the
manuscript. The targeting pressure is 3—5 mmHg and the
perfusate temperature is between 8 and 12 °C. The per-
fusate consists of 3L recirculating Belzer MPS® (Bridge
to Life Ltd.) with active oxygenation (70-110 kPa). The
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minimum perfusion duration is defined as 2 h, while per-
fusion is generally continued until the recipient hepatec-
tomy is completed, i.e., if the recipient hepatectomy takes
longer, perfusion is extended. The absolute upper Limit
for HOPE is 24 h according to recent publications [24,
25]. The perfusion device is routinely used in all partici-
pating centers. All machines used are certified for human
use and controlled by transplant surgeons. Cooling of the
perfusate is managed by a heat exchanger (Liver assist®)
or ice (VitaSmart®); the perfusion flow is adjusted to
150-250 ml/min under pressure control (<5 mm Hg).
Commercially available, CE-certified and approved
Belzer MPS solution will be used (Belzer MPS-UW-
Machine perfusion solution, Bridge to Life®) as perfusate
for machine perfusion (according to clinical routine).

Criteria for discontinuing or modifying allocated
interventions {11b}

If there are safety concerns or withdrawal of informed
consent, patients are withdrawn from the study.

Strategies to improve adherence to interventions {11c}
Minimal deviation from the protocol is expected due to
the experience of the centers with both the intervention
and the control procedures which are both part of the
clinical routine in all centers. Nevertheless, cold storage
time, the used preservation solution, the machine per-
fusion type, time, and oxygenation will be recorded and
assessed to identify non-adherence.

Relevant concomitant care permitted or prohibited

during the trial {11d}

All concomitant care or interventions needed after trans-
plantation are permitted, except that post-transplant
mTOR inhibitors are prohibited.

Provisions for post-trial care {30}

The post-transplant imaging for the HCC surveillance
will be compensated. Otherwise, there is no additional
study-related procedure and no deviation from the usual
care after LT.

Outcomes {12}

The primary outcome is post-transplant HCC recur-
rence-free survival, i.e., the time interval until either
tumor recurrence is observed or the patient dies from
any cause. HCC recurrence is assessed by computed
tomography (CT) at 6, 12, 18, and 24 months (and every
6 months afterwards, if appropriate, until the end of the
study), which will be checked for intrahepatic and extra-
hepatic masses according to the LIRADS classification. At
least 24 months of follow-up duration for every patient
is required. HCC recurrence is clinically highly relevant
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as only limited treatment options are available after liver
transplantation. This time-to-event measurement will be
aggregated as a hazard rate.

Secondary outcomes are:

+ Single components of the events considered for the
primary outcome, i.e.,, HCC recurrence (while alive),
HCC-related death, and death from any other causes
than HCC. As the primary outcome, each compo-
nent will be analyzed as time to event (up to a mini-
mum of 24 months) and aggregated as hazard rate.

+ Circulating tumor DNA in blood (before transplanta-
tion, at discharge, and at 6 months after transplanta-
tion)

+ High-mobility-group-protein-B1 (HMGB-1) in blood
(at the time of transplantation and 1 week after trans-
plantation)

+ Rejection Activity index (RAI) in liver histology
(biopsy) performed at 6 months post-transplantation

+ Number of Liver-related complications experienced
by the patient within 2 years

Other outcomes of interest are:

+ Spatial transcriptomics of T cells (CD4+, CD8+)
and monocytes (CD14+) in liver biopsies at the end
of implantation

+ Laboratory parameters AST/ALT /bilirubin, AP, INR,
measured daily during the first week after transplan-
tation

+ Early allograft dysfunction (EAD) based on labora-
tory parameters measured over week 1 after trans-
plantation

» Parameters assessed in the liver explant of the patient
(phenotyping of tumor infiltrating and tumor stroma
immune cells in liver explants, RNA sequencing,
metabolomics and spatial pathology in tumor and
tumor stroma in liver explants)

Participant timeline {13}
The participant timeline is shown in Table 1.

Sample size {14}

The sample size was calculated to show superiority of
HOPE over conventional cold storage regarding HCC
recurrence-free survival (time to HCC recurrence
or death). The power was set to 80% at a significance
level of 5%. Based on previous studies on Liver trans-
plantation in patients with HCC, we expect that 15%
of the patients in the control arm will develop tumor
recurrence or die within 24 months [2, 26—28]. Based
approximately on the results of a retrospective cohort
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Table 1 Schedule of enrollment, intervention and assessments
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Time point

Visit —1 Visit0 Visit 1
OR

Visit2 Visit3

Visit 4 Visit 5 Visit 6 Visit 7

Day 1-6 Day7 Discharge 6 months 12 months 18 months 24 months

Day/month

Visit window

Eligibility screens
Demographic data
Gender

Year of birth

Body height

Body weight

Inclusion and exclusion criteria
Informed consent
Allocation/randomization
Intervention

Liver biopsy at the end of LT
and after 6 months

Baseline variables
Donor/recipient#
Transplant listing timepoint

Underlying liver disease (Hep C, Hep B, Hep
A, Hep E, NASH, ASH, PSC, PBC, autoimmune)

Donor information

BMI

Donor risk index

Cold ischemia time
Preservation solution

Machine perfusion

Machine perfusion time
Machine perfusion type
Machine perfusion pressure
Machine perfusion oxygenation

Asservation of 10 ml machine perfusate

Blood values

ALT

AST

INR

Bilirubin

Alkaline phosphatase
HMBG-1 in blood*
Circulating tumor DNA*
MELD score

Creatinine

Serum alpha-fetoprotein
Intraoperative course
Number of RBC units during OLT
Duration of OLT

Type of OLT
Postoperative course
PNF

EAD

HAT

X X X X X X

do

X X X X X X

>

>
X X X X X X

d7

mo6 m12 m18 m24

xX X X X X
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Table 1 (continued)
Time point Visit —1 Visit0 Visit 1 Visit2 Visit3 Visit 4 Visit 5 Visit 6 Visit 7
OR Day1-6 Day7 Discharge 6 months 12 months 18 months 24 months
ICU stay X
Hospital stay X
Type of immunosuppressive therapy X
Tacrolimus level X X X X X X
Rejection Activity Index (RAI) X
Tumor criteria in explanted liver
RNA sequencing X
Phenotyping X
Follow-up
CT (abdominal and thoracic) X X X X
Number of liver-related complications X X X X X X X
Clavien grading X X X X X X X
Adverse events/safety X X X X X X X X X

# Donor age, donor BMI, donor cause of death (CVI, trauma, hypoxia, cardiac arrest, other), recipient MELD score, INR, bilirubin, creatinine at transplant, balance of risk

(BAR) score), AST, ALT before transplant

" Parameters with * have to be centrifugated within 4 h and stored at —80 °C until centralized analysis

study, we expect this risk to be reduced to 5% of the
patients in the HOPE arm [14]. Under the assumption
of exponential survival times, these rates correspond
to a hazard ratio (HR) of 0.32. We expect an accrual
period of 12 months and plan a minimum follow-up
duration of 24 months (resulting in a total study dura-
tion of 36 months). Based on the method of Lachin and
Foulkes and as implemented in the function nSurvival
from the R package gsDesign, we will need 208 patients
to be able to observe 26 events [29-31]. We expect a
dropout rate of 5%, similar to the dropout rate of 4%
observed in Schlegel et al. [18]. We will thus need to
recruit 220 patients (110 per treatment arm).

Recruitment {15}

Approximately 34 European and US centers will partici-
pate in this study (Fig. 1). All centers confirmed experi-
ence in machine Liver perfusion. The expected overall
caseload in all centers is approximately 1400 Liver trans-
planted patients per year. Based on the expectation
that one third of the transplanted population are HCC
patients, i.e., 470 patients, and to recruit 50% of these
cases, we estimate complete recruiting of 220 HCC Liver
transplants within 1 year after the study start.

Assignment of interventions: allocation

Sequence generation {16a}

The computer-generated allocation sequence will be done
in a 1:1 ratio using stratified block randomization with
variable block sizes and stratification by study center.
Stratification by center is important because there will be

differences between centers with regard to the recipients
of liver transplantation for HCC, due to different national
or center-specific guidelines and criteria. Variable block
sizes will better prevent surgeons from guessing the ran-
domization sequence than fixed block sizes. Randomiza-
tion lists will be created using the R package blockrand
[32].

Concealment mechanism {16b}

The centrally generated randomization lists (one per
center) will be stored in the electronic data capture sys-
tem SecuTrial® (interActive systems; iAs, Berlin). The
lists will not be accessible by the study personnel who
is screening and recruiting patients or entering data.
The person who provided the randomization lists and
the responsible data manager are the only persons with
access to the randomization lists.

Implementation {16c}

The R code to create the randomization lists will be pre-
pared at the Department of Biostatistics of the Epidemi-
ology, Biostatistics, and Prevention Institute, University
of Zurich, Switzerland. An independent person at the
Department of Clinical Research Basel, who is not oth-
erwise involved in the trial, will then specify the random
seed and run the code to produce the randomization
lists. The random seed will determine the allocation
and ensure reproducibility of the randomization lists.
The randomization lists will then be handed over to the
responsible data manager at the Department of Clinical
Research, University Hospital Basel, Switzerland, who
will store the lists in SecuTrial®. The allocation of a liver
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graft will be revealed to the transplant surgeon after the
donor liver is accepted for transplantation to a particular
recipient and is enrolled in the trial. More precisely, after
inclusion and exclusion criteria are entered in SecuTrial®,
the allocation will be done by clicking a “randomize” but-
ton in SecuTrial® by a designated member of the local
study team.

Assignment of interventions: blinding

Who will be blinded {17a}

The allocation is blinded for all persons who perform the
outcome assessments. Patients are also blinded. The stat-
istician will be blinded for the sample size re-estimation
during the interim analysis but will be unblinded for
the final analysis. Surgeons are unblinded for the inter-
vention as they are involved in the storage or perfusion
process of the organs. However, the randomization result
must not be listed on the surgery or any other report
accessible to the study personnel not involved in the sur-
gery to prevent unblinding.

Procedure for unblinding if needed {17b}

If unblinding is required in the interest of a participant’s
safety, the investigator will discuss the matter with the
sponsor before unblinding. In a medical emergency, the
principal investigator or delegate may unblind treat-
ing doctors via an “emergency unblinding” function in
SecuTrial®, which requires password entry of the prin-
cipal investigator or delegate and an additional confir-
mation for the unblinding. If the principal investigator
is not available, the sponsor or a delegate from the pro-
ject manager can be contacted at any time via phone for
unblinding. When there is a breach of blinding, it will be
recorded in the eCRF and the sponsor will be automati-
cally notified. All unblinded cases will be included in the
intention-to-treat analysis.

Data collection and management
Plans for assessment and collection of outcomes {18a}
Source data is sought from the following documents:

— Datient demographics and disease characteristics will
be available in the clinic information systems.

— Donor information is routinely available to the trans-
plant team during the organ allocation process from
transplant coordinators and surgeons’ notes.

— Separate worksheets will be distributed for perfusion
or cold storage details and (S)AE.

— Complications, blood results, and follow-up infor-
mation will be collected from discharge notes and
patient charts or nurse records as well as correspond-
ence with other departments or family doctors. The
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blood samples for cDNA and HMGB-1 will be cen-
trifuged within 2 h after sampling ad stored subse-
quently at —20 °C in the centers. The stored samples
will be collected every 3 months and will be pro-
cessed centrally at the University of Zurich.

— Histology and radiology reports will be collected for
disease, graft information, and information about
recurrence.

The sponsor is implementing and maintaining qual-
ity assurance and quality control systems with written
SOPs and working instructions to ensure that trials are
conducted, and data are generated, documented (record),
and reported in compliance with the protocol, GCP, and
applicable regulatory requirement(s).

A screening and enrollment log will be kept tracking
the screening process and monitor the patient accrual
and the progress of the study. Routine remote monitoring
will regularly be conducted to check the completeness
and plausibility of all data entered into the eCRE. There-
fore, eCRFs will be kept current to reflect participant sta-
tus at each phase during the study.

Plans to promote participant retention and complete
follow-up {18b}

Adherence to the intervention will be assured by training
of the transplant surgeon if there is a deviation from the
usual procedure at the respective center. After discharge,
oncologic follow-up is according to recommended inter-
vals and modalities and will be conducted by transplant
surgeons, hepatologists, and oncologists.

Data management {19}

The electronic data capture (EDC), GCP compliant
software SecuTrial® will be used for data processing
and management in the present project. SecuTrial® is
provided and maintained by the Department of Clini-
cal Research of the University Hospital Basel, Basel,
Switzerland.

A current list with signatures and names of all author-
ized study personnel with access to the study data will
be filed in the investigator site file and the trial master
file, respectively. All the study files will be maintained
by authorized study team members and are stored in a
secured storage area. All data entry and correction activi-
ties as well as query resolution will be performed in each
center by team members, who have the specific rights.
SecuTrial® allows automatic data checks for complete-
ness and plausibility. A built-in data logging tool (audit
trail) ensures that any changes to the project or user
activity (date and time stamp and user log) are continu-
ously tracked in real time and accessible online or via
downloadable audit table.
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Confidentiality {27}

SecuTrial® is an encrypted, online web tool and acces-
sible only by secured log-in membership, to transfer the
information from the source documents. It is assured
that any authorized person, who may perform data
entries and changes in the eCRE, can be identified.

In order to ensure patients’ confidentiality and compli-
ance with data privacy regulations, a study-specific ID
will be automatically generated for each patient, which
allows pseudonymization of personal data. The List con-
taining the Link between the patient pseudonym and the
respective personal data will be stored appropriately by
study coordinators and protected against unauthorized
access. In case an audit or inspection is performed, all
study data must be made available. The sponsor ensures
that the study database will be securely stored until
20 years after the end of the study.

Plans for collection, laboratory evaluation and storage

of biological specimens for genetic or molecular analysis

in this trial/future use {33}

All study data must be archived for a minimum of
20 years after study termination or premature termina-
tion of the clinical trial. All data will be stored on the
server of the University Hospital Basel. The biological
material (blood serum/plasma) will be stored at —80 °C
for 5 years. Liver biopsies will be stored for 5 years.

Statistical methods

Statistical methods for analyzing primary and secondary
outcomes {20a}

Detailed methodology for summaries and statistical anal-
yses of the data collected in the trial will be documented
in a separate statistical analysis plan. The statistical analy-
sis plan will be finalized before database closure and will
be under version control at the Department of Biostatis-
tics, University of Zurich.

We will estimate the hazard ratio (HR) for the effect of
HOPE versus conventional cold storage on the primary
outcome and report the HR with a 95% confidence inter-
val (CI) and a p value for the test of the null hypothesis
of a HR of 1. To account for variability between centers,
we will use a mixed-effects Cox model with treatment
as a fixed factor and a random intercept per center, as
implemented in the R package coxme, i.e., a frailty model
with Gaussian frailty distribution [33]. The advantage
of a mixed-effects Cox model over other approaches to
account for between-center variability with time-to-event
outcomes (e.g., center as fixed effect or stratification for
center in standard Cox models) is that small numbers of
patients and events per center are better handled [34].
It should be noted that the estimated HR will compare
the hazard rates of two subjects, one treated with HOPE
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and one with conventional cold storage, randomly drawn
from the same center (conditional HR, center-specific
interpretation). We will assess the proportional hazards
assumption by inspecting the scaled Schoenfeld residu-
als. HCC recurrence-free survival in the two trial arms
will be graphically displayed by Kaplan—Meier curves.
The analysis will be performed on the FAS (see item 20c).
Patients who are lost to follow-up or withdraw from the
trial will be right censored at their last follow-up visit.

As a sensitivity analysis for the primary outcome, we
will estimate a HR that is further adjusted for prognos-
tic factors for the primary outcome. The model described
above will be fitted with additional baseline covariates,
such as the score from the BAR (balance of risk) scoring
system, vascular infiltration of the tumor, tumor grading,
lymph node involvement, and downstaging treatment
as additional covariates. However, we expect that the
number of events will limit the number of variables that
can be added to the model. We will therefore fit several
covariate-adjusted models, each with a number of covari-
ates that is appropriate. Further, to account for interval
censoring of tumor recurrence (if observed at one visit,
we only know it has occurred between this visit and the
last visit), we will fit a mixed-effects Weibull survival
model [35]. We will fit the model once ignoring the inter-
val censoring (to assess the sensitivity of results to using
this parametric model instead of a semiparametric Cox
model) and once correctly accounting for interval cen-
soring (to assess the sensitivity of results to accounting
for interval censoring when using the parametric model).

Single components of the events considered for the pri-
mary outcome (tumor recurrence, HCC-related death,
death from other causes) will be analyzed by cause-spe-
cific mixed-effects Cox models. We will account for com-
peting risks by censoring patients with the competing
event on the date of the competing event. We will use the
Aalen-Johansen estimator to derive cumulative incidence
function curves for all competing events. HMGB-1 on
day 7 and circulating tumor DNA in blood at discharge
and 6 months after transplantation will be analyzed by
linear mixed-effects models, with corresponding meas-
urements at baseline as covariates. The models will
include a random intercept per center, and the one for
circulating tumor DNA in blood will additionally con-
tain a random intercept per patient, to account for the
repeated outcome measurements. Log-transformation
or a switch to a generalized linear mixed-effects model
will be considered in case of violation of the normal-
ity assumption. Acute rejection index (ordinal outcome)
will be compared between groups by a proportional odds
model stratified by center [36]. The number of Liver-
related complications experienced by the patient within
2 years will be analyzed the same way, since it is expected
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to be zero for a considerable proportion of the patients
as in Schlegel et al. and thus analysis as a count is com-
plicated [37]. As for the primary outcome, we will report
effect sizes with 95% CI and p values for all secondary
outcomes.

No statistical tests will be performed for other out-
comes, but they will be descriptively compared between
treatment arms.

Interim analyses {21b}

When 165 patients are recruited (75% of 220 patients), a
blinded sample size re-estimation will be performed. We
will use the method proposed by Todd et al. for designs
with flexible follow-up [38]. We will compare the aver-
age survival probability over both trial arms, S, (t), at
t=6, 12, 18, and 24 months of follow-up, from the data
ad interim with the anticipated survival probability used
for the original sample size estimation, S,,;,(t). The aver-
age difference (on the complementary log-log scale) will
then be used to predict the overall tumor recurrence-free
survival probability at 24 months, S, (24). We will re-
estimate the required number of patients for the trial not
only accounting for changes in survival probabilities but
also for changes in the recruitment rate or in the dropout
rate. The sample size will be increased if S, (t) > S;,,(t)
on average, ie., if fewer events than expected are
observed, given that the recruitment rate is as expected.
A reduction of the sample size will not be considered.
There are no statistical rules for stopping the trial earlier,
neither for efficacy nor for futility.

Methods for additional analyses (e.g., subgroup analyses)
{20b}

Exploratory subgroup analyses are planned for the fol-
lowing baseline characteristics regarding the primary
outcome: BAR score, vascular infiltration of the tumor,
tumor grading, lymph node involvement, within/out-
side Milan criteria, tumor size, tumor nodule number,
alpha-fetoprotein, downstaging treatment, and type of
immunotherapy. For each subgroup variable, a mixed-
effects Cox model will be fitted to the primary outcome.
Treatment (HOPE vs. control), the subgroup variable,
and the interaction between the subgroup variable and
treatment will be included as fixed explanatory variables.
A statistically significant interaction between one of the
subgroup variables and treatment would indicate a dif-
ferent treatment effect in the corresponding subgroups
or along the continuous baseline characteristic. For cat-
egorical subgroup variables, group-specific treatment
effects (with 95% CI) will be computed, fitting a sepa-
rate model for the corresponding subgroups, which will
be reported together with the interaction p value. Since
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these subgroup analyses are exploratory, we do not plan
to adjust p values for multiple testing.

To investigate associations of characteristics of the liver
explant (e.g., tumor staging and grading, phenotype of
tumor infiltrating and tumor stroma immune cells) and
characteristics of the implant directly after transplanta-
tion (T cells and monocytes) with the primary outcome,
descriptive tables will be created of these parameters in
terms of the primary endpoint.

To assess the heterogeneity of the treatment effect
among centers, Higgin’s I* will be estimated [39]. To
assess whether the effect of HOPE vs. conventional cold
storage differs from that of DHOPE vs. conventional cold
storage, the intervention group will be split into HOPE
and dual HOPE, and the model described above for the
primary outcome will be fitted with this three-level factor
for treatment.

Definition of analysis population relating to protocol
non-adherence and any statistical methods to handle
missing data {20c}

The full analysis set (FAS) will include all patients rand-
omized to the trial who underwent liver transplantation.
This means that patients in whom liver transplantation is
not completed or who did not receive a full graft will be
excluded, as these patients retrospectively violate inclu-
sion criteria. Reasons for canceling a transplantation may
be that the liver graft is not accepted for transplantation
or that an unexpected disease is found in the recipient.

The FAS will then be analyzed in adherence to the
intention-to-treat principle, analyzing patients according
to their randomized treatment.

In terms of “intercurrent events,” we are using a “com-
posite variable strategy” regarding the intercurrent event
of death by integrating death in the primary outcome
tumor recurrence-free survival and a “treatment policy
strategy” regarding all patients who received transplanta-
tion [40].

For the primary outcome, we only expect missing data
in patients who withdraw from the trial. Their primary
outcome and secondary outcomes that are components
of the primary outcome will be right censored at the time
of withdrawal. The remaining secondary outcomes will be
analyzed by complete case analysis. Due to the expected
truncation of secondary outcomes by death, especially
those outcomes measured later during follow-up, mul-
tiple imputation of missing values is not planned, since
this would mean imputing data beyond death. Depending
on the number of deaths and their balance between study
arms, principal stratification may be used to additionally
estimate the survivor average causal effect.
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Plans to give access to the full protocol, participant-level
data and statistical code {31c}

The full protocol will be published alongside the results
report as supplementary material. Metadata will be
shared in a repository adhering to the FAIR principles
[41]. Datasets and statistical codes will be made available
upon reasonable request.

Oversight and monitoring

Composition of the coordinating center and trial steering
committee {5d}

This trial is organized by the Department of Clinical
Research, University Hospital Basel, in Basel in close col-
laboration with the Company OncoDrugConsult (ODC,
Amsterdam), who manage organizational support and
are responsible for monitoring and safety as well as for
reporting.

Composition of the data monitoring committee, its role
and reporting structure {21a}

An Independent Data and Safety Monitoring Commit-
tee (DSMC) will be established to provide an independ-
ent review and assessment of the efficacy and safety data
systematically and to safeguard the interest and safety of
the participating subjects in the trial. The composition of
the DSMC will consist of three independent individuals,
including one oncologist and two surgeons. The DSMC
is tasked with making a recommendation to the sponsor
to continue or stop the trial, based on their assessment
of safety information. Details are described in a DSMC
charter.

Adverse event reporting and harms {22}

Safety reporting in clinical investigations of medical
devices shall be performed in line with the regulatory
requirements. Events will be collected during all vis-
its during and after LT. All adverse events will be clas-
sified into different categories (MDR Article 2(57)),
i.e., adverse events (AE), adverse device effects (ADE),
anticipated serious adverse effects (ASADE), device defi-
ciencies (DD), incidents, new findings, serious adverse
events (SAE), serious adverse device effects (SADE), seri-
ous incidents, and unanticipated serious adverse device
effects (USADE).

Frequency and plans for auditing trial conduct {23}

The investigator will allow the persons being responsible
for the audit, which is independent from the sponsor and
the investigators, or the inspection to have access to the
source data/documents and to answer any questions aris-
ing. All parties involved will keep the patient data strictly
confidential.
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Plans for communicating important protocol amendments
to relevant parties (e.g., trial participants, ethical
committees) {25}

Substantial amendments are only implemented after
approval of the ethics committee.

Under emergency circumstances, deviations from the
protocol to protect the rights, safety, and well-being of
human participants may proceed without prior approval
of the sponsor and the ethics committee. Such deviations
will be reported to the clinical ethics committee as soon
as possible. All non-substantial amendments are commu-
nicated to the ethics committee within the Annual Safety
Report (ASR).

Dissemination plans {31a}

This study will be published after closure of the data-
base and complete assessment of all results (expected
6—-12 months after closure of the database). The results of
the study will be presented at national and international
medical congresses on corresponding fields of interest
and published in medical journals.

Discussion

Machine perfusion for LT before implantation has gained
significant interest within the last 5 years, due to its effect
on graft optimization compared to conventional cold
storage, and also due to the possibility to test and assess
organ function before use.

Tumor recurrence after LT for HCC is a relevant clini-
cal problem in around 15-20% of patients, and likely
linked to the mobilization of circulating tumor cells
(CTCs), activation of dormant micrometastases, or a
combination of the two [42]. LT may cause major altera-
tions in the local microenvironment and at the systemic
level, with activation of pathways that favor the engraft-
ment of residual tumor cells [6]. Accordingly, higher
rates of tumor recurrence after LT have been reported
with increasing cold storage or increasing warm ischemia
times or also with increasing donor-related factors such
as age over 60 years, a history of diabetes, body mass
index > 35 l(g/mZ, and severe graft steatosis [43, 44].
Machine liver perfusion is therefore an interesting and
novel option to counteract tumor seeding by decreas-
ing initial graft inflammation. HOPE targets mitochon-
dria and minimizes the release of danger signals, which
decrease inflammasome activation and downstream
injury with potential protection from tumor recurrence
[14, 15]. Currently, only limited evidence from retro-
spective single-center studies is available on the effect of
tumor recurrence by HOPE with inconsistent results. For
example, tumor recurrence was lower in a HOPE cohort
of DCD livers published by Mueller et al., while in a study
by Rigo et al. the recurrence rate was unaffected [14, 17].
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Based on these results, randomized, high-level evidence
is urgently needed. As an ex situ graft treatment before
implantation is a relatively easy and cheap procedure, an
anti-cancer effect of machine perfusion, regardless of the
perfusion mode, would have large clinical consequences
in the field.

Trial status
Protocol version: 1.1, 22.11.2024.

Recruitment start is August 2025. Recruitment com-
pletion is expected in 2026. Follow-up is planned to be
completed in 2028.

Abbreviations

BAR Balance of risk

DBD Donation after brain death

DCD Donation after circulatory death
DHOPE Dual hypothermic oxygenated perfusion
DNA Deoxyribonucleic acid

c Confidence interval

cT Computer tomography

EAD Early allograft dysfunction

eCRF Electronic case report form

EDC Electronic data capture

FAS Full analysis set

GCP Good Clinical Practice

HAT Hepatic arterial thrombosis

HR Hazard ratio

HCC Hepatocellular carcinoma

HIF-1a Hypoxia-inducible transcription factor 1
HMGB-1  High-mobility-group-protein B1

HOPE Hypothermic oxygenated perfusion

IRI Ischemia reperfusion injury

LIRADS Liver Imaging Reporting and Data System
T Liver transplant

mTOR Mechanistic target of rapamycin

OR Operating room

PNF Primary non-function

RAI Rejection Activity Index

ROS Reactive oxygen species

SOP Standard operating procedure
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