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Background & Aims: Ischemia-reperfusion injury (IRI) has thus far been considered as an inevitable component of organ
transplantation, compromising outcomes, and limiting organ availability. Ischemia-free organ transplantation is a novel approach
designed to avoid IRI, with the potential to improve outcomes.

Methods: In this randomized-controlled clinical trial, recipients of livers from donors after brain death were randomly assigned to
receive either an ischemia-free or a ‘conventional’ transplant. The primary endpoint was the incidence of early allograft
dysfunction. Secondary endpoints included complications related to graft IRI.

Results: Out of 68 randomized patients, 65 underwent transplants and were included in the analysis. 32 patients received
ischemia-free liver transplantation (IFLT), and 33 received conventional liver transplantation (CLT). Early allograft dysfunction
occurred in two recipients (6%) randomized to IFLT and in eight (24%) randomized to CLT (difference —18%; 95% CI -35% to
—1%; p = 0.044). Post-reperfusion syndrome occurred in three recipients (9%) randomized to IFLT and in 21 (64 %) randomized to
CLT (difference —-54%; 95% Cl -74% to —35%; p <0.001). Non-anastomotic biliary strictures diagnosed with protocol magnetic
resonance cholangiopancreatography at 12 months were observed in two recipients (8%) randomized to IFLT and in nine (36%)
randomized to CLT (difference, —28%; 95% CI| -50% to —7%; p = 0.014). The comprehensive complication index at 1 year after
transplantation was 30.48 (95% CI 23.25-37.71) in the IFLT group vs. 42.14 (95% CI 35.01-49.26) in the CLT group (difference
-11.66; 95% CI -21.81 to —1.51; p = 0.025).

Conclusions: Among patients with end-stage liver disease, IFLT significantly reduced complications related to IRl compared to a
conventional approach.

Clinical trial registration: chictr.org. ChiCTR1900021158.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

various machine perfusion technologies have been tested in
clinical trials.*® While conventional liver transplantation (CLT)
subsequent to cold storage remains the standard of care, any
machine perfusion technique is applied after a period of cold
storage, with donor livers experiencing a period of ischemia
before and after machine perfusion.

We have recently introduced an ischemia-free liver trans-
plant (IFLT) technique during which the livers are procured,
preserved, and implanted without interruption of normothermic,
oxygenated blood supply.® Moreover, the concept of ischemia-

Introduction

Organ transplantation is the gold standard therapy for patients
with end-stage organ failure." Traditionally, donor organs are
procured after cold flush with an organ preservation solution,
stored on ice, and then urgently implanted to minimize
ischemic times. The resulting ischemia-reperfusion injury (IRI)
has therefore been considered an inevitable component of or-
gan transplantation,” leading to a broad range of clinical
complications in liver transplantation, including primary non-

function, early allograft dysfunction (EAD), post-reperfusion
syndrome, and non-anastomotic biliary strictures.® Recently,
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free organ transplantation has also been piloted in kidney
and heart transplantation,’®'" demonstrating the broad
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applicability. Preliminary clinical results have also shown the
safety and potential efficacy of IFLT.'?

The IFLT-DBD (Ischemia-free Transplantation of Livers from
Donors after Brain Death) trial was designed to assess whether
the use of IFLT, compared to CLT using static cold storage, can
reduce complications related to graft IRI in patients with end-
stage liver disease.

Patients and methods

Study, settings and ethics

This trial was an investigator-initiated, single-center, open la-
bel, randomized-controlled trial conducted at The First Affili-
ated Hospital of Sun Yat-sen University. Patients were
randomly assigned in a 1:1 ratio to receive an ischemia-free
(IFLT group) or conventional (CLT group) liver transplant. The
intraoperative and post-transplant care was performed ac-
cording to standard protocols applied at our center. Detailed
aspects of the study design are provided in the final trial pro-
tocol and the final statistical analysis plan with a summary of all
changes in the supplementary files, and a prior protocol pub-
lication.”® The Research Ethics Committee of our hospital
approved the trial protocol, and all patients provided written
informed consent.

Participants

Recipients

Adult patients (18-75 vyears) undergoing liver-only trans-
plantation with a graft procured from donors after brain death in
our hospital were eligible for inclusion. Patients were excluded
if they underwent a partial or ABO-incompatible liver trans-
plantation, if they had fulminant liver failure or a primary liver
cancer beyond the UCSF (University of California at San
Francisco) criteria,'* or if they had a history of a previous or-
gan transplantation.

Donors

Donors after brain death, over the age of 18 years, or over the
age of 14 years with a body weight greater than 50 kg, were
eligible for inclusion. Donors with a high risk of transmittable
infections (human immunodeficiency virus infection and active
tuberculosis), or donor malignancy transmission risk over 10%
according to the Disease Transmission Advisory Committee
category, were excluded.” All livers were procured at our
hospital; written informed consents signed by donors’ family
members were obtained by coordinators from the Organ Pro-
curement Organization of our institute. All donor livers were
allocated by the China Organ Transplant Response System and
none were from prisoners.

Randomization and blinding

Block randomization with varying block sizes of four or six was
adopted. A subject randomization list was generated using a
central randomization system by our statistician, with random
allocation numbers automatically handled by the system to
avoid bias. The trial did not impact the regular process of
donor-recipient allocation. Randomization only took place
when an eligible donor liver had been allocated to an eligible
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recipient. Otherwise, transplants proceeded but the recipients
were not included in this trial.

Based on the nature of the surgical procedure, it was not
possible to blind the surgical team to the group allocation.
Involved radiologists assessing the magnetic resonance chol-
angiopancreatography were blinded to the transplant tech-
nigues used.

Surgical procedures

Fig. 1 provides a schematic depiction of the IFLT procedure.
The Liver Assist device (Organ assist, The Netherlands) was
primed with a leucocyte-depleted red blood cell-based
perfusate (Table S1). After the donor liver was fully mobilized,
the in situ normothermic machine perfusion circuit was estab-
lished and perfusion began. The liver was then procured,
moved to the organ reservoir of the Liver Assist, and underwent
ex situ normothermic machine perfusion. Livers were consid-
ered transplantable if they met the VITTAL criteria.'® After the
recipient’s diseased liver was removed, the donor liver was
brought from the reservoir to the recipient peritoneal cavity.
Liver implantation was conducted using a bicaval or piggy-
back technique. The anastomoses of the suprahepatic inferior
vena cava, portal vein, and hepatic artery were performed un-
der continuous in situ normothermic machine perfusion of the
graft. Perfusion was discontinued after the donor liver had been
revascularized, and all cannulas were removed. Then the biliary
tract was reconstructed by end-to-end ductal anastomosis
with a continuous suture. The techniques of CLT and additional
details with videos are provided in our published reports
and protocol.®'?13

Outcomes

The primary endpoint was determined as the incidence of EAD
within 7 days post-transplantation as defined by the Olthoff
criteria: (i) peak aspartate aminotransferase or alanine amino-
transferase >2,000 IU/L within the first 7 post-operative days, (ii)
total bilirubin >10 mg/dl at day 7 post-transplantation, or (jii)
international normalized ratio 21.6 at day 7
post-transplantation.’”

Secondary endpoints included primary non-function;'®
post-reperfusion syndrome, defined as a >30% decline in mean
arterial pressure compared to the baseline value before reper-
fusion that lasts for at least 1 min, occurring within 5 min of
reperfusion of the donor liver;'® biliary complications, including
non-anastomotic strictures (assessed by magnetic resonance
cholangiopancreatography [MRCP]), bile leakage, biliary anas-
tomotic stenosis, and bile stones or sludge; lactate level at 1 h
post-reperfusion based on arterial blood gas analysis; post-
transplant liver function tests; patient and graft survival at 1,
6, and 12 months; duration of post-transplant intensive care
unit and overall hospital stay.

Other endpoints included acute rejection, vascular compli-
cations at 1, 6, and 12 months; acute kidney injury within the
first week; need for renal replacement therapy following trans-
plantation; recipient infections within the first month; compre-
hensive complication index, adverse events, and severe
adverse events at 1, 6, and 12 months; positive perfusate mi-
crobial culture rate; and organ discard rate.
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Sample size calculation and statistical analysis

This study was a 1:1 parallel design, and the sample size
calculation was based on our pilot study.’ We assumed an
incidence of EAD of 10% in the IFLT group and 40% in the CLT
group. With a power of 80% (1-f) and significance level (o, two-
sided) of 5%, we calculated that 32 patients were required for
each arm. With the possibility that organs may be discarded,
we increased the sample size by 5%. Ultimately, we planned to
enroll a total of 68 patients (34 patients in each group).

The intention-to-treat population included recipients who
were randomly assigned to either group and underwent liver
transplantation. These patients were included for the efficacy
analyses, regardless of compliance to treatment or attendance
of follow-up visits, in addition to the safety analyses.

If data were missing, thus not enabling assessment of the
primary endpoint, patients were assigned as having EAD. The
primary endpoint was assessed with the between-group ab-
solute risk differences and corresponding 95% Cls.

For the analysis of secondary outcomes, continuous data
were analyzed using t test or Mann-Whitney U test; categorical
data were analyzed using chi-square test or Fisher’s exact test.
In addition, we used the longitudinal mixed model with un-
structured covariance structures for repeated measurements to
analyze baseline changes at each time point. All of the model
covariates were adjusted for age and sex. Treatment assign-
ment, time and treatment x time interactions were included as
fixed effects. The random intercept and slope model was
applied. Random effects included intercept and time. Time-to-

Liver procurement under in situ NMP

__-- Splenic artery

"7 Portal vein

event outcomes were analyzed by the Kaplan-Meier method
and significance of survival differences was determined with
the log rank test. No multiple imputation was performed. All
statistical analyses were based on two-sided tests; a p value
less than 0.05 was considered to indicate statistical signifi-
cance. Statistical analyses were performed using Stata version
14 (StataCorp).

Results

Patient characteristics

Between February 2019 and February 2021, a total of 192 patients
were assessed for eligibility, 56 patients met the exclusion criteria;
35 patients did not receive a donor offer during the study period,
30 patients refused to join the trial, and three patients did not meet
the inclusion criteria. Finally, 34 patients in each group were ran-
domized. After randomization, three transplants had to be
cancelled before any trial procedure had been started. One
transplant was aborted in the CLT group because the patient was
diagnosed with multiple extrahepatic malignancies in our
mandatory chest CT scan immediately before operation imple-
mented during the COVID-19 pandemic. Two transplants had to
be cancelled in the IFLT group, one for a high fever immediately
prior to surgery and one for withdrawal of informed consent. Ul-
timately, 32 patients were included in the IFLT group, and 33 pa-
tients were included in the CLT group for analysis of the primary
endpoint (Fig. 2). Table 1 shows the clinical and baseline charac-
teristics of both donors and recipients.

Liver implantation under in situ NMP

Celiac trunk

Suprahepatic inferior vena cava

Splenic artery

RRES Portal vein

Infrahepatic inferior vena cava

Fig. 1. Ischemia-free liver transplant procedure. During liver procurement, ex situ preservation and implantation, the graft is under continuous NMP using the Liver
Assist device with perfusions of the portal vein via an interposition vein (right external iliac vein) and the hepatic artery via the splenic artery. NMP, normothermic

machine perfusion.
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192 patients were screened for eligibility in our
center from Feb 25", 2019 to Feb 23", 2021

124 were excluded:
+ 3 not meeting inclusion criteria
» 56 meeting exclusion criteria

- 48 tumors beyond UCSF criteria
- 2 re-transplantations

- 4 multi-visceral transplantations
- 2 cholangiocarcinoma

+ 30 without informed consent

« 35 without allocation of a donor
liver during the study period

68 underwent randomization

;

5

34 were assigned to IFLT group

34 were assigned to CLT group

2 transplants were cancelled

« 1 fever before operation
» 1 withdrew informed consent

1 transplant was cancelled

» 1 discovered lung and bone
metastasis before operation by chance

32 were included in the primary
endpoint analysis

33 were included in the primary

endpoint analysis

1 withdrew from the trial due to
non-compliance with protocol

1 patient died during follow-up

2 patients died during follow-up

30 reached 1-year follow-up

31 reached 1-year follow-up

Fig. 2. Flow diagram of patient enroliment, randomization and follow-up. CLT, conventional liver transplantation; IFLT, ischemia-free liver transplantation; UCSF,

University of California at San Francisco.

Assessment of graft viability in the IFLT group

Characteristics of the surgery and non-hepatic organ utilization
in the two groups are summarized in Tables S2 and S3. In the
IFLT group, all livers met not only the VITTAL criteria, but also
the Groningen criteria for transplantation during ex situ
normothermic machine perfusion (Figs. S1 and S2)."62° Briefly,
they all had stable perfusion pressure and flow through both
the portal vein and hepatic artery. The lactate levels fell below
2.5 mmol/L within 80 min of perfusion. All livers produced bile
with a pH value higher than 7.8 and liver enzyme levels were
stably low during perfusion. Interestingly, all grafts produced a
rising perfusate glucose level and remained hyperglycemic
despite the addition of insulin.

Primary outcome

The incidence of EAD was significantly lower in the IFLT group
(6%, 2 out of 32 patients) compared to the CLT group (24%, 8
out of 33 patients), with an absolute risk difference of -18%
(95% CI —-35% to —1%; p = 0.044) (Table 2 and Table S4).
Consistent with those findings, peak alanine aminotrans-
ferase within the first week post-transplantation was reduced in
the IFLT group compared to the CLT group (156 [IQR 103-263]

Journal of Hepatology, August 2023. vol. 79 | 394-402

IU/L vs. 439 [233-646] IU/L; p <0.001). Likewise, peak aspartate
aminotransferase within the first week post-transplantation was
reduced in the IFLT recipients compared to controls (417
[235-715] IU/L vs. 1,010 [634-1,942] IU/L; p <0.001). Bilirubin
levels at post-operative day 7 were also lower in IFLT recipients
(2.19 [1.33-3.11] mg/dl vs. 3.13 [1.85-6.63] mg/dl; p = 0.03).
The results of liver function tests are shown in Fig. S3.

Secondary outcomes

Post-reperfusion syndrome occurred in 3 of 32 IFLT recipients
(9%) compared to 21 of 33 CLT recipients (64%) (absolute risk
difference —54%; 95% CIl -74% to —35%; p <0.001). Moreover,
mean arterial pressure and body temperature were more stable
during the early reperfusion stage in the IFLT group compared
to the CLT group (Fig. S4). In addition, median lactate levels at
1 h after reperfusion were lower in the IFLT group (2.4
[2.00-3.05] mmol/L vs. 2.9 [2.30-4.10] mmol/L; p = 0.031).
Median duration of intensive care unit stay was shorter in the
IFLT group (36 [20-58] hours vs. 44 [36-83] hours; p = 0.037).

Non-anastomotic biliary strictures diagnosed with protocol
MRCP at 12 months were observed in 2/26 (8%) patients
receiving an IFLT compared to 9/25 (36%) patients in the
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Table 1. Characteristics of donors and recipients.

IFLT (n = 32) CLT (n = 33)

Donor characteristics
Age, median (IQR), yr 47 (39-55) 43 (33-49)
Male, No. (%) 22 (69) 21 (64)
Cause of death, No. (%)

CVA 13 (41) 8 (24)

Hypoxia 2 (6) 4 (12)

Trauma 16 (50) 21 (64)

Other 1) 0
Body mass index, mean (SD)* 22.9 (2.4) 22.6 (2.8)
Serum sodium, mean (SD), mmol/L 147.2 (11.2) 148.3 (11.3)
Macrovesicular steatosis, No. (%)

None or mild (<30%) 30 (94) 30 (91)

Moderate (30%-60%) 2 (6%) 3 (9%)

Severe (>60%) 0 0
Extended criteria donor, No. (%)° 19 (59) 14 (42)
Donor risk index, mean (SD)® 1.4 (0.2) 1.4 (0.2)
Cold ischemia time, median (IQR), h® n.a. 6.9 (6.6-7.3)
Machine perfusion time, median (IQR), h® 7.1 (6.7-7.6) n.a.
Recipient characteristics
Age, median (IQR), yr 53 (46-62) 54 (44-58)
Male, No. (%) 28 (88) 28 (85)
Body mass index, mean (SD)* 23.4 (3.0) 24.4 (3.3
Indication for transplantation, No. (%)

Hepatocellular carcinoma 13 (41) 8 (55)

Hepatitis B 15 (47) 2 (36)

Alcoholic 39 0

Miscellaneous' 1(3) 3(9)
Laboratory MELD score, median (IQR)? 15 (11-21) 16 (11-24)

CLT, conventional liver transplantation; CVA, cerebrovascular accident; IFLT, ischemia-
free liver transplantation; MELD, model for end-stage liver disease; n.a., not applicable.
2The body mass index is the weight in kilograms divided by the square of the height
in meters.

The extended criteria donor would meet one of following criteria: Donor age >60-years-
old; >25% macrovesicular steatosis; body mass index of donor >30; Before procure-
ment, the latest serum sodium >165 mmol/L or aspartate aminotransferase >1,000 IU/L
or alanine aminotransferase >1,000 IU/L or total bilirubin >3 mg/dl; intensive care unit
therapy over 7 days.

°The donor risk index is a scoring system that was developed to quantitatively predict
the risk of post-transplant graft failure in liver transplantation on the basis of donor risk
factors.'® The cold preservation time of the IFLT group is equal to zero.

9Cold ischemia time was defined as time between cold flush-out through aortic artery in
the donor to reperfusion through portal vein in the recipient.

®Machine perfusion time was defined as time between machine perfusion through
collateral portal vein in the donor to reperfusion through portal vein in the recipient.
Miscellaneous indications for liver transplantation included one case of hepatitis C in
the ischemia-free group, one case of Budd Chiari, one of biliary cholangitis and one of
autoimmune hepatitis in the control group.

9The MELD score of recipients is an assessment method determining organ allocation
priorities for liver transplantation in the United States. The laboratory MELD score is
based on original laboratory variables ranging from 6 to 40 without MELD excep-
tion points.

control arm (absolute risk difference —28%; 95% CI -50% to
—7%:; p = 0.014; Table S5).2"?? Table S6 summarizes the rea-
sons why some patients missed scheduled MRCPs. In parallel,
serum cholestasis markers (alkaline phosphatase and gamma-
glutamyltransferase) were elevated in patients with non-
anastomotic strictures (Table S7). Only one patient was
symptomatic at 12 months after surgery in the control group,
while no patient was symptomatic in the IFLT group. No patient
with non-anastomotic strictures required an intervention in
this trial.

Microbial cultures of perfusate were less likely to be positive
in the IFLT group than in the CLT group (9% [3 out of 32]
compared to 78% [25 out of 32], absolute risk difference —69%;
95% Cl -86% to -51%; p <0.001). The microorganisms
growing in the culture-positive perfusate were classified as
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pathogenic microorganisms and saprophytic flora.?* The inci-
dence of positive pathogenic microorganisms was 3% (1 out of
32) in the IFLT group and 44% (14 out of 32) in the CLT group
(p <0.001).

The comprehensive complication index based on Clavien-
Dindo Classification was significantly lower in the IFLT (30.48
[23.25-37.71]) than in the CLT (42.14 [35.01-49.26]) group at 1
year after transplantation (absolute risk difference —11.66; 95%
Cl -21.81 to -1.51; p = 0.025). Hospital stay, graft and patient
survival at 1, 6, and 12 months and other post-operative
complications were comparable between groups (Table 2;
Fig. S5 and Table S8). There were three patient deaths during
the trial. One patient in the IFLT group died of intracranial
hemorrhage at 1 month post-operatively. In the CLT group, one
patient died of primary graft non-function immediately after
surgery, and one patient died of graft failure at post-
operative month 5.

Adverse events

Overall, a total of eight serious adverse events were reported to
the ethics committee in accordance with the trial protocol
(Table S9). The distribution and severity of adverse events re-
ported were comparable between groups (Table 3
and Table S10).

Discussion

The IFLT procedure is a novel technique designed to reduce IR
to an absolute minimum during organ procurement, preserva-
tion, and implantation.® Laboratory studies have shown that
during IFLT, graft IRl is largely abrogated.”® This first
randomized-controlled trial demonstrated a significant reduc-
tion of EAD and other complications related to graft IRl in IFLT
recipients compared to CLT recipients of livers from donors
after brain death.

Although the role of EAD (Olthoff) as a study endpoint and
surrogate for clinically relevant post-transplant complications is
under debate, this parameter has been frequently used as
primary endpoint in previous randomized-controlled trials with
machine perfusion.26 Herein, we show that IFLT can reduce the
incidence of EAD. In support, peak liver enzyme levels were
substantially reduced. In addition, bilirubin levels at 7 days were
lower in the IFLT group. Moreover, lactate levels at 1 h after
reperfusion were also lower in the IFLT recipients. Collectively,
the use of IFLT was associated with improved early allograft
function. We have shown before that liver transplant recipients
with EAD have inferior 1-year patient and graft survival rates.?”
Nevertheless, as seen with other previously published
randomized-controlled studies on liver machine perfusion,® 2%
the current trial was not powered to show a benefit of IFLT for
graft/patient survival and it is therefore not surprising that the
graft/patient survival rates were comparable in both groups.

Non-anastomotic biliary strictures represent fibrotic nar-
rowing related to graft IRI.5*°*° This complication is the leading
cause of re-transplantation and occurs in 2-12% of recipients
of livers procured from brain dead donors.®™* In the current
study, the incidence of non-anastomotic strictures based on
protocol MRCP was reduced in the IFLT arm. Data from our
previous study have shown that the integrity of microvilli in the
common bile duct was better preserved in the IFLT vs. CLT
group.”® These results suggest that our IFLT procedure
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IFLT (n = 32) CLT (n = 33) Absolute risk difference (95% CI)® p value
Primary endpoint
Early allograft dysfunction, No. (%) 2 (6) 8 (24) -18 (-35 to -1) 0.044
Secondary endpoints
Peak ALT within 7 days, median (IQR), IU/L 156 (103-263) 439 (233-646) NA <0.001
Peak AST within 7 days median (IQR), IU/L 417 (235-715) 1,010 (534-1,942) NA <0.001
Tbil on POD 7, median (IQR), mg/dl 2.19 (1.33-3.11) 3.13 (1.85-6.63) NA 0.028
INR on POD 7, median (IQR) 1.10 (1.04-1. 19) 1.09 (1.02-1.18) NA 0.610
Primary non-function, No. (%) 1) NA NA®
Post-reperfusion syndrome, No. (%)° 3 (9) 1(64) -54 (-74 to -35) <0.001
Lactate, median (IQR), mmol/L® 2.40 (2.00-3.05) 2.90 (2. 30—4 10) NA 0.031
Intensive care unit stay, median (IQR), h 36 (20-58) 44 (36-83) NA 0.037
Anastomotic stenosis, No./total (%)
POM 6 4/28(14) 2/29(7) 7 (-9 to 23) 0.364
POM 12 6/27(22) 2/25(8) 14 (-5 to 33) 0.156
Non-anastomotic stricture, No./total (%)°
POM 6 2/28 (7) 8/29 (28) -20 (-39 to -2) 0.043
Mild 1 4
Moderate 1 4
Severe 0 0
POM 12 2/26 (8) 9/25 (36) —-28 (-50 to -7) 0.014
Mild 1 5
Moderate 1 4
Severe 0 0
Comprehensive complication index’
POM 1 24.81 (18.19 to 31.42) 35.35 (28.83 to 41.86) -10.54 (-19.83 to -1.26) 0.027
POM 6 28.48 (21.01 to 35.96) 40.42 (33.06 to 47.77) -11.93 (-22.42 to -1.44) 0.026
POM 12 30.48 (23.25 to 37.71) 42.14 (35.01 to 49.26) -11.66 (-21.81 to —1.51) 0.025
Positive perfusate microbial culture, No. (%) 3(9) 25 (78) —69 (-86 to -51) <0.001
Post-operative hospital stay, median (IQR), d 18 (16-24) 17 (14-24) NA 0.479
ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; MELD, model for end-stage liver di ; NA, not d; POD, post-

operative day; POM, post-operative month; Tbil, total bilirubin.

*Treatment effect is presented by mean difference or percentage difference with 95% Cls without adjustment for any confounding factors. Because of absence of events in one

group or skewed continuous variables, some treatment differences were NA.
PBecause of absence of events in one group, p value was NA.

°Post-reperfusion syndrome was defined as a >30% decline in mean arterial pressure compared to the baseline value before reperfusion that lasts for at least 1 min, occurring within

5 min of reperfusion of the donor liver.

9Lactate was measured by blood gas analysis before abdominal closure during recipient operation.

®Biliary complications were diagnosed by two experienced radiologists blindly according to protocol 6-month and 12-month MRCP images.?"

stricture depends on severity, site, and number of lesions.??

The classification of non-anastomotic

fComprehensive complication index is calculated to evaluate the severity of all post-operative complications.?® Least square mean and 95% Cls derived from the mixed models

were calculated and presented.

protects the bile duct. However, probably due to the use of low-
risk donor livers, most of these strictures were asymptomatic,
and none of them required an endoscopic or percutaneous
intervention during our follow-up period of 1 year. It will be of

Table 3. Reported adverse events within 1 year after transplantation.

IFLT CLT

(n =32 (n = 33)*

Total adverse events 272 (100%) 375 (100%)
Metabolism and nutrition disorders 73 (26.8%) 9 (21.1%)
Blood and lymphatic disorders 54 (21.0%) 0 (18.7%)
Gastrointestinal disorders 35 (12.9%) 1 (10.9%)
Respiratory, thoracic and mediastinal disorders 24 (8.8%) 36 (9.6%)
Hepatobiliary disorders 19 (7.0%) 31 (8.3%)
Cardiac and vascular disorders 16 (5.9%) 38 (10.1%)
Systemic disorders 16 (5.9%) 15 (4.0%)
Renal and urinary disorders 13 (4.8%) 2 (5.9%)
Infection 9 (3.3%) 5 (4.0%)
Skin and subcutaneous disorders 6 (2.2%) 9 (2.4%)
Nervous system disorders 5 (1.8%) 15 (4.0%)
Tumor recurrence 2 (0.7%) 1 (0.3%)
Musculoskeletal and connective tissue disorders 0 3 (0.8%)

®Data are n (%). The percentages are proportions of the total number of events rather
than the total number of patients. No statistical test was available for these data
because each patient could have more than one event.
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interest to investigate whether IFLT can reduce symptomatic
non-anastomotic biliary strictures following transplantation of
high-risk donor livers in the future.

Graft IRl does not only lead to local (graft) damage, but also
contributes to remote injuries affecting the heart, lungs, kid-
neys, and intestine.>®> The post-reperfusion syndrome is
reflective of cardiac complications immediately after graft
reperfusion. This event occurs in 12-77% of liver transplant
recipients,®*® with intraoperative cardiac arrest occurring in
1-8.7% recipients.***® Our IFLT approach significantly
reduced the incidence of post-reperfusion syndrome. Low
body temperature, hepatic release of potassium and inflam-
matory cytokines are considered risk factors.®” IFLT recipients
did not experience low body temperature while CLT recipients
did. Our previous analysis has also shown that the hepatic
release of inflammatory cytokines including interleukin-18,
interleukin-6, and tumor necrosis factor-o was largely reduced
in livers subjected to IFLT vs. CLT.%?® These results suggest
that IFLT might protect against post-reperfusion syndrome by
maintaining normal body temperature and inhibiting the release
of inflammatory cytokines.

Early post-operative infections significantly contribute
to morbidity and mortality among solid organ transplant
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recipients.*’ The donated organ may be contaminated either by
donor infections or as a consequence of the manipulation of the
organ during procurement, preservation, and back-table prep-
aration.***> A multicenter study from Spain has shown that the
prevalence of culture-positive preservation fluid was 62.5%.%°
The reported perfusate contamination rates were 45.6-77.8%
in China.*’~* A recent study has shown in rats that the effi-
ciency of anti-infectious therapy is enhanced during ex situ
hypothermic machine perfusion when compared to static cold
storage.®® In the current trial, the prevalence of culture-positive
preservation fluid was substantially reduced in the IFLT vs. CLT
group, suggesting a potential benefit of IFLT in protecting re-
cipients from early post-operative infections.

Although both donors and recipients were considered of low
risk, our approach reduced the comprehensive complication
index within the first year post-transplantation. The index
summarizes all post-operative complications, representing a
highly clinically relevant endpoint.?® Our data indicate that IFLT
improves early transplant outcomes. Previous studies have
shown that both normothermic machine perfusion and hypo-
thermic oxygenated perfusion can efficiently support the
transplantation of livers from extended criteria donors,?%°"
which are more prone to IRl than those from standard criteria
donors. Normothermic machine perfusion is frequently used
after a period of cold storage and grafts need to be rinsed prior
to implantation.”®°" Under these conditions, grafts undergo a
“double hit” scenario of graft IRl. Comparable rates of non-
anastomotic strictures have been seen with normothermic
machine perfusion after cold storage compared to cold storage
alone.®*? In contrast, graft IRl is largely prevented during IFLT

because grafts are continuously perfused under normothermic,
oxygenated conditions throughout transplantation.?® Of note,
using our IFLT approach, we have been able to successfully
transplant livers with 90% macrovesicular steatosis, which are
among the highest risk donor livers.® Multicenter, randomized
trials are planned to compare the efficacy of the ischemia-free
approach, normothermic machine perfusion preservation, and
hypothermic oxygenated perfusion in transplantation of organs
from extended criteria donors.

Our clinical trial has some limitations. Firstly, we calculated
the sample size based on our previous clinical study.'? Of note,
the overall EAD incidence has declined in our center from
52.9% in 2018 to 20.9% in 2020, which explains the smaller
than expected absolute risk difference of the primary endpoints
between groups. Secondly, during our clinical study, the non-
transportable Liver Assist was the only normothermic ma-
chine perfusion device available in China. Thus, IFLT could be
conducted only when both donors and recipients were at the
same institution. Transportable machine perfusion devices
have recently become available and IFLT can now also be
implemented when the donor and recipient are at different in-
stitutions. In addition, the technique of IFLT has been stream-
lined and simplified. This progress will promote wider
application of the technique in the future.

In conclusion, among patients with end-stage liver disease,
IFLT significantly reduced EAD and other IRI-related compli-
cations compared to CLT. Our novel approach of ischemia-free
organ transplantation serves as a unique clinical model that will
help to delineate the effects of IRI on transplant outcomes and
organ utilization.
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Supplementary appendix. Inmunosuppression Protocol

The immunosuppression therapy was divided into induction and maintenance phases

as follows:

» Induction phase: Basiliximab (20mg) was administered intravenously during the
operation and at post-operative day (POD) 4.

» Maintenance phase: The maintenance therapy began at POD 4. The mainstay of
maintenance therapy are tacrolimus and mycophenolic acid. The initial dose of
tacrolimus was 0.04 mg/kg/d, and the target trough level was 8-10 ng/ml within

the first three months, and 6-8 ng/ml thereafter.



Fig. S1. Represented Photos of 32 Perfused Livers in the IFLT Group.




Fig. S2. Parameters of Normothermic Machine Perfusion in the IFLT Group.
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Fig. S3. Laboratory Analyses of Liver, Coagulation and Kidney Function after

Transplantation.
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Fig. S4. Body Temperature and Mean Arterial Pressure (MAP) of Recipients During

IFLT and CLT.
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Fig. SS. Kaplan—Meier Curves of Graft/Patient Survival after Transplantation.
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Table S1. Standard Composition of the Perfusion Solution Used for Normothermic

Machine Perfusion.

Components

Quantity

The washed red blood cells

4% Succinylated gelatin injection

5% Sodium bicarbonate

Heparin sodium injection (2mL:12500U)

Calcium glubionate, intravenous solution 10ml:1g

Magnesium sulfate injection (10ml:2.5g)

Solu Medrol (Methylprednisolone sodium succinate for injection)
Andamax (multi-trace elements injection)

Metronidazole injection (100ml:0.5g)

Imipenem and cilastatin sodium for injection

Amino acid injection (250ml:12.5g)

10 U (2000 ml)
1200 ml
100-150 ml
37500 U
40 ml

4 ml

500 mg

10 ml

100 ml

Ig

250 ml

Specific quantity of each composition might be adjusted slightly according to available quantity of washed red blood cells before

each machine perfusion



Table S2. Non-hepatic Organ Utilization in the Two Groups.

Transplanted donor organs IFLT group (n =32) CLT group (n =33) P value

Left kidney 28 (87.5%) 30 (90.9%) 0.524
Right kidney 29 (90.63%) 29 (87.88%) 0.518
Heart 13 (40.63%) 16 (48.48%) 0.423
Lung 9(28.13%) 7 (21.21%) 0.721
Pancreas 0 1 (3.03%) NA?

Corneal 23 (71.88%) 24 (72.73%) 0.934

Data are n (%). P values were calculated by chi-square tests. IFLT, ischemia-free liver transplantation; CLT, conventional liver
transplantation.

*Because of absence of event in one group, P value was not assessed (NA).
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Table S3. Summary of Liver Procedures.

Characteristics IFLT (n =32) CLT (n=33) P value
Organ procurement duration, h 4.4 (4.0-5.2) 1.0 (0.8-1.1) <0.001
Recipient operation duration, h 6.8 (6.2-7.7) 7.0 (6.0-8.5) 0.479
Implantation technique 0.265%
Bicaval 14 (44%) 19 (58%)
Piggyback 18 (56%) 14 (42%)
Anhepatic phase, min® 56 (46-65) 44 (40-48) <0.001

Blood loss of recipient operation, 2015 (1635-2790) 2320 (1550-3000) 0.655
ml
Blood transfusion of recipient
operation

Erythrocyte, ml 1300 (800-2100)
1550 (1200-1675)

250 (0-250)

1900 (800-2200) 0.349
1600 (1400-2150) 0.137
250 (0-250) 0.693

Plasma, ml

Platelet, ml

Data are n (%) or median (IQR). P values were calculated using Mann-Whitney test for continuous data.
* P value was calculated using chi-square test.

® Anhepatic phase was defined as time between portal vein occlusion to portal vein reopening in the recipient.

11



Table S4. Liver Functions Tests of Patients with Early Allograft Dysfunction (EAD).

Recipients Peak AST (IU/L) Peak ALT (IU/L) INR on Day 7 Thil on Day 7
within 7 days within 7 days (mg/dL)

IFLT-04 418 93 1.15 11.64
IFLT-31 734 257 1.69 19.43
CLT-06 4260 1161 1.11 15.44
CLT-08 2845 1330 0.88 2.20
CLT-09* NA NA NA NA
CLT-10 2372 346 0.92 0.99
CLT-24 4350 2183 1.10 1.94
CLT-27 1986 1312 1.77 10.14
CLT-28 5128 674 1.32 8.56
CLT-34 2665 618 1.21 3.65

ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; Tbil, total bilirubin.
*The patient was diagnosed with primary nonfunction (PNF) and passed away without any postoperative lab test results (NA). PNF

was also classified as a form of EAD.'?

12



Table S5. Image Characteristics of the Non-anastomotic Biliary Strictures with

Protocol MRCP at POM6.

Group with Number Characteristics Classification

CLT-02 Stenosis in the right hepatic duct Mild

CLT-05 Stenosis at the junction of the left and right hepatic Mild
duct

IFLT-06 Stenosis in the perihilar bile duct with dilatation in Moderate
the left hepatic duct

CLT-10 Stenosis in the right hepatic duct Mild

CLT-15 Stenosis in the left hepatic duct Mild

CLT-18 Stenosis at the junction of the left and right hepatic Moderate
duct with dilatation in the right hepatic duct

CLT-29 Stenosis in the right hepatic duct with proximal Moderate
biliary dilatation

IFLT-31 Stenosis in the right hepatic duct Mild

CLT-32 Stenosis in the right hepatic duct with intrahepatic Moderate
and extrahepatic biliary dilatation.

CLT-34 Stenosis in the perihilar bile duct with intrahepatic Moderate

biliary dilatation.

Non-anastomotic biliary strictures were diagnosed by two experienced radiologists blindly according to protocol 6-month magnetic

resonance cholangiopancreatography (MRCP) image.? The classification of non-anastomotic stricture depends on severity, site,

and number of lesions.*
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Table S6. Reasons for Missing  Protocol  Magnetic  Resonance

Cholangiopancreatography (MRCP) at POM 6 or POM 12

Reasons IFLT CLT Total number?
Patient death prior to scheduled MRCP

2
Patient loss to follow-up 2
Covid-19 prevention and control policies 3
MRCP contradiction 0
Metastasized hepatocellular carcinoma 0

3

0

Follow-up wasn’t at designated hospital

—_— O = N A O BN

6
2
7
2
1
3
1

Patient rejected performing MRCP
Total 10 12 22

POM, postoperative month; Covid-19, coronavirus disease 2019.

* Each patient would have two times MRCP according to the protocol. The missing event number were displayed here.

14



Table S7. Comparison of Cholestatic Laboratory Tests in Patients with or without Non-

anastomotic Biliary Strictures at POM 6 and POM 12.

Radiological NAS

Laboratory tests No Yes P value
POM 6 No. at Median (IQR) No. at Median (IQR)

risk/Missing risk/Missing
Alkaline phosphatase 47/0 81 (70-98) 10/0 110 (80-166) 0.031
IU/L)
v-Glutamyltransferase 47/0 31 (19-45) 10/0 64 (31-112) 0.039
IU/L)
Bilirubin (umol/L)? 47/0 14 (11-19) 10/0 14 (11-16) 0.975
POM 12
Alkaline phosphatase 47/3 86 (67-109) 10/0 110 (96-138) 0.037
(IU/L)
y-Glutamyltransferase 47/3 24 (18-49) 10/0 57.5 (21-105) 0.093
(IU/L)
Bilirubin (umol/L)? 47/3 12 (10-16) 10/0 17 (12-21) 0.072

P values were calculated by the Mann-Whitney test.

*To convert results for serum bilirubin from umol/L to mg/dL, divide results by 17.1.
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Table S8. Additional End Points.

Outcome IFLT(n=32) CLT(n=33) Absolute difference P value
95% CI)
Acute rejection
POM 1 1 (3%) 2 (6%) -0.03 (-0.13 t0 0.07) 0.554
POM 6 2 (6%) 4 (13%) -0.06 (-0.20 to 0.08) 0.391
POM 12 2 (6%) 4 (13%) -0.06 (-0.20 to 0.08) 0.391
Vascular complications® 0 2 (6%) NA NA
Infection within POD 30 3 (9%) 6 (19%) -0.09 (-0.26 to 0.08) 0.281
Acute kidney injury within 5 (16%) 9 (28%) -0.13 (-0.33 t0 0.08) 0.227
POD 7°
Renal replacement therapy 0 2 (6%) NA NA

Data are n (%) or n/N (%), unless otherwise specified. Because of absence of events in one group, some treatment differences and

p values were not assessed (NA). Treatment effect is presented by mean difference or percentage difference with 95% confidence

interval (CI) without adjustment for any confounding factors.

* Vascular complications only included thrombosis, hemorrhage, embolism or stenosis of inferior vena cava, portal vein or hepatic

artery.

® Acute kidney injury was diagnosed according to KDIGO criteria.’
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Table S9. Serious Adverse Events.

Recipients Events Time from Duration of Outcomes
transplantation to first events (days) of events
sign of events (days)

IFLT-21 Upper gastrointestinal 30 7 Recovery

bleeding

IFLT-22 Abdominal bleeding 6 <1 Recovery

IFLT-34 Intracranial hemorrhage 28 Death

CLT-09 Primary graft non-function <1 <1 Death

CLT-22 Incisional hernia 352 3 Recovery

CLT-27 Cerebral edema with acute 2 8 Recovery

kidney injury

CLT-30 Liver failure 83 53 Death

CLT-34 Acute kidney injury <1 9 Recovery
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Table S10. Grading of Adverse Events in Each Group

Clavien-Dindo classification® IFLT (n =32) CLT (n =33) P value
Grade 1 171(32) 182(32) 0.99
Grade 2 77(27) 157(33) 0.19
Grade 3a 21(14) 30(19) 0.26
Grade 3b 2(2) 1(1) 0.98
Grade 4a 0 3(2) NA®?
Grade 4b 0 0 NA?
Grade 5 1(1) 2(2) 0.98

Data are presented as number of complications (number of patients with a complication). P values referred to comparison of
numbers of patients and were calculated by chi-square tests.

*Because of absence of events in one group at least, P values were not assessed (NA).
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