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Abstract

Objectives: To provide 5-year outcome in human livers donated after circulatory death (DCD),
treated by hypothermic oxygenated perfusion (HOPE).

Background: DCD liver transplantation is known for potential worse outcome due to higher rates
of graft non-function or irreversible cholangiopathy. The impact of machine liver perfusion

techniques on these complications remains elusive.

Methods: Fifty HOPE treated DCD liver transplants in Zurich between 2012 and 3/2017 were
matched with 50 primary DBD liver transplants, and also with 50 un-treated DCD livers in
Birmingham. Match factors focused on short cold ischemia, comparable recipient age and low
recipient lab MELD. Primary endpoints were post-transplant.complications, and non-tumor related

patient death or graft loss.

Results: Despite extended donor warm ischemia, HOPE treated DCD liver transplants achieved
similar overall graft survival, compared to standard DBD liver transplants. Particularly, graft loss
due to any non-tumor related causes occurred in 8% (4/50) of cases. In contrast, un-treated DCD
livers resulted in non-tumor related graft failure in one-third (16/50) of cases (p=0.005), despite
significant (p<0.001) shorter functional donor warm ischemia. Five-year graft survival, censored
for tumor death, was consecutively 94% for HOPE treated vs 78% in un-treated DCD liver
transplants (p=0.024).

Conclusions: Outcome of HOPE treated human DCD liver transplants maintained over a period
of five years, was comparable with DBD primary transplants, and also superior to un-treated DCD
livers, despite much higher risk. These results suggest strong effectivity of a simple end-ischemic

perfusion approach and may open the field for safe utilization of extended DCD liver grafts.



Lay summary:

Machine perfusion techniques are currently introduced in the clinic, with the aim to optimize
injured grafts prior to implantation. While short term effects of machine liver perfusion have been
frequently reported in terms of hepatocellular enzyme release and early graft function, the long-
term benefit on irreversible graft loss have been unclear. We report here, for the first time, on five-
year graft survival in DCD livers, treated either by conventional cold storage, or by 1-2 hour
hypothermic oxygenated perfusion (HOPE) after cold storage. Graft loss was significantly less in
HOPE treated livers, and also comparable to DBD primary transplants, despite long donor warm
ischemia times. HOPE after cold storage appears therefore as a simple and effective method to

treat high risk DCD livers before implantation.



Donation after circulatory death organs (DCD) are increasingly used for liver
transplantation (LT), due to the persisting organ shortage and waiting list mortality’. Several
reports, however, suggest inferior graft survival, increased risk for primary non-function (PNF),
and biliary complications in DCD livers, with most concerns for an irreversible ischemic
cholangiopathy (IC)%. Severe forms, requiring retransplantation, typically develop within the first
3 to 6 months after LT®. While the majority of transplant physicians agree, that prolonged periods
of donor warm ischemia contribute significantly to this aggressive biliary complication, others
argue that also factors including donor and recipient age, cold ischemia, donor body-mass-index
(BMI) and hepatic steatosis, or technical issues are equally important*>. Various dynamic
preservation techniques are therefore currently under evaluation to optimize liver grafts before
implantation®®. Since 2012, a novel machine perfusion concept has been introduced in Zurich for
DCD liver transplantation, hypothermic oxygenated perfusion (HOPE), applied only for 1-2 hours
after conventional procurement and cold storage '>**. While initial clinical experiences of this new
technique has been earlier presented including the first 25 human DCD livers®, our study aimed
now, first, to document a longer follow-up of five years after HOPE treatment in human DCD
livers. Secondly, we intended to unravel the efficacy of the HOPE perfusion approach and
compared therefore HOPE perfused DCD livers with the best available not machine perfused e.g.
untreated DCD livers from a highly experienced transplant unit, e.g. DCD livers exposed to short
cold ischemia in low MELD recipients. Third, this analysis focussed on cumulative post-
transplant complications within the first year of post-transplant follow up, quantified by the
comprehensive complications index (CCI)*?. Fourth, we compared non-tumour related death or
graft loss in HOPE treated or un-treated DCD livers with outcomes in primary DBD liver

transplants.



Patients and Methods

1. Patient cohort and data collection

This study refers to the first fifty HOPE-treated human livers transplanted from DCD donors at
the University Hospital in Zurich, Switzerland between 2012-3/2017 with at least 1 year follow
up. We matched this machine perfused DCD cohort with an un-treated DCD cohort (n=50) from
the liver unit at Queen Elizabeth Hospital Birmingham, United Kingdom (UK). Primary, adult
DBD liver transplants from both centres were also matched and served as baseline control group
(n=50). Paediatric transplantations, combined transplants, domino, split grafts and living donor
liver transplantations were excluded. Livers, procured following initial assessment through
normothermic regional perfusion (NRP) in the donor and other machine perfused livers were also

excluded.

2. Centre practice in liver procurement, preservation, transplantation surgery and

postoperative management

In Zurich, all DCD liver retrievals between 2012 and 3/2017 were performed by the super
rapid procurement technique. Following cannulation of the iliac artery, 2 litres of heparinized
saline (20 °C) were used as flush solution, followed by 3-5 litres of precooled (4°C) Institute-
George-Lopez-1-solution (IGL-1). All livers were retrieved within 30 minutes and received
additional cold flush on the bench through the portal vein and the hepatic artery. The biliary
system was also flushed prior to packing. After the cold storage period, DCD livers for Zurich
underwent hypothermic oxygenated perfusion (HOPE) for 1-2 hours during recipient
hepatectomy. Before implantation, HOPE-treated DCD livers received also a blood flush (200-250
ml) prior to reperfusion in the recipient. The standard implantation technique in Zurich was the
cava replacement technique without use of veno-venous bypass. Reperfusion was always initiated

by the portal vein, followed by the hepatic artery.



In Birmingham, DCD livers were also procured by the super rapid cannulation technique with
however additional in situ perfusion of the portal or mesenteric vein besides the Aorta. The flush
solution in UK was cold University of Wisconsin-solution (UW) (4°C). Bench perfusion included
hepatic artery, portal vein and biliary system prior to liver packing. Before reperfusion in the
recipient, livers were flushed with 2 litres of cooled saline (or ringers) during anastomasis. Some
livers received additional blood flush. The standard implantation technique was a piggyback
technique without veno-venous bypass. A porto-caval shunt was used in selected cases, and
reperfusion was initiated either through the portal vein or the hepatic artery first.

The “stand-off” period after cardiac arrest in the donor was 5 min in Birmingham, compared to
10 minutes in Zurich, prior to super rapid laparotomy, cannulation and cold flush. In both groups,
the functional donor warm ischemia (fDWIT) time was defined as duration from systolic blood
pressure below 50 mmHg to cold aortic perfusion in the donor. Importantly, none of the donors
received heparin before withdrawal in both countries, and DCD livers were not treated with tissue-
plasminogen activator (tPA).

The immunosuppression protocol was different between both centres: In Zurich DCD liver
recipients received prednisolone (500mg), and induction by basiliximab intraoperatively.
Tacrolimus was added delayed at day 3-4 in parallel to ongoing steroids and another dose of
basiliximab on day 4. In contrast, in Birmingham, the immunosuppressive regimen consisted of
prednisolone (100mg), tacrolimus and azathioprine or mycophenolate mofetil, all introduced at
day 0-1. Basiliximab induction and late introduction of Tacrolimus was used in selected cases.

The trough level of tacrolimus was adjusted in both centres to kidney function.

3. Hypothermic Oxygenated Perfusion (HOPE)
At the end of standard cold storage and transport, DCD livers in Zurich were cleaned on the
bench and connected to the Liver Assist device (Organ Assist®) to perform HOPE. For this

purpose, a curved catheter was inserted into the portal vein and secured with silk. During recipient



hepatectomy, 1-2 hours of HOPE perfusion was performed at 10-12°C with 3 litres of Belzer
Machine Perfusion Solution (Belzer MPS) through the portal vein. The hepatic artery remained
untouched. Free outflow of the perfusate was allowed in keeping both ends of the vena cava open.
Importantly, perfusion pressure was limited to maximal 3mmHg and the oxygen concentration in
the perfusate was high with a pO, of 80-100kPa in order to recondition liver mitochondria (Figure

1)*. At the end of HOPE perfusion, DCD grafts were disconnected and directly implanted.

4. Risk analysis and matching of the three transplant cohorts

In a first step, we analysed several donor, graft and recipient risk parameters (Table 1).
Important risk factors, e.g. donor age, donor BMI, donor warm ischemia, cold storage, recipient
age and BMI, MELD-score and underlying disease were assessed. Risk stratification was
performed according to the recently developed UK-DCD-Risk-Score®. Fifty not machine perfused,
simply cold stored DCD livers from Birmingham were matched to the HOPE-treated DCD cohort
from Zurich. In addition, a group of primary DBD liver transplants from both centres was also
matched to serve a baseline control. A computerized case-control matching analysis was done to
correct for potential differences in baseline donor and recipient characteristics amongst the groups,
separately for the untreated DCD and DBD liver cohort. Based on the overall number of DCD
transplantations performed in Birmingham between 2007 and 2017 (total n=439), a 1:1 case-
control matching of each HOPE-treated DCD liver with one untreated DCD liver without
replacement was performed. The matching process involved the following parameters with
tolerance highlighted in brackets to correct for potential key confounders: cold ischemia time
(x1hrs), recipient age (x1year) and MELD score (x1point). For each HOPE-treated DCD liver in
Zurich, one appropriate untreated DCD liver (simply cold stored) from Birmingham and one low
risk DBD liver, selected from a combined DBD cohort between 2007-2017 (n=921) from Zurich
and Birmingham was matched according to above mentioned parameters (HOPE treated DCD: 50

vs. un-treated DCD:50 vs. low risk primary DBD:50). The low risk DBD matching cohort



represents adult, primary liver transplantations into low risk recipients (lab MELD <21points), in
accordance with recent definition of benchmarking in liver transplantation'®. Any acute liver
failures, combined transplantations, live donors and split grafts, auxiliary liver transplantations

were excluded.

5. Endpoints

We documented several intraoperative parameters, including transfusions and duration of
surgery. We also assessed lactate clearance at the end of LT. Further analysis includes liver
function (INR day 1) and injury (Peak Alanine Aminotransferase (ALT) during first week after
LT. Intensive care unit (ICU) and hospital stay served as surrogate markers for complications.
Biliary and vascular complications and rejections are displayed in detail. Overall complications
were assessed using the Clavien-Dindo-Classification and the Comprehensive Complication Index
(CCI)**, Five-year survivals are shownwith a focus on non-tumour-related graft loss, including
the rate of primary-non-function (PNF), ischemic cholangiopathy (IC) and hepatic artery
thrombosis (HAT). Ischemic cholangiopathy (IC) was defined radiologically, as intrahepatic or
hilar biliary strictures and dilatations, occurring in the absence of hepatic artery stenosis (HAS) or

thrombosis (HAT), portal thrombosis, chronic ductopenic rejection, and recurrent PSC*.

6. Statistical Analysis

Data were analysed with IBM SPSS Statistics version 24 (IBM Corporation, Armonk, New
York, USA) and Prism 7. Median and interquartile range were used to analyse continuous
variables and comparisons were made using the Mann-Whitney U test. Categorical variables were
expressed in quantities and percentages. To compare categorical variables, the Chi-square test or
the Fisher’s exact test were used. P-values <0.05 were considered statistically significant. Long-
term survival rates were estimated using Kaplan-Meier methods, with comparisons between

groups performed using log-rank tests. End of observation period was March 31%, 2018.
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7. Ethical approval and quality control

Completeness, plausibility and validity of the data were independently verified (by AS, XM,
MK, PM and PD), including objective review of all historical medical charts. The local regulatory
board approval was obtained prior to study initiation and database/chart review (CARMS-02246,

KEK-No. 2015-0200).

Results

1. Characteristics of the three different transplant cohorts

Fifty human DCD livers were transplanted at University Hospital Zurich with previous
endischemic HOPE treatment between January 2012 and March 2017. Detailed donor, graft and
recipient parameters are highlighted in Table 1. Given the upper donor age limit of 90 years for
DCD transplantation in Switzerland, the median donor age in the HOPE cohort was significantly
higher (p=0.05) when compared to both control groups, un-treated DCD and DBD livers in
Birmingham, with more than 40% of donors older than 60 years (Table 1, Supplementary Figure
1A). All types of donor warm ischemia were significantly longer in Zurich compared to
Birmingham with a median functional donor warm ischemia (fDWIT) of 31 min in the HOPE
group vs. 17 min in the un-treated DCD control group (p<0.0001) (Table 1). In addition, human
DCD livers accepted for transplantation in Zurich were more often macro- and micro-steatotic
compared to un-treated DCD livers in Birmingham with 8% vs. 0% and 28% vs. 4% (p=0.0019),
respectively (Table 1). Consistently, the overall donor-recipient risk, expressed by the UK-DCD-
Risk-Score was significantly higher in the HOPE group with a median of 9 score points vs. 3
points in untreated DCD controls (p<0.0001) (Table 1, Supplementary Figure 1D), mainly
driven by the longer fDWIT and older donor age. Due to the additional 2h HOPE treatment in the
perfusion group, the total out of body time appeared longer in HOPE treated DCD livers compared

to the other two cohorts (p=0.0002, p<0.0001) (Table 1). Based on our matching process, all
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other parameters, including donor Body-Mass-Index (BMI), cold ischemia time, recipient age,
recipient MELD and Balance of risk (BAR) score were similar in all three transplant groups
(Table 1, Supplementary Figure 1B). Importantly, more transplant candidates with
Hepatocellular Carcinoma (HCC) received a DCD liver in Zurich, compared to UK (p<0.0001). In
contrast, in Birmingham there were generally more candidates with primary sclerosing.cholangitis

(PSC) and primary biliary cirrhosis (PBC), although this did not reach significance (Table 1).

2. Impact of HOPE treatment on hemodynamic recipient stability and early graft

function

Despite the similar overall duration of surgery, un-treated DCD livers required significantly
more transfusion of fresh frozen plasma (FFP) during transplantation (median 6 vs. 0; p<0.0001)
(Supplementary Figure 2A-C). HOPE treatment also significantly improved lactate clearance
and liver function directly after LT, as demonstrated by a lower lactate at the end of
transplantation surgery (2.3 vs. 4,p<0.0001), and INR at day one after LT (INR: 1.3 vs. 1.6;
p<0.0001) (Figure 2A&B). Of note however, we recorded no difference in peak 7-day ALT
release after LT between HOPE treated and un-treated DCD livers (Figure 2C). HOPE treated
DCD liver transplants required similar renal replacement therapy (RRT) (8/50 vs 11/50, p=0.611),
and ICU stay was also comparable short in both groups (Figure 2D). While hospital stay was
significantly longer in HOPE treated DCD liver transplants (Figure 2E), this did not correlate
with increased complications (Table 2), but rather reflected different discharge policies between
centers. Importantly, liver recipients in Switzerland undergo an obligatory rehabilitation as

inpatients, while recipients in UK are discharged and simply followed up as outpatients.



12

3. Impact of HOPE treatment on post-transplant complications and graft loss

Un-treated DCD livers experienced significantly more acute rejections (p=0.0019), compared
to HOPE treated livers (Table 2). Six months after LT, the median alkaline phosphatase (ALP)
appeared also significantly lower (p=0.049) following HOPE treatment, while bilirubin was
similar across the three groups (Figure 2F&G). Two PNF occurred in the un-treated DCD liver
group vs. none in the HOPE group. Due to the high number of HCC recipients in the HOPE
cohort, six recipients experienced recurrence of their tumour disease (6/50=12%; 3 deaths and 3
alive), compared to four in the un-treated DCD liver group (4/50=8%) (Table 2). Three and one
patients developed a secondary tumour, respectively.

Anastomotic biliary strictures were not different between both groups (12/50 vs 9/50,
p=0.624). However, the number of non-anastomatic biliary strictures was more than twice in un-
treated DCD livers compared to HOPE treated livers (4/50 vs 11/50, p=0.09). Overall, seven
grafts were lost in the un-treated DCD liver group by ischemic cholangiopathy or PNF compared
to none in the HOPE group (p=0.0125). In contrast, none of the mostly hilar cholangiopathies in
the HOPE treated group led to graft loss within 5 years under conservative treatment (repeated
ballooning) (Table 2).

In summary, graft loss due to any non-tumor related causes (arterial thrombosis, sepsis,
chronic rejection, cholangiopathy) cumulated to one-third (16/50) of cases in un-treated DCD
livers compared to only 8 % (4/50) of cases in the HOPE group (p=0.005) (Table 2).
Accordingly, five—year graft survival, censored for tumour recurrence, was 94 % in the HOPE
treated DCD group, compared to 78 % in the untreated DCD group (p=0.024)(Figure 3).

Of note, only one recipient with PSC developed a non-anastomotic stricture already 58 days
after the DCD liver transplantation, which is in contrast to a usually much later recurrence of

PSC'®. All other recipients with a non-anastomotic stricture were not in the PSC or PBC group.
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Discussion

This is the first outcome report following implantation of machine perfused human DCD
liver grafts with a five-year follow up. We present several clinically relevant findings. First,
HOPE-treated DCD liver recipients showed similar reperfusion injury and improved
hemodynamic stability after graft implantation compared to untreated DCD recipients, despite
higher risk. Second, HOPE-treated grafts displayed better function in terms of improved lactate
clearance and a significantly lower INR on day one. Third, HOPE liver recipients experienced less
non-tumour related graft loss, including ischaemic cholangiopathy, vascular complications and
primary non-function. Finally, such protections accumulated to a significantly better five-year
graft survival following HOPE treatment.

In Switzerland, stand-off periods were five minutes longer (10 minutes), compared to the
UK and The Netherlands (5 minutes), and contributed to extended functional donor warm
ischemia time. The policy in Zurich was therefore to apply HOPE in all DCD liver grafts before
implantation, together with short cold ischemia (< 6hrs) and implantation in low MELD
recipients. Consistently, to evaluate the impact of the HOPE perfusion approach, we intended to
compare in this study HOPE-treated liver grafts with un-treated DCD livers with similar short cold
ischemia times and comparable low MELD recipients. Birmingham has currently an outstanding
experience in controlled (Maastricht I11) DCD liver transplants in Europe, including 439 DCD
liver transplants during the last 10 years, which enabled us to match our patients in terms of short
cold ischemia, low MELD score, and comparable recipient age. However, donors in Zurich were
generally older than the Birmingham cohort with also significantly longer functional donor warm
ischemia (FDWIT) time, which led to an overall higher risk in the Zurich DCD cohort**’. Despite
this match limitation, HOPE treatment effectively protected DCD liver recipients from
complications and graft loss °.

Three groups worldwide have significant experience with clinical cold liver perfusion.

While Guarrera et al from New York have previously demonstrated the impact in extended DBD
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liver grafts, the team from Groningen recently presented their results after dual-HOPE through

1819 " In contrast, we

hepatic artery and portal vein in DCD livers with however short term outcome
provide here the first five-year outcome analysis with assessment of cumulative complications
within one year *%. Based on our experimental data, we suggest that the benefit of HOPE
treatment is related to a primary antioxidative mitochondrial effect, with subsequent less
reperfusion injury and improved early function® 2. HOPE treatment after initial cold storage
may therefore protect human DCD liver recipients from severe IC and other fatal
complications®®#?*, The results are consistent to experiences with hypothermic oxygen
persufflation in human liver transplantation and controlled oxygenated rewarming (COR), which
showed similar protective effects in livers and other organs®?®. Our findings are also underlined by

several experimental studies in small and large animal models of liver transplantation?%?°,

showing a link between early graft inflammation and later cholangiopathy 2%

Machine perfusion has become a hot topic nowadays, based on the idea to optimize
marginal grafts before implantation, and to provide prediction of organ function. In contrast to
applying machine liver perfusion at hypothermic conditions, warm perfusion strategies aim
currently to replace as much as possible cold ischemia. Normothermic machine perfusion (NMP)

is therefore applied directly after cold flush”**

or even before procurement, e.g. by
normothermic regional perfusion (NRP) or IFOT (ischemia free organ transplantation)®>. Of
note, NMP instead of cold storage has been recently reported in a randomized trial of human DBD
and DCD livers®. The results show lower peak serum aspartate aminotransferase (AST) (488 U/
vs. 965 U/1), as well as less early allograft dysfunction 3 (10% vs 29.8%) in the NMP group after
transplantation, while graft and patient survival after one year were similar and excellent (> 95%)
in both groups®**. It appears however unclear, whether normothermic perfusion can be
successfully applied also after cold ischemia, and whether NMP prevents from severe

cholangiopathy. Recent data from UK rather suggest that endischemic normothermic perfusion of

DCD livers fails to protect from irreversible biliary injury?®. Together with experimental data in
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discarded human DCD livers, these findings point more to an activation instead of prevention of
inflammatory pathways during normothermic perfusion®**. In contrast, applying HOPE after
warm and cold ischemia, is well-known to trigger a substantial change in mitochondrial
metabolism similar to hibernating animals, with consecutive reload of the adenine nucleotide pool
within 1-2 hours of cold oxygenated machine perfusion®°. We believe therefore, thata short
term cold oxygenated perfusion is necessary prior to any reperfusion at normothermic
conditions®**?*%’_This approach has been recently tested in a model of discarded human livers,
where authors demonstrated improved viability during normothermic evaluation of high risk
human livers following previous HOPE treatment®.

Our study has the clear limitation of a retrospective comparison design. Based on this,
there are necessarily differences in implantation techniques and in terms of the immune
suppression concept between HOPE treated DCD livers in Zurich and untreated DCD livers in
Birmingham. In addition, the cold ischemia period before HOPE was relatively short, and it
remains unclear whether the same results can be expected with for example more than 10 hrs cold
storage prior to HOPE. We would however like to emphasize, that we found a clear improvement
in most endpoints in HOPE-perfused DCD livers, despite longer donor warm ischemia times,
compared to un-treated DCD livers. This is also the first report on longer graft survival after a
newly established and easy performable perfusion approach in the field of liver transplantation.

Ongoing randomized clinical trials to assess the impact of hypothermic oxygenated
perfusion in DBD and DCD liver transplantation currently recruit participants and results are
awaited (NCT 01317342, NCT 02584283).

We conclude that outcome of HOPE treated human DCD liver transplants maintained over
a period of five years comparable with primary low risk DBD transplants, and also superior to un-
treated DCD livers, performed at a highly experienced center. These results suggest strong
effectivity of a simple, end-ischemic perfusion approach and may open the field for safe

utilization of extended DCD liver grafts.



16

Acknowledgment

Authors convey their appreciation for the great support by all transplant coordinators and

specialist nurses for organ donation in both countries.

10.

11.

12.

13.

14.

References

Monbaliu D, Pirenne J, Talbot D. Liver transplantation using Donation after Cardiac Death
donors. J Hepatol. 2012;56(2):474-485. doi:10.1016/j.jhep.2011.07.004.

Croome KP, Lee DD, Nguyen JH, Keaveny AP, Taner CB. Waitlist Outcomes for Patients
Relisted Following Failed Donation After Cardiac Death Liver Transplant: Implications for
Awarding Model for End-Stage Liver Disease Exception Scores. Am J Transplant.
2017;17(9):2420-2427. doi:10.1111/ajt.14383.

O’Neill S, Roebuck A, Khoo E, Wigmore SJ, Harrison EM. A meta-analysis and meta-
regression of outcomes including biliary complications in donation after cardiac death liver
transplantation. Transpl Int. 2014;27(11):1159-1174. doi:10.1111/tri.12403.

Schlegel A, Kalisvaart M, Scalera I, et al. The UK. DCD Risk Score: A new proposal to
define futility in donation-after-circulatory-death liver transplantation. J Hepatol.
2018;Mar(68(3)):456-464. doi:10.1016/j.jhep.2017.10.034.

Taner CB, Bulatao IG, Willingham DL, et al. Events in procurement as risk factors for
ischemic cholangiopathy in liver transplantation using donation after cardiac death donors.
Liver Transplant. 2012;18(1):101-112. doi:10.1002/1t.22404.

Oniscu GC, Randle L V., Muiesan P, et al. In situ normothermic regional perfusion for
controlled donation after circulatory death - The United Kingdom experience. Am J
Transplant. 2014;14(12):2846-2854. doi:10.1111/ajt.12927.

Ravikumar R, Jassem W, Mergental H, et al. Liver Transplantation After Ex Vivo
Normothermic Machine Preservation: A Phase 1 (First-in-Man) Clinical Trial. Am J
Transplant. 2016;16(6):1779-1787. doi:10.1111/ajt.13708.

Hoyer DP, Mathé Z, Gallinat A, et al. Controlled Oxygenated Rewarming of Cold Stored
Livers Prior to Transplantation: First Clinical Application of a New Concept.
Transplantation. 2016;100(1):147-152. doi:10.1097/TP.0000000000000915.

Dutkowski P, Polak WG, Muiesan P, et al. First Comparison of Hypothermic Oxygenated
PErfusion Versus Static Cold Storage of Human Donation After Cardiac Death Liver
Transplants: An International-matched Case Analysis. Ann Surg. 2015;262(5):764-771.
doi:10.1097/SLA.0000000000001473.

Schlegel A, Muller X, Dutkowski P. Hypothermic Liver Perfusion. Curr Opin Organ
Transplant. 2017;(In press).

Dutkowski P, Schlegel A, De Oliveira M, Millhaupt B, Neff F, Clavien PA. HOPE for
human liver grafts obtained from donors after cardiac death. J Hepatol. 2014;60(4):765-
772. doi:10.1016/j.jhep.2013.11.023.

Slankamenac K, Graf R, Barkun J, Puhan M a, Clavien P-A. The comprehensive
complication index: a novel continuous scale to measure surgical morbidity. Ann Surg.
2013;258(1):1-7. doi:10.1097/SLA.0b013e318296¢732.

Muller X, Marcon F, Sapisochin G, et al. Defining Benchmarks in Liver Transplantation: A
Multicenter Outcome Analysis Determining Best Achievable Results. Ann Surg. 2017;Sep
6. doi:10.1097/SLA.0000000000002477.

Dindo D, Demartines N, Clavien P-A. Classification of Surgical Complications. Ann Surg.



15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27,

28,

29.

30.

31.

32.

33.

17

2004;240(2):205-213. d0i:10.1097/01.s1a.0000133083.54934.ae.

Hessheimer AJ, Cardenas A, Garcia-Valdecasas JC, Fondevila C. Can we prevent ischemic
type biliary lesion in DCD liver transplantation? Liver Transplant. 2016;22:1025-1033.
doi:10.1002/1t.24460.

Trivedi PJ, Scalera I, Slaney E, et al. Clinical outcomes of donation after circulatory death
liver transplantation in primary sclerosing cholangitis. J Hepatol. 2017.
doi:10.1016/j.jhep.2017.06.027.

Schlegel A, Scalera I, Perera M, et al. Impact of donor age in donation after cardiac death
liver transplantation: Is the cut-off “60” still of relevance? Liver Transplant. 2017;Sep
8.:doi: 10.1002/1t.24865. [Epub ahead of print]. doi:10.1002/1t.24865.

Guarrera J V., Henry SD, Samstein B, et al. Hypothermic machine preservation facilitates
successful transplantation of “orphan” extended criteria donor livers. AmJ Transplant.
2015;15(1):161-169. doi:10.1111/ajt.12958.

Van Rijn R, Karimian N, Matton A, et al. Dual hypothermic oxygenated machine perfusion
in liver transplants donated after circulatory death. Br J Surg. 2017;Jun:907-917.
doi:10.1002/bjs.10515.

Dutkowski P, Schlegel A, De Oliveira M, Millhaupt B, Neff F, Clavien PA. HOPE for
human liver grafts obtained from donors after cardiac death. J Hepatol. 2014;60(4):765-
772.

Schlegel A, Kron P, Graf R, Dutkowski P, Clavien PA. Warm vs. cold perfusion techniques
to rescue rodent liver grafts. J Hepatol. 2014,61(6):1267-1275.

Kron P, Schlegel A, Mancina L, Clavien PA, Dutkowski P. Hypothermic oxygenated
perfusion (HOPE) for fatty liver grafts in rats and humans. J Hepatol. 2018;68(1):82-91.
doi:10.1016/j.jhep.2017.08.028.

Schlegel A, Rougemont O De, Graf R, Clavien PA, Dutkowski P. Protective mechanisms of
end-ischemic cold machine perfusion.in DCD liver grafts. J Hepatol. 2013;58(2):278-286.
Schlegel A, Graf R, Clavien PA; Dutkowski P. Hypothermic oxygenated perfusion (HOPE)
protects from biliary injury in a rodent model of DCD liver transplantation. J Hepatol.
2013;59(5):984-991.

Minor T, Paul A. Hypothermic reconditioning in organ transplantation. Curr Opin Organ
Transplant. 2013;18(2):161-167. do0i:10.1097/MOT.0b013e32835e29de.

de Rougemont O, Breitenstein S, Leskosek B, et al. One hour hypothermic oxygenated
perfusion (HOPE) protects nonviable liver allografts donated after cardiac death. Ann Surg.
2009;250(5):674-683. d0i:10.1097/SLA.0b013e3181bchlee.

Pinto C, Giordano DM, Maroni L, Marzioni M. Role of inflammation and proinflammatory
cytokines in cholangiocyte pathophysiology. Biochimica et Biophysica Acta - Molecular
Basis of Disease. 2017.

Watson C, Kosmoliaptsis V, Pley C, et al. Observations on the ex situ perfusion of livers
for transplantation. Am J Transplant. 2018. doi:10.1111/ajt.14687.

Laing R, Mergental H, Yap C, et al. Viability testing and transplantation of marginal livers
(VITTAL) using normothermic machine perfusion: study protocol for an open-label, non-
randomised, prospective, single-arm trial. BMJ Open. 2017;(Nov 28;7(11)).
doi:10.1136/bmjopen-2017-017733.

Bral M, Gala-Lopez B, Bigam D, et al. Preliminary Single Centre Canadian Experience of
Human Normothermic Ex Vivo Liver Perfusion: Results of a Clinical Trial. Am J
Transplant. 2016. doi:10.1111/ajt.14049.

He X, Guo Z, Zhao Q, et al. The first case of ischemia-free organ transplantation in
humans: A proof of concept. Am J Transplant. 2018;18(3):737-744. doi:10.1111/ajt.14583.
Nasralla D, Coussios CC, Mergental H, et al. A randomized trial of normothermic
preservation in liver transplantation. Nature. 2018. doi:10.1038/s41586-018-0047-9.
Olthoff KM, Kulik L, Samstein B, et al. Validation of a current definition of early allograft



18

dysfunction in liver transplant recipients and analysis of risk factors. Liver Transplant.
2010;16(8):943-949. doi:10.1002/1t.22091.

34.  Vogel T, Brockmann JG, Quaglia A, et al. The 24-hour normothermic machine perfusion of
discarded human liver grafts. Liver Transplant. 2017;23(2):207-220. doi:10.1002/1t.24672.

35.  Dutkowski P, Clavien P. Uploading cellular batteries: Caring for mitochondria is key. Liver
Transplant. 2018;Apr;24(4):462-464. doi:10.1002/1t.25036.

36. van Rijn R, van Leeuwen O, Matton A, et al. Hypothermic oxygenated machine perfusion
reduces bile duct reperfusion injury after transplantation of donation after circulatory death
livers. Liver Transplant. 2018;(Jan 25.). doi:10.1002/1t.25023.

37.  Schlegel AA, Kalisvaart M, Muiesan P. Machine perfusion in liver transplantation: An
essential treatment or just an expensive toy? Minerva Anestesiol. 2018;84(2):236-245.
doi:10.23736/S0375-9393.17.12016-X.

38. Boteon Y, Laing R, Schlegel A, et al. Combined Hypothermic and Normothermic Machine
Perfusion Improves Functional Recovery of Extended Criteria Donor Livers. Liver
Transplant. 2018;Jul 30. doi:10.1002/1t.25315.

Figure legends

Figure 1: HOPE treatment of human DCD liver grafts (4 examples): Four examples of HOPE

treated human DCD livers from the Zurich cohort are shown here. Importantly, the hepatic artery

remains untouched throughout cold perfusion.

Figure 2: Liver function and Injury after Liver transplantation: Despite significantly better

immediate function following HOPE treatment, livers demonstrate a similar liver enzyme release,
as untreated DCD livers (A-D). Due to centre-specific recipient management, patients remain in
hospital until their special spot at the clinic for rehabilitation becomes available. This lead to a
similar hospital stay on both DCD cohorts (F). After 6-month, biliary parameter appear similar,
with a higher median ALP in untreated DCD liver recipients compared to HOPE treated DCDs,
though this did not reach significance (G&H). Median and interquartile range were used to present

continuous variables, comparisons were made using the Mann-Whitney U test.
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Figure 3: Five-year graft and patient survival after liver transplantation: Despite the significant

higher risk in the DCD cohort from Switzerland, the overall 5-year graft survival appear excellent,
ranging between 70 and 80% in all three cohorts (A). HOPE treatment protects the recipient from
development of severe complications including the requirement for retransplantation for PNF, IC
or HAT and 5-year graft and survival, censored for tumour related death was significantly
improved by HOPE. Long-term survival rates were estimated using Kaplan-Meier methods, with

comparisons between groups performed using log-rank tests.



Table 1: Donor, graft and recipient characteristics

(n=50) (n=50) (n=50) 'vs. DCD untreated |DCD + HOPE vs.
Donor age (years) 57 (47-67) 53 (33-60) 50 (43-62) 0.05 0.103
L No. > 60 years 21 (42%) 12 (24%) 13 (26%) 0.038 0.1389
ffotal Donor WIT (min) 36 (31-40) 25.5 (21-31) <0.0001
- No. > 40 min 12 (24%) 3 (6%) 2 0.0226 =
Functional Donor WIT (min) 31 (27-36) 17 (15-19) <0.0001
- No.> 30 min 28 (56%) 0 2 0.0001 e
WAsystolicdonor WIT (min) 19 (17-21) 12.5 (10-15) <0.0001
- NO. >15 min 47 (94%) 6 (12%) i 0.0001 )
Graft Steatosis
Macrosteatosis > 20% (n/%) 4 (8%) 0 0 0.118 0.118
Microsteatosis > 20% (n/%) 14 (28%) 2 (4%) 0 0.0019 0.0001
[Total cold preservation (hours)
[ = total out of body time) 6{57) 4.8 (4.2-5.4) 5 (4-5) 0.0002 <0.0001
Cold storage (hours) 4.4 (3.5-5.2) 4.7 (4.3-5.3) 5 (4-5) 0.062 0.072
Duration of HOPE (hours) 2(1.6-2.4) - - - .
Recipient age (years) 58 {56-62) 57 (51-61) 57 (48-63) 0.072 0.063
Recipient lab MELD (points) 11 (8-14) 11.8 (8.5-15.8) 15 (9-17) 0.504 0.078
nderlying disease/Indication (n/%):
epatitisC 16 (32%) 10 (20%) 15 (30%) 0.254 1.0
epatitis8 3 (6%) 4 (8%) 2 (4%) 1.0 1.0
rimary Sclerosing Cholangitis 1(2%) 7 (14%) 5 (10%) 0.059 0.204
rimary Biliary Cirrhosis 2 (4%) 9 (18%) 8 (16%) 0.051 0.0916
Icohol related Iiver disease 12 (24%) 12 (24%) 9 (18%) 1.0 0.624
Non-Alcoholic-Steatohepatitis 5 (10%) 3 (6%) 5 {10%) 0.715 1.0
Hepatocellular Carcinoma alone 3 (6%) 0 0 0.242 0.242
Retransplantation for IC after LDLT 1(2%) 0 0 1.0 1.0
Other 7 (14%) 5 (10%) 6 (12%) 0.759 1.0
epatocellular Carcinoma (n/%) 35 (70%) 10 {20%) 11 (22%) <0,0001 <0.0001
R score {points) 3 (2-4) 3 (2-6) 4 (3-6.73) 0,9028 0.1311
LUK DCD Risk score (points): 9(6-11) 3(2-5) <0.001
HLow risk (0-5 points) (n/%) 5 (10%) 42 (84%) <0.0001
L High Risk {6-10 points) (n/%) 23 (46%) 8 (16%) 3 0.0022 E
-Futile (11-27 points) (n/%) 22 (44%) 0 <0.0001

Continuous variables are presented as median and IQR; comparisons of continuous variables were made usingthe Mann-Whitney U test. Categorical variables are
expressad in quantities and percentages. To campare categorical variables, the Chi-square test or the Fisher's exacttest were used. DCD: Donation after circulatory
death; DBD: Donation after brain death; IC: Ischaemic Cholangiopathy, LDLT: Live-donor-liver transplantation; BAR: Balance of risk score; UK: United Kingdom;


http://ees.elsevier.com/jhepat/download.aspx?id=667741&guid=28f4a305-25e2-4813-8f83-cc63ffe3b4fb&scheme=1

Table 2: Outcome parameters and complications

) T SO DCD + HOPE DCD untreated DBD |p-value DCD HOPE vs. | p-value DCD
ikt n=50 n=50 n=50 | DCDuntrested | HOPEvs. DBD
Non anastomoticstrictures 4 (8%) 11 (22%) 1 (2%) 0.09 0.362
Anastomotic Strictures: 12 (24%) 9 (18%) 4 (8%) 0.624 0.0538
- Treated Conservative/ERCP 11 (22%) 6 (12%) 4 (8%) 0.287 0.0905
- Treated with Hepaticojejunostomy 1(2%) 3 (6%) 0 0.617 1.0
Temporary anastomotic stent 8 (16%) 8 (16%) 4 (8%) 1.0 0.3567
Temporary PTCD 3 (6%) 5 (10%) 0 0.715 0.242
Biliary cast 3 (6%) 2 (4%) 0 1.0 0.242
Bile leak 1(2%) 1 (2%) 2 (4%) 1.0 1.0
Arterial complication 4 (8%) 6 (12%) 3 (6%) 0.741 1.0
Primary-Non-Function (PNF) 0 2 (4%) 1(2%) 0.494 1.0
Totalgraft loss 7 (14%) 18 (36%) 3 (6%) 0.0158 0.3178
Cause of Graft Loss:
- Ischaemic Cholangiopathy 0 5 (10%) 0 0.0125 1.0
- Primary Non Function 0 2 (4%) 0
- HepaticArtery Thrombosis 2 (1xconduit, | 6 (Ixcondult, 2x HAS, 1x pseu- 3 {6%) 0.268 1.0
1x HAT) (4%) doaneurysm, 2x HAT) (12%)
- Sepsis 1(2%) 3 (6%) 2 (4%) 0.617 1.0
- Chronicrejection 1(2%) 0 0 1.0 1.0
- Overall non-tumour related graft loss 4 (8%) 16 (32%) S (10%) 0.005 1.0
- Secondary Tumour 3 (6%) 2 (4%) 0 1.0 0.242
Cause of Patient Death:
- 1schaemicCholangiopathy 0 3 (6%) 0 0.118 1.0
- Primary Non Function 0 1(2%) 0
- HepaticArtery Thrombosis 0 3 (6%) 2 (4%) 0.242 0.4%4
Secondary Tumour 3 (6%) 2 (4%) 0 1.0 0.242
Sepsis 2 (4%) 3 (6%) 2 (4%) 1.0 1.0
Renal Replacement Therapy 8 (16%) 11 (22%) 4 (8%) 0.611 0.3567
Tumourrecurrence 3 (6%) 2 (4%) 0 1.0 0.242
Secondary tumour 3 (6%) 1(2%) 1{2%) 0.617 0.617
Treated acute rejection 2 (4%) 14 (28%) 5 (10%%) 0.0019 0.436
Comprehensive Complication Index 1y (points) 47,15 44.0 33.7 0.8982 0.08
Clinically fitand well 40 (80%) 33 (66%) 40 (80%) 0.176 1.0

Continuous variables are presented as median and IQR; comparisons of continuous variables were made usingthe Mann-Whitney U test. Categorical variables were
expressed inquantities and percentages. To compare categorical variables, the Chi-square testor the Fisher's exacttest were used. ERCP: endoscepic retrograde
cholangiopancreatography; PTCD: Percutaneous transhepatic cholangiography and drainage; HAS: Hepatic artery stenosis, HAT: Mepatic artery thrombosis;
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Figure 1: HOPE-treatment of human DCD liver grafts (4 examples)

A 86years, 38 min fDWIT, UK-DCD-Risk-Score: 12 B 75years, 43 min fOWIT, UK-DCD-Risk-Score: 8
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Figure 2

Figure 2: Liver function and Injury after Liver transplantation
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Figure 3: Five-year graft and patient survival after livertransplantation
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Five-year experience in human DCD liver transplantation treated by
hypothermic oxygenated perfusion (HOPE) before implantation
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HOPE treatment after cold storage
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Highlights:

-We report here, for the first time, on five-year graft survival in DCD livers, treated either by
conventional cold storage, or by 1-2 hour hypothermic oxygenated perfusion (HOPE) after cold
storage.

-Such end-ischemic HOPE treatment protected recipients from arterial and biliary complications
with subsequent significant less graft loss.

-Despite significantly higher risk with a longer donor warm ischemia times, HOPE treatment
achieved equivalent outcomes when compared to primary DBD liver transplants.

-HOPE after cold storage is a simple and effective method to treat high-risk DCD livers prior to
implantation.
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