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Indications for liver transplantation have expanded over the past few decades owing to improved out-
comes and better understanding of underlying pathologies. In particular, there has been a growing in-
terest in the field of transplant oncology in recent years that has led to considerable developments which
have pushed the boundaries of malignant indications for liver transplantation beyond hepatocellular
carcinoma (HCC). In this article, we review and summarise the published evidence for liver trans-
plantation in non-HCC primary and metastatic liver malignancies and highlight ongoing clinical trials
that address unresolved questions therein. We also examine the current technical, immunological and
oncological challenges that face liver transplantation in this growing field and explore potential ap-
proaches to overcome these barriers.
© 2019 Elsevier Ltd, BASO ~ The Association for Cancer Surgery, and the European Society of Surgical

Oncology. All rights reserved.
Introduction

Outcomes following liver transplantation have improved
significantly over the past few decades owing largely to advances in
surgical techniques, immunosuppression and management of un-
derlying pathologies [1]. Five-year overall patient survival rates
exceed 70% globally for adult first transplants from deceased do-
nors based on recently published figures worldwide [2e4]. In-
dications for transplantation are gradually expanding as a result of
these outcomes which act as benchmarks for the efficacy of newer
indications [5].

Non-resectable primary and secondary liver malignancies are
examples of emerging indications for liver transplantation that
pose unique technical, immunological and oncological challenges
within the developing field of transplant oncology [6]. Interest-
ingly, the first successful liver transplant carried out by Thomas
Starzl in 1967 was for a patient with hepatoblastoma, who died 18
months later with metastatic disease [7]. In fact, outcomes from
transplantation for various liver malignancies in the decades that
followed including hepatocellular carcinoma (HCC) were unsatis-
factory and therefore were not widely accepted indications for
transplantation [8,9].
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It was not until the post-transplant disease-free survival rates
for HCC improved following the introduction of theMilan criteria in
1996 that transplantation became an established treatment option
for HCC [10]. Since then, the boundaries for transplantation for HCC
have been pushed even further [11,12]. In addition, a renewed in-
terest in liver transplantation as a treatment option for other pri-
mary and secondary liver malignancies has grown owing to
improved results over the past 15 years [13,14] coupled with
modest survival outcomes with current standard therapeutic op-
tions including surgical resection and minimally invasive local
therapies [15]. Nevertheless, transplantation for many non-
resectable liver malignancies remains investigational at this cur-
rent stage [6].

The aim of this review is to summarise the current evidence for
liver transplantation in unresectable primary and secondary liver
malignancies beyond HCC.

Primary liver malignancies

Cholangiocarcinomas

Cholangiocarcinomas (CCA) are a heterogeneous group of ma-
lignancies characterised by biliary epithelial differentiation [16].
These are divided based on location into intrahepatic (i-CCA), peri-
hilar (h-CCA) and distal cholangiocarcinomas (d-CCA). Although
partial hepatectomy remains the standard potentially curative
opean Society of Surgical Oncology. All rights reserved.
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treatment option for CCA, less than 40% of patients in the western
hemisphere have a resectable tumour on presentations and 5-year
survival rates for R0 resections for CCA are between 20 and 40%
[17e20]. Historical attempts at liver transplantation alone for i-CCA
and h-CCA have been met with unacceptable rates of disease
recurrence even in cases of incidental CCA identified in explants
[21e26]. Survival outcomes did not improve when transplantation
was combined with pancreaticoduodenectomy (extended bile duct
resection) despite higher rates of surgical clearance [27,28]. Three-
year survival rates in studies published up until 2005 ranged be-
tween 8 and 65% (Supplementary Table 1). Such poor results may
have been related to limitations in the design of these earlier
studies. Survival outcomes from hilar and intrahepatic CCA were
combined in a number of reports whichmost likely confounded the
results in these distinct groups [21,22,24e26,29e32]. In addition,
significant heterogeneity is evident in many of these cohorts in
relation to disease extent, underlying pathology (primary scle-
rosing cholangitis (PSC) versus de-novo CCA) and adjuvant therapy
administration (Supplementary Table 1). Interestingly, several re-
searchers at that time had identified the significance of tumour size
and nodal involvement as risk factors for disease recurrence,
particularly in the case of h-CCA [21,33e35].

The outlook for liver transplantation in h-CCA improved
following the introduction of the Mayo protocol around the turn of
this century [13,36]. The protocol involves a strict selection process
where patients with radiological evidence of nodal or metastatic
disease are excluded as are those with tumours that have a radial
diameter greater than 3 cm. High-dose intravenous neoadjuvant
chemotherapy (5-FU) is then delivered along with external beam
radiotherapy followed by iridium brachytherapy. Oral capecitabine
is also administered until the time of transplantation as tolerated
and biliary drainage is undertaken prior to chemoradiotherapy if
required. Operative staging after neoadjuvant therapy is manda-
tory; performed closer to the time of transplantation in most cases
in order to rule out nodal or peritoneal disease and minimise organ
reallocation at short notice. Staging is usually performed lapa-
roscopically, during which hilar nodes are routinely sampled
regardless of appearance [37].

The initial published results from the Mayo clinic group were
very promising, with overall 5-year survival rates of 82% compared
to 21% after partial hepatectomy in node-negative localised disease
[13]. The same group subsequently reported somewhat lower 5-
year survival rates (71%) using the same protocol in a larger
cohort in 2008. It is worth noting that histological confirmation of
malignancy was lacking in one in five patients pre- and post-
transplantation in the initial report by the Mayo clinic group.
Although it is possible that the inclusion of these patients may have
contributed to the superior early results, survival rates were only
marginally reduced when this subgroup was excluded. A recently,
published meta-analysis of retrospective data for h-CCA from the
US Extrahepatic Biliary Malignancy Consortium (USEBMC)
demonstrated comparable results with overall 5-year survival rates
of 64% following transplantation based on theMayo protocol versus
31% following partial hepatectomy for node negative tumours less
than 3 cm in size [38]. Both patient selection and neoadjuvant
therapy appear to play significant roles in the improved survival
using this protocol [39e41]. Encouraging early results have also
been obtained when the Mayo regime was substituted with ste-
reotactic body radiation therapy (SBRT) and capecitabine, with
acceptable tolerability, in a pilot study by researchers at the Uni-
versity of Michigan [42]. The use of neoadjuvant radiotherapy for h-
CCA has been associated with higher rates of delayed vascular
complications. However, this has not been found to have a signifi-
cant impact on graft or patient survival [43].

The Mayo protocol has mostly been applied to h-CCA with
underlying PSC and unresectable de-novo h-CCA. The former group
is typically unsuitable for resection due to the strong association
between PSC and multifocal CCA and therefore, if eligible, trans-
plantation is a more acceptable option in such patients. Indeed,
survival outcomes following transplantation have been shown to
be somewhat more favourable in this cohort in comparison to pa-
tients with unresectable de-novo h-CCA [38,44,45]. Some recent
retrospective studies suggest a role for transplantation in
potentially-resectable h-CCA although the survival difference be-
tween transplantation and resection in these cases is not thought to
be large enough to justify transplantation [38,46,47]. The question
of whether transplantation after neoadjuvant chemoradiotherapy
is superior to resection in resectable de-novo h-CCA is currently
being addressed in the French TRANSPHIL trial (NCT02232932)
which is expected to be completed in 2021.

Based on the growing body of evidence in favour of trans-
plantation, standardised MELD exception scores have been
approved by UNOS/OPTN since 2009 for qualifying patients with
unresectable h-CCA [48]. Outside the US, transplantation for h-CCA
is mainly considered in the context of clinical research [49]. Current
evidence on the role of liver transplantation in h-CCA is summar-
ised in Supplementary Table 2.

In contrast to h-CCA, i-CCA is still widely viewed as a contra-
indication for liver transplantation based on poor historic results
(Supplementary Table 3). However, the recent encouraging results
with h-CCA have sparked a renewed interest in transplantation of
non-resectable i-CCA. A Spanish multicentre study in 2014 exam-
ined the outcomes following liver transplantation in cirrhotic pa-
tients with incidental i-CCA misdiagnosed preoperatively as HCC.
The study demonstrated 5-year survival figures comparable to HCC
controls in a subgroup of i-CCA patients with unifocal tumours
measuring 2 cm or less [50]. A subsequent international multi-
centre study in 2016 set out to validate the results from the pre-
ceding Spanish study and further confirmed low recurrence rates
and acceptable 5-year actuarial survival rates of 65% in incidental
small unifocal tumours [51]. Moreover, a retrospective comparison
of matched HCC and incidental i-CCA within Milan criteria in 2015
showed no difference in overall survival or recurrence rate [52]. In
addition to tumour size and number, there is evidence to suggest
that node negative [53]and well differentiated [54] i-CCA lesions
may also be associated with improved post-transplant survival
outcomes.

The role of neoadjuvant therapy for i-CCA prior to trans-
plantation remains to be clarified. In 2011, researchers at UCLA
demonstrated that patients with locally advanced i-CCA and h-CCA
who received neoadjuvant and adjuvant therapies in conjunction
with liver transplantation had significantly improved recurrence-
free survival in comparison to those who received no therapy or
adjuvant therapy alone [39]. However, the authors pooled both i-
CCA and h-CCA in their analysis and included a range of historic
adjunctive therapy protocols used during the duration of the study
(1985e2009) which limits the interpretation of these results.
Nonetheless, in 2010, the Methodist-MD Anderson Joint Chol-
angiocarcinoma Collaborative Committee (MMAJCCC) established a
liver transplantation protocol for biopsy-proven locally advanced
node-negative unresectable intrahepatic cholangiocarcinoma with
a sustained biological response or stability for at least 6 months
after gemcitabine-based neoadjuvant chemotherapy. Their results
were published in 2018 in a case series of 6 patients where a 5-year
overall survival rate of 83.3% was reported [55]. Despite the small
sample size in this study, it suggests a role for neoadjuvant therapy
in identifying patients with i-CCA that may benefit from trans-
plantation and implies that such benefit may extend beyond inci-
dental lesions. A recently commenced single arm trial by the
Toronto group might shed further light on the role of liver
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transplantation in early biopsy-proven i-CCA in cirrhotic patients in
the near future (NCT02878473).

In essence, published research in recent years has demonstrated
excellent survival rates following transplantation for certain sub-
groups of i-CCA with favourable characteristics [56]. Therefore, the
diagnosis of i-CCA should not necessarily disqualify patients from
transplantation. However, excellent outcomes for early i-CCA have
also been demonstrated following liver resection recently [57] and
the lack of data comparing resection with transplantation in this
subgroup should be addressed in future research before further
recommendations can be made on the role of transplantation for i-
CCA.

Evidence for the role of liver transplantation in combined HCC-
CCA remains scanty and is largely based on retrospective analyses
of retrospectively-diagnosed lesions (Supplementary Table 3).
Although recurrence rates have been shown to be higher than in
HCC in the past [58], promising results on the role of trans-
plantation in this group of tumours were demonstrated by Sapi-
sochin et al., in 2014 where 5-year survival figures were shown to
be comparable to a matched cohort of patients transplanted for
HCC [59]. A more recent analysis of recipients with retrospectively-
diagnosed HCC-CCA on explants demonstrated a trend towards
inferior survival and recurrence rates in this group compared to
recipients with HCC. However, comparable overall and disease-free
survival rates were shown when both groups were matched on
pathological features (size, differentiation and vascular invasion)
[60]. In addition, node negativity has been shown to be associated
with improved survival outcomes [61].

Hepatoblastoma

Hepatoblastoma is the most common paediatric primary liver
tumour with a rising incidence of 1e2 per million. The peak age at
presentation is within the first two years of life [62,63]. Children
typically present with weight loss and anorexia and serum a-
fetoprotein is raised in themajority of cases [63]. Hepatoblastoma is
a chemoresponsive tumour and the prognosis has markedly
improved with the introduction of cisplatin-based chemotherapy
in the 1980s which to date remains a central treatment for this
tumour [64e66]. Nevertheless, in order to achieve cure, complete
surgical resection is key. In European centres, surgical intervention
is performed after neoadjuvant chemotherapy in all cases irre-
spective of tumour stage based on guidelines issued by the Inter-
national Childhood Liver Tumour Strategy Group (SIOPEL) [66].
However, the type of resection required does depend on the
tumour stage which is outlined in the PRETEXT (Pre-Treatment
Tumour Extent) staging system contrived during early SIOPEL
clinical trials [63]. Four tumour stages are identified based on the
number of adjacent Couinaud sections that are tumour-free. While
PRETEXT stages I-III can be treated with liver resection (limited or
extended), children with PRETEXT IV or central POSTTEXT III (post
chemotherapy) with portal or hepatic venous involvement will
likely require complete hepatectomy and transplantation [63].
With current neoadjuvant chemotherapy regimens, liver resection
is possible in around 85% of cases negating the need for trans-
plantation, and 5-year survival rates in such cases is above 80%
[67,68]. However, early referral for transplant assessment is rec-
ommended for the remainder of cases according to most current
treatment protocols [69,70].

The evidence for the role of liver transplantation in the treat-
ment of hepatoblastoma is outlined in Supplementary Table 4. It is
unsurprising that 5-year survival rates have drastically improved
from 50% in the pre-cisplatin era to over 75% in recent times
[31,71,72]. In 2004, Otte and colleagues reported the outcomes of
twelve liver transplants for hepatoblastoma from the first
collaborative SIOPEL trial conducted between 1990 and 1994 [73].
This was the first collaborative study to include liver trans-
plantation for unresectable disease as a suggested treatment option
in its protocol. Patients were deemed suitable for transplantation
when tumours remained unresectable after six cycles of cisplatin-
based neoadjuvant chemotherapy (i.e. PRETEXT IV or proximity
to main portal or hepatic venous branches) provided that some
response to chemotherapy was evident and that extrahepatic dis-
ease was completely cleared. In addition, patients who experienced
relapse after resection or underwent incomplete resection were
eligible for “rescue” transplantation. Despite 58% of transplanted
cases demonstrating gross vascular invasion and 42% presenting
with lung metastases on initial diagnosis, an overall 5-year post-
transplant survival rate of 75% was achieved in this trial. Interest-
ingly, long-term survival rates for primary transplants were
considerably higher than those for rescue transplants in this cohort
(85% versus 40% 10-year overall survival respectively). Although the
number of transplanted patients was relatively low in this trial, the
authors also performed a literature review of the previous trans-
plant experience for hepatoblastoma worldwide including 147
cases and obtained similar survival results following primary and
rescue transplants (82% versus 30% 6-year overall survival respec-
tively). The authors concluded that extrahepatic disease was not
necessarily a contraindication for transplantation if complete
clearance can be achieved by chemotherapy with or without sur-
gical resection, and that extended resections for large volume dis-
ease should be avoided due to the inferior results seen with rescue
transplantation. However, this latter point is debatable in light of
more recent studies showing promising results with extreme re-
sections for POSTTEXT III and IV disease [74,75].

The favourable results of primary transplantation for advanced
hepatoblastoma have been replicated in a number of studies over
the past decade (Supplementary Table 4). The largest of these co-
horts was reported by researchers from the Stanford University
School of Medicine who examined hepatoblastoma patients that
underwent liver transplantation after 1997, therefore only
including patients treated under SIOPEL or Children's Oncology
Group (COG) neoadjuvant chemotherapy protocols [72]. The group
observed a 10-year overall and disease-free survival rate of 84% and
82% respectively in this cohort, results that are comparable to those
achieved in resectable disease. The group also identified a number
of risk factors associated with recurrence after transplantation
including PRETEXT IV disease, tumour rupture and being diagnosed
at a relatively older age. In fact, numerous risk factors for recur-
rence have been identified through various studied series although
many of these could not be confirmed in others (Table 1).

Although the evidence for neoadjuvant chemotherapy for hep-
atoblastoma is clear, data regarding the role of adjuvant chemo-
therapy post transplantation is lacking. Improved outcomes with
the use of adjuvant chemotherapy have been reported in some
small series on the one hand [76,77], but Otte et al. found no sur-
vival benefit with or without adjuvant chemotherapy in their sys-
tematic review of global data, bearing in mind the potential
heterogeneity in chemotherapy regimens delivered [78]. Current
COG and SIOPEL protocols recommend that transplanted patients
receive the same neoadjuvant and adjuvant chemotherapy that
patients undergoing conventional resection receive [79]. With
regards to immunosuppression, the use of a tacrolimus-based
regime and early steroid withdrawal is recommended in paediat-
ric recipients [78].

Where, available, the utilisation of living donor transplants in
this setting has the advantage that transplantation is timed with
the completion of neoadjuvant chemotherapy in addition to the
improved long-term survival outcomes observed with these grafts
[78].



Table 1
Reported risk factors for recurrence following liver transplantation for hepatoblastoma.

Risk factor Reference

Tumour factors
Vascular invasion Czauderna 2016 [166]; Umeda 2018 [167]
Extrahepatic extension Czauderna 2016 [166]
Lung/LN metastasis at diagnosis (not a risk for recurrence after LT according to

Pham 2015)
Uchida 2018 [168]; Brown 2000 [169]; Cruz 2013 [170]; Zsiros 2010 [171]; Czauderna
2016 [166]

Tumour rupture Czauderna 2016 [166]; Pham 2015 [72]
PRETEXT stage Uchida 2018 [168]; Brown 2000 [169]; Czauderna 2016 [166]; Pham 2015 [72]
Tumour size Uchida 2018 [168]
Tumour histology Uchida 2018 [168]
Multifocal tumour at diagnosis Uchida 2018 [168]; Czauderna 2016 [166]
Extent of tumour necrosis Uchida 2018 [168]
High or low AFP on presentation (<100 or >1,000,000) Czauderna 2016 [166]; Uchida 2018 [168]; Sakamoto 2014 [172]
Patient factors
Age >8 Czauderna 2016 [166]; Pham 2015 [72]
Low birth weight <1.5 kg Czauderna 2016 [166]
Prematurity Czauderna 2016 [166]
Comorbidities eg BWS Czauderna 2016 [166]
Treatment factors
Response to chemotherapy Browne 2008 [76]; Umeda 2018 [167]; Pimpalawar 2002 [173]; Isono 2018 [174]
Non-anatomical resection Uchida 2018 [168]
Longer time on waiting list Pham 2015 [72]
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Notably, prospective data continues to be collected on trans-
planted patients worldwide into the Paediatric Liver Unresectable
Tumour Observatory (PLUTO) registry which was created in 2006
on behalf of SIOPEL. As of 2015, the registry contained data on over
200 paediatric liver transplant recipients for unresectable liver
tumours in 79 centres worldwide [80]. Future data from this reg-
istry may help answer some outstanding questions pertaining to
chemotherapy and immunosuppression post transplantation for
hepatoblastoma.

Hepatic epitheliod haemangioendothelioma (HEHE)

First described by Weiss and Enzinger in 1982 [81], epithelioid
haemangioendothelioma (EHE) is a rare vascular neoplasmwith an
estimated incidence of less than one per million [82]. The earliest
report of hepatic occurrence (HEHE) was from a case series pub-
lished in 1984 [83]. Although described as a malignant neoplasm,
the clinical course of this tumour can vary from benign
haemangioma-like to a rapidly progressive course similar to ma-
lignant Angiosarcomas [84]. Patients often present with multifocal
disease (81%) and frequently with extrahepatic spread (37%), usu-
ally to the lungs or bone [85]. Radiologically, two distinct patterns
are identified that correspond with tumour progression. Early
stages are typically characterised by a peripheral pattern showing
multiple nodular and usually subcapsular lesions. In latter stages,
these lesions coalesce and form large confluent masses in a diffuse
pattern, often with vascular invasion and parenchymal distortion
[85].

Although long-term survival and even spontaneous regression
has been reported [86,87], a previous literature review had shown
that in the absence of treatment the 5-year survival rate is a mere
4.5% [85]. Standard chemotherapy and radiotherapy is ineffective in
these tumours, and therefore surgical resection is the only curative
option [88]. However, given the frequent multifocal pattern of
disease, the majority of cases are not suitable candidates for sur-
gical resection [89]. In those cases with limited disease where
complete resection is possible, a 5-year survival rate of 75% has
been reported [85]. A relatively recent Mayo clinic analysis has
shown no survival advantage with transplantation in comparison
to resection for resectable disease [90]. However, aggressive
tumour recurrence has been reported following incomplete
resection for more extensive disease, probably due to the
expression of angiogenic signalling factors [91]. Nevertheless, some
studies have reported successful salvage transplantation for post-
resection recurrence [92].

Liver transplantation remains the mainstay curative option for
the majority of cases where liver resection is not appropriate [93].
Despite the limitedworldwide experiencewith transplantation due
to the rarity of these tumours, reported outcomes have generally
been good. Results from large case series and database studies from
Europe and North America in addition to a comprehensive litera-
ture review have demonstrated 5-year overall survival rates
ranging between 55 and 83% even in the presence of lymph node or
vascular involvement or extrahepatic disease [49,85,92,94,95].
Nonetheless, the incidence of recurrence following transplantation
is relatively high, occurring in up to 1 in 4 patients. Recurrence is
often within the allograft and may occur late after transplantation.
Similar to the primary lesions, the early clinical picture can be
subtle and the course unpredictable, therefore routine post-
transplant surveillance with cross-sectional imaging is recom-
mended [84].

In 2017, a European collaborative published the results of a
second HEH-European Liver Transplant Registry (ELTR) study
building on information obtained from an initial study in 2007
[92,96]. The more recent study included data on 149 liver trans-
plant recipients for HEHE, representing the largest published
transplant series for HEHE to date. The study revealed an overall
post-transplant recurrence rate of 24.8% and a 5-year disease-free
survival rate of 79.4% [96]. The authors identified three risk fac-
tors for disease recurrence, namely a short pre-transplant waiting
time of less than 120 days, macrovascular invasion and hilar lymph
node involvement. Moreover, the study confirmed previously re-
ported data that pre-transplant extrahepatic disease was not a
significant risk factor for recurrence. The authors devised a scoring
system (HEHE-LT Score) based on these risk factors in order to
stratify patients according to recurrence risk. Patients with low,
intermediate and high scores had disease-free survival rates of
93.9%, 76.9% and 38.5% respectively. The group proposed a thera-
peutic algorithm for the treatment of HEHE, advocating the adop-
tion of a mandatory 120 day waiting time prior to transplantation
to monitor tumour behaviour arguing that such approach would
prevent the futile transplantation of aggressive Angiosarcomas
masquerading as HEHE. The group also recommended the use of
tailored immunosuppression and targeted therapy post-
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transplantation for patients in the high risk bracket. A marked
improvement in disease-free survival was noted in patients trans-
planted after 1999 compared to the previous period which the
authors ascribed to a growing approach of early transplantation for
HEHE.

The administration of neoadjuvant therapies is recommended in
the presence of extrahepatic disease [96]. However, there is no
standardised approach to this to date. The anti VEGF antibody
bevacizumab has been used as monotherapy or in combination
with various chemotherapy regimens with mixed results [97].
Other novel therapies have also been investigated in recent years
including the tyrosine kinase inhibitors sorafenib and the m-TOR
inhibitor sirolimus [98e100]. The role of these agents as adjuvant
therapies is yet to be clarified. It is worth noting that combined and
sequential liver and lung transplantation has been reported for
multifocal disease with acceptable results [101,102].

The recent identification of the pathognomonic fusion protein
WWTR1-CAMTA1 in EHE has been a breakthrough in under-
standing the biology of this tumour. This fusion protein results from
the translocation of chromosomes 1 and 3 and is present in the
majority of cases of EHE therefore providing great diagnostic po-
tential [103,104]. The analysis of variant fusion transcripts has
demonstrated the monoclonal nature of multifocal HEHE, con-
firming these as metastatic implants of the same clone rather than
synchronous tumours [105]. This discovery is likely to facilitate the
delivery of effective adjuvant therapies for multifocal EHE in the
future.

Other primary liver malignancies

A retrospective review of liver transplantation for Angiosarco-
mas reported to ELTR demonstrated dismal results. Of 22 patients
transplanted during the period between 1986 and 2004, all died
within 22 months of transplantation, and 77% developed recurrent
disease within an average of 5 months post-transplantation [106].
Similar poor results have been shown in other studies [31,107] and
Angiosarcomas are currently viewed as an absolute contraindica-
tion for liver transplantation.

Liver transplantation for primary hepatic lymphoma has been
reported in a few cases presenting initially with fulminant liver
failure of unclear aetiology. Results from these reports have been
mixed [108]. Although transplantation can been life-saving in such
obscure cases, systemic chemotherapy should be commenced as
soon as the correct diagnosis is reached.

Secondary liver malignancies

Colorectal liver metastases (CRLM)

Colorectal cancer is the second leading cause of cancer deaths
worldwide [109]. Approximately 20% of new cases diagnosed with
colorectal cancer will present with liver metastases, and at least a
further 25% will develop liver metastases through the course of the
disease [110]. Liver resection remains the gold standard treatment
as it offers the greatest likelihood of cure amongst currently
available therapeutic options [111,112], particularly when negative
margins are achieved [113]. However, despite advances in surgical
and medical oncology that have pushed the boundaries on the
definition of CRLM resectability, less than 30% of patients present
with disease amenable to surgical resection due to factors including
tumour size, location, number and background hepatic reserve
[110,114e116]. It would therefore seem rational to consider trans-
plantation for patients with unresectable large volume or pro-
gressive colorectal metastases confined to the liver that would
otherwise not be suitable for resection, given that transplantation
achieves negative margins by definition. In fact, liver trans-
plantation had been considered a treatment option for this indi-
cation up until 1994 [117]. Results from the ELTR report in the years
that followed highlighted a 5-year survival rate of 18% with a sig-
nificant proportion of data provided by an Austrian group [117,118].
Interestingly, despite poor results, the group argued that a signifi-
cant proportion of mortalities were perioperative and that liver
transplantation still provided the best available therapeutic option
for CRLM at that time [118]. However, due to these poor historic
results in the face of worldwide organ shortages, CRLM became
widely considered as a contraindication for liver transplantation.

The landscape has significantly changed since the 1990s with
advances in imaging techniques, surgical procedures, immuno-
suppression and chemotherapy paving the way for a resurgence in
interest in liver transplantation for unresectable CRLM. In partic-
ular, a landmark Norwegian pilot study (SECA-I study) published in
2013 showed promising results in 21 patients receiving liver
transplants for unresectable CRLM using the m-TOR inhibitor
Sirolimus for immunosuppression from the first postoperative day.
Inclusion criteria were resection of the colorectal primary tumour,
completion of at least 6 weeks of chemotherapy and exclusion of
extrahepatic disease by a staging CT scan and diagnostic laparos-
copy with hilar node sampling. The reported 5-year overall survival
rate was 56%; significantly exceeding the current survival rate of
around 9% for unresectable disease on modern first-line chemo-
therapy [119,120]. It is important to mention that the vast majority
of patients (90%) experienced recurrent disease, a third of whom
had pulmonary-only metastases. The group acknowledged that, in
retrospect, at least 41% of these were likely to be due to missed
staging rather than true recurrence [121]. In addition, the group
demonstrated that pulmonary recurrences were usually of an
indolent nature and were not associated with reduced survival in
comparison to liver or other non-pulmonary recurrences [122].
Nevertheless, a significant proportion of recurrent disease was
amenable to further interventions including surgical resection,
ablation or radiotherapy resulting in a third of patients showing no
residual disease upon last follow up [119]. This may explain the
higher overall relative to disease-free survival demonstrated in this
study.

The authors identified four prognostic factors associated with
poor survival outcomes: Largest tumour diameter measuring
>5.5 cm, less than 2 years from primary tumour resection to
transplantation, CEA levels higher than 80 mg/L and progressive
disease on pre-transplant chemotherapy. Given that the availability
of donor organs in Norway contrasts with the significant organ
shortage worldwide, the group suggested the use of the above
prognostic factors as a scoring system for patient selection (OSLO
score) with each factor contributing one point to the total score
[121]. Indeed, a recent analysis of the SECA cohort by the same
group identified that patients with CRLM and an OSLO score of 3 or
less (classed as a low-risk group) demonstrated a 5-year overall
survival rate of 75%, comparable to a cohort of patients transplanted
for HCC within the Milan criteria (76%) despite having a consider-
ably higher tumour load (Median: 8 lesions, largest measuring
35mm versus 1 lesion with a median measurement of 27mm
respectively) [123]. Unsurprisingly, selection of low risk patients
was also shown to be more cost effective [124].

In addition to the above factors, nodal status of the primary
colonic tumour may also be of prognostic significance. Although
this factor only showed a trend towards prognostic value in the
SECA study, it is worth noting that the previously cited Austrian
group had noted an improvement in survival outcomes when
transplants were restricted to node-negative primary disease. This
prompted a pathology review and DNA analysis of historic colo-
rectal specimens for those patients that had undergone liver
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transplantation in that institute. Their analysis identified a sub-
group of patients with micrometastases (initially thought to have
node-negative disease) that had inferior survival outcomes. Lymph
node micrometastases were shown to have a significant correlation
with both overall and disease-free survival [125].

PET CT imaging was part of the preoperative workup protocol in
the SECA-I study. In addition to its superiority over contrast
enhanced CT in identifying extrahepatic disease [126], in a recent
study, the Norwegian group demonstrated its prognostic value
through calculation of metabolic tumour volume (MTV) and total
lesion glycolysis (TLG) which were shown to be significantly asso-
ciated with overall survival [127]. It is expected that PET CT may
become a mandatory step in the workup for transplantation in
unresectable CRLM in the future [128].

The positive results obtained from the SECA-1 trial were sup-
ported in a recently published retrospective multicentre study by
the Compagnons H�epato-Bilaires group [129]. Twelve patients
transplanted for CRLM at centres in Lisbon, Coimbra, Paris and
Geneva between 1995 and 2015 were included in this study. Most
patients had prior liver resections and chemotherapy although this
was by no means standardised. The 5-year overall and disease-free
survival was 50% and 38% respectively. Similar to the Norwegian
study, a large proportion of recurrent deposits were in the lungs but
recurrences were managed mostly with palliative chemotherapy.
The group found that transplants which were preceded by liver
resection and chemotherapy as part of a long-term treatment
strategy demonstrated lower recurrence rates compared to
“compassionate” transplants performed upfront or as salvage
procedures.

Interestingly, almost 20% of patients in the SECA-1 trial devel-
oped arterial complications and half of these patients lost their
grafts due to hepatic artery thrombosis, prompting more intensive
anticoagulation therapy in this study. Although the authors
attributed some of these incidents to the quality of donor hepatic
artery or to technical errors, it is plausible that preoperative
chemotherapy and the use of Sirolimus as immunosuppressant
may have potentially contributed to such complications [130]. That
said, no vascular complications were reported in the Compagnons
H�epato-Bilaires study despite the majority of this cohort receiving
comparable preoperative chemotherapy and immunosuppression.

Both the SECA-I and the Compagnons H�epato-Bilaires study
were considered proof of concept studies. These have since been
followed through with successive studies by both groups. The
SECA-II study (NCT01479608) has been underway since 2011,
initially designed as a randomised control trial to compare liver
transplantation to best available chemotherapy. However, given the
potential advantage shown with transplantation over chemo-
therapy in the SECA-I study, the objectivewas shortly amended into
an RCT comparing transplantation with liver resection for large
volume albeit resectable CRLM (arm A) and two further non-
randomised arms investigating the role of patient selection for
liver transplantation in metachronous (arm B) and synchronous
(arm C) unresectable CRLM with favourable prognostic factors and
no extrahepatic disease. Preliminary results from the SECA-II study
have been recently presented at the 2018 International Liver
Transplant Society congress in Lisbon. Five-year overall survival for
15 patients transplanted with an Oslo score of 0e1 were shown to
be comparable to HCC patients transplanted within the Milan
criteria and to patients transplanted for non-malignant indications
[128]. The Porto Alegre protocol is another ongoing study by the
Compagnons H�epato-Bilaires group exploring the survival benefit
of patient selection using criteria similar to the SECA-II study but
also excludes BRAF-mutant tumours [128].

The apparent survival advantage that liver transplantation
confers over modern chemotherapy in unresectable CRLM, is thus
far based on a retrospective comparison of data from the SECA-I
and the NORDIC VII trial [120,131]. An ongoing French multi-
centre RCT; the TRANSMET trial (NCT02597348) aims to address
this question by comparing chemotherapy alone versus chemo-
therapy and liver transplantation in unresectable BRAF-wildtype
CRLM with no evidence of disease progression on chemotherapy.
Furthermore, the SECA-III trial (NCT03494946) currently underway
aims to build on the data from the SECA-I study, through a rand-
omised control trial comparing liver transplantation versus
chemotherapy or other treatment options (such as TACE or SIRT) in
unresectable CRLM with progressive disease on -or intolerance of-
first-line chemotherapy. Results from these trials will hopefully
provide further clarification on this matter.

In addition to the optimisation of patient selection, various
other approaches are currently being considered in order to expand
the application of liver transplantation in CRLM and address the
issue of organ shortage. One such approach is the utilisation of
living donor grafts. A Canadian study (NCT02864485) is currently
investigating the role of living donor grafts in unresectable CRLM in
patients with stable disease on chemotherapy. Moreover, there has
been recent interest in the RAPID concept (resection and partial
liver segment 2/3 transplantation with delayed hepatectomy)
introduced by the Norwegian group through a case report pub-
lished in 2015. The technique takes advantage of the normal
functioning parenchyma within the tumour liver and involves
resection of segments 1e3 in the recipient and orthotopic
replacement of these by a segment 2 and 3 allograft. This is sub-
sequently followed by resection of the remnant native liver once
the allograft has grown to a sufficient size. A study is currently
underway investigating the safety of this procedure and the feasi-
bility of completion hepatectomywithin 4weeks of transplantation
for unresectable CRLM (NCT02215889).

Variations of the RAPID concept have also been described by
other groups such as the anastomosis of allograft inflow to splenic
vessels and outflow to IVC or left renal vein via a conduit following
splenectomy without initial partial hepatectomy in order to mini-
mise manipulation of native liver and reduce the number of
resection surfaces (RAVAS) [132] or the use of living donor left
lateral allograft after recipient full left hepatectomy (segments 1e4)
(LD-RAPID) [133]. The German LIVERT(W)OHEAL study has
recently commenced recruitment investigating the feasibility and
benefit of the RAPID concept using living donors (NCT03488953).

Although pre-transplant chemotherapy is a prerequisite for all
the above mentioned completed and ongoing studies on CRLM, the
role of chemotherapy post-transplantation remains unclear due to
the lack of data. In addition, despite the predominant use of Siro-
limus as immunosuppressant in these studies and the limited
retrospect data suggesting that immunosuppression does not
accelerate metastatic growth [134], the optimal immunosuppres-
sion regime for liver transplantation for CRLM is yet to be
determined.

It is anticipated that the outcomes from currently ongoing trials
over the coming years will demonstrate superiority of liver trans-
plantation over any currently available therapeutic options for
unresectable CRLM [128]. It must be stressed that there is currently
no evidence to support the use of liver transplant in resectable
CRLM although results from the awaited SECA-II trial may shed
further light on this topic.

Neuroendocrine liver metastases

The incidence of neuroendocrine neoplasms (NEN) has
increased more than six-fold over the past four decades to almost 7
per 100,000 probably due to improved diagnostic methods [135].
About 40e50% of newly diagnosed cases present with distant
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metastases, commonly to the liver [136]. Liver metastases are most
common in patients with small bowel or pancreatic NEN [137].
Furthermore, around 5e10% of patients present with liver NEN of
unknown primary source [89]. The presence of liver metastases has
a negative effect on survival, with 5-year overall survival rates
reducing dramatically from 75 to 99% in localised disease to
13e54% in the presence of liver metastases [89].

A number of treatment options are available for the manage-
ment of NEN liver metastases including liver surgery and locore-
gional or systemic therapies, depending on the number, pattern
and pathology of metastatic deposits [136]. Of these options, sur-
gical resection with clear margins is the only means to potentially
achieving cure. In reality, only 10e20% of patients with liver me-
tastases are eligible for resection with curative intent. Moreover,
cure is seldom realised due to the high incidence of recurrence
[137]. Indeed, based on a systematic review in 2012, median 5-year
overall and disease-free survival rates were 70.5% and 29%
respectively following liver resection with curative intent with a
median R0 resection rate of 63% [138].

Distant NEN spread is often confined to the liver [15]. Given that
R0 resection confers a better prognosis and that liver resection
alone is rarely curative as detailed histological examination
frequently reveals more microscopic lesions [139], it follows logi-
cally that researchers would turn their attention to liver trans-
plantation as a potential alternative therapeutic option in selected
unresectable cases. A recent systematic review eloquently sum-
marises the published evidence on the role of transplantation in
NEN liver metastases reporting 5-year survival rates that ranged
from 47 to 70.7% (up to 97.2% in single centre series [140]) and
recurrence rates between 31.3 and 56.8% [141]. Earlier evidence on
this subject was limited to small sample studies in single centres to
which the wide variation in outcomes is likely attributed
(Supplementary Table 5). Cumulative results from data registries in
recent years have shown an improvement in survival outcomes
over time [142,143]. The poor results from earlier studies were
likely due to suboptimal patient selection.

In 2007, the Milan group proposed a stringent set of criteria for
liver transplantation in patients with NEN liver metastases based
on experience from previous studies [144]. The Milan NET criteria
include a confirmed histological diagnosis of low grade NEN (Ki67
index of less than 10%) regardless of function, a primary tumour
(with venous drainage via the portal system) which has been
completely resected prior to transplantation, no more than 50%
involvement of hepatic parenchyma, responsive or stable disease
for at least 6 months prior to transplantation and a recipient age of
55 years or younger (limit later increased to 60 years). Although the
evidence underpinning the proposed Milan NET criteria was based
largely on non-controlled studies with significant heterogeneity,
the group validated the selection criteria through a propensity
score-matched prospective study published in 2016 which
demonstrated superior survival and disease control in the group
transplanted within the set criteria (88.8% 10-year overall survival
and 13.1% disease progression compared to 22.4% and 89%
respectively in the non-transplant group) [140]. Other reports have
also underscored the prognostic value of various components of the
Milan NET criteria such as tumour differentiation [145e148], need/
extent of extrahepatic resection at the time of transplantation
[146,149] and patient age [149], although the significance of some
of these factors has been challenged in other reports [150]. Addi-
tional factors such as serum bilirubin level [143,151] and vascular or
nodal involvement [146] have been suggested as negative prog-
nostic indicators worthy of further validation in future studies.

Notably, a retrospective ELTR-based multicentre study that
included 213 metastatic NEN transplant recipients from 35 Euro-
pean transplant centres also showed that poor tumour
differentiation and concomitant resection of primary tumour were
risk factors associated with reduced survival as was hepatomegaly
-a surrogate of parenchymal involvement [142]. Interestingly, the
study showed that transplants after 2000 were associated with a
significant improvement in 5-year survival (59% compared to 46%
before 2000), an observation likely related to progress in patient
selection. Consequent to the inclusion of patients with less risk
factors in the latter years, recipient age over 45 (rather than tumour
differentiation) emerged as a significant poor prognostic factor in
the cohort of patients transplanted after 2000. Although survival
rates in this study were much lower than those recently reported
by the Milan group (59% 5-year overall survival after 2000
compared to 97.2%), the authors advocated a more liberal approach
to patient selection wherein isolated risk factors are tolerated
arguing that the more strict approach would have denied trans-
plantation to more than one third of their low-risk cohort with no
tangible improvement to survival rates. The 5-year overall and
disease-free survival rates for recipients with nomore than one risk
factor were remarkably 79% and 57% respectively. Moreover, a
Swedish study that included older patients (up to 64 years) with
relatively higher Ki67 index and tumour burden in a small cohort
reported an excellent 5-year survival rate of 90%, further ques-
tioning the need for strict inclusion criteria [150]. Future prospec-
tive studies will be necessary to shed further light on the optimal
patient selection criteria for transplantation.

The role of neoadjuvant and/or adjuvant therapy with liver
transplantation for NEN metastases remains unclear. No controlled
studies addressing this issue have been published to date. A
German trial investigating neoadjuvant 177Lutetium-labelled pep-
tide receptor radiotherapy prior to transplantation is currently
registered under the ClinicalTrials.gov identifier NCT01201096 but
no results from this trial are thus far available.

Currently the role of liver transplantation in NEN liver metastasis
remains limited. The most recent ENETS guidelines state that liver
transplantation “is an option in highly selected patients, preferably
in young patients with functional syndromes demonstrating early
resistance to medical therapy” [136]. This is echoed in NANETS
guidelines, describing transplantation as “controversial, but may be
an option for some patients if the Milan and ENETS criteria are met”
[152]. In the US, applications for non-standardised UNOS/OPTN
MELD exception points are considered on a case by case basis with
guidance largely based on the Milan NET criteria. The restricted role
for transplantation is unsurprising given the indolent nature of this
disease. No prospective controlled comparison exists between liver
transplantation and other treatment modalities for NEN liver me-
tastases to date and the definition of unresectable disease remains
unclear particularly in the face of modern surgical approaches and
downstaging therapies [137]. Cohort studies of patients within the
Milan NET criteria undergoing liver resection demonstrate survival
outcomes comparable to liver transplantation and some evidence
suggests that current standard multimodal therapy for metastatic
NEN is superior to transplantation in younger patients [153,154].
Given that 10-year overall survival rates in such low risk groups
exceed 70% in recent studies irrespective of whether resected or
transplanted, the advantage of liver transplantation in this setting
remains questionable. With the emergence of new and effective
therapies, prospective trials comparing transplantation with other
therapeutic strategies will be necessary to define the future role of
transplantation for this indication.

Liver metastases from other tumours

Few case reports have been published on liver transplantation
for metastases from breast [155], gastric [156]and pancreatic
pseudopapillary tumours [157e161] in addition to uveal malignant
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melanoma [161]and GIST [107,162,163]. The paucity of evidence for
liver transplantation for these pathologies precludes any mean-
ingful recommendations being made.

Future challenges

The era of transplant oncology has well and truly begun. And
with it, a number of challenges have emerged. One major challenge
to transplantation for liver malignancies is the risk of disease pro-
gression beyond transplantation whilst on the waiting list partic-
ularly in the face of limited availability of deceased donor organs.
Given that the background liver function is usually well reserved in
many of these patients, they are inherently disadvantaged in cur-
rent UKELD/MELD-based allocation systems when exception
criteria are not applied. This is more evident in liver tumours where
transplantation remains an experimental option. Allocation sys-
tems will have to adapt in the future as more evidence emerges in
this field.

One way of overcoming the challenge of organ availability is
through the living donation route. This has a further advantage of
optimising the timing of transplantation with the completion of
neoadjuvant therapies. However, these advantages should be
counterweight by the potential to perform transplants in more
aggressive disease in the absence of an appropriate waiting period
resulting in lower survival outcomes. From a surgical point of view,
innovative methods such as the RAPID technique have been
described with the aim of optimising donor organ utilisation in
both the deceased and living donor settings. Variations and re-
finements in some of methods continue to be reported and it will
be interesting to see the long term outcomes of these techniques.

As evident from this review, criteria for liver transplantation are
continuously changing for various liver malignancies as more evi-
dence becomes available. Optimisation of case selection will likely
improve survival outcomes in the future and address many of the
ethical considerations in this field, with obvious implications on the
evolution of some malignant indications for transplantation from
experimental to mainstream application.

A recent meta-analysis has identified a clear recurrence-free
survival advantage for using m-TOR inhibitors (sirolimus or ever-
olimus) over calcineurin inhibitors as maintenance immunosup-
pression after liver transplantation for HCC [164]. However, beyond
HCC, there is little evidence to make any recommendation on the
superiority of one immunosuppression regime over another in
reducing disease recurrence. In particular, the antineoplastic role of
m-TOR inhibitors remains unclear. Although m-TOR inhibitors are
the predominant immunosuppressants used in liver transplantation
for colorectal liver metastases, this has not been based on clinical
comparison against standard immunosuppression regimes. Never-
theless, previous concerns regarding the risk of hepatic artery
thrombosis with the use of m-TOR inhibitors has not been demon-
strated in recent studies [130,164]. On the other hand, calcineurin
inhibitors remain commonly used for non-HCC malignant in-
dications and, despite the lack of data, a minimisation strategy is
justifiable given the dose dependent risk of recurrence in the case of
HCC [165]. The ability to effectively induce immune tolerance in the
future will facilitate minimisation or even complete withdrawal of
immunosuppressive drugs and further reduce the risk of recurrence.

A number of clinical trials highlighted in this review are
currently underway investigating various malignant indications for
liver transplantation. In addition, collaborative registries have been
setup to improve data collection for rarer tumours. Data from these
registries and trials will enable a better understanding of disease
process and other aspects such as risk stratification and treatment
efficacy which will undoubtedly help to shape the future of trans-
plant oncology.
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