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ABSTRACT
Background and Aims: Despite liver transplantation (LT) is considered the optimal treatment for hepatocellular carcinoma 
(HCC), particularly in patients with impaired liver function, the shortage of donors has forced the application of very restrictive 
criteria for selecting ideal candidates for whom LT can offer the best outcome. With the evolving LT landscape due to the advent 
of direct- acting antivirals (DAAs) and the steady increase in donors, major efforts have been made to expand the transplant eligi-
bility criteria for HCC. In addition, the emergence of immune checkpoint inhibitors (ICIs) for the treatment of HCC, with demon-
strated efficacy in earlier stages, has revolutionized the therapeutic approach for these patients, and their integration in the 
setting of LT is challenging. Management of immunological compromise from ICIs, including the wash- out period before LT and 
post- LT immunosuppression adjustments, is crucial to balance the risk of graft rejection against HCC recurrence. Additionally, 
the effects of increased immunosuppression on non- hepatic complications must be understood to prevent them from becoming 
obstacles to long- term OS.
Methods and Results: In this review, we will evaluate the emerging evidence and its implications for the future of LT in HCC. 
Addressing these novel challenges and opportunities, while integrating the current clinical evidence with predictive algorithms, 
would ensure a fair balance between individual patient needs and the overall population benefit in the LT system.
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1   |   Introduction

Liver transplantation (LT) offers the greatest survival benefit for 
patients with hepatocellular carcinoma (HCC) [1] due to its dual 
ability to eliminate the tumour, including undetected hepatic 
micrometastases, and to fully resolve the underlying chronic 
liver disease [2]. However, the scarcity of donor organs contin-
ues to be a significant barrier, necessitating optimised patient se-
lection to maximise the outcomes [3]. Historically, an expected 
5- year post- LT overall survival (OS) rate exceeding 50% has been 
considered the threshold to ensure the benefits of organ utility 
[4, 5]. However, given the evolving landscape of LT outcomes, a 
more appropriate benchmark may be a 5- year OS rate of 60%, 
aligning with current global standards and comparable to that 
of patients with non- neoplastic end- stage chronic liver disease 
[6, 7]. To warrant equitable access to LT and reduce waitlist 
dropouts due to tumour progression, transplant allocation pol-
icies must strike a delicate balance between organ supply and 
demand (Figure 1) [8]. This involves providing timely access to 
LT, while allowing an adequate observation period to identify 
biologically aggressive tumours associated with a higher risk of 
post- LT recurrence and lower OS [3].

The primary challenge in LT is the shortage of donors amidst a 
growing number of patients requiring transplantation. However, 
significant advancements in donor pool expansion and recipient 
management have emerged in recent decades. Epidemiological 
shifts, particularly following the introduction of direct- acting 
antivirals (DAAs), have redefined waitlist indications and eti-
ologies, significantly improving short-  and long- term overall 
survival by eradicating HCV recurrence [9–12]. Concurrently, 
innovations such as living donors, deceased non- heart- beating 
donors, and graft- perfusion technologies, including normother-
mic perfusion, have markedly increased the donor pool and im-
proved LT outcomes [13–17].

While the Milan criteria (MC) have long served as the bench-
mark for LT selection in HCC [18], recent refinements incorporat-
ing biomarkers aimed to refine composite models for LT criteria 
have demonstrated that long- term outcomes can be maintained 

or even improved [1, 19]. Additionally, a recent phase 2b/3 ran-
domised trial confirmed the benefits of locoregional treatments 
aimed at reducing the tumour burden to make patients eligible 
for LT (“downstaging”) [20]. However, uncertainties remain re-
garding the initial tumour load and biological limits for patient 
selection for downstaging, acceptable treatment approaches, cri-
teria for staging and defining successful downstaging, observa-
tion periods, and the extent to which the tumour load should be 
reduced [3, 21].

Recent advances in systemic treatments, particularly immune 
checkpoint inhibitors (ICIs) and their potential combination 
with locoregional therapies, have sparked a critical debate re-
garding their role in downstaging or bridging therapies before 
LT [22–24]. In parallel, optimising immunosuppression regi-
mens in this evolving landscape is paramount. The challenge 
lies in reducing the risk of graft rejection without increasing the 
likelihood of HCC recurrence or the incidence of long- term non- 
hepatic complications, both of which contribute significantly 
to post- transplant morbidity and mortality. Given these rapid 
developments, the present review aims to evaluate the emerg-
ing evidence and its implications for the future of LT in HCC, 
addressing these novel challenges and opportunities while 
highlighting the importance of balancing individual and global 
survival benefits.

2   |   Indications of Liver Transplantation for 
Hepatocellular Carcinoma

2.1   |   Brief History of Liver Transplant Selection 
Models for Hepatocellular Carcinoma

Over two decades have passed since the publication of the MC 
and its adoption as the standard LT selection model worldwide 
for patients with HCC (Figure 2) [18]. However, several authors 
have considered MC too restrictive, preventing access to LT in 

FIGURE 1    |    Impact of donor availability on liver transplant system 
efficiency: Balancing waiting list mortality and 5- year post- transplant 
survival. LT, liver transplantation; OS, overall suvival; WL, waiting list.

Summary

• Liver transplantation (LT) remains the best treatment 
option for hepatocellular carcinoma (HCC), but its ap-
plicability is limited by a shortage of donors.

• In recent years, several models have been proposed 
not only for expanding but also for optimising the se-
lection of HCC candidates for LT.

• The development of models for candidate selection 
and prioritisation should be based on potential out-
come maximisation and alignment with local donor 
availability and waiting list dynamics.

• Immune checkpoint inhibitors (ICIs) have revolution-
ised the therapeutic approach of HCC patients.

• The integration of ICIs in the setting of LT is challeng-
ing, and their efficacy and safety are still a matter of 
debate.
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a subset of patients beyond the MC who would benefit from 
LT. Accordingly, several “extended” criteria to expand tumour 
limits for candidate selection have been proposed (Table  1) 
[18, 19, 25–34]. Regrettably, expansion based solely on number 
and/or tumour size is questionable because it is associated with 
higher recurrence and decreased post- LT survival. The efforts to 
develop new models should not be directed at “expanding” (in-
creasing the number of candidates beyond Milan criteria with 
good post- LT outcomes) but rather at “optimising” the transplant 
selection process (not only expanding but also identifying pa-
tients within the MC with worse post- LT outcomes) through the 
addition of biological markers. As a result, the optimization of 
LT criteria for HCC will not negatively impact the LT access of 
non- HCC patients [35].

2.2   |   “Optimization” Criteria for Selecting HCC 
Patients for Liver Transplantation

“Composite models” based on the use of biomarkers such as 
pre- LT alpha- fetoprotein (AFP) have gained ground in im-
proving transplant selection [32, 33]. Pre- LT AFP, whether as 
a continuous, categorical, or dichotomous variable, is inde-
pendently associated with HCC recurrence and lower post- LT 
OS. Importantly, AFP seems not related to inaccurate pre- LT 
imaging staging, but rather to a pattern of tumour aggressive-
ness, associated with tumour dedifferentiation or microvascu-
lar invasion [36, 37]. An example is the French model developed 
by Duvoux et al. which combines tumour size, number of nod-
ules, and AFP levels [33]. It ranks from 0 to 9 and scores higher 
than 2 points identify patients with an increased risk of recur-
rence and worse post- LT OS, even within MC. It has been imple-
mented in France since 2013 and has been externally validated 
in European [38], Latin American [39], and Asian [40] cohorts. 
More recently, Metroticket 2.0 integrates logAFP and the sum 
of the largest diameter with the number of nodules as contin-
uous variables [19]. Although better discrimination power was 
initially suggested [19], it did not result in a net improvement 

in the reclassification of risks compared to the French model 
[41–44]. Nevertheless, its discrimination power is improved 
when incorporating the modified RECIST criteria adjusting 
for the effect of bridging therapies [45]. Recent meta- analyses 
have suggested that bridging locoregional therapies (LRT) do 
not significantly improve post- LT outcomes or reduce the risk of 
waitlist dropout. Their potential benefits may be influenced by 
selection biases and thus, its use is not fully supported by high- 
quality data [46, 47].

Other authors have attempted to predict HCC recurrence after 
LT through dynamic changes in the WL [32, 48]. Nevertheless, 
these models have not yet been proposed using mixed or joint 
multivariable regression models, considering intra-  and inter- 
individual variability. Biomarker values [32, 49] and radiological 
tumour changes [50–52] are important aspects to be considered 
during patient selection. The New York and California (NYCA) 
score includes a somewhat arbitrary definition of “biological 
response” (the difference between the maximum AFP value 
and the last pre- LT value) [32]. Also, not all tumour progression 
may be associated with an increased risk of drop- out from WL, 
or tumour recurrence after LT [53, 54]. Thus, the LT selection 
process for HCC becomes even more complex and challenges 
daily practice.

The incorporation of other novel biomarkers may further opti-
mise this selection process, even in patients with normal or very 
low AFP values [32]. AFP- LP3 and des- gamma- carboxy pro-
thrombin (DCP, also known as PIVKA) have been associated 
with explant recurrence risk factors [55], tumour progression on 
the WL [31], and as additional transplant selection tools in pa-
tients with low AFP values [56, 57].

2.3   |   Reducing Tumour Stage or “Downstaging”

Downstaging is defined as the application of any type of treatment 
to tumours currently outside of the accepted transplant criteria, 

FIGURE 2    |    A brief overview of liver transplant selection models for hepatocellular carcinoma. OS, overall survival; rHCC, recurrence rates after 
transplantation.
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with the aim of reducing the viable tumour burden to allow LT. 
Despite that several scientific societies have recognised downstag-
ing as an instrumental tool for expanding the indication for LT 
[58], some aspects are still a matter of debate such as the limits on 
tumour burden and/or AFP values for attempting downstaging, 
the degree of tumour response to be achieved, and the duration of 
response to consider downstaging successful. The most popular 
and externally validated downstaging protocol is the University of 
California San Francisco (UCSF- DS: one lesion > 5 cm and ≤ 8 cm; 
two to three lesions each ≤ 5 cm with a total tumour diame-
ter ≤ 8 cm; or four to five lesions each ≤ 3 cm with a total tumour 
diameter ≤ 8 cm; AFP values < 1000 ng/mL) [59, 60]. However, 

external validations in the USA showed worse outcomes, and an 
AFP < 100 ng/mL is suggested for better candidate eligibility [61]. 
This highlights the need for combined models in the downstaging 
setting, with the preconception that the greater the “expansion” in 
terms of number and diameter, the lower AFP values should be re-
quested [62]. The best evidence supporting the use of downstaging 
comes from the XXL trial, an open- label, multicenter, randomised, 
controlled, phase 2b/3 trial comparing LT against the best avail-
able treatment after successful downstaging [20]. In the intention- 
to- treat analysis, the 5- year OS was 77.5% (95% CI, 61.9–97.1) in 
the LT group versus 31.2% (95% CI, 16.6–58.5) in the control group 
(HR, 0·32; 95% CI, 0·11–0·92; p = 0·035).

TABLE 1    |    Liver Transplant criteria including morphometric and biomarker data.

LT criteria Tumour imaging features Biomarkers Reported outcomes

Milan criteria 1 lesion < 5 cm or 3 
lesions up- to 3 cm

None 70% 5- year survival 
15% recurrence rate

UCSF criteria 1 lesion < 6.5 cm or 3 
lesions up- to 4.5 cm

None Similar outcomes than Milan 
criteria but higher recurrence 

rates. Expansion criteria

AFP model Scoring model 0–9 points: largest 
tumour diameter (≤ 3 cm = 0 

points, 3–6 cm = 1 point, 
> 6 cm = 4 points), number of 
HCC nodules (1–3 nodules = 0 

points, ≥ 4 nod-  ules = 2 points)

pre- LT AFP levels ng/mL 
(≤ 100 = 0 points, 101–1000 = 2 
points and > 1000 = 3 points)

AFP score ≤ 2 points 
selects patients within 

or exceeding Milan with 
excellent post LT outcomes

Metroticket 2.0 Regression model, coeficients: sum 
of number and largest diameter

Log AFP values Continues model with 
c- statistic > 0.70

AFP tumour 
volume

Total tumour volume 
(TTV) > 115 cm3

AFP > 400 ng/mL Overall survival < 50% 
at 3 years

Extended Toronto 
criteria

Any size or tumour number: 
dedifferentiated tumours (−), 
no cancer related symptoms

AFP > 500 ng/mL Within Toronto: 5- 
year survival: 69%

Hanghzou criteria Sum of diameters (≤ 8 cm) AFP > 400 ng/mL Within Hanghzou: 5- year 
survival and recurrence: 

70.8% and 35.7%.

Tokio criteria Tumour number (≤ 5 nodules) 
Largest diameter (≤ 5 cm)

Beyond Tokio criteria 
AFP > 250 ng/mL 

DCP > 450 mAU/mL

2/3 criteria: 5- year 
survival 20%

Kyoto criteria Tumour number (≤ 10 nodules) 
Largest diameter (≤ 5 cm)

DCP > 400 mAU/mL Beyond Milan & within Kyoto 
criteria: 5- year recurrence 4%

NYCA score Tumour number (1, 2–3, > 3 
nodules) Largest diameter 

(0–3, 3–6, ≥ 6 cm)

AFP “response”**: always < 200 ng/
mL, > 200–1000 to final < 200 ng/
mL, and > 1000 to final < 1000 ng/

mL (at least 50% decrease)

NYCA recurrence score: 
0–2 points: low risk 3–6 
points: intermediate > 6 

points: high risk

3- model 
biomarker 
approach

Beyond Milan AFP (> 250 ng/mL) or AFP- L3 
(> 35%) or DCP (> 7.5 ng/mL)

Higher recurrence with 
any of these criteria

AFP- L3 and DCP 
biomarker profile

Within or exceeding Milan criteria AFP- L3 < 15% DCP < 7.5 ng/mL 3- year recurrence free 
survival: negative 

dual biomarker 97% 
vs. positive 43%

Note: Not incorporated in the multivariable model for transplant selection.
**AFP response: difference between maximum and final pre- transplant AFP values.
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3   |   Potential Role of Immune Checkpoint 
Inhibitors for Downstaging

3.1   |   Immune Checkpoint Inhibitors 
for Unresectable or Metastatic HCC

Over the past few years, the landscape of HCC treatment has 
undergone a paradigm shift, with ICI- based therapies rapidly 
becoming the standard of care for unresectable or metastatic 
HCC (uHCC) [63]. Compared to the previous standard- of- care 
treatment with tyrosine- kinase inhibitors (TKI) [64, 65], ICIs 
provide a longer duration of response, which is key to prevent-
ing disease progression while on WL, and an improved safety 
profile [63].

Four pivotal trials, IMbrave150, HIMALAYA, CARES- 310, 
and CheckMate 9DW, have demonstrated the superiority of 
ICI combinations over sorafenib or lenvatinib for patients with 
uHCC [66–69]. The IMbrave150 trial investigated the efficacy 
of atezolizumab, a monoclonal antibody (mAb) targeting 
programmed- death ligand 1 (PD- L1), combined with bevaci-
zumab, a mAb that inhibits vascular endothelial growth fac-
tor (VEGF). The combination therapy significantly improved 
the median OS of patients with uHCC from 13.4 months 
reached in the sorafenib arm to 19.2 months in the ICI reg-
imen. Of note, atezolizumab plus bevacizumab achieved an 
objective response rate (ORR) of 30% with RECIST v1.1 cri-
teria and 33.2% with modified RECIST (mRECIST) criteria 
[69, 70]. The HIMALAYA trial explored a different combi-
nation using durvalumab (anti- PD- L1) and a single priming 
dose of tremelimumab (anti- cytotoxic T lymphocyte antigen- 4 
[CTLA- 4]) [68]. The combination met its primary endpoint, 
with the patients treated in the experimental arm reaching 
a median OS of 16.4 months versus 13.8 with sorafenib, and 
with the survival advantage being maintained after 4 years 
of follow- up [71]. The difference was found to be significant 
despite a lack of difference in median progression- free sur-
vival (PFS) (3.78 vs. 4.07 months for the experimental arm 
and sorafenib, respectively), while ORR was 20.1% with the 
experimental regimen and 5.1% with sorafenib, according to 
RECIST v1.1 criteria.

The CARES- 310 study has further expanded the treatment op-
tions for patients with uHCC [66]. Patients receiving camreli-
zumab (anti- PD- 1) combined with rivoceranib (a selective VEGF 
receptor 2 oral inhibitor) reached an unprecedented median OS 
of 22.1 months versus 15.2 months in the sorafenib arm, with an 
ORR of 25% and 33.1% per RECIST v1.1 and mRECIST, respec-
tively. Thus, the combination of camrelizumab plus rivoceranib 
is a potential new first- line treatment for HCC, marking the 
first ICI to be combined with an oral anti- angiogenic agent in 
this setting. More recently, the combination of nivolumab (anti- 
PD- L1) plus ipilimumab (anti CTLA- 4) significantly improved 
the median OS from 20.6 months reached in the sorafenib or 
lenvatinib arm to 23.7 months in the ICI combination arm (HR, 
0.79; 95% CI, 0.65–0.96; p = 0.0180) [67]. These landmark stud-
ies have established the current recommended options for first- 
line treatment of patients with uHCC according to international 
guidelines [1, 72].

3.2   |   Combining Immune Checkpoint Inhibitors 
With Locoregional Therapy

Radiofrequency ablation (RFA), transarterial chemoemboliza-
tion (TACE), and transarterial radioembolization (TARE) are es-
tablished LRT for early and intermediate- stage HCC, including 
pre- LT patients [73]. These therapies work by exerting a targeted 
anti- tumour effect, either via a direct cytotoxic mechanism or via 
the embolization of the vascular tumour supply. By triggering 
the release of tumour antigens and inflammatory cytokines, LRT 
creates an immunogenic tumour microenvironment, essentially 
priming the immune- mediated anti- cancer activity [74, 75]. For 
instance, TACE has been shown to induce immunogenic cell 
death, while simultaneously promoting Th17 and CD8+ T cell 
activation and reducing the number of peripheral Tregs [76, 77]. 
Building upon this rationale and the success of ICI therapy in 
uHCC, the potential of combining immunotherapy with LRT 
has been explored in early-  and intermediate- stage HCC. In 
the phase 1b PETAL study, the combination of TACE and PD- 1 
monotherapy was shown to be safe, and it led to changes both 
in the tumour microenvironment and in the peripheral immune 
profile  [78]. The recently reported EMERALD- 1 trial was the 
first phase 3 trial investigating the combination of TACE plus an 
ICI regimen [79]. Patients considered eligible for TACE were ran-
domised to receive TACE plus durvalumab and bevacizumab, 
TACE plus durvalumab, or TACE plus placebo. The primary 
endpoint of the study was met, with the addition of durvalumab 
and bevacizumab to TACE significantly improving median PFS 
compared to TACE alone (15.0 vs. 8.2 months, HR 0.77, p = 0.032). 
In addition, the ORR increased to 43.6% per RECIST v1.1 cri-
teria versus 29.6% with TACE alone. Intriguingly, a secondary 
survival analysis showed a lack of PFS benefit between patients 
treated with durvalumab plus TACE versus TACE alone, thus 
pointing to a likely synergistic role of bevacizumab with ICI. 
Finally, the LEAP- 012 study recently demonstrated a clinically 
meaningful and statistically significant improvement in PFS for 
patients with intermediate- stage HCC treated with lenvatinib 
+ pembrolizumab + TACE compared to dual placebo + TACE 
(14.6 vs. 10 months, HR: 0.66 [95% CI, 0.51–0.84], p < 0.001). A 
favourable OS trend will be evaluated in future analyses in ac-
cordance with the statistical analysis plan (HR: 0.80 [95% CI, 
0.57–1.11], p = 0.086). The ORR was 46.8% vs. 33.3% by RECIST 
1.1 and 71.3% vs. 49.8% by mRECIST, with no new safety con-
cerns identified [80].

3.3   |   Adjuvant Treatment for HCC

Patients diagnosed with BCLC 0- A HCC can potentially be 
cured with tumour ablation or liver surgery. However, relapse 
rates can be as high as 70% in the first 5 years after resection [81], 
with a typical bimodal occurrence around 1 and 5 years after 
surgery [82]. Adjuvant therapies have been explored with the 
aim of targeting residual micrometastatic disease and reduc-
ing relapse rates. After the negative results of the STORM trial, 
where adjuvant sorafenib failed to improve recurrence- free sur-
vival (RFS) [83], in the pre- specified first interim analysis of 
the phase 3 IMbrave050 trial, the combination of atezolizumab 
plus bevacizumab significantly prolonged RFS compared to 
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active surveillance for patients with high- risk disease treated 
with RFA or liver surgery, with a reduction in the risk of relapse 
and/or death by 28% (HR 0.72, p = 0.012) [84]. Regrettably, after 
longer follow- up, the updated RFS HR was 0.90 (95% CI, 0.72, 
1.12) and thus, the initial benefit in RFS was not sustained [85]. 
Patients undergoing liver resection with evidence of microvas-
cular invasion on the surgical specimen might also benefit from 
an adjuvant course with another inhibitor of the PD- 1/PDL- 1 
axis, sintilimab, which achieved a significantly longer RFS in 
a phase 2 trial compared to active surveillance [86]. Although 
not an option for transplant patients, adjuvant ICI therapy offers 
the potential to improve cure rates in patients undergoing radi-
cal treatments, though its benefits in terms of RFS and OS still 
require validation in long- term follow- up analyses. Ongoing 
phase 3 trials, despite significant heterogeneity in selection 
criteria, are likely to provide new insights into therapeutic op-
tions in this setting (EMERALD- 2 [87], CheckMate- 9DX [88], 
KEYNOTE- 937 [89]).

3.4   |   Challenges and Opportunities for Immune 
Checkpoint Inhibitors as Downstaging Treatment 
Strategy

LT is a potential curative option for both cancer and underly-
ing cirrhosis. However, up to ~20% of patients experience HCC 
recurrence after LT [90], and ICIs are potentially contraindi-
cated in these patients due to an increased risk of graft rejec-
tion. Consequently, for LT candidates, the neoadjuvant setting 
represents the exclusive therapeutic window of opportunity to 
receive ICIs. Treatment options for recurrent HCC post- LT are 
limited, and prognosis remains poor [91], therefore reducing 
the risk of post- LT recurrence is an area of high unmet need. 
A higher tumour burden and longer waiting time for LT are 
key determinants of relapse risk, building a case for incorpo-
rating ICI in pre- LT management. Sorafenib has been used as 
part of integrated downstaging strategies, showing the feasi-
bility and the potential survival benefit of systemic treatment 
prior to LT [20]. An ORR exceeding 40% achieved by ICI- LRT 
combinations can offer novel opportunities for disease down-
staging, potentially increasing the number of patients eligible 
for LT. In addition, anti PD- 1/CTLA- 4 inhibition could have 
the potential to provide durable disease control during WL, 
potentially reducing the risk of dropout and post- LT relapse. 
However, the use of ICI is not deprived of the risk of treatment- 
related adverse events (trAEs), with potential delays in LT [92]. 
G3- 4 trAEs were reported in 25.8% of patients treated with 
durvalumab- tremelimumab [68] and 43% with atezolizumab- 
bevacizumab [69], with immunosuppressive treatment for 
immune- related AEs needed in 20% and 12.5% of patients, 
respectively. However, as demonstrated in a number of expe-
riences with neoadjuvant ICI prior to liver resection, the risk 
of treatment- related delays to surgery is negligible, likely due 
to the limited exposure to ICI prior to surgery [93–97]. The 
blockade of key immune- regulatory pathways induced by ICIs 
might entail an increased risk of allograft rejection when ICIs 
are used prior to LT. Prospective studies are currently inves-
tigating the safety of ICI used as a bridge therapy prior to LT 
(NCT04425226, NCT04443322, NCT05339581, NCT05185505). 
Several phase 3 trials, such as EMERALD- 3 [98] or CheckMate 

74 W, are expected to be published in the near future, likely 
expanding the landscape of treatment options combining ICI 
and LRT. This could potentially broaden the possibilities for 
downstaging tumours to curative treatments, such as LT, and 
shed light on the recently proposed concepts of “reverse ther-
apy” and “therapeutic hierarchy” [99].

4   |   Relevant ICIs- Related Toxicities That May 
Impact on Potential LT Candidates

A significant concern regarding the use of ICIs in LT candidates 
is the potential risk of side effects, which may be particularly 
complex in this setting and can occur both before and after LT. 
Regarding the pre- LT period, it should be noted that toxicity can 
affect any organ, although we focused on heart, liver, and kid-
ney toxicities.

4.1   |   Pre- Transplant Toxicities

4.1.1   |   Cardiovascular Toxicity

The prevalence of cardiovascular risk factors, including older 
age and previous cardiovascular events (CVE), is increasingly 
higher in LT candidates [100, 101] and CVE are among the most 
frequent causes of death, both in the early post- operative pe-
riod and in the long- term [102–106]. In a recent study, the prev-
alence of severe coronary calcifications (Agatston score ≥ 400) 
in 245 LT candidates undergoing coronary artery calcification 
score (CACS) was 26%, which increased the risk of post- LT CVE 
nearly 4- fold. In the same study, 30% of patients undergoing in-
vasive coronary angiography (ICA) had significant coronary ar-
tery disease (CAD) [107]. Similarly, in a large American cohort 
of LT candidates that underwent ICA, 28% had non- obstructive 
CAD and 16% significant CAD [108]. In addition to this, heart 
failure is the second most frequent early post- LT CVE [105] and 
has been associated with the degree of pre- LT cardiac dysfunc-
tion [109, 110].

Patients who undergo treatment with angiogenesis inhibitors 
such as anti- VEGF monoclonal antibodies (i.e., bevacizumab) 
or TKI (i.e., sorafenib) may be at increased risk of these com-
plications, considering the key role of angiogenesis in the de-
velopment and function of vasculature. Indeed, angiogenesis 
inhibition, either with VEGF antibodies or TKI, has been asso-
ciated with a higher risk of hypertension, cardiac ischemia, ar-
terial thromboembolism, and heart dysfunction in lung, breast, 
or colorectal cancer [111–114]. In a recent study of patients with 
HCC, the incidence of CVE in sorafenib- treated patients was 
11% and could be predicted with a point- based score (CARDIO- 
SOR) [115], which has been externally validated [116]. The risk 
of CVE with bevacizumab in HCC patients seems to be similar 
to that of sorafenib- treated patients [117].

Cardiac toxicity associated with ICIs has heterogeneous man-
ifestations including myocarditis, pericardial disease, vasculi-
tis, including temporal arteritis, and non- inflammatory heart 
failure and has been underreported [118, 119]. In patients with 
cirrhosis and HCC, cardiovascular toxicity seems extremely low 
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at least in clinical trials [92] and in a real- world setting [120]. 
The association of ICIs and angiogenesis inhibitors seems to in-
crease the risk of high- grade hypertension but not of acute vas-
cular events [121].

Altogether, these data highlight the potential impact of these 
treatment strategies on peri- LT CV outcomes. Specific guide-
lines to risk- stratify and manage these patients, particularly in 
the setting of LT, are lacking. However, it seems crucial to keep 
the threshold low to consider these patients at risk of CVE and 
consequently perform a thorough, multidisciplinary evaluation 
of cardiovascular disease in order to develop strategies to miti-
gate risk, both before and after LT [122–124].

4.2   |   Liver Toxicity

The incidence of ICI- associated hepatotoxicity in patients with 
cirrhosis treated for HCC is higher and occurs at an earlier 
stage than in patients who are treated for non- hepatic cancers 
[125]. Nevertheless, the altered liver tests must be carefully 
assessed within the context of cirrhosis to determine whether 
they are attributable to immune- mediated toxicity [126]. In 
evaluating the severity of the condition, it is necessary to 
consider liver function tests at baseline [92]. It is noteworthy 
that hepatic and all organ adverse events did not occur more 
frequently in Child- Pugh B patients compared to Child- Pugh 
A patients undergoing anti- PD1 monotherapy [127] or atezoli-
zumab/bevacizumab [128, 129]. To date, only one study has 
explored the effect of combining immunotherapy with anti- 
VEGF therapy on the development of hepatic decompensation. 
This study indicated that decompensation is more common 
in patients with baseline ALBI score > 1. Additionally, effec-
tive etiological treatment was associated with a lower risk 
of decompensation during systemic therapy. Distinguishing 
hepatic decompensation from tumour progression can be 
challenging, underscoring the need for careful patient selec-
tion and appropriate management of portal hypertension prior 
to initiating treatment [130, 131].

4.3   |   Nephrotoxicity

The occurrence of renal impairment during ICI and combina-
tion therapies for HCC is not exclusively associated with drug 
toxicity but may also be attributed to cirrhosis [132–134]. This 
makes differential diagnosis challenging. Bevacizumab is asso-
ciated with known renal adverse effects, including proteinuria 
and acute kidney injury (AKI) [135]. Bevacizumab can also re-
sult in a distinctive hyaline occlusive glomerular microangiop-
athy, which should be distinguished from nephrotic syndrome 
[136]. ICI- induced nephrotoxicity appears to be a rare occur-
rence in HCC trials [92], although it may be underreported. 
The incidence rates of ICI- induced renal toxicities (including 
patients treated for non- hepatic cancer) have been reported to 
range from 9.9% to 29% [137]. It can present as severe AKI and, 
although may be partially reversible, concerns persist regarding 
the renal function sequelae and the possibility of restarting ICI 
treatment [138].

4.4   |   Perioperative Surgical Complications

The risk of perioperative surgical complications may also be 
a concern when evaluating LT candidates undergoing com-
binations that include VEGF inhibitors. Bevacizumab has 
been associated with surgical complications such as dehis-
cence, ecchymosis, surgical site bleeding, or wound infection 
[139–141]. While in colon cancer, discontinuation of bevaci-
zumab 6 weeks before surgery is recommended [142], the op-
timal wash- out period in LT is unknown due to the additional 
intrinsic peculiarity of the unpredictability of transplant sur-
gery except for living donation. In the few reported cases of 
patients with HCC receiving bevacizumab before LT the time 
between treatment completion and LT range between 7 days 
and 10 months [143–147].

4.5   |   Graft Rejection

Early fatal acute graft rejection relative to the use of pre- LT 
ICI has been described [148, 149], questioning the possibility 
of using these drugs in the LT setting. However, some reports 
have highlighted the efficacy of pre- LT ICI and suggested that 
seeking an appropriate interval between ICI and LT is probably 
a safe approach [150]. Whether there is a need for a wash- out 
period, and if so, how long it should be, is still a matter of debate. 
A case series reported safe transplantation in 9 patients with 
washout periods ranging from 1 to 253 days [151]. A recent case 
report described safe LDLT after 6 weeks of ICI discontinuation 
[152]. A multicenter retrospective study of 83 patients suggested 
a 30- day wait before proceeding with LT, due to the significantly 
higher risk of rejection in patients transplanted with a shorter 
washout period [153]. On the other hand, the most appropriate 
washout period was found to be 3 months in a small series [154]. 
Similarly, a recent meta- analysis of 91 patients found that older 
age and a longer ICIs washout period significantly lowered the 
risk of allograft rejection. Specifically, each 10- year increase in 
age reduces the risk by 28%, and each additional week of wash-
out decreases the risk by 8% [155]. More recently, a multiregional 
U.S. study (2016–2023) evaluated 117 HCC patients treated with 
ICIs prior to LT. Of the cohort, 73.5% were initially beyond MC, 
who 75.6% were successfully downstaged. A total of 43 patients 
underwent LT, 19.7% of whom were initially beyond MC. The 
study found no grade 4–5 adverse events pre- LT, with a 3- year 
intention- to- treat survival rate of 71.1% and a 3- year post- LT 
survival rate of 85%. Post- LT rejection occurred in 7 patients, 
primarily when ICIs were administered within 3 months of LT. 
Predictors of dropout included exceeding MC, AFP doubling, 
and poor radiological response. While these findings may sup-
port the safe and effective use of ICIs in the peri- transplant set-
ting, they also underscore the variability in the effects of ICIs 
among individuals [156]. Additionally, it is important to consider 
the influence of blood product transfusions and estimated blood 
loss during LT surgery on the likelihood of acute rejection in pa-
tients previously treated with ICIs, as these factors can alter ICIs 
pharmacokinetics and subsequently, the risk of graft rejection. 
In this context, peri- LT plasmapheresis could help mitigate this 
risk, particularly in cases with minimal intraoperative blood loss 
and a short ICIs washout period [157]. Finally, the absence of 
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data on immunosuppressive regimens and cumulative dose of 
calcineurin inhibitors complicates the interpretation of existing 
studies, as these variables are crucial in determining the risk of 
graft rejection. A more comprehensive understanding of these 
interactions is essential for safe pre- LT use of ICIs.

5   |   Immunosuppression for HCC Patients

Calcineurin inhibitors are the mainstay of immunosuppres-
sion in LT, with tacrolimus preferred over cyclosporin [158]. 
Studies performed in animal models have shown a dose- 
dependent pro- oncogenic effect of tacrolimus by triggering 
transforming growth factor beta 1 [159]. In two large cohort 
studies, patients developing de novo malignancies after LT had 
received higher tacrolimus trough levels than patients remain-
ing cancer- free, with colorectal, lung, and skin tumours being 
particularly vulnerable to tacrolimus overexposure [160, 161]. 
According to the manufacturer's recommendations, tacro-
limus dose should be titrated to target whole blood trough 
levels of 5–20 ng/mL within the first week, and 5–15 ng/mL 
thereafter. However, in patients with HCC undergoing LT, tac-
rolimus trough levels > 10 within the first month after LT are 
associated with doubled rates of tumour recurrence [162, 163]. 
Although cumulative exposure to tacrolimus over time may 
exert an incremental effect on post- LT malignancy, it seems 
that minimization within the first weeks after LT are the 
key to prevent HCC recurrence in the long term [161, 164]. 
A meta- analysis of randomised controlled trials demonstrated 
that trough concentrations of tacrolimus < 10 ng/mL within 
the first month after LT do not increase the risk of rejection 
but result in lower renal impairment rates compared with 
higher levels [165]. Therefore, in patients with HCC, tacroli-
mus trough concentrations between 6 and 10 ng/mL within 
the first month with a progressive reduction to achieve 4 ng/
mL in the long term are considered safe, even in monotherapy, 
and higher doses should be avoided [166].

The combination of tacrolimus with other immunosuppressants 
would allow further reduction of blood trough target concentra-
tions and theoretically provide an additional benefit in terms of 

lowering the risk of tumour recurrence. Inhibitors of the mam-
malian target of rapamycin (mTOR), sirolimus and everolimus, 
are considered particularly attractive due to their inherent an-
tiproliferative properties [167]. Indeed, mTOR inhibitors allow 
to effective reduction of tacrolimus, but there is contrasting ev-
idence regarding its effect on tumour recurrence. Retrospective 
studies suggest that mTOR inhibitors decrease the risk of HCC 
recurrence [168], but prospective studies and randomised trials 
have failed to confirm this effect [169, 170], probably owing to 
attrition bias: patients who withdrew mTOR inhibitors due to 
side effects are not accounted for in retrospective studies. The 
universal prescription of mTOR inhibitors in patients with HCC 
is not supported by current evidence. However, the combina-
tion of minimised tacrolimus and everolimus may be useful in 
patients with a priori high risk of tumour recurrence (expanded 
criteria, microvascular invasion, poor histological differentia-
tion, etc.), in whom the theoretical oncological benefit would 
overcome the side effects associated with everolimus [171, 172]. 
If this immunosuppression protocol is implemented, it seems 
reasonable to keep trough concentrations of everolimus high 
whenever tolerated (i.e., 3–8 ng/mL), with tacrolimus trough 
levels between 3 and 5 ng/mL [172, 173]. Other immunosuppres-
sive drugs used in LT, such as mycophenolate, induction ther-
apies, or steroids, may not impact on HCC recurrence beyond 
the indirect effect resulting from tacrolimus minimization. The 
question arises about how far we can go in tacrolimus minimi-
zation to avoid graft loss while preventing HCC recurrence in a 
particular patient [174]. Very aggressive minimization protocols 
could increase the risk of formation of de novo donor- specific 
antibodies and acute rejection, particularly in young patients 
with underlying autoimmune disease [175]. However, most pa-
tients with HCC who qualify for LT are men older than 50 years 
without autoimmune conditions and should be considered 
at low- moderate risk of rejection [176]. The lowest tacrolimus 
trough concentrations tolerated should be individually explored 
under close analytical surveillance within the first weeks after 
LT for an optimal balance between long term graft viability and 
minimal risk of HCC recurrence (Table 2).

The recurrence of HCC after LT occurs in up to 20% of pa-
tients, mainly within the first 5 years, yet recurrences may also 

TABLE 2    |    Recommendations for tailoring immunosuppression in patients with hepatocellular carcinoma undergoing liver transplantation.

Mandatory Suggested Possible neutral effect

Explore the lowest tacrolimus 
trough levels tolerated under close 
surveillance. Combine tacrolimus 
with other immunosuppressants 

to facilitate minimization

Corticosteroids (maintenance 
or boluses)

Avoid tacrolimus trough 
concentrations > 10 ng/mL

Combine tacrolimus with 
other immunosuppressants 
to facilitate minimization

Induction therapies

Consider the addition of an mTOR 
inhibitor as the preferred strategy 
to achieve early minimization of 
tacrolimus in patients with risk 

factors of tumour recurrence

Mycophenolate mofetil
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occur beyond that time point. Post- LT HCC recurrence can be 
divided into disseminated disease or oligo- recurrence inside 
or outside the liver graft, being lungs and bone the most com-
mon extrahepatic sites [177, 178]. Importantly, the early de-
tection of HCC recurrence after LT by implementing periodic 
imaging surveillance may improve the chances of receiving 
curative therapies to maximise post- recurrence survival [179]. 
Early disseminated recurrence usually translates to a more 
aggressive behaviour than late extrahepatic oligo- recurrence. 
All patients with post- LT HCC recurrence should be promptly 
evaluated for an onco- specific approach and reassessment of 
immunosuppression [180]. There are no established protocols 
to manage immunosuppression after HCC recurrence, and it 
is unclear whether these modifications would translate into 
improved oncological outcomes. Retrospective data in the con-
text of de novo malignancies after LT support minimization 
(or complete withdrawal) of calcineurin inhibitors in favour of 
mTOR inhibitors, which may be safe in terms of rejection and 
could have a favourable effect on survival [181–183]. However, 
most of these de novo malignancies occur beyond 5 years 
after LT, thus claiming caution before extrapolating recom-
mendations to patients with early HCC recurrence. As stated 
above, LT patients with HCC could display a lower risk for re-
jection, probably owing to the presence of increased number 
of myeloid- derived mesenchymal cells in the tumour, which 
exert immunosuppressive action [184].

ICIs have become first line therapies for patients with advanced 
HCC; however, their use in the transplant setting raises unan-
swered questions. Firstly, do patients with ICIs treatment be-
fore LT need specific immunosuppressive management after 
LT? The risk of rejection in patients previously exposed to ICI is 
higher compared to those not treated with ICIs, especially when 
using anti- PD1 within 60–90 days prior to LT [22]. Aggressive 
minimization of calcineurin inhibitors early after LT should be 
avoided in these patients, but the optimal immunosuppression 
strategy is unknown. Secondly, is there a role for ICIs after LT in 
treating HCC recurrence and how to adapt the immunosuppres-
sion strategy in such a scenario? Efficacy and safety data of ICIs 
after LT are lacking, but the shorter the interval from LT to ICIs 
treatment, the higher the risk of rejection, which could lead to 
graft loss and death [185]. Preliminary observations suggest that 
the identification of ICIs molecules within the tumour after LT 
(i.e., staining of PD- 1) could be a potential strategy to predict the 
response to ICIs therapy and to assess the risk of rejection [186]. 
Some authors recommend strengthening immunosuppression 
when starting ICIs in LT patients, particularly by increasing tac-
rolimus doses, since preclinical studies showed that the antitu-
moral effects of ICIs would be preserved [187]. Another option 
would be combining tacrolimus and mTOR inhibitors before 
starting ICIs. However, it is unclear whether these strategies 
would reduce the risk of rejection and immune- mediated graft 
loss. A careful balance of immunological risks and oncological 
benefits should be made before starting ICIs after LT and the 
adjustment of immunosuppression should be done on a case- 
by- case basis, given the paucity of clinical trials [175]. Before 
starting ICIs, the assessment of donor- specific antibodies and a 
liver biopsy could be considered to rule out subclinical rejection. 
However, it is important to emphasise that, as of today, the use 
of ICIs in the post- LT setting is not recommended due to the sig-
nificant risk associated with graft loss [188, 189].

6   |   The Future of LT for HCC in the Era of ICIs

LT is considered the optimal treatment for patients with HCC, 
especially for those with compromised liver function. However, 
its implementation has been hindered by a scarcity of donors. 
This limitation has primed the development of various models 
to select candidates who are most likely to achieve favourable 
outcomes and to establish allocation and prioritisation policies. 
These policies should be tailored to local donor rates and WL dy-
namics to maximise the OS benefits for HCC patients, without 
adversely affecting other candidates.

Predicting outcomes after LT has become increasingly challeng-
ing owing to the multitude of pre-  and post- LT variables that 
significantly impact prognostic estimations (Figure 3). A partic-
ular aspect contributing to this complexity is the rising age of 
LT candidates, which augments the prevalence of comorbidities 
and the risk of cardiovascular events, which are currently the 
leading cause of death post- LT.

Currently, expanding the transplant eligibility criteria for HCC 
presents a considerable ethical and logistical challenge. It is 
imperative to ascertain that such expansion not only benefits 
individuals requiring transplantation, but also optimises organ 
allocation within the competitive and disproportionate environ-
ment of candidates versus available organs. On one hand, we 
must scrutinise the inherent risks entailed by novel protocols em-
ploying ICIs or their combinations, as well as the uncertainties 
associated with the timing of surgery. Moreover, the risk of HCC 
recurrence remains a significant concern as selection criteria 
continue to be pushed further, regardless of the efficacy of new 
therapeutic strategies. While an intact immune system is crucial 
for an improved response to pre- LT therapy, in post- LT there is 
a need to mitigate the potential risk of graft loss resulting from 
an augmented immune response, which could undermine the 
oncologic control attained during the WL period. Additionally, it 
is essential to understand the management of potential immuno-
logical compromises associated with ICIs use. This includes not 
only the wash- out period for ICIs, but also the potential role of ad-
juvant treatments such as peri- LT plasmapheresis, and the care-
ful adjustment of immunosuppression levels post- LT to balance 
the benefits of preventing graft rejection against the risk of HCC 
recurrence. Finally, in a scenario requiring increased immuno-
suppression to counteract the risk of immunological graft loss, 
we must understand how this will impact the risk of non- hepatic 

FIGURE 3    |    Main drivers of survival after liver transplantation. 
ESLD, end stage liver disease; HCC, hepatocellular carcinoma.
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complications, such as chronic renal damage, increased cardio-
vascular events, or even de novo tumours development, to ensure 
that these do not become barriers to long- term OS.

This complex landscape underscores the need to direct future 
research toward identifying effective strategies that address fun-
damental aspects, ensuring benefits not only at the individual 
level but also without compromising the collective benefit of 
LT across all candidate populations. The integration of clinical 
evidence and predictive algorithms is crucial to refine decision- 
making, always guided by the principles of transparency and 
equity, to maintain a balance between individual needs and 
overall population benefit.
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