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Abstract: Liver transplantation is a treatment option for nonresectable patients with early-stage HCC,
with more significant advantages when Milan criteria are fulfilled. An immunosuppressive regimen
is required to reduce the risk of graft rejection after transplantation, and CNIs represent the drugs of
choice in this setting. However, their inhibitory effect on T-cell activity accounts for a higher risk of
tumour regrowth. mTOR inhibitors (mTORi) have been introduced as an alternative immunosup-
pressive approach to conventional CNI-based regimens to address both immunosuppression and
cancer control. The PI3K-AKT-mTOR signalling pathway regulates protein translation, cell growth,
and metabolism, and the pathway is frequently deregulated in human tumours. Several studies have
suggested the role of mTORi in reducing HCC progression after LT, accounting for a lower recurrence
rate. Furthermore, mTOR immunosuppression controls the renal damage associated with CNI expo-
sure. Conversion to mTOR inhibitors is associated with stabilizing and recovering renal dysfunction,
suggesting an essential renoprotective effect. Limitations in this therapeutic approach are related to
their negative impact on lipid and glucose metabolism as well as on proteinuria development and
wound healing. This review aims to summarize the roles of mTORi in managing patients with HCC
undergoing LT. Strategies to overcome common adverse effects are also proposed.

Keywords: hepatocellular carcinoma; HCC; immunosuppression; liver transplantation; mTOR;
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common malignancy of the liver and
the third cause of cancer-related mortality [1]. In 2020, the WHO reported 902,000 new
diagnoses of primary liver tumours and 830,000 deaths, and these data are expected to rise
in the future [1]. HBV or HCV infections are still considered the most prominent risk factor
in developing HCC [2]. In underdeveloped areas, higher exposure to these infections and
lower access to treatment account for the higher incidence of HCC. However, in the last
three decades, a rising trend in HCC incidence has been seen in Northern America and
Europe due to the increasing prevalence of NAFLD and metabolic syndrome [2,3]. Despite
the progress in managing liver malignancies, the prognosis of hepatocellular carcinoma
is still poor due to the tumour’s aggressiveness and the morbidity associated with the
treatment. Liver transplantation (LT) is a treatment option for HCC. Indeed, the num-
ber of patients transplanted for HCC is increasing, with HCC representing 15–50% of all
indications for LT performed in most centers [4–7]. However, tumour recurrence and
other adverse effects of the conventional calcineurin inhibitors (CNIs)-based immunosup-
pressive therapy is a cause of concern. As a result, inhibitors of the mammalian target
of rapamycin (mTORi) are being explored as a possible alternative through their antipro-
liferative and immunosuppressive action. Among the several pathways implicated in
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the oncogenic process, PI3K/AKT/mTOR is particularly relevant due to its constitutive
activation in many patients with HCC and its association with the more severe forms of the
disease [8]. The PI3K-AKT-mTOR pathway regulates protein translation, cell growth, and
metabolism [9–11]. Evidence suggests that the mTOR pathway is involved in malignant
progression and resistance to treatment through the over-activation of several mechanisms.
While inhibition of the mTOR pathway demonstrates apparent effects on tumoral growth,
an inhibitory impact on innate and adaptive immunity is also achieved. The mTOR path-
way signalling regulates the activity of the professional antigen-presenting cells and the
function and differentiation of T-cell subpopulations, accounting for its immunomodulat-
ing effect [12,13]. As a result, targeting the mTOR pathway has emerged as a promising
therapeutic strategy in HCC patients’ post-liver transplantation.

This review aims to highlight the role of the inhibitors of the mammalian target
of rapamycin (mTORi) in the management of patients with a diagnosis of HCC after
undergoing LT (Table 1). In addition, the article provides some insight into the mTOR
pathway and its clinical impact on the pathogenesis of HCC.
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Table 1. Studies included in our review to evaluate the role of mTORi after liver transplantation for hepatocellular carcinoma.

Study, Year Study Design Country Populations Studied Results

Zhou et al.,
2008 [14] R China

73 consecutive patients who underwent LT for HCC exceeding the
Milan criteria, treated with an SRL-based regimen (n = 27) or an

FK506-based regimen (n = 46)

Benefit in terms of 1-year survival (594 ± 35 days vs. 480 ± 42 days,
p = 0.011) and RFS (519 ± 43 days vs. 477 ± 48 days, p = 0.234) in

the SRL group

Rogers et al.,
2009 [15] R USA 72 LT recipients converted to SRL Significantly higher eGFR mean values at all time points when the

conversion was early (within 3 months)

Vivarelli et al.,
2010 [16] R Italy 78 LT recipients treated with SRL in a CNI-sparing regimen (n = 38)

or in combination with CNIs (n = 40)
eGFR increased from 30 mL/min to 57 mL/min in patients that

started SRL within 3 months from LT

Gomez-Martin
et al., 2011 [17] RUC Spain 31 patients who suffered from HCC recurrence after LT converted to

mTORi-based immunosuppression plus systemic SOR
Stabilization of the disease and a median overall survival of

19.3 months are achieved using combination therapy with mTORi

De Simone et al.,
2012 [18] RCT Multicenter

worldwide
242 de novo LT patients randomized to EVR with TAC elimination
(n = 231), EVR + reduced TAC (n = 245), or standard TAC (n = 243)

Significant difference of 8.5 mL/min/1.73 m2 (p < 0.001) in eGFR
values at any point from week 6 post-LT in patients treated with

EVR + low TAC
Higher rejection rate at 1 year after LT when TAC is eliminated
(19.9%), compared to EVR + reduced TAC (3.7%) and even TAC

controls (10.7%)

Fischer et al.,
2012 [19] RCT Multicenter

worldwide

203 LT recipients initially treated with basiliximab/CNIs
randomized to an EVR-based regimen (n= 101) or CNI continuation

(n = 102)
Statistically significant increase in GFR values in the EVR group

Ferreiro et al.,
2014 [20] CS Spain

52 LT recipients with a high risk of post-transplant recurrence
receiving EVR (n = 21) or CNIs (n = 31) after a first course of

CNIs-based immunosuppression

Higher survival rate at 5 years (60.2% vs. 32.3%, p = 0.05) in the
EVR group

Geissler et al.,
2016 [21] RCT Multicenter

worldwide

525 LT recipients with HCC initially receiving mTORi–free
immunosuppression randomized to mTORi–free regimen (n = 264)

or an SRL-based regimen (n = 261)

Higher RFS rate in the SRL group (70.2% vs. 64.5%, p = 0.28), with a
statistically significant difference only at 1 and 3 years after LT

(92.5% vs. 85.2%, p < 0.0125; 80.6% vs. 72.3%, p < 0.0499)
Average gain of RFS of 6.4 months in the SRL group

In the SRL group: 13% to 15% higher RFS when SRL was
administered in monotherapy; higher RFS rate at 4 years in low-risk

patients; more significant advantage for younger recipients
(≤60 years)

Jung et al.,
2018 [22] R Korea

232 patients who suffered from HCC recurrence after LT treated
with SOR (n = 54), mTORi (n = 16), SOR + mTORi (n = 23), or none

of them (n = 139)

Survival rates are not affected by SOR administration (p = 0.17) but
improve following the administration of mTORi (p < 0.001) or

SOR + mTORi (p = 0.011)
No difference in the post-recurrence OS period between

combination or monotherapy in mTORi-based regimens (p = 0.26)
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Table 1. Cont.

Study, Year Study Design Country Populations Studied Results

Invernizzi et al.,
2020 [23] R Italy 50 patients with HCC-recurrence after LT treated with SOR Impact on 1-year OS is more significant with a SOR + mTORi regimen

(p = 0.03)

Saliba et al.,
2020 [24] OS France LT recipients receiving EVR

Better improvement of renal function at 36 months in LT recipients with
eGFR <60 mL/min/1.73 m2 undergoing CNIs conversion within 12 months
(55% if within 3 months, 39.4% if at 4–12 months, 20.9% if after 12 months)

Schnitzbauer et al.,
2020 [25] R Multicenter

worldwide 508 patients of the intention-to-treat analysis from the SiLVER study [21]

Later tumour redevelopment and more prolonged survival after recurrence
in the SRL group

Prolonged SRL exposure after LT (≥3 months), higher AFP levels before LT
(≥10 ng/mL, HR: 1.84; 95% CI: 1.36–2.48; p < 0.001), and inclusion within

Milan criteria are predictors of higher OS and reduced danger of death

Tejedor-Tejada et al.,
2020 [26] R Spain 111 LT recipients treated with a mTORi-based immunosuppression

Higher survival rates at 1 year when EVR is initiated immediately after LT
(89%) compared to switch within 3 months (83%) or later (67%).

No significant difference was found when EVR was used alone or in
combination with CNIs or MPA

Kadry et al.,
2021 [27] RCT USA 24 LT recipients randomized to a EVR + MPA-based regimen (n = 12) or

CNI + MPA-based regimen (n = 12)

Improved renal function at 12 (88.01 vs. 60.63 mL/min/1.73 m2, p = 0.020)
and 24 (87.37 vs. 53.29 mL/min/1.73 m2, p = 0.013) months after LT in the

EVR + MPA group

Nitta et al.,
2021 [28] RCS France 308 consecutive patients who underwent LT for HCC

Longer mean survival time when EVR ≥5 ng/mL in patients treated with
EVR alone (19.9 months vs. 10.7 months; p = 0.021) or in combination with

SOR (22.5 months vs. 10.7 months, p = 0.030)

Rodríguez-
Perálvarez et al.,

2022 [29]
qC Spain

425 patients who developed malignancy after LT and 425 matching controls,
selected among an eligible cohort population comprising 2495 LT patients

who received TAC-based immunosuppression

Increased risk of DNM has been demonstrated for prolonged exposure to
CNI-based regimens but not for mTOR inhibitors

Sapisochin et al.,
2022 [30] P, R Multicenter

worldwide 86 LT recipients treated with EVR + reduced TAC (n = 41) or TAC (n = 45)
Lower rate of HCC recurrence at 5 years after LT when an EVR-facilitated

TAC reduction is initiated early (3.6% vs. 11.5%, p = 0.136)
Lower recurrence rates when mean trough levels of EVR >6 ng/mL

Mulder et al.,
2023 [31] RCT Multicenter

worldwide 196 LT recipients randomized to SRL + low TAC (n = 98) or TAC (n = 98) Significantly fewer patients had a CKD grade ≥3 at 6 months in the low
SRL + low TAC group

RCT: randomized controlled trial; R: retrospective study; P: prospective study; qC: quasi-cohort study; RUC: uncontrolled retrospective study; CS: case series; mTORi: mammalian target
of rapamycin inhibitor; SRL: sirolimus; EVR: Everolimus; CNI: calcineurin-inhibitor; TAC: tacrolimus; SOR: sorafenib; HCC: hepatocellular carcinoma.
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2. Akt-mTOR Signaling Pathway

mTOR is a serine-threonine kinase of the PI3K superfamily that is found in cells as a
component for mTOR complex 1 (mTORC1) or mTOR complex 2 (mTORC2) [32]. These
complexes exert similar roles in cell growth, proliferation, lipogenesis, autophagy, survival,
and angiogenesis [33]. Several oncogenic factors, such as platelet-derived growth factor
(PDGFR), epidermal growth factor (EGFR), and mesenchymal-epithelial transition factor
(METF), can activate PI3K, an upstream regulator of AKT-mTOR [34]. PI3K transduces the
signals into intracellular messages by phosphorylating the 3′-OH position of the inositol
ring of the second messenger phosphatidylinositol bisphosphate (PIP2) [35]. Afterwards,
phosphatidylinositol triphosphate (PIP3) recruits and activates the phosphatidylinositol-
dependent kinase 1 (PDK1) that phosphorylates the serine-threonine protein kinase AKT
[also known as protein kinase B (PKB)] [36]. Phosphorylation of AKT is also achieved
through mTORC2 activity, which is promoted by PI3K through a still poorly understood
mechanism [32,37]. AKTs are serine-threonine kinases and comprise three protein isoforms
(AKT1, AKT2, and AKT3) acting on cellular survival, proliferation, growth, and metabolism.
AKT phosphorylates the tuberous sclerosis complex (TSC1/TSC2) and turns off its in-
hibitory effect on mTOR activator protein Rheb, resulting in the mTORC1 activation [38].
mTORC1 regulates cell growth and metabolism mainly by inhibiting catabolism and ac-
tivating anabolism [9,10]. This complex represses autophagy through the inactivation of
unc-51-like autophagy activating kinase (ULK1) and transcription factor EB (TFEB) [39,40].
Moreover, activating the mTOR pathway enhances the activity of HIF1α/VEGF, causing
neovascularization and angiogenesis and the proliferation of vascular endothelial cells and
some other cell types [11].

PI3K/mTOR Pathway in HCC

Figure 1 Dysregulation of the mTOR pathway is a critical step in hepatocellular
carcinogenesis [41–43]. Evidence shows its activation in HCC, hepatoblastoma, and cholan-
giocarcinoma [44]. Almost half of HCC patients have an upregulation of mTORC1 and
mTORC2 pathways. Activation of these pathways is also associated with earlier tumour
recurrence, less differentiated forms, worse prognosis, and earlier recurrence, independent
of the etiology of liver cancer [45–47]. Hyperactivation of the mTOR signalling results in
abnormal lipid metabolism and inhibition of autophagy [48,49]. However, mTOR deregula-
tion is linked to liver cancer, also independent from liver steatosis [43]. Indeed, mice with
constitutive mTORC1 activation in the liver spontaneously developed lower-grade tumours
and hepatocellular carcinoma [43]. This effect was independent of liver steatosis: consti-
tutive mTOR activation in mice caused spontaneous hepatocyte cell death, inflammation,
cellular regeneration, and DNA damage that led to HCC.

The mTOR pathway expression is non-homogeneous across the tumour mass. Given
the centrifugal expansion of tumour tissue, mTOR expression is expected to be more
intense at the edge of cancer, where the proliferation is more significant [50]. Interestingly,
the probability of HCC recurrence after LT positively correlates with the mTOR pathway
activity rate within the tumour rather than the peritumoral area. The local inflammatory
process commonly present at the edge of cancer can explain the effect, which may have a
confounding inhibitory effect on the mTOR pathway expression in this area. Consequently,
assessing the mTOR pathway expression within the mass may better reflect the proliferation
rate of the tumour and, consequently, its tendency to recur [50].
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Figure 1. The mTOR pathway in HCC. PI3K activation following growth factors stimulation
promotes PDK1 and mTORC2 activity, with an overall stimulating effect on AKT activity. AKT
controls mTORC1 signalling by inactivating the inhibiting effect of the TSC1/TSC2 complex to-
ward the mTORC1 activator Rheb. mTORC1 activation enhances cellular metabolism, represses
autophagy by inhibiting ULK1 and TFEB, and promotes cellular and vascular proliferation through
the HIF1α/VEGF pathway. In HCC, mTORC1 and mTORC2 are upregulated, resulting in uncon-
trolled cell growth and the promotion of carcinogenesis.

3. Inhibitors of Akt-mTOR Signaling Pathway

Reduced activity of the Akt/mTOR pathway can be achieved with mTOR inhibitors.
The most used ones are rapamycin (Sirolimus) and its derivatives (Temsirolimus, Everolimus,
and Ridaforolimus). This review will focus on Sirolimus and Everolimus, since they are the
two compounds mainly used in the setting of solid organ transplantation.

3.1. Sirolimus

Rapamycin, or sirolimus (SRL), is a first-generation non-selective allosteric inhibitor
of mTORC1 and mTORC2 first isolated from the soil bacterium Streptomyces hygroscopi-
cus. Considering its established role in allograft rejection suppression [51], this drug was
approved in 1999 by the FDA for treating kidney transplant recipients in addition to a com-
plete immunosuppressive regimen of cyclosporine and prednisone [52]. As of today, SRL
has not been approved for treating LT patients. However, thanks to its immunosuppressive
effect, it can be used with an off-label indication in mTORi-based regimens. SRL has a long
terminal half-life (48–72 h), and, indeed, a daily administration is generally sufficient [53].
SRL is poorly water soluble, has poor absorption, and has a wide distribution that accounts
for a low bioavailability (approximately 14–18%). Extensive interaction with other drugs
has to be noted, given the role of CYP3A4 in the SRL metabolism [54].

3.2. Everolimus

Everolimus (EVR) is a rapalog with similar immunosuppressive, anti-angiogenic, and
antiproliferative effects as sirolimus. However, it has better efficacy and activity, which op-
timizes clinical use. EVR has been approved for the prevention of graft rejection after 2012.
Everolimus complexes with cytoplasmic protein FKBP-12 and inhibits mTOR, suppressing
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p70 S6 kinase phosphorylation. EVR has comparable low absorption, bioavailability (20%),
and interaction issues due to CYP3A4-dependent metabolism. Terminal half-life is slightly
shorter (26–30 h), but even in this case, a single oral dose is sufficient to maintain adequate
blood concentrations [53].

4. mTORi and HCC Recurrence

Recurrence is one of the significant issues in HCC management, occurring in approxi-
mately 16% of patients undergoing liver transplantation. Overall, survival after recurrence
is generally 1 year [55]. While tumour characteristics are the main predictors of HCC
recurrence, immunosuppressive regimens have also been pointed out to play an important
role [56]. In post-LT patients, CNI-based regimens exhibit a negative predictive effect on
recurrence and malignancy progression in a dose-dependent fashion [29,56,57]. This effect
is due to CNIs’ ability to switch off the immune system’s response, promoting cancer cell
survival [58]. Ultimately, traditional immunosuppressors create a permissive environment
for tumoral cell growth, accounting for a higher risk of recurrence in LT recipients [56].
Similar effects on the immune microenvironment have been described for anti-lymphocyte
antibodies, another drug option available post-LT induction [59].

Moreover, alteration of the host’s immune response correlates with an acceleration
in tumoral growth rate [60]. The tumoral growth may be related to the ability of CNIs to
induce overexpression of TGF-β1, thus promoting proliferation and aggressiveness [61].
Acknowledging the role of the mTOR pathway in the proliferation and survival of tumoral
cells, rapamycin and its derivatives can be considered a possible solution to addressing
this issue. An antiproliferative effect is consequent to inhibiting proliferative pathways
usually induced by mTOR complexes. Moreover, an anti-angiogenic effect results from
reduced activity of HIF1α/VEGF following inhibition of the mTOR pathway. Along with
these two properties, the ability to preserve an adequate immune response against tumour
cells makes it a valid option in both the prevention and the treatment of HCC recurrence.

4.1. Prevention of HCC Recurrence

The choice of a mTORi-based regimen over other immunosuppressive options cor-
relates with lower HCC recurrence probability. mTOR inhibitors exhibit an independent
positive predictive value on recurrence rate, which can be demonstrated when adminis-
tered alone or in combination with reduced CNIs [62]. Reducing CNIs rather than total
withdrawal is justified because its correlation with HCC recurrence is dose-dependent and
stronger when CNIs are higher [63].

4.1.1. Sirolimus

A revision of several retrospective studies conducted between 1999 and 2022 identified
the advantages of a sirolimus-based regimen over other immunosuppressive options in LT
recipients [64]. A lower recurrence rate was found when sirolimus was the drug of choice,
particularly in patients within the Milan criteria [64]. A positive impact on recurrence-free
survival (RFS) has also been demonstrated in patients treated with sirolimus. In the SiLVER
study, randomization to sirolimus or a mTORi-free regimen showed a higher RFS rate when
sirolimus was included in the treatment (70.2% vs. 64.5%, p = 0.28), with an average gain of
RFS of 6.4 months compared to controls [21]. Only at 1 and 3 years after LT a statistically
significant difference was found in RFS between the two groups (92.5% vs. 85.2%, p < 0.0125;
80.6% vs. 72.3%, p < 0.0499), while later on, this advantage no longer existed [21]. A 13% to
15% higher RFS was found when sirolimus was administered in monotherapy rather than
combined with other immunosuppression. Still, the low proportion of patients did not
allow the study to reach significant conclusions [21]. When a risk stratification based on the
Milan criteria was made, a higher RFS rate at 4 years was found in low-risk patients treated
with sirolimus. However, a benefit was not achieved if the risk was high, suggesting that
sirolimus may have a more evident advantage in the early stages of the disease [21].
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Moreover, younger recipients (≤60 years) have a more significant advantage [21]. It
is believed that sirolimus advantages are correlated to a later tumour redevelopment and
more prolonged survival after recurrence [25]. This effect was later demonstrated even in
recipients exceeding the Milan criteria, justifying its utilization in more advanced types of
HCC [14].

4.1.2. Everolimus

A beneficial effect on RFS and recurrence rate was also found for everolimus-based
regimens. Evaluation of RFS in patients treated with an everolimus-based regimen showed
a higher rate at 1 year (RR 1.09, 95% CI 1.01–1.18) and 3 years (RR 1.1, 95% CI 1.01–1.21)
compared to CNI-treated patients. Moreover, overall recurrence rate was lower in the
mTORi group (RR 0.67, 95% CI 0.56–0.82) [65]. A higher recurrence rate was found in
patients exceeding the Milan criteria in both the groups examined [66]. This result is
consistent with the SiLVER study findings for sirolimus-treated patients [21]. According
to a retrospective analysis by Sapisochin et al., an early start of everolimus administration
is advised. The authors found that early initiation of an everolimus-facilitated tacrolimus
(TAC) reduction lowers the rate of HCC recurrence compared to tacrolimus control (3.6%
vs. 11.5%, p = 0.136) at 5 years after LT [30]. Moreover, analysis of patients who received an
everolimus-based immunosuppressive regimen showed a correlation between drug blood
concentration and recurrence rate, with lower HCC recurrence rates in patients with mean
trough levels of everolimus >6 ng/mL [67].

4.2. Treatment of HCC Recurrence

Recurrence of HCC is associated with poor prognosis in affected patients, with a
median survival expectation of less than 1 year [68]. After liver transplantation, HCC
recurrence is mostly extrahepatic only (50–60%), arising in the lungs or the bone, but some-
times it can simultaneously involve intrahepatic sites (30–40%) [69,70]. Less frequently, an
intrahepatic-only recurrence can occur (15–40%) [69,70]. Management of local recurrence
is based on resection with curative purpose since this approach has shown to be more
beneficial than the implementation of palliative care or best supportive care [71]. However,
resection is not an effective treatment option for most patients since recurrence occurs
more frequently in extrahepatic sites. In the presence of a disseminated HCC recurrence,
systemic therapy with sorafenib (SOR) represents the strategy of choice [72]. Sorafenib is a
multikinase inhibitor of the vascular endothelial growth factor receptor (VEGFR) family
and platelet-derived growth factor receptor (PDGF) family [73,74]. Sorafenib administra-
tion benefits the patient’s prognosis, correlating with a pooled 1-year survival of 63% and
a median survival of 12 months [75]. This multikinase inhibitor can be administered in
monotherapy or combined with immunosuppressive therapy. Combination with mTORi ac-
counts for the stabilization of the disease and a median overall survival of 19.3 months [17].
The impact on 1-year OS is more significant when SOR + mTORi is chosen over SOR
monotherapy (p = 0.03), suggesting a more significant role of mTORi [23]. To assess which
of these two drugs has the most beneficial effect on post-recurrence survival, 232 LT re-
cipients with HCC recurrence were evaluated [22]. They were divided into four groups
according to the treatment chosen: SOR, mTORi, SOR + mTORi, and controls. While sur-
vival rates were not affected by SOR administration (p = 0.17), an improvement in survival
was found following the administration of mTORi (p < 0.001) or SOR + mTORi (p = 0.011).
In patients treated with mTORi, co-administration with SOR showed no difference in
the overall post-recurrence survival period (p = 0.26) compared to mTORi monotherapy,
indicating an absence of a synergistic or additional antitumor effect from sorafenib [22].
When everolimus is chosen for a mTORi-based regimen, a correlation between its blood
concentration and the survival rate has also been seen. Notably, the mean survival time
in patients treated with everolimus is longer when drug blood levels are ≥5 ng/mL both
in patients treated with everolimus alone (19.9 months vs. 10.7 months; p = 0.021) or in
combination with sorafenib (22.5 months vs. 10.7 months, p = 0.030) [28].



Curr. Oncol. 2023, 30 5582

4.3. Prevention of De Novo Malignancy

Incidence of de novo malignancy (DNMs) after LT is reported in 3–14% of recipi-
ents, with skin cancers and hematologic malignancies being the most common types [76].
According to the ILTS-SETH consensus, immunosuppression plays a crucial role in de
novo tumorigenesis while predisposing a more aggressive behavior explains the higher
mortality rate registered in LT recipients [76]. Discordant conclusions were drawn by a
large French national study that found no impact of initial immunosuppression on DNMs
occurrence [77]. However, this may be due to the substantial heterogeneity in the immuno-
suppressive regimens administered to patients and the numerous scheme changes, which
did not allow a correct interpretation of the available data. Interestingly, an increased risk
of DNM has been demonstrated for prolonged exposure to CNI-based regimens but not
for mTOR inhibitors [29]. Indeed, mTOR inhibitors correlate with a lower incidence of
DNMs, an effect that can be reconducted to the antiproliferative properties of this type
of drug [78]. Therefore mTOR inhibitors over CNIs are advised in patients at risk for de
novo malignancy [78]. Multiple factors can contribute to increasing the risk for DNMs,
including an underlying liver disease (e.g., alcoholic cirrhosis), concurrent inflammatory
bowel disease, human-herpesvirus-8 positivity, or de novo development of Epstein-Barr
virus DNA positivity after transplantation [78].

5. Impact on Overall Survival

While LT is considered the best option in treating nonresectable early-stage HCC
patients, the mortality rate among recipients is still high (9%) [79]. The addition of an
immunosuppressive regimen with CNIs led to a drastic reduction of the 34% mortality rate
achieved with the previous treatment options, albeit with still high morbidity related to
nephrotoxicity (8% at 1 year) and high recurrence risk (13% at 3 years) [80–82]. Regarding
overall survival, a non-inferiority to CNIs has been demonstrated for both sirolimus and
everolimus. Two recent meta-analyses investigating the effects of mTORi on LT recipients
for HCC found an improvement in OS at 1-2-3-5 years in retrospective and cohort studies,
along with an expected lower nephrotoxicity [65,83]. Similar results were found in a
retrospective study comparing patients treated with sirolimus or an FK506-based protocol,
which described a benefit in terms of 1- and 2-year overall survival (90.67% vs. 61.60%,
80.59% vs. 53.90%, p = 0.011) and mean overall survival (594 ± 35 days vs. 480 ± 42 days,
p = 0.011) in the sirolimus group [14]. A better effect on OS can be achieved when mTOR
inhibitors are used for a more extended period. In the SiLVER study, a more prolonged
exposure (≥3 months) to sirolimus after LT in HCC patients reduced the hazard of death
and improved OS [25]. This effect is best obtained when the tumour is more active, when
AFP levels before LT are higher (≥10 ng/mL, HR: 1.84; 95% CI: 1.36–2.48; p < 0.001).
Inclusion within the Milan criteria was another predictor of higher OS [25]. A benefit on
OS in patients treated with sirolimus was also found when they exceeded the Milan criteria.
Ferreiro et al. demonstrated that choosing everolimus over CNIs in treating LT recipients
with a high risk of recurrence defined by exceeding the Milan criteria led to an improved
survival rate at 5 years (60.2% vs. 32.3%, p = 0.05) [20]. Differences in OS also depend on
the timing of administration of mTOR inhibitors. In a retrospective analysis evaluating
LT recipients treated with everolimus-based maintenance therapy, initiation of everolimus
immediately after LT ensured higher survival rates at 1 year (89%) compared to switch
within 3 months (83%) or later (67%). On the other hand, no significant difference was
found when everolimus was used alone or in combination with CNIs or mycophenolate,
suggesting once again the independent positive value of mTOR inhibitors [26].

6. mTORi in Immunosuppression after LT

Given the mTOR pathway’s role in cellular survival and replication, its inhibition with
rapamycin and rapalogs has been established as an immunosuppression option in patients
undergoing solid organ transplantation. mTOR inhibitors reduce the risk of graft rejection,
thus providing a better outcome for LT recipients. While liver transplantation has provided



Curr. Oncol. 2023, 30 5583

a new chance for selected patients with HCC, this option has been burdened by a high
mortality rate, which in patients treated with azathioprine reached a value of approximately
70% at 1 year [84]. These dramatic results were mitigated by implementing a stricter patient
selection and introducing a CNIs-based immunosuppressive regimen. Notably, the latter
led to a drastic reduction in the mortality rate, settling at a little over 20% [84]. Cyclosporine
and tacrolimus are the drugs of choice in the early treatment of LT recipients, thanks to
their ability to block T-cell activation and migration [85]. Both tacrolimus and cyclosporine
inhibit calcineurin, a cytoplasmic protein responsible for IL2 gene expression, and reduce
the production of chemotactic factors involved in lymphocyte recruitment [85]. Utilizing
CNIs gave obvious benefits in post-LT management, but their nephrotoxicity and high risk
of recurrence required reduced CNI-exposure treatment [29,56,57,86]. In the last 20 years, a
growing interest has been developed in mTOR inhibitors, as an immunosuppressive effect
was reported in both in vitro and in vivo assessments [87]. This effect is achieved thanks
to the ability of rapamycin and its derivatives to induce T-cells anergy while promoting
an allograft tolerance through increasing Tregs levels to the detriment of other CD4+ cell
subpopulations [13]. mTOR inhibitors also exhibit an antiproliferative effect, making it an
optimal option in managing LT recipients with an HCC as an indication, particularly when
the Milan criteria were fulfilled [88].

6.1. Immunosuppressive Regimens

Recipients receive an immunosuppressive regimen after LT to reduce allograft rejection
probability. CNIs (cyclosporine and tacrolimus), glucocorticoids, and mycophenolate
mofetil are the drugs of choice in the settings of initial combined therapy. When stability in
liver function is obtained, monotherapy is advised, usually CNIs-based. Because of their
nephrotoxic side effects, CNIs reduction or discontinuation is recommended in the long
term [88]. In HCC patients, mTOR inhibitors are an appropriate option to achieve this
purpose, and their beneficial effects are discussed. As of today, a conversion to mTORi-
based therapy is advised within 3 months from LT, with the possibility to administer these
drugs in monotherapy or in combination with reduced CNIs [88]. Care must be taken when
everolimus is the drug of choice for tacrolimus reduction, as a target range of 3 ng/mL
should be achieved before the reduction of the CNI [78].

Other therapeutic combinations have been explored other than mTOR inhibitors with
reduced-CNIs. Co-administration of mTORi with mycophenolate (MPA) is one of the
possible options, as it improves renal function and quality of life 24 months after liver
transplantation compared with standard CNI with MPA immunosuppression [27].

6.2. Impact on Renal Function

Nephrotoxicity is a well-established adverse effect of the long-term utilization of CNIs.
Endothelial dysfunction and vasoconstriction play an essential role in CNIs renal damage,
which can be traced back to ROS production, RAS activation, and induction of imbalances
in vasodilators and vasoconstrictors production [89]. Renal damage becomes one of the
most essential complications in transplanted patients, accounting for increased morbidity
and mortality [90]. Indeed, renal dysfunction is the main indication for discontinuing CNIs,
and mTORi are optimal alternatives thanks to their renoprotective effect. However, given
that both sirolimus and everolimus serve this scope, other studies are needed to determine
which drugs are more effective in achieving a long-term renoprotective effect [91].

6.2.1. Sirolimus

A significant improvement in renal function was found when SRL was administered to
transplanted HCC patients who developed nephrotoxicity after a first course of CNIs. This
effect was mainly present in patients that started the sirolimus regimen within 3 months
from LT. In these recipients, eGFR increased from 30 mL/min to 57 mL/min [16]. Similar
results may be achieved when low doses of sirolimus are administered along with reduced



Curr. Oncol. 2023, 30 5584

tacrolimus. Significantly fewer patients had a CKD grade ≥3 at 6 months when low
sirolimus + low tacrolimus was chosen over a conventional tacrolimus regimen [31].

Conflicting results came from a meta-analysis conducted by Asrani et al., who found
that the beneficial effect on renal function after conversion to sirolimus was
non-significant [92]. However, this result may be explained by selection bias and late
conversion (>6 months) to the sirolimus regimen. Evaluation of patients treated with
sirolimus showed they had the most impaired renal function baseline compared to controls.
Moreover, sirolimus was believed to be administered later than needed in patients with
preserved renal function, promoting its degeneration in this window period [92]. When
conversion from CNIs to sirolimus is needed, an early switch is recommended as it gives
greater possibilities for renal function recovery. Retrospective evaluation of renal function
in patients undergoing early (within 3 months) or late conversion from CNIs demonstrated
significantly higher eGFR mean values at all time points in the first group [15].

6.2.2. Everolimus

An everolimus-based regimen preserves and, in some cases, improves renal func-
tion [93]. In the H2304 study, a significant difference of 8.5 mL/min/1.73 m2 (p < 0.001) was
found in eGFR values at any point from week 6 post-LT in patients treated with everolimus
plus reduced tacrolimus over controls treated with tacrolimus alone [18]. Even when a
complete conversion was chosen over a reduction of the previous CNI-based regimen,
a statistically significant increase in GFR values was noted in patients treated with an
everolimus [19]. When an everolimus + mycophenolate regimen was chosen for CNIs
conversion, a statistically significant improvement in eGFR was achieved at both 12 (88.01
vs. 60.63 mL/min/1.73 m2, p = 0.020) and 24 (87.37 vs. 53.29 mL/min/1.73 m2, p = 0.013)
months compared to the CNI arm [27]. As described for sirolimus, a better outcome in renal
function can be achieved when conversion to an everolimus-based regimen occurs sooner.
Indeed, in LT recipients with eGFR <60 mL/min/1.73 m2, a more substantial improvement
in renal function at 36 months was achieved when an early conversion (within 12 months)
was chosen (55% if conversion within 3 months, 39.4% if conversion at 4–12 months, 20.9%
if conversion was after 12 months) [24].

6.3. Impact on Graft Rejection

With the introduction of immunosuppressive therapy after LT, the rate of acute cellu-
lar rejection (ACR) and chronic rejection (CR) has reduced to 15–25% and 3–17%, respec-
tively [94]. When mTORi are used in LT recipients, no difference can be found in acute graft
rejection rate compared to a CNI-based regimen (RR 1.1, 95%, CI 0.94–1.28) [65]. This non-
inferiority in preventing graft rejection has been proven for both sirolimus and everolimus
and can be ascribed to mTORi suppressive action on the immune system [20,30,92,95].
Mainly, rapamycin and its derivatives promote the expansion of Treg at the expense of
other CD4+ subgroups by altering APCs activity and T cells polarization, thus favoring
immunological tolerance against the graft [13,59,96]. APCs’ activity is also affected by the
inhibition of the mTOR pathway. It has to be mentioned that CD8+ T cells are preserved,
accounting for the added benefit of granting an immunological response to viral infections
that may occur in this period of immunodeficiency.

While a clear benefit can be described when mTORi is used to convert from a CNIs
regimen, a de novo administration has not shown to be an advantage in acute graft
rejection rate compared to CNIs [97,98]. This evidence may be explained by the fact that,
compared to CNIs, mTORi are not equally capable of interfering with the acute expression
of inflammatory cytokines. A CNI-based induction course followed by a mTORi-based
regimen is thus advisable [99]. Moreover, a reduction rather than withdrawal of CNI is
recommended, as evaluation of tacrolimus elimination in LT recipients has shown a higher
rejection rate at 1 year (19.9%) compared to everolimus plus reduced tacrolimus (3.7%, and
even tacrolimus controls (10.7%) [18].
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7. Tolerability and AEs

As with other drugs, mTOR inhibitors are not exempt from adverse effects, which
have indeed been the leading cause of reluctance to use in LT recipients. In 2002, a black
box filed by US Food and Drug Administration warned about the correlation between de
novo treatment with sirolimus and an increased rate of hepatic artery thrombosis found in
an ongoing phase II trial. This correlation was later refuted as no hepatic vessel thrombosis
events were reported when a sirolimus-based regimen was chosen over a CNI-based
one [100]. It has been demonstrated that the safety profile of mTOR inhibitors is non-
inferior to other immunosuppressors, paving the way toward their safe utilization [63].
The most relevant adverse effects of mTOR inhibitors and some precautions to minimize
their negative impact are presented in Table 2.

Table 2. Main adverse effects associated with mTORi-based immunosuppressive regimens after LT
and their management.

Adverse Effects (AEs) Rate of AEs in Patients
Treated with mTORi Proposed Strategies to Prevent AEs

Dyslipidemia:
hypercholesterolemia,
hypertriglyceridemia

45%, 50% [64]
Reduction of mTORi exposure,

administration of statins and other
dyslipidemia drugs

Hyperglycemia 17% [101]
Lifestyle modifications,

pharmacological management of
diabetes mellitus

Proteinuria 3% [78]
Constant monitoring of proteinuria
when >800 mg/d, administration of

ACEi or ARBs

Wound healing
complications 11% [18,21]

Delayed introduction of mTORi at
4–6 weeks after LT, correction of the

risk factors for WHC, administration of
the minimum effective doses

Hematologic side effects:
anemia, neutropenia,

thrombocytopenia
14%, 11%, 9% [102] Adjustment of mTORi exposure

Mucosal and integumental
adverse effects: oral ulcers,

dermatitis, leg edema
24%, 25%, 57% [103]

Oral hygiene, avoidance of irritant food
and beverages, topical treatment of oral
ulcers, adjustment of mTORi exposure

7.1. Dyslipidemia

Dyslipidemia is found in up to 66% of LT recipients, more commonly as hypertriglyc-
eridemia [104]. The immunosuppressors administered in LT recipients play a crucial role
in lipid dysregulation, contributing to an increase in cholesterol and triglyceride levels in
a dose-dependent manner [104]. Considering mTOR role in lipid metabolism regulation,
inhibition of its pathway can result in the alteration of serum lipid levels. The effect is
due to inhibiting lipid uptake and storage in adipocytes, hepatic lipogenesis stimulation,
and lipid clearance impairment with consequent accumulation in the bloodstream [64].
While dyslipidemia has also been observed after administering mTOR-free immunosup-
pressive regimens, a stronger correlation was found in patients treated with sirolimus or
everolimus [105]. Rapamycin administration is associated with hypertriglyceridemia and
hypercholesterolemia in 50% and 45% of the patients, and drug discontinuation improves
these alterations [64]. The consensus from an Italian study group identified dyslipidemia
as a dose-dependent adverse effect of everolimus-based regimens in patients undergoing
LT, especially when drug levels are higher than 8 ng/mL [78]. Reduction of everolimus
exposure in association with statins and other dyslipidemia drugs is advised to achieve
the recommended LDL levels [78,106,107]. Due to hypercholesterolemia, higher cardiovas-
cular risk should be expected in patients treated with mTORi. However, the rate of major
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cardiovascular events after everolimus administration in solid organ transplant events is
comparable to or lower than with mTORi-free regimens [93].

7.2. Hyperglycemia

Hyperglycemia is a common complication of immunosuppressor’s administration and
accounts for increased mortality when sustained in time [104]. Rapamycin-based regimens
are associated with the development of post-LT diabetes mellitus, with a 3-fold increase in
the risk of hyperglycemia in patients treated with everolimus (17%) compared to controls
(5.8%) [101]. Hyperglycemia may be due to rapamycin’s ability to induce pancreatic β-cell
apoptosis, reduce pancreatic β-cell function, enhance hepatic gluconeogenesis, reduce
glucose uptake, and promote insulin resistance [108–110]. As seen in renal recipients
developing insulin resistance after mTORi administration, lifestyle modifications with or
without a pharmacological approach to diabetes mellitus should be explored [111].

7.3. Proteinuria

The protective effect on renal function is the main indication for using mTORi in LT
recipients induced with CNIs. However, proteinuria can be a possible side effect when
these drugs are administered, especially when used de novo [93]. In particular, proteinuria
of >1 g/d can be found at 3 years in 3% of LT recipients treated with everolimus [78]. Yet,
such levels should not arouse particular concern as they are far from nephrotic ranges
and may be explained by a worse renal function baseline after CNI induction instead [78].
Other evidence indicates no differences in urinary protein levels compared to controls
or a worsening of pre-existing non-nephrotic proteinuria [18,92]. On the other hand,
mTORi-related proteinuria may worsen underlying renal dysfunction [78]. When the
patient develops mTOR-induced proteinuria >800 mg/d, constant monitoring is advised to
promptly discontinue everolimus when a nephrotic range is reached [78]. If not sufficient,
ACE inhibitors (ACEi) and angiotensin receptor blockers (ARBs) can be administered to
achieve a renoprotective effect.

7.4. Wound Healing Complications

Wound healing complications (WHCs) are among the most frequent post-surgical
complications, and mTORi-based immunosuppressive regimens seem to increase this risk.
This evidence is primarily valid for heart and kidney transplants but is not strong enough
in liver recipients [93]. A higher rate of WHCs or dehiscence was reported in patients
treated with sirolimus compared to sirolimus-free regimens (30 out of 264 patients vs.
16 out of 261 patients) in a randomized controlled trial [21]. However, it has to be noted
that this result may depend on the decision to delay sirolimus introduction by 4–6 weeks
to minimize the risk of WHC. Similar considerations can be made for the results of the
H2304 study, in which a relative risk of WHCs was reported for therapeutic regimens based
on everolimus + reduced tacrolimus (11%), tacrolimus elimination (9.6%), and tacrolimus
(7.9%) being reported [18]. Even in this case, the authors acknowledged a waiting period
of 1 month before tacrolimus initiation to support initial wound healing [18]. These
results may suggest the importance of the delayed introduction of mTORi as a protective
strategy against WHC. Other preventive actions in patients at risk for WHCs are advised.
Administration of the minimum effective doses of mTOR inhibitors associated with low
doses of CNIs has demonstrated a similar WHC rate as MPA + CNI-treated patients [112].
Caution should be prescribed when treating patients with obesity, and efforts should be
made to manage healing complication-predisposing factors [112].

7.5. Hematologic Adverse Effects

Hematological adverse effects can be observed in patients treated with mTORi after
solid organ transplantation. 14% of the recipients treated with mTORi develop microcytic
anemia, which is thought to be related to alteration in iron metabolism and in differentiation
and proliferation of erythroid progenitor cells [102,113]. Neutropenia and thrombocytope-
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nia can also be detected in 11% and 9% of the patients, respectively [113]. Dose adjustment
of mTORi to the minimum therapeutic level is advised to reverse these hematologic adverse
effects, but anemia can persist even after drug discontinuation [102,114].

7.6. Mucosal and Integumental Adverse Effects

In patients receiving mTORi after a solid organ transplant, disorders of the oral mucosa
and the teguments are considered the most frequent side effects [102]. Considering LT
recipients treated with a SRL-based immunosuppressive regimen, leg edema is observed
in more than half of the cases (57%) [103]. Other adverse effects include oral ulcers (24%)
and acne-type dermatitis (25%) [103]. While these events usually do not influence the
prognosis directly, they can have a strong psychological impact, thus limiting the patient’s
compliance [115]. Management of mucosal adverse effects relies on preventive strategies
(e.g., oral hygiene, avoidance of irritant food and beverages) or topical treatment of the
lesion with steroids, nonsteroidal anti-inflammatory drugs, or anesthetics [116,117]. Dose
adjustments or drug discontinuation may be warranted for cutaneous disorders that do not
resolve spontaneously, or for mucosal lesions non-responsive to previous treatments [118].

8. Conclusions

mTOR inhibitors represent a clear answer to the limitations of traditional immuno-
suppressive options in managing LT recipients. A non-inferiority to more potent immuno-
suppressors in reducing graft loss risk has been proven. Indeed, they represent equally
effective but safer alternatives to CNIs and other immunosuppressants. Improvement
of the renal impairment caused by exposure to CNI is undoubtedly the main advantage
obtained with mTORi. In addition, lower HCC recurrence and de novo malignancy rates
must also be mentioned. As expected, some adverse effects have been reported, with
metabolic abnormalities being the primary source of concern. However, precautions can be
taken to reduce the impact of these side effects and improve tolerability. Indeed, overall
survival has proven higher when mTORi are chosen in a post-LT setting. The present
review aims to highlight the benefits of mTORi administration in HCC patients undergoing
LT. Currently, the literature lacks studies evaluating the impact of dosing and timing of
administration of mTORi on the clinical outcome.

Author Contributions: Concepts, L.T., A.M. (Alessandro Martinino), S.A. and F.G.; definition of
intellectual content, A.M. (Alessandro Martinino), A.M. (Amelia Mattia), S.A. and F.G.; investigation,
L.T., L.C., A.M. (Alessandro Martinino) and A.M. (Amelia Mattia); data abstraction, L.T., L.C.,
A.M. (Alessandro Martinino) and A.M. (Amelia Mattia); manuscript writing, L.T., L.C. and A.M.
(Alessandro Martinino); study design, L.T., L.C. and A.M. (Alessandro Martinino); editing writing,
L.T., L.C. and A.M. (Alessandro Martinino). All authors have read and agreed to the published
version of the manuscript.

Funding: The authors received no financial support for this article’s research, authorship,
and/or publication.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors would like to thank Claudia Cristofani (Medical Direction, NO-
VARTIS) and Amelia Miozzo (Marketing Manager, Novartis-Transplant Section) for their help with
clinical and biomolecular suggestions about mTOR inhibitors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Kulik, L.; El-Serag, H.B. Epidemiology and Management of Hepatocellular Carcinoma. Gastroenterology 2019, 156, 477–491.e1.

[CrossRef] [PubMed]

https://doi.org/10.3322/caac.21660
https://doi.org/10.1053/j.gastro.2018.08.065
https://www.ncbi.nlm.nih.gov/pubmed/30367835


Curr. Oncol. 2023, 30 5588

3. Cristin, L.; Montini, A.; Martinino, A.; Scarano Pereira, J.P.; Giovinazzo, F.; Agnes, S. The Role of Growth Hormone and Insulin
Growth Factor 1 in the Development of Non-Alcoholic Steato-Hepatitis: A Systematic Review. Cells 2023, 12, 517. [CrossRef]
[PubMed]

4. Santopaolo, F.; Lenci, I.; Milana, M.; Manzia, T.M.; Baiocchi, L. Liver transplantation for hepatocellular carcinoma: Where do we
stand? World J. Gastroenterol. 2019, 25, 2591–2602. [CrossRef] [PubMed]

5. Adam, R.; Karam, V.; Delvart, V.; O’Grady, J.; Mirza, D.; Klempnauer, J.; Castaing, D.; Neuhaus, P.; Jamieson, N.;
Salizzoni, M.; et al. Evolution of indications and results of liver transplantation in Europe. A report from the European
Liver Transplant Registry (ELTR). J. Hepatol. 2012, 57, 675–688. [CrossRef]

6. Kim, W.R.; Lake, J.R.; Smith, J.M.; Skeans, M.A.; Schladt, D.P.; Edwards, E.B.; Harper, A.M.; Wainright, J.L.; Snyder, J.J.;
Israni, A.K.; et al. OPTN/SRTR 2013 Annual Data Report: Liver. Am. J. Transplant. 2015, 15, 1–28. [CrossRef] [PubMed]

7. de Villa, V.; Lo, C.M. Liver transplantation for hepatocellular carcinoma in Asia. Oncologist 2007, 12, 1321–1331. [CrossRef]
8. Hu, T.-H.; Huang, C.-C.; Lin, P.-R.; Chang, H.-W.; Ger, L.-P.; Lin, Y.-W.; Changchien, C.-S.; Lee, C.-M.; Tai, M.-H. Expression

and prognostic role of tumor suppressor gene PTEN/MMAC1/TEP1 in hepatocellular carcinoma. Cancer 2003, 97, 1929–1940.
[CrossRef]

9. Ferrín, G.; Guerrero, M.; Amado, V.; Rodríguez-Perálvarez, M.; De la Mata, M. Activation of mTOR Signaling Pathway in
Hepatocellular Carcinoma. Int. J. Mol. Sci. 2020, 21, 1266. [CrossRef]

10. Unni, N.; Arteaga, C.L. Is Dual mTORC1 and mTORC2 Therapeutic Blockade Clinically Feasible in Cancer? JAMA Oncol. 2019, 5,
1564–1565. [CrossRef]

11. Ferrara, N.; Gerber, H.-P.; LeCouter, J. The biology of VEGF and its receptors. Nat. Med. 2003, 9, 669–676. [CrossRef] [PubMed]
12. Thomson, A.W.; Turnquist, H.R.; Raimondi, G. Immunoregulatory Functions of mTOR Inhibition. Nat. Rev. Immunol. 2009, 9,

324–337. [CrossRef] [PubMed]
13. Ghazal, K.; Stenard, F.; Dahlqvist, G.; Barjon, C.; Aoudjehane, L.; Scatton, O.; Conti, F. Treatment with mTOR inhibitors after liver

transplantation enables a sustained increase in regulatory T-cells while preserving their suppressive capacity. Clin. Res. Hepatol.
Gastroenterol. 2018, 42, 237–244. [CrossRef]

14. Zhou, J.; Wang, Z.; Wu, Z.-Q.; Qiu, S.-J.; Yu, Y.; Huang, X.-W.; Tang, Z.-Y.; Fan, J. Sirolimus-Based Immunosuppression Therapy
in Liver Transplantation for Patients with Hepatocellular Carcinoma Exceeding the Milan Criteria. Transplant. Proc. 2008, 40,
3548–3553. [CrossRef] [PubMed]

15. Rogers, C.C.; Johnson, S.R.; Mandelbrot, D.A.; Pavlakis, M.; Horwedel, T.; Karp, S.J.; Egbuna, O.; Rodrigue, J.R.; Chudzinski, R.E.;
Goldfarb-Rumyantzev, A.S.; et al. Timing of sirolimus conversion influences recovery of renal function in liver transplant
recipients. Clin. Transplant. 2009, 23, 887–896. [CrossRef]

16. Vivarelli, M.; Dazzi, A.; Cucchetti, A.; Gasbarrini, A.; Zanello, M.; Di Gioia, P.; Bianchi, G.; Tamè, M.R.; Gaudio, M.D.;
Ravaioli, M.; et al. Sirolimus in Liver Transplant Recipients: A Large Single-Center Experience. Transplant. Proc. 2010, 42,
2579–2584. [CrossRef]

17. Gomez-Martin, C.; Bustamante, J.; Castroagudin, J.F.; Salcedo, M.; Garralda, E.; Testillano, M.; Herrero, I.; Matilla, A.; Sangro, B.
Efficacy and safety of sorafenib in combination with mammalian target of rapamycin inhibitors for recurrent hepatocellular
carcinoma after liver transplantation. Liver Transplant. 2012, 18, 45–52. [CrossRef]

18. De Simone, P.; Nevens, F.; De Carlis, L.; Metselaar, H.J.; Beckebaum, S.; Saliba, F.; Jonas, S.; Sudan, D.; Fung, J.; Fischer, L.; et al.
Everolimus with Reduced Tacrolimus Improves Renal Function in De Novo Liver Transplant Recipients: A Randomized
Controlled Trial. Am. J. Transplant. 2012, 12, 3008–3020. [CrossRef]

19. Fischer, L.; Klempnauer, J.; Beckebaum, S.; Metselaar, H.J.; Neuhaus, P.; Schemmer, P.; Settmacher, U.; Heyne, N.; Clavien, P.-A.;
Muehlbacher, F.; et al. A Randomized, Controlled Study to Assess the Conversion From Calcineurin-Inhibitors to Everolimus
after Liver Transplantation—PROTECT. Am. J. Transplant. 2012, 12, 1855–1865. [CrossRef]

20. Ferreiro, A.O.; Vazquez-Millán, M.A.; López, F.S.; Gutiérrez, M.G.; Diaz, S.P.; Patiño, M.J.L. Everolimus-Based Immunosuppres-
sion in Patients with Hepatocellular Carcinoma at High Risk of Recurrence after Liver Transplantation: A Case Series. Transplant.
Proc. 2014, 46, 3496–3501. [CrossRef]

21. Geissler, E.K.; Schnitzbauer, A.A.; Zülke, C.; Lamby, P.E.; Proneth, A.; Duvoux, C.; Burra, P.; Jauch, K.-W.; Rentsch, M.;
Ganten, T.M.; et al. Sirolimus Use in Liver Transplant Recipients with Hepatocellular Carcinoma: A Randomized, Multicenter,
Open-Label Phase 3 Trial. Transplantation 2016, 100, 116. [CrossRef] [PubMed]

22. Jung, D.-H.; Tak, E.; Hwang, S.; Song, G.-W.; Ahn, C.-S.; Kim, K.-H.; Moon, D.-B.; Ha, T.-Y.; Park, G.-C.; Ryoo, B.-Y.; et al.
Antitumor effect of sorafenib and mammalian target of rapamycin inhibitor in liver transplantation recipients with hepatocellular
carcinoma recurrence. Liver Transplant. 2018, 24, 932. [CrossRef] [PubMed]

23. Invernizzi, F.; Iavarone, M.; Zavaglia, C.; Mazza, S.; Maggi, U.; Cesarini, L.; Antonelli, B.; Airoldi, A.; Manini, M.A.;
Sangiovanni, A.; et al. Experience with Early Sorafenib Treatment with mTOR Inhibitors in Hepatocellular Carcinoma Recurring
after Liver Transplantation. Transplantation 2020, 104, 568. [CrossRef]

24. Saliba, F.; Dharancy, S.; Salamé, E.; Conti, F.; Eyraud, D.; Radenne, S.; Antonini, T.; Guillaud, O.; Guguenheim, J.;
Neau-Cransac, M.; et al. Time to Conversion to an Everolimus-Based Regimen: Renal Outcomes in Liver Transplant Re-
cipients from the EVEROLIVER Registry. Liver Transplant. 2020, 26, 1465. [CrossRef] [PubMed]

https://doi.org/10.3390/cells12040517
https://www.ncbi.nlm.nih.gov/pubmed/36831184
https://doi.org/10.3748/wjg.v25.i21.2591
https://www.ncbi.nlm.nih.gov/pubmed/31210712
https://doi.org/10.1016/j.jhep.2012.04.015
https://doi.org/10.1111/ajt.13197
https://www.ncbi.nlm.nih.gov/pubmed/25626341
https://doi.org/10.1634/theoncologist.12-11-1321
https://doi.org/10.1002/cncr.11266
https://doi.org/10.3390/ijms21041266
https://doi.org/10.1001/jamaoncol.2019.2525
https://doi.org/10.1038/nm0603-669
https://www.ncbi.nlm.nih.gov/pubmed/12778165
https://doi.org/10.1038/nri2546
https://www.ncbi.nlm.nih.gov/pubmed/19390566
https://doi.org/10.1016/j.clinre.2017.10.001
https://doi.org/10.1016/j.transproceed.2008.03.165
https://www.ncbi.nlm.nih.gov/pubmed/19100435
https://doi.org/10.1111/j.1399-0012.2009.01040.x
https://doi.org/10.1016/j.transproceed.2010.04.045
https://doi.org/10.1002/lt.22434
https://doi.org/10.1111/j.1600-6143.2012.04212.x
https://doi.org/10.1111/j.1600-6143.2012.04049.x
https://doi.org/10.1016/j.transproceed.2014.08.045
https://doi.org/10.1097/TP.0000000000000965
https://www.ncbi.nlm.nih.gov/pubmed/26555945
https://doi.org/10.1002/lt.25191
https://www.ncbi.nlm.nih.gov/pubmed/29710388
https://doi.org/10.1097/TP.0000000000002955
https://doi.org/10.1002/lt.25879
https://www.ncbi.nlm.nih.gov/pubmed/32869469


Curr. Oncol. 2023, 30 5589

25. Schnitzbauer, A.A.; Filmann, N.; Adam, R.; Bachellier, P.; Bechstein, W.O.; Becker, T.; Bhoori, S.; Bilbao, I.; Brockmann, J.;
Burra, P.; et al. mTOR Inhibition Is Most Beneficial after Liver Transplantation for Hepatocellular Carcinoma in Patients with
Active Tumors. Ann. Surg. 2020, 272, 855. [CrossRef]

26. Tejedor-Tejada, J.; Alonso-Martín, C.; Almohalla-Álvarez, C.; Valenzuela, E.F.; Muñoz, R.N.; Delgado, L.S.; Martín, C.M.; Sánchez-
Martín, F.; García-Pajares, F.; Sánchez-Antolín, G. Immunosuppressive Treatment with mTOR Inhibitors for Malignancies after
Liver Transplantation: Long-Term Survival Retrospective Analysis. Transplant. Proc. 2020, 52, 1507–1510. [CrossRef]

27. Kadry, Z.; Stine, J.G.; Dohi, T.; Jain, A.; Robyak, K.L.; Kwon, O.; Hamilton, C.J.; Janicki, P.; Riley, T.R.I.; Butt, F.; et al. Renal
Protective Effect of Everolimus in Liver Transplantation: A Prospective Randomized Open-Label Trial. Transplant. Direct 2021,
7, e709. [CrossRef]

28. Nitta, H.; Younès, A.; El-domiaty, N.; Karam, V.; Sobesky, R.; Vibert, E.; Coilly, A.; Maria Antonini, T.; De Martin, E.;
Cherqui, D.; et al. High trough levels of everolimus combined to sorafenib improve patients survival after hepatocellular carci-
noma recurrence in liver transplant recipients. Transpl. Int. 2021, 34, 1293–1305. [CrossRef]

29. Rodríguez-Perálvarez, M.; Colmenero, J.; González, A.; Gastaca, M.; Curell, A.; Caballero-Marcos, A.; Sánchez-Martínez, A.;
Maira, T.D.; Herrero, J.I.; Almohalla, C.; et al. Cumulative exposure to tacrolimus and incidence of cancer after liver transplanta-
tion. Am. J. Transplant. 2022, 22, 1671–1682. [CrossRef]

30. Sapisochin, G.; Lee, W.C.; Joo, D.J.; Joh, J.-W.; Hata, K.; Soin, A.S.; Veldandi, U.K.; Kaneko, S.; Meier, M.; Leclair, D.; et al. Long-
Term Effects of Everolimus-Facilitated Tacrolimus Reduction in Living-Donor Liver Transplant Recipients with Hepatocellular
Carcinoma. Ann. Transplant. 2022, 27, e937988-1. [CrossRef]

31. Mulder, M.B.; van Hoek, B.; van den Berg, A.P.; Polak, W.G.; Alwayn, I.P.J.; de Jong, K.P.; de Winter, B.C.M.; Verhey-Hart, E.;
Erler, N.S.; den Hoed, C.M.; et al. Three-year results of renal function in liver transplant recipients on low-dose sirolimus and
tacrolimus: A multicenter, randomized, controlled trial. Liver Transplant. 2023, 29, 184. [CrossRef] [PubMed]

32. Mendoza, M.C.; Er, E.E.; Blenis, J. The Ras-ERK and PI3K-mTOR pathways: Cross-talk and compensation. Trends Biochem. Sci.
2011, 36, 320–328. [CrossRef] [PubMed]

33. Willems, L.; Tamburini, J.; Chapuis, N.; Lacombe, C.; Mayeux, P.; Bouscary, D. PI3K and mTOR signaling pathways in cancer:
New data on targeted therapies. Curr. Oncol. Rep. 2012, 14, 129–138. [CrossRef]

34. Davis, W.J.; Lehmann, P.Z.; Li, W. Nuclear PI3K signaling in cell growth and tumorigenesis. Front. Cell Dev. Biol. 2015, 3, 24.
[CrossRef] [PubMed]

35. Liu, G.Y.; Sabatini, D.M. mTOR at the nexus of nutrition, growth, ageing and disease. Nat. Rev. Mol. Cell Biol. 2020, 21, 183–203.
[CrossRef] [PubMed]

36. Pópulo, H.; Lopes, J.M.; Soares, P. The mTOR Signalling Pathway in Human Cancer. Int. J. Mol. Sci. 2012, 13, 1886–1918.
[CrossRef]

37. Fu, W.; Hall, M.N. Regulation of mTORC2 Signaling. Genes 2020, 11, 1045. [CrossRef]
38. Moschetta, M.; Reale, A.; Marasco, C.; Vacca, A.; Carratù, M.R. Therapeutic targeting of the mTOR-signalling pathway in cancer:

Benefits and limitations. Br. J. Pharmacol. 2014, 171, 3801–3813. [CrossRef]
39. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.-L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat.

Cell Biol. 2011, 13, 132–141. [CrossRef]
40. Roczniak-Ferguson, A.; Petit, C.S.; Froehlich, F.; Qian, S.; Ky, J.; Angarola, B.; Walther, T.C.; Ferguson, S.M. The transcription

factor TFEB links mTORC1 signaling to transcriptional control of lysosome homeostasis. Sci. Signal. 2012, 5, ra42. [CrossRef]
41. Guri, Y.; Colombi, M.; Dazert, E.; Hindupur, S.K.; Roszik, J.; Moes, S.; Jenoe, P.; Heim, M.H.; Riezman, I.; Riezman, H.; et al.

mTORC2 Promotes Tumorigenesis via Lipid Synthesis. Cancer Cell 2017, 32, 807–823.e12. [CrossRef] [PubMed]
42. Li, T.; Weng, J.; Zhang, Y.; Liang, K.; Fu, G.; Li, Y.; Bai, X.; Gao, Y. mTOR direct crosstalk with STAT5 promotes de novo lipid

synthesis and induces hepatocellular carcinoma. Cell Death Dis. 2019, 10, 619. [CrossRef]
43. Menon, S.; Yecies, J.L.; Zhang, H.H.; Howell, J.J.; Nicholatos, J.; Harputlugil, E.; Bronson, R.T.; Kwiatkowski, D.J.; Manning, B.D.

Chronic activation of mTOR complex 1 is sufficient to cause hepatocellular carcinoma in mice. Sci. Signal. 2012, 5, ra24. [CrossRef]
[PubMed]

44. Bhat, M.; Sonenberg, N.; Gores, G. The mTOR Pathway in Hepatic Malignancies. Hepatology 2013, 58, 810–818. [CrossRef]
45. Villanueva, A.; Chiang, D.Y.; Newell, P.; Peix, J.; Thung, S.; Alsinet, C.; Tovar, V.; Roayaie, S.; Minguez, B.; Sole, M.; et al. Pivotal

role of mTOR signaling in hepatocellular carcinoma. Gastroenterology 2008, 135, 1972–1983, 1983.e1–e11. [CrossRef]
46. Matter, M.S.; Decaens, T.; Andersen, J.B.; Thorgeirsson, S.S. Targeting the mTOR pathway in hepatocellular carcinoma: Current

state and future trends. J. Hepatol. 2014, 60, 855–865. [CrossRef] [PubMed]
47. Zhou, L.; Huang, Y.; Li, J.; Wang, Z. The mTOR pathway is associated with the poor prognosis of human hepatocellular carcinoma.

Med. Oncol. Northwood Lond. Engl. 2010, 27, 255–261. [CrossRef]
48. Donohue, T.M., Jr. Alcohol-induced steatosis in liver cells. World J. Gastroenterol. WJG 2007, 13, 4974–4978. [CrossRef]
49. Menk, M.; Graw, J.A.; Poyraz, D.; Möbius, N.; Spies, C.D.; von Haefen, C. Chronic Alcohol Consumption Inhibits Autophagy and

Promotes Apoptosis in the Liver. Int. J. Med. Sci. 2018, 15, 682–688. [CrossRef]
50. Guerrero, M.; Ferrín, G.; Rodríguez-Perálvarez, M.; González-Rubio, S.; Sánchez-Frías, M.; Amado, V.; Pozo, J.C.; Poyato, A.;

Ciria, R.; Ayllón, M.D.; et al. mTOR Expression in Liver Transplant Candidates with Hepatocellular Carcinoma: Impact on
Histological Features and Tumour Recurrence. Int. J. Mol. Sci. 2019, 20, 336. [CrossRef]

https://doi.org/10.1097/SLA.0000000000004280
https://doi.org/10.1016/j.transproceed.2020.02.058
https://doi.org/10.1097/TXD.0000000000001159
https://doi.org/10.1111/tri.13897
https://doi.org/10.1111/ajt.17021
https://doi.org/10.12659/AOT.937988
https://doi.org/10.1097/LVT.0000000000000003
https://www.ncbi.nlm.nih.gov/pubmed/36668691
https://doi.org/10.1016/j.tibs.2011.03.006
https://www.ncbi.nlm.nih.gov/pubmed/21531565
https://doi.org/10.1007/s11912-012-0227-y
https://doi.org/10.3389/fcell.2015.00024
https://www.ncbi.nlm.nih.gov/pubmed/25918701
https://doi.org/10.1038/s41580-019-0199-y
https://www.ncbi.nlm.nih.gov/pubmed/31937935
https://doi.org/10.3390/ijms13021886
https://doi.org/10.3390/genes11091045
https://doi.org/10.1111/bph.12749
https://doi.org/10.1038/ncb2152
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1016/j.ccell.2017.11.011
https://www.ncbi.nlm.nih.gov/pubmed/29232555
https://doi.org/10.1038/s41419-019-1828-2
https://doi.org/10.1126/scisignal.2002739
https://www.ncbi.nlm.nih.gov/pubmed/22457330
https://doi.org/10.1002/hep.26323
https://doi.org/10.1053/j.gastro.2008.08.008
https://doi.org/10.1016/j.jhep.2013.11.031
https://www.ncbi.nlm.nih.gov/pubmed/24308993
https://doi.org/10.1007/s12032-009-9201-4
https://doi.org/10.3748/wjg.v13.i37.4974
https://doi.org/10.7150/ijms.25393
https://doi.org/10.3390/ijms20020336


Curr. Oncol. 2023, 30 5590

51. Calne, R.Y.; Lim, S.; Samaan, A.; Collier, D.S.T.J.; Pollard, S.G.; White, D.J.G.; Thiru, S. Rapamycin for Immunosuppression in
Organ Allografting. Lancet 1989, 334, 227. [CrossRef] [PubMed]

52. Miller, J.L. Sirolimus approved with renal transplant indication. Am. J. Health Syst. Pharm. 1999, 56, 2177–2178. [CrossRef]
53. MacKeigan, J.P.; Krueger, D.A. Differentiating the mTOR inhibitors everolimus and sirolimus in the treatment of tuberous sclerosis

complex. Neuro-Oncol. 2015, 17, 1550–1559. [CrossRef] [PubMed]
54. Mahalati, K.; Kahan, B.D. Clinical Pharmacokinetics of Sirolimus. Clin. Pharmacokinet. 2001, 40, 573–585. [CrossRef]
55. De&rsquo, N.; Angelis, F.L. Managements of recurrent hepatocellular carcinoma after liver transplantation: A systematic review.

World J. Gastroenterol. 2015, 21, 11185–11198. [CrossRef]
56. Hoffman, D.; Mehta, N. Recurrence of hepatocellular carcinoma following liver transplantation. Expert Rev. Gastroenterol. Hepatol.

2021, 15, 91–102. [CrossRef]
57. Duvoux, C.; Toso, C. mTOR inhibitor therapy: Does it prevent HCC recurrence after liver transplantation? Transplant. Rev. 2015,

29, 168–174. [CrossRef]
58. Khorsandi, S.E.; Heaton, N. Optimization of immunosuppressive medication upon liver transplantation against HCC recurrence.

Transl. Gastroenterol. Hepatol. 2016, 1, 25. [CrossRef]
59. Thomas Decaens, F.; oise Roudot-Thoraval, S.B.-H.; bastien Dharancy, O.C.; Res, D.C. Role of immunosuppression and tumor

differentiation in predicting recurrence after liver transplantation for hepatocellular carcinoma: A multicenter study of 412
patients. World J. Gastroenterol. 2006, 12, 7319–7325. [CrossRef]

60. Yokoyama, I.; Carr, B.; Saitsu, H.; Iwatsuki, S.; Starzl, T.E. Accelerated growth rates of recurrent hepatocellular carcinoma after
liver transplantation. Cancer 1991, 68, 2095–2100. [CrossRef]

61. Maluccio, M.; Sharma, V.; Lagman, M.; Vyas, S.; Yang, H.; Li, B.; Suthanthiran, M. Tacrolimus enhances transforming growth
factor-β1 expression and promotes tumor progression. Transplantation 2003, 76, 597. [CrossRef] [PubMed]

62. Cholongitas, E.; Mamou, C.; Rodríguez-Castro, K.I.; Burra, P. Mammalian target of rapamycin inhibitors are associated with lower
rates of hepatocellular carcinoma recurrence after liver transplantation: A systematic review. Transpl. Int. 2014, 27, 1039–1049.
[CrossRef]

63. Cholongitas, E.; Burra, P.; Vourli, G.; Papatheodoridis, G.V. Safety and efficacy of everolimus initiation from the first month after
liver transplantation: A systematic review and meta-analysis. Clin. Transplant. 2023, 37, e14957. [CrossRef] [PubMed]

64. Fan, G.-H.; Zhang, C.-Z.; Gao, F.-Q.; Wei, X.-Y.; Ling, S.-B.; Wang, K.; Wang, J.-G.; Zheng, S.-S.; Nikfarjam, M.; Xu, X. A mixed
blessing for liver transplantation patients—Rapamycin. Hepatobiliary Pancreat. Dis. Int. 2023, 22, 14–21. [CrossRef]

65. Grigg, S.E.; Sarri, G.L.; Gow, P.J.; Yeomans, N.D. Systematic review with meta-analysis: Sirolimus- or everolimus-based
immunosuppression following liver transplantation for hepatocellular carcinoma. Aliment. Pharmacol. Ther. 2019, 49, 1260–1273.
[CrossRef] [PubMed]

66. Tarantino, G.; Magistri, P.; Ballarin, R.; Di Francia, R.; Berretta, M.; Di Benedetto, F. Oncological Impact of M-Tor Inhibitor
Immunosuppressive Therapy after Liver Transplantation for Hepatocellular Carcinoma: Review of the Literature. Front. Pharmacol.
2016, 7, 387. [CrossRef]

67. Cholongitas, E.; Antoniadis, N.; Goulis, I.; Theocharidou, E.; Imvrios, G.; Giouleme, O.; Filis, D.; Mouloudi, E.; Akriviadis, E.;
Fouzas, I. Trough Levels of Everolimus Are Associated with Recurrence Rates of Hepatocellular Carcinoma after Liver Transplan-
tation. Transplant. Proc. 2019, 51, 450–453. [CrossRef]

68. Bodzin, A.S.; Lunsford, K.E.; Markovic, D.; Harlander-Locke, M.P.; Busuttil, R.W.; Agopian, V.G. Predicting Mortality in Patients
Developing Recurrent Hepatocellular Carcinoma after Liver Transplantation: Impact of Treatment Modality and Recurrence
Characteristics. Ann. Surg. 2017, 266, 118. [CrossRef]

69. Foerster, F.; Hoppe-Lotichius, M.; Vollmar, J.; Marquardt, J.U.; Weinmann, A.; Wörns, M.-A.; Otto, G.; Zimmermann, T.; Galle, P.R.
Long-term observation of hepatocellular carcinoma recurrence after liver transplantation at a European transplantation centre.
United Eur. Gastroenterol. J. 2019, 7, 838–849. [CrossRef]

70. Chagas, A.L.; Felga, G.E.G.; Diniz, M.A.; Silva, R.F.; Mattos, A.A.; Silva, R.C.M.A.; Boin, I.F.S.F.; Garcia, J.H.P.; Lima, A.S.;
Coelho, J.C.U.; et al. Hepatocellular carcinoma recurrence after liver transplantation in a Brazilian multicenter study: Clinical
profile and prognostic factors of survival. Eur. J. Gastroenterol. Hepatol. 2019, 31, 1148. [CrossRef]

71. Sapisochin, G.; Goldaracena, N.; Astete, S.; Laurence, J.M.; Davidson, D.; Rafael, E.; Castells, L.; Sandroussi, C.; Bilbao, I.;
Dopazo, C.; et al. Benefit of Treating Hepatocellular Carcinoma Recurrence after Liver Transplantation and Analysis of Prognostic
Factors for Survival in a Large Euro-American Series. Ann. Surg. Oncol. 2015, 22, 2286–2294. [CrossRef]

72. Rajendran, L.; Ivanics, T.; Claasen, M.P.; Muaddi, H.; Sapisochin, G. The management of post-transplantation recurrence of
hepatocellular carcinoma. Clin. Mol. Hepatol. 2021, 28, 1–16. [CrossRef]

73. Adnane, L.; Trail, P.A.; Taylor, I.; Wilhelm, S.M. Sorafenib (BAY 43-9006, Nexavar®), a Dual-Action Inhibitor That Targets
RAF/MEK/ERK Pathway in Tumor Cells and Tyrosine Kinases VEGFR/PDGFR in Tumor Vasculature. In Methods in Enzymology;
Regulators and Effectors of Small GTPases: Ras Family; Academic Press: Cambridge, MA, USA, 2006; Volume 407, pp. 597–612.
Available online: https://www.sciencedirect.com/science/article/pii/S0076687905070473 (accessed on 5 April 2023).

74. Sposito, C.; Mariani, L.; Germini, A.; Reyes, M.F.; Bongini, M.; Grossi, G.; Bhoori, S.; Mazzaferro, V. Comparative efficacy of
sorafenib versus best supportive care in recurrent hepatocellular carcinoma after liver transplantation: A case-control study.
J. Hepatol. 2013, 59, 59–66. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(89)90417-0
https://www.ncbi.nlm.nih.gov/pubmed/2568561
https://doi.org/10.1093/ajhp/56.21.2177
https://doi.org/10.1093/neuonc/nov152
https://www.ncbi.nlm.nih.gov/pubmed/26289591
https://doi.org/10.2165/00003088-200140080-00002
https://doi.org/10.3748/wjg.v21.i39.11185
https://doi.org/10.1080/17474124.2021.1823213
https://doi.org/10.1016/j.trre.2015.02.003
https://doi.org/10.21037/tgh.2016.03.18
https://doi.org/10.3748/wjg.v12.i45.7319
https://doi.org/10.1002/1097-0142(19911115)68:10&lt;2095::AID-CNCR2820681002&gt;3.0.CO;2-Y
https://doi.org/10.1097/01.TP.0000081399.75231.3B
https://www.ncbi.nlm.nih.gov/pubmed/12923450
https://doi.org/10.1111/tri.12372
https://doi.org/10.1111/ctr.14957
https://www.ncbi.nlm.nih.gov/pubmed/36880482
https://doi.org/10.1016/j.hbpd.2022.10.004
https://doi.org/10.1111/apt.15253
https://www.ncbi.nlm.nih.gov/pubmed/30989721
https://doi.org/10.3389/fphar.2016.00387
https://doi.org/10.1016/j.transproceed.2019.01.069
https://doi.org/10.1097/SLA.0000000000001894
https://doi.org/10.1177/2050640619840221
https://doi.org/10.1097/MEG.0000000000001448
https://doi.org/10.1245/s10434-014-4273-6
https://doi.org/10.3350/cmh.2021.0217
https://www.sciencedirect.com/science/article/pii/S0076687905070473
https://doi.org/10.1016/j.jhep.2013.02.026
https://www.ncbi.nlm.nih.gov/pubmed/23500153


Curr. Oncol. 2023, 30 5591

75. Mancuso, A.; Mazzola, A.; Cabibbo, G.; Perricone, G.; Enea, M.; Galvano, A.; Zavaglia, C.; Belli, L.; Cammà, C. Survival of
patients treated with sorafenib for hepatocellular carcinoma recurrence after liver transplantation: A systematic review and
meta-analysis. Dig. Liver Dis. 2015, 47, 324–330. [CrossRef]

76. Colmenero, J.; Tabrizian, P.; Bhangui, P.; Pinato, D.J.; Rodríguez-Perálvarez, M.L.; Sapisochin, G.; Bhoori, S.; Pascual, S.;
Senzolo, M.; Al-Adra, D.; et al. De Novo Malignancy after Liver Transplantation: Risk Assessment, Prevention, and
Management—Guidelines from the ILTS-SETH Consensus Conference. Transplantation 2022, 106, e30. [CrossRef]

77. Altieri, M.; Sérée, O.; Lobbedez, T.; Segol, P.; Abergel, A.; Blaizot, X.; Boillot, O.; Boudjema, K.; Coilly, A.; Conti, F.; et al. Risk
factors of de novo malignancies after liver transplantation: A French national study on 11,004 adult patients. Clin. Res. Hepatol.
Gastroenterol. 2021, 45, 101514. [CrossRef]

78. De Simone, P.; Fagiuoli, S.; Cescon, M.; De Carlis, L.; Tisone, G.; Volpes, R.; Cillo, U.; Panel, C. Use of Everolimus in Liver
Transplantation: Recommendations From a Working Group. Transplantation 2017, 101, 239. [CrossRef]

79. Bzeizi, K.I.; Abdullah, M.; Vidyasagar, K.; Alqahthani, S.A.; Broering, D. Hepatocellular Carcinoma Recurrence and Mortality Rate
Post Liver Transplantation: Meta-Analysis and Systematic Review of Real-World Evidence. Cancers 2022, 14, 5114. [CrossRef]

80. Rana, A.; Ackah, R.L.; Webb, G.J.; Halazun, K.J.; Vierling, J.M.; Liu, H.; Wu, M.-F.; Yoeli, D.; Kueht, M.; Mindikoglu, A.L.; et al.
No Gains in Long-term Survival after Liver Transplantation Over the Past Three Decades. Ann. Surg. 2019, 269, 20. [CrossRef]
[PubMed]

81. Ojo, A.O.; Held, P.J.; Port, F.K.; Wolfe, R.A.; Leichtman, A.B.; Young, E.W.; Arndorfer, J.; Christensen, L.; Merion, R.M. Chronic
Renal Failure after Transplantation of a Nonrenal Organ. N. Engl. J. Med. 2003, 349, 931–940. [CrossRef] [PubMed]

82. Rodríguez-Perálvarez, M.; Tsochatzis, E.; Naveas, M.C.; Pieri, G.; García-Caparrós, C.; O’Beirne, J.; Poyato-González, A.; Ferrín-
Sánchez, G.; Montero-Álvarez, J.L.; Patch, D.; et al. Reduced exposure to calcineurin inhibitors early after liver transplantation
prevents recurrence of hepatocellular carcinoma. J. Hepatol. 2013, 59, 1193–1199. [CrossRef] [PubMed]

83. Yan, X.; Huang, S.; Yang, Y.; Lu, Z.; Li, F.; Jiang, L.; Jiang, Y.; Liu, J. Sirolimus or Everolimus Improves Survival after Liver
Transplantation for Hepatocellular Carcinoma: A Systematic Review and Meta-Analysis. Liver Transplant. 2022, 28, 1063.
[CrossRef] [PubMed]

84. Starzl, T.E.; Iwatsuki, S.; Shaw, B.W.; Gordon, R.D.; Esquivel, C. Liver Transplantation in the Ciclosporin Era. Prog. Allergy 1986,
38, 366–394. [PubMed]

85. Komolmit, P.; Davies, M.H. Tacrolimus in liver transplantation. Expert Opin. Investig. Drugs 1999, 8, 1239–1254. [CrossRef]
86. Mihatsch, M.J.; Kyo, M.; Morozumi, K.; Yamaguchi, Y.; Nickeleit, V.; Ryffel, B. The side-effects of ciclosporine-A and tacrolimus.

Clin. Nephrol. 1998, 49, 356–363.
87. Schuler, W.; Sedrani, R.; Cottens, S.; Häberlin, B.; Schulz, M.; Schuurman, H.-J.; Zenke, G.; Zerwes, H.-G.; Schreier, M.H. SDZ RAD,

A NEW RAPAMYCIN DERIVATIVE: Pharmacological Properties In Vitro and In Vivo. Transplantation 1997, 64, 36. [CrossRef]
88. Cillo, U.; De Carlis, L.; Del Gaudio, M.; De Simone, P.; Fagiuoli, S.; Lupo, F.; Tisone, G.; Volpes, R. Immunosuppressive regimens

for adult liver transplant recipients in real-life practice: Consensus recommendations from an Italian Working Group. Hepatol. Int.
2020, 14, 930–943. [CrossRef]

89. Naesens, M.; Kuypers, D.R.J.; Sarwal, M. Calcineurin Inhibitor Nephrotoxicity. Clin. J. Am. Soc. Nephrol. 2009, 4, 481. [CrossRef]
90. Trinh, E.; Alam, A.; Tchervenkov, J.; Cantarovich, M. Impact of acute kidney injury following liver transplantation on long-term

outcomes. Clin. Transplant. 2017, 31, e12863. [CrossRef]
91. Tsai, K.-F.; Li, L.-C.; Hsu, C.-N.; Lin, C.-C.; Lin, Y.-H.; Cheng, Y.-F.; Wang, C.-C.; Chen, C.-L. Effects of Conversion from

Calcineurin Inhibitors to Sirolimus or Everolimus on Renal Function and Possible Mechanisms in Liver Transplant Recipients.
J. Clin. Pharmacol. 2019, 59, 326–334. [CrossRef]

92. Asrani, S.K.; Leise, M.D.; West, C.P.; Murad, M.H.; Pedersen, R.A.; Erwin, P.J.; Tian, J.; Wiesner, R.H.; Kim, W.R. Use of Sirolimus
in Liver Transplant Recipients with Renal Insufficiency: Systematic Review and Meta-Analysis. Hepatology 2010, 52, 1360–1370.
[CrossRef]

93. Tedesco-Silva, H.; Saliba, F.; Barten, M.J.; De Simone, P.; Potena, L.; Gottlieb, J.; Gawai, A.; Bernhardt, P.; Pascual, J. An overview
of the efficacy and safety of everolimus in adult solid organ transplant recipients. Transplant. Rev. 2022, 36, 100655. [CrossRef]

94. Choudhary, N.S.; Saigal, S.; Bansal, R.K.; Saraf, N.; Gautam, D.; Soin, A.S. Acute and Chronic Rejection after Liver Transplantation:
What A Clinician Needs to Know. J. Clin. Exp. Hepatol. 2017, 7, 358–366. [CrossRef] [PubMed]

95. Jeng, L.-B.; Lee, S.G.; Soin, A.S.; Lee, W.-C.; Suh, K.-S.; Joo, D.J.; Uemoto, S.; Joh, J.; Yoshizumi, T.; Yang, H.-R.; et al. Efficacy
and safety of everolimus with reduced tacrolimus in living-donor liver transplant recipients: 12-month results of a randomized
multicenter study. Am. J. Transplant. 2018, 18, 1435–1446. [CrossRef] [PubMed]

96. Battaglia, M.; Stabilini, A.; Roncarolo, M.-G. Rapamycin selectively expands CD4+CD25+FoxP3+ regulatory T cells. Blood 2005,
105, 4743–4748. [CrossRef]

97. De Simone, P.; Metselaar, H.J.; Fischer, L.; Dumortier, J.; Boudjema, K.; Hardwigsen, J.; Rostaing, L.; De Carlis, L.; Saliba, F.;
Nevens, F. Conversion from a calcineurin inhibitor to everolimus therapy in maintenance liver transplant recipients: A prospective,
randomized, multicenter trial. Liver Transplant. 2009, 15, 1262–1269. [CrossRef]

98. Mártinez, J.M.A.; Pulido, L.B.; Bellido, C.B.; Usero, D.D.; Aguilar, L.T.; Moreno, J.L.G.; Artacho, G.S.; Díez-Canedo, J.S.;
Gómez, L.M.M.; Bravo, M.Á.G. Rescue Immunosuppression with Mammalian Target of Rapamycin Inhibitor Drugs in Liver
Transplantation. Transplant. Proc. 2010, 42, 641–643. [CrossRef]

https://doi.org/10.1016/j.dld.2015.01.001
https://doi.org/10.1097/TP.0000000000003998
https://doi.org/10.1016/j.clinre.2020.07.019
https://doi.org/10.1097/TP.0000000000001438
https://doi.org/10.3390/cancers14205114
https://doi.org/10.1097/SLA.0000000000002650
https://www.ncbi.nlm.nih.gov/pubmed/29303806
https://doi.org/10.1056/NEJMoa021744
https://www.ncbi.nlm.nih.gov/pubmed/12954741
https://doi.org/10.1016/j.jhep.2013.07.012
https://www.ncbi.nlm.nih.gov/pubmed/23867318
https://doi.org/10.1002/lt.26387
https://www.ncbi.nlm.nih.gov/pubmed/34919773
https://www.ncbi.nlm.nih.gov/pubmed/3088582
https://doi.org/10.1517/13543784.8.8.1239
https://doi.org/10.1097/00007890-199707150-00008
https://doi.org/10.1007/s12072-020-10091-5
https://doi.org/10.2215/CJN.04800908
https://doi.org/10.1111/ctr.12863
https://doi.org/10.1002/jcph.1334
https://doi.org/10.1002/hep.23835
https://doi.org/10.1016/j.trre.2021.100655
https://doi.org/10.1016/j.jceh.2017.10.003
https://www.ncbi.nlm.nih.gov/pubmed/29234201
https://doi.org/10.1111/ajt.14623
https://www.ncbi.nlm.nih.gov/pubmed/29237235
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.1002/lt.21827
https://doi.org/10.1016/j.transproceed.2010.02.011


Curr. Oncol. 2023, 30 5592

99. Powell, J.D.; Pollizzi, K.N.; Heikamp, E.B.; Horton, M.R. Regulation of Immune Responses by mTOR. Annu. Rev. Immunol. 2012,
30, 39–68. [CrossRef]

100. Dunkelberg, J.C.; Trotter, J.F.; Wachs, M.; Bak, T.; Kugelmas, M.; Steinberg, T.; Everson, G.T.; Kam, I. Sirolimus as primary
immunosuppression in liver transplantation is not associated with hepatic artery or wound complications. Liver Transplant. 2003,
9, 463–468. [CrossRef] [PubMed]

101. Yamanaka, K.; Petrulionis, M.; Lin, S.; Gao, C.; Galli, U.; Richter, S.; Winkler, S.; Houben, P.; Schultze, D.; Hatano, E.; et al.
Therapeutic potential and adverse events of everolimus for treatment of hepatocellular carcinoma—Systematic review and
meta-analysis. Cancer Med. 2013, 2, 862–871. [CrossRef]

102. Nguyen, L.S.; Vautier, M.; Allenbach, Y.; Zahr, N.; Benveniste, O.; Funck-Brentano, C.; Salem, J.-E. Sirolimus and mTOR Inhibitors:
A Review of Side Effects and Specific Management in Solid Organ Transplantation. Drug Saf. 2019, 42, 813–825. [CrossRef]
[PubMed]

103. Montalbano, M.; Neff, G.W.; Yamashiki, N.; Meyer, D.; Bettiol, M.; Slapak-Green, G.; Ruiz, P.; Manten, E.; Safdar, K.;
O’Brien, C.; et al. A Retrospective Review of Liver Transplant Patients Treated with Sirolimus from a Single Center: An Analysis
of Sirolimus-Related Complications. Transplantation 2004, 78, 264. [CrossRef]

104. Plotogea, O.; Ilie, M.; Sandru, V.; Chiotoroiu, A.; Bratu, O.; Diaconu, C. Cardiovascular and Metabolic Consequences of Liver
Transplantation: A Review. Medicina 2019, 55, 489. [CrossRef]

105. Klintmalm, G.B.; Nashan, B. The Role of mTOR Inhibitors in Liver Transplantation: Reviewing the Evidence. J. Transplant. 2014,
2014, 845438. [CrossRef]

106. Singh, S.; Watt, K.D. Long-term Medical Management of the Liver Transplant Recipient: What the Primary Care Physician Needs
to Know. Mayo Clin. Proc. 2012, 87, 779–790. [CrossRef]

107. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado, V.;
Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce cardiovascular
risk: The Task Force for the management of dyslipidaemias of the European Society of Cardiology (ESC) and European
Atherosclerosis Society (EAS). Eur. Heart J. 2020, 41, 111–188. [CrossRef]

108. Yang, P.; Zhao, Y.; Zhao, L.; Yuan, J.; Chen, Y.; Varghese, Z.; Moorhead, J.F.; Chen, Y.; Ruan, X.Z. Paradoxical effect of rapamycin
on inflammatory stress-induced insulin resistance in vitro and in vivo. Sci. Rep. 2015, 5, 14959. [CrossRef]

109. Olsen, J.M.; Sato, M.; Dallner, O.S.; Sandström, A.L.; Pisani, D.F.; Chambard, J.-C.; Amri, E.-Z.; Hutchinson, D.S.; Bengtsson, T.
Glucose uptake in brown fat cells is dependent on mTOR complex 2–promoted GLUT1 translocation. J. Cell Biol. 2014, 207,
365–374. [CrossRef] [PubMed]

110. Tang, Y.; Wallace, M.; Sanchez-Gurmaches, J.; Hsiao, W.-Y.; Li, H.; Lee, P.L.; Vernia, S.; Metallo, C.M.; Guertin, D.A. Adipose
tissue mTORC2 regulates ChREBP-driven de novo lipogenesis and hepatic glucose metabolism. Nat. Commun. 2016, 7, 11365.
[CrossRef] [PubMed]

111. Peláez-Jaramillo, M.J.; Cárdenas-Mojica, A.A.; Gaete, P.V.; Mendivil, C.O. Post-Liver Transplantation Diabetes Mellitus: A Review
of Relevance and Approach to Treatment. Diabetes Ther. 2018, 9, 521–543. [CrossRef] [PubMed]

112. Nashan, B.; Citterio, F. Wound healing complications and the use of mammalian target of rapamycin inhibitors in kidney
transplantation: A critical review of the literature. Transplantation 2012, 94, 547–561. [CrossRef]

113. Saliba, F.; Duvoux, C.; Gugenheim, J.; Kamar, N.; Dharancy, S.; Salamé, E.; Neau-Cransac, M.; Durand, F.; Houssel-Debry, P.;
Vanlemmens, C.; et al. Efficacy and Safety of Everolimus and Mycophenolic Acid with Early Tacrolimus Withdrawal after Liver
Transplantation: A Multicenter Randomized Trial. Am. J. Transplant. 2017, 17, 1843–1852. [CrossRef] [PubMed]

114. Khalil, M.A.M.; Khalil, M.A.U.; Khan, T.F.T.; Tan, J. Drug-Induced Hematological Cytopenia in Kidney Transplantation and the
Challenges It Poses for Kidney Transplant Physicians. J. Transplant. 2018, 2018, 9429265. [CrossRef] [PubMed]

115. Schaffellner, S.; Jakoby, E.; Kniepeiss, D.; Stadlbauer, V.; Duller, D.; Iberer, F.; Tscheliessnigg, K.H. Center experience in liver
transplantation (LTX): Management of dermal side effects caused by sirolimus. Int. Immunopharmacol. 2005, 5, 137–140. [CrossRef]
[PubMed]

116. Pilotte, A.P.; Hohos, M.B.; Polson, K.M.O.; Huftalen, T.M.; Treister, N. Managing stomatitis in patients treated with Mammalian
target of rapamycin inhibitors. Clin. J. Oncol. Nurs. 2011, 15, E83–E89. [CrossRef] [PubMed]

117. Kaplan, B.; Qazi, Y.; Wellen, J.R. Strategies for the management of adverse events associated with mTOR inhibitors. Transplant.
Rev. 2014, 28, 126–133. [CrossRef]

118. Campistol, J.M.; de Fijter, J.W.; Flechner, S.M.; Langone, A.; Morelon, E.; Stockfleth, E. mTOR inhibitor-associated dermatologic
and mucosal problems. Clin. Transplant. 2010, 24, 149–156. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1146/annurev-immunol-020711-075024
https://doi.org/10.1053/jlts.2003.50079
https://www.ncbi.nlm.nih.gov/pubmed/12740787
https://doi.org/10.1002/cam4.150
https://doi.org/10.1007/s40264-019-00810-9
https://www.ncbi.nlm.nih.gov/pubmed/30868436
https://doi.org/10.1097/01.TP.0000128628.31556.B1
https://doi.org/10.3390/medicina55080489
https://doi.org/10.1155/2014/845438
https://doi.org/10.1016/j.mayocp.2012.02.021
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1038/srep14959
https://doi.org/10.1083/jcb.201403080
https://www.ncbi.nlm.nih.gov/pubmed/25385184
https://doi.org/10.1038/ncomms11365
https://www.ncbi.nlm.nih.gov/pubmed/27098609
https://doi.org/10.1007/s13300-018-0374-8
https://www.ncbi.nlm.nih.gov/pubmed/29411291
https://doi.org/10.1097/TP.0b013e3182551021
https://doi.org/10.1111/ajt.14212
https://www.ncbi.nlm.nih.gov/pubmed/28133906
https://doi.org/10.1155/2018/9429265
https://www.ncbi.nlm.nih.gov/pubmed/30155279
https://doi.org/10.1016/j.intimp.2004.09.017
https://www.ncbi.nlm.nih.gov/pubmed/15589473
https://doi.org/10.1188/11.CJON.E83-E89
https://www.ncbi.nlm.nih.gov/pubmed/21951751
https://doi.org/10.1016/j.trre.2014.03.002
https://doi.org/10.1111/j.1399-0012.2010.01232.x

	Introduction 
	Akt-mTOR Signaling Pathway 
	Inhibitors of Akt-mTOR Signaling Pathway 
	Sirolimus 
	Everolimus 

	mTORi and HCC Recurrence 
	Prevention of HCC Recurrence 
	Sirolimus 
	Everolimus 

	Treatment of HCC Recurrence 
	Prevention of De Novo Malignancy 

	Impact on Overall Survival 
	mTORi in Immunosuppression after LT 
	Immunosuppressive Regimens 
	Impact on Renal Function 
	Sirolimus 
	Everolimus 

	Impact on Graft Rejection 

	Tolerability and AEs 
	Dyslipidemia 
	Hyperglycemia 
	Proteinuria 
	Wound Healing Complications 
	Hematologic Adverse Effects 
	Mucosal and Integumental Adverse Effects 

	Conclusions 
	References

