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Abstract: Since the first liver transplantation operation (LT) in 1967 by Thomas Starzl, efforts to
increase survival and prevent rejection have taken place. The development of calcineurin inhibitors
(CNIs) in the 1980s led to a surge in survival post-transplantation, and since then, strategies to
prevent graft loss and preserve long-term graft function have been prioritized. Allograft rejection is
mediated by the host immune response to donor antigens. Prevention of rejection can be achieved
through either immunosuppression or induction of tolerance. This leads to a clinical dilemma, as the
choice of an immunosuppressive agent is not an easy task, with considerable patient and graft-related
morbidities. On the other hand, the induction of graft tolerance remains a challenge. Despite the fact
that the liver exhibits less rejection than any other transplanted organs, spontaneous graft tolerance
is rare. Most immunosuppressive medications have been incriminated in renal, cardiovascular, and
neurological complications, relapse of viral hepatitis, and recurrence of HCC and other cancers.
Efforts to minimize immunosuppression are directed toward decreasing medication side effects,
increasing cost effectiveness, and decreasing economic burden without increasing the risk of rejection.
In this article, we will discuss recent advances in strategies for improving immunosuppression
following liver transplantation.
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1. Introduction

Liver transplantation (LT) is an expensive procedure, with the greatest cost in the first
year and a considerable economic burden in the following years. A study from the USA for
the estimation of the economic burden of LTs from 2008 to 2013 estimated that Medicare
coverage reimbursed USD 185 thousand per recipient in the first year post-LT. The average
cost after the first year was USD 154 thousand per recipient. The cost of re-transplantation
was USD 388 thousand per-patient, and the costs in the second year post-LT were USD
28 thousand [1,2]. In a study by Serper and colleagues, nearly one-fifth of the recipients
made tradeoffs for the medications post-LT that led to decreased compliance and increased
hospital admissions. Insurance type, presence of co-morbid conditions, health literacy, and
number of medications were associated with increased medication tradeoffs, decreased
frequency of administration, or delayed purchase of the medications [3].

In addition to an increased economic burden, chronic use of immunosuppressive drugs
leads to significant morbidities and metabolic side effects. While calcineurin inhibitors
(CNIs) exhibit considerable nephrotoxicity and neurotoxicity, steroids are diabetogenic,
and mycophenolic acid derivatives (MMFs) have adverse hematologic effects. Mammalian
target of rapamycin inhibitors (MTORis) have been implicated in the development of
interstitial lung disease. Different classes of immunosuppressive medications are associated
with an increased infection rate. Immunosuppressive drugs used for rejection pose a high
risk of demyelination and tuberculosis reactivation [4]. The long-term side effects of
these drugs, including malignancies, opportunistic infections, metabolic disorders, and
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organ toxicities, represent the main clinical concern in formulating an immunosuppression
protocol [5].

The 1-year survival post-LT improved to 85% after the introduction of CNIs in ad-
dition to the improvement of the recipients’ selection and surgical techniques [6]. The
overall survival is still multifactorial; medications’ side effects, the rate of original disease
recurrence, and the presence of comorbidities all play an important role when choosing
the optimal immunosuppression protocol. Minimization of the side effects of the drugs
without exposing patients to an increased risk of rejection is the ultimate goal for successful
immunosuppressive protocols [7].

2. Immunosuppression Protocols: The Past and the Present

The evolution of immune suppression started in the 1950s, when irradiation was the
only treatment option available. Then, the discovery of CNIs, azathioprine (AZA), steroids,
and anti-thymocyte globulin (ATG) increased the one-year survival rate. CNIs claimed
the highest potency of all immunosuppressive drugs, but nearly 20% of patients on CNIs
experienced chronic renal failure at 5 years post-LT [8]. Early exposure to a high dose of
CNIs is a driving force for renal damage [9].

Newer generations of immunosuppressive drugs are being tested in human and an-
imal trials. Alemtuzumab is an anti-CD52 that depletes T cells, monocytes, and natural
killer cells, and it can be used to reset the immune system. It showed promising results in
chronic rejection. Belatacept interferes with T cell co-stimulation and can be used for the in-
duction or maintenance of immunosuppression in LT. Efalizumab blocks T cells’ responses
to antigen-presenting cells (APCs), but it is not yet approved for LT. Eculizumab prevents
the formation of complement complexes [10–12]. More recently, the use of cellular immuno-
suppression has addressed different interphases in immune response to grafts. Multiple
trials have tested its ability to replace standard immunosuppression protocols [13] (Table 1:
list of immunosuppressive medications, modes of action, and common side effects).

Table 1. List of immunosuppressive medications’ modes of action, indications, and common side effects.

Year of Discovery/FDA
Approval Indication Immunosuppressive

Agent Mode of Action Main Adverse Effect

1972/1983
TAC in 1994 Maintenance CNI

Blocks protein transcription in
response to Il-2 and

prevents cellular proliferation

Neurotoxicity
Nephrotoxicity
Diabetogenic

1893/1995 Maintenance MMF Interferes with DNA synthesis Pancytopenia
Abdominal discomfort

1997 AMR Rituximab Anti-CD 20 Reactivation of TB

2007 Maintenance MTORi Inhibits cytokine receptor signal
transduction

Hyperlipidemia
Pedal edema
Oral ulcers

HAT

1998/2008 Induction Basiliximab IL2 receptor blocker Hypersensitivity

2011 Induction or
maintenance Balatacept Blocks CD80 co-stimulation

ligand

Post-TX
lymphoproliferative

disorder

Induction,
Maintenance, and

Rejection
Corticosteroids

Affects the production of several
inflammatory mediators and
multiple cytokines, including
IL-1, IL-2, IL-3, IL-6, TNF-a,

IFN-Y, leukotrienes, and
prostaglandins

Diabetes
Hypertension
Osteoporosis

Hirsutism
Weight gain

2014 Chronic rejection Alemtuzumab
(Campath 1H)

Anti-CD52 on nucleated cells
of BM

Hirsutism
Post-TX

Lymphoproliferative
disorder

2017 Induction or
rejection ATG Anti-CD3 on lymphocytes

Anaphylaxis, post-TX
lymphoproliferative

disorders
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An approach to an immunosuppressive protocol can be patient-centered, where the
immunosuppressive drugs are to be chosen according to pre-LT conditions and intra-
operative risk factors. The other approach consists of the standard strategy, in which a
general protocol is administered and titration is performed according to the toxicity and
efficacy [14]. When formulating an immune suppression protocol, clinicians should elabo-
rate on the presence of comorbidities, drug toxicities, long-term exposure, and the potential
recurrence of the original disease or malignancy. Newer protocols propose combinations of
drugs with different mechanisms of action and toxicity profiles, thus targeting different
pathways in the immune system to allow for dose minimization [15].

3. Effects of Immune-Suppressive Agents on Recipients’ Health

Immunosuppression-related metabolic derangements (obesity, diabetes mellitus, dys-
lipidemia, and hypertension) affect clinical decisions about the choice of immunosuppres-
sive agent. Moreover, these derangements have accelerated occurrence and have ominous
outcomes that endanger grafts’ durability and patients’ survival [16–18]. Earlier reports
claimed that the prevalence of post-liver-transplant metabolic syndrome ranges from 43 to
59% for transplants of any etiology and up to 90% in patients who received transplants
for non-alcoholic fatty liver disease (NASH). Additionally, after a follow-up of 5 years,
one-third of the recipients who developed metabolic derangements experienced one or
more vascular accidents (CVD or stroke) [19,20]. Genetically predisposed recipients are
at increased risk of developing metabolic side effects. Single-nucleotide polymorphisms
(SNPs) in insulin receptor substrate (IRS-1) and hepatocyte nuclear factor-4 were associated
with diabetes after kidney transplants. Recipients carrying multiple SNPs in other genes,
including TCF7L2, KCNJ11-Kir6.2, and some variants of KCNQ1, as well as in diabetic
genes, are at increased risk of post-transplant diabetes [21,22].

3.1. Mechanisms of Metabolic Derangements Induced by Commonly Used
Immunosuppressive Agents
3.1.1. Calcineurin Inhibitors

Both tacrolimus (TAC) and cyclosporine A (CsA) decrease insulin secretion by inhibit-
ing transcription factors for beta-cell growth and increased insulin resistance. CNI-induced
diabetes is caused by the downregulation of adiponectin transcription and the induction
of hypomagnesemia, which leads to impairment of insulin signaling [23]. Animal studies
showed that tacrolimus is more diabetogenic both in vivo and in vitro. Calcineurin in-
hibitors induce hypertension by inducing systemic and renal vasoconstriction. Cyclosporin-
A is a lipogenic drug; it inhibits hepatic hydroxylase and decreases cholesterol degradation
and bile acid synthesis [24–26].

3.1.2. Mammalian Target of Rapamycin Inhibitors

MTORis are known to induce hyperlipidemia through several mechanisms. They
lead to an increase in free fatty acids, which leads to increased hepatic synthesis of triglyc-
erides [27]. Sirolimus leads to alteration of insulin signaling pathways through the induc-
tion of protein-kinase-dependent phosphorylation for insulin receptor substrate 1 (IRS-1),
resulting in suppression of the phosphatidylinositol pathway, which leads to decreased
insulin receptor activation [28].

3.1.3. Steroids

Steroids are known to induce diabetes mellitus, hypertension, and hyperlipidemia.
Most of the currently used immunosuppression protocols limit the use of steroids to the
induction phase and/or acute/chronic rejection. However, a randomized trial for kidney
transplant recipients concluded that steroid withdrawal did not decrease the incidence of
post-transplant diabetes (PTDM) when compared to maintaining a low dose of steroids
(<5 mg/day). The role of steroids in PTDM is complementary to that of other immunosup-
pressive medications [28].
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3.2. Approach to the Management of Common Post-Transplant Metabolic Derangements

Multiple risk factors have been identified for new onsets of metabolic derangements
after a transplant; the use of CNIs is the most influential factor. Additionally, renal im-
pairment is an exceptionally important clinical obstacle that clinicians face when dealing
with transplant recipients. It is one of the leading causes of morbidity, including hospital
admission post-LT, especially in the first year post-LT. Due to their potency as immuno-
suppressive agents, the primary step for management is a minimization of the doses
of CNIs [29].

(i) Post-transplant hypertension is the most commonly reported metabolic derangement;
it is estimated that ~66% of liver transplant recipients develop hypertension shortly
after transplantation [30]. Calcium channel blockers (CCBs), due to their vasodilator
properties, are an effective treatment, especially in CNI-induced hypertension. Some
calcium channel blockers, such as Nifedipine, inhibit intestinal cytochrome P450,
thus increasing the level of CNIs. Angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARBs) are effective and potent treatments, but
they require close monitoring, as they can induce hyperkalemia. Non-selective beta-
blockers are also effective, but are not as potent as CCBs and ACE inhibitors [31].

(ii) For the management of PTDM, insulin therapy, especially early after an operation,
represents the cornerstone. Metformin showed potential in animal studies; however,
it cannot be used in patients with renal impairments. Other antidiabetic agents, such
as incretins, insulin sensitizers, and insulin secretagogues, are safe in LT recipients
who have stable cardiac, renal, and hepatic functions [32].

(iii) Dyslipidemia management should be primarily through weight reduction. However,
hyperlipidemia with MTORis may necessitate termination of its use. The true clinical
dilemma in using hypolipidemic drugs, especially statins, is their interaction with
cytochrome P450, which metabolizes CNIs. The use of statins that do not interfere
with cytochrome P450 (e.g., pravastatin and rosuvastatin) or the use of fish oil and
fibrates can be an alternative. Fibrates can be nephrotoxic and they may lower the level
of CsA, but they are used as first-line agents in MTORi-induced hypertriglyceridemia.
Ezetimibe can be used as a monotherapy to decrease LDL levels without affecting
immunosuppression levels [33].

(iv) Post-LT obesity leads to accelerated graft steatosis, exacerbation of hypertension, and
deterioration of renal function, especially in patients who received transplants due
to NASH [34]. Dietary interventions, pharmacologic treatment, and post-transplant
bariatric surgery are the available treatment options. For the medical treatment of
obesity, lorcaserin, naltrexone, and bupropion have important drug–drug interactions
with CNIs. For bariatric surgery, its impact is variable between individuals, as the
absorption of immunosuppressive drugs is highly affected by the type of bariatric
surgery. For example, sleeve gastrectomy leads to a 40% decrease in MMF absorption
because it is absorbed in the stomach. On the other hand, the absorption of TAC and
MTORi decreases by 50% in patients who undergo gastric bypass operations, as their
absorption is affected by intestinal cytochrome P450 [35].

3.3. Approach to the Management of Common Non-Metabolic Adverse Effects

For the non-metabolic side of adverse effects, post-LT recurrence of hepatitis C virus
and hepatitis B virus is a major cause of graft loss. HCV recurrence leads to progressive hep-
atic fibrosis. It is believed that HCV recurrence leads to accelerated cirrhosis within 9 years
post-LT [36]. Minimization of the dose of immunosuppression has been correlated with
better post-LT outcomes in patients with recurrent viral hepatitis [37]. An earlier report
described that HCV-positive transplant recipients who were treated with everolimus and
were exposed to lower doses of tacrolimus had a reduction in liver fibrosis progression [38].
HBV infection was considered a relative contraindication to LT because immunosuppres-
sion leads to uncontrolled viral replication, leading to progressive hepatic injury even after
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immunosuppressive agents are reduced. The use of hepatitis B immunoglobulin HBIg and
antivirals for HBV reduces recurrence and prevents recurrence-related liver injury [39,40].

For HCC patients, post-LT recurrence is correlated with trough levels of immunosup-
pressive agents. A report described three-fold increase in HCC recurrence in recipients
who were maintained on >10 ng/mL TAC or >300 ng/mL CsA [41]. MTOR inhibitors
have anti-proliferative properties. They help in the prevention of HCC recurrence and/or
the stabilization of progression in recurrent HCC after LT, especially if combined with
Sorafenib [42–44]. In a systematic review, the use of MTORi was associated with lower
recurrence than with CNI monotherapy; 8% of patients who received MTORi experienced
recurrence vs. 13.8% in the patients who received CNIs, with a median follow-up of 36
(range: 11–97) months (p < 0.001) [45].

4. Effect of Immunosuppression on Health-Related Quality of Life

Immunosuppressive agents possess a huge impact on health-related quality of life
(HRQoL). The HRQoL for transplanted patients includes mental, social, and physical
health [20]. Financial support and employability post-LT are top priorities for recipients
and their caregivers, especially with the high cost of immunosuppressive medications. It is
estimated that 20% of the unemployed LT recipients in the USA prefer unemployment in
post-transplant life for fear of losing their insurance coverage [46]. According to an analysis
of OPTN/UNOS data on insurance coverage for liver transplant recipients, Medicare
contributes to ~85% of the insurance coverage, especially with increasing age [47].

5. Pregnancy and Lactation in Immunosuppressed Patients

Regaining fertility after transplantation is one indicator of regaining full functional
capacity. Immunosuppressive medications, except for MMF, have high safety profiles for
pregnancy and lactation [48]. Pregnancy is considered as a state of immune suppression,
with the uterus being a more immune-privileged organ. The impact of this finding on
the tolerance/rejection of transplanted organs has not been explored [49]. Complications
related to immunosuppressive drugs include those of fetal health, maternal health, and
graft health. Intrauterine growth retardation, fetal death, and perinatal asphyxia have a
two- to three-fold increase in transplant recipients. A wide spectrum of fetal malformations
with the use of MMF have been described [50] (Figure 1). A systematic review of pregnancy
outcomes after LT, which included thirty-eight studies with ~850 transplant recipients,
emphasized that fetal complications were higher than in the general population. For
maternal complications, pre-eclampsia and pregnancy-induced hypertension were the
most commonly reported complications [51].

Precautions for pregnant transplant recipients include the close monitoring of cre-
atinine for any subtle rises, as these may indicate the deterioration of kidney function,
thus necessitating the modification of the immunosuppressive drug doses. Regular blood
count checks are also suggested, as the physiologic anemia associated with pregnancy
is exacerbated by immunosuppressive medications. Additionally, the increased plasma
volume with pregnancy leads to the dilution of drugs. However, dose escalation should be
avoided in order to prevent toxicity. Despite being multifactorial, for gestational diabetes
and pregnancy-induced hypertension, including pre-eclampsia, there is a higher incidence
with the use of immunosuppressive medications. The minimization of immunosuppres-
sion during pregnancy may be a clinical necessity; however, the target trough levels are
individualized for each patient [52,53] (Table 2).
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Table 2. Common side effects of immunosuppressive drugs on maternal health.

Drug Class Effect of Maternal Health

Corticosteroids Hypertension, diabetes mellitus, weight gain, delayed wound healing

Calcineurin inhibitors Hypertension, diabetes mellitus, renal impairment,
pregnancy-induced hypertension

MMF Increased infection, not recommended during pregnancy
due to teratogenicity

MTORi Increased infection, GI side effects

For lactation, the decision should be weighed according to the benefits and risks to
the child’s and mother’s health. The fraction of the drug excreted in breast milk should be
evaluated in correlation with the dose on the basis of measuring the neonatal immunosup-
pressant blood level. Because nearly half of the neonates of transplant recipients have a
low birth weight or IUGR, the importance of breastfeeding in this context has been well
documented. On the other hand, stable graft function is a limiting factor for the decision of
immunosuppressive drug dosing. Generally, steroids and Tacrolimus are considered safe
in lactating females [54].

6. Strategies for Immune Suppression Withdrawal/Minimization

Post-transplant survival requires comprehensive care. Routine medical care post-
LT should include the early detection of possible adverse events of immunosuppressive
drugs. Patients should be monitored for the development of cardiovascular diseases, renal
impairments, diabetes mellitus, malignancies, and osteoporosis for the best outcomes.
Monitoring of dental health, mental health, sexual function, and immunization should also
be provided [55].

Dose minimization/withdrawal of immunosuppression is associated with better out-
comes in terms of decreased morbidity and mortality. A study of 275 liver transplant
recipients with HCV or nonimmune and non-viral liver disease was conducted to test the
effects of early immunosuppression withdrawal on liver transplant recipients. The study
concluded that the complete withdrawal of immunosuppressive drugs was successful
only in a few patients. The result of this trial highlighted the importance of the presence
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of specific criteria for recipients who can benefit from immunosuppression withdrawal.
In this study, graft health was monitored by using a liver biopsy, which is invasive and
requires trained physicians. The lack of specific predictors for possible rejections repre-
sents an enigma, as the elimination and modification of doses would be matters of trial
and error [56].

Multiple studies tested the safety of immunosuppression withdrawal with respect to
long-term graft survival. However, the ability to reverse graft injury after withdrawal is
still debatable. This is why most studies tested gradual withdrawal in patients with stable
graft function in order to avoid unpredicted rejection episodes [57,58] Table 3.

Table 3. Trials for immunosuppression withdrawal.

Study Population Type Duration of Withdrawal Total
Subjects

Successful
Withdrawal Arm Follow Up

Feng/iWITH
Study [59] Pediatrics Multicenter 36–48 weeks 2909 37.5%% of 88

subjects 1, 2, 3, 4 years

Levitsky [60] Adults Single
center

>3 years post-LTWithdrawal
over 6 months 1255 >50% of 15

subjects 1 year

Benitez [61] Adults Multicenter >3 years post-LTWithdrawal
over 6–9 months 500 40% of 98 subjects Up to 3 years

Pons [62] Adults Single
center >2 years post-LT 490 42% of 12 subjects 2 years

In efforts to eliminate CNIs, MTOR inhibitors were tested—as a monotherapy or in
combination with a reduced dose of CNIs—for their ability to maintain graft function
and prevent graft loss. A consensus for when to start MTORis has still not been reached,
as early introduction within one month post-LT is associated with hepatic artery (HA)
thrombosis. Starting MTORis within one month post-LT was shown to result in the fewest
incidences of HA thrombosis. Another clinical dilemma is that of target trough levels. In
the H2304 study, everolimus (MTORi) was initiated at 1 month after transplantation. The
target trough level was 3–8 ng/mL, which resulted in fewer adverse events as compared to
the results of other studies that used higher levels of everolimus [61–64]. Minimization of
the dose of CNIs improved renal function, decreased post-transplant diabetes, and reduced
viral hepatitis and HCC recurrence. However, everolimus has considerable side effects,
and the reno-protective effect of everolimus was more prominent in candidates with GFR
70 > 55 mL/min [65].

A recent consensus by an Italian working group using the Delphi methodology tested
the use of everolimus in LT. Everolimus facilitated a reduction in CNI doses as early
as 10 days post-transplant, and conversion to CNI-free protocols could be achieved by
12 months post-LT [66]. On the other hand, the results of a recently published Cochrane
meta-analysis of 26 trials for the maintenance of immunosuppression in adults after liver
transplantation were discouraging. The authors concluded that, at a maximal follow-up
horizon, the combination of CNIs and MTORis was associated with increased mortality and
graft loss. They attributed the result to the low quality of evidence in the published data
and selection bias. The follow-ups ranged from 3 to 144 months post-transplant. However,
in attempts to prevent graft loss, most of the available trials have had high rates of patient
dropout and/or cross-over [67].

7. Immune Tolerance and Its Application in the Liver Transplant Setting: From Bench
to Bedside

Medawar et al. first described the induction of immune tolerance more than 60 years
ago. Immune tolerance is defined as immune unresponsiveness to foreign allografts.
Achieving immune tolerance is the ultimate goal in order to overcome the need to use
long-term immunosuppressive drugs and minimize the subsequent deleterious health
effects. Liver grafts show a large degree of immune tolerance, and experimental trials on
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the withdrawal immunosuppression have been promising, but evidence for use in clinical
settings is lacking [68].

T lymphocytes play an important role in graft immune response for either tolerance
or rejection. The balance between cytotoxic T cells and CD4+CD25+FOXP3+ regulatory
T cells (Tregs) is the basis of most tolerance protocols. Recipients’ T cells can recognize
the donor antigens through both the self and donor antigen-presenting cells (APCs), then
undergo expansion and increase the activation of host and donor cells to attack the foreign
antigens. Tregs can halt this immune response and induce donor antigen immune tolerance
through the inhibition of cytotoxic cell proliferation, stopping of cytokine production, and
prevention of antibody production [69]. The liver has a variety of immune cells, such as
dendritic cells, Kupffer cells, hepatic stellate cells, and liver sinusoid endothelial cells. These
cells are capable of modifying the immune response and inducing proliferation in order to
tolerate Tregs. However, this immune response is unpredictable, and its sustainability in
the absence of immunosuppressive medications is questionable [13].

Regulatory cells in the response of immune tolerance can be modulated with donor-
modified cell therapy. This has been demonstrated in animal models by the ability of
donor-treated dendritic cells (DCs) to induce production of granulocyte–macrophage
colony-stimulating factors (GM_CSFs) for the proliferation of tolerating cells. A study
demonstrated the rejection of liver grafts in transgenic animal models that were DC de-
pleted. Another report concluded that Tregs can interact with DCs, and the interaction
resulted in the removal of foreign antigens and MHC class II from their surface, leading to
a reduction of their ability of to present foreign alloantigen to alloreactive T cells [70,71].
Another APC is the liver sinusoid endothelial cell (LSEC), which can induce antigen pre-
sentation and programmed cell death (PD) as well. The PD ligand is capable of inducing
apoptosis in alloreactive T cells and antigen-specific T cells; this was demonstrated in ani-
mal models. Moreover, they can induce tolerance of reactive B cells, allowing for tolerance
of ABO-incompatible grafts. Hepatic stellate cells (HSCs) were suggested to induce a simi-
lar effect in LESCs in animal models that led to immune tolerance for transplanted grafts.
Other animal studies of cellular immune-tolerance-inducing therapy showed the impor-
tance of liver immune cells in modulating the host’s immune response to the transplanted
graft [72,73] (Figure 2).

To date, multiple clinical trials have shown promising results when using Tregs
in transplantation with the subsequent elimination of immune suppression and induc-
tion of immune tolerance. A UCSF group (trial #NCT02474199), Kings College group
(trial #NCT02166177), and Massachusetts general hospital group (trial #NCT03577431)
introduces the use of regulatory T cells (Tregs) for liver transplantation in a clinical
setting [13] (Table 4).

The interplay between graft immune cells and host cells is the cornerstone for this
immune tolerance effect. APCs from the graft activate Tregs, which secrete, e.g., IL 10,
TGF-B, and INF gamma. This leads to the suppression of DCs and effector cells, leading
to immune tolerance. It is suggested that this immune response is short-lived, as levels
of Tregs drop within 2 weeks. A report suggested infusion of IL2, which maintained the
population of Tregs to increase the duration of the tolerating response. IL2 infusion was
deemed safe; however, it did not lead to a maintained long-lived response. The tolerating
Treg populations were observed to be higher in patients receiving MTORi immune sup-
pression in one study [74,75]. The use of Treg therapy in LT was demonstrated in some
living-donor transplant (LDLT) trials; the enrolled patients had to start the induction of
immunosuppressive therapy, and the timing of withdrawal of the immunosuppressive
drugs was variable. However, some candidates were only recruited if the graft function
was stable for up to 6 years post-transplant [76]. A pilot study for operational tolerance
with regulatory Tregs in LDLT was terminated due to the development of acute rejec-
tion in the intervention group. However, the rejection occurred in patients who received
transplants due to autoimmune hepatitis. The patients who received transplants due to
non-immune liver diseases showed the best results in terms of successful withdrawal of
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immunosuppression and induction of tolerance. This result highlights that the molecular
and genetic characteristics of patients are a driving force of immune tolerance [77].
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Table 4. Summary of trials in studies of Tregs in liver transplantation.

Trial Name Induction Therapy Immunosuppressive
Regimen Timing of Start of Tregs Status

ARTEMIS
NCT02474199 Yes (ATG) CNI based 2–6 years post-transplant Completed

ThRIL
NCT02166177 Yes (ATG) CNI and MTORi 2 months Completed

ITN073ST
NCT03577431

Yes
(cyclocphosphamide) EVR and TAC 2–6 months Recruiting

DAIT RTB-002
NCT02188719 Yes (ATG) TAC+ MMF

EVR+ rTAC Early post-LT Terminated
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8. Deliberation on Strategies to Improve Immune Suppression Practice

There are multiple potential aspects in assessing the efficacy of cellular immune sup-
pression for the induction of immune tolerance. The prediction of the sustainability of the
response is the next challenge in achieving a consensus and improving patient selection cri-
teria. Another challenge is the development of surrogates for liver biopsies for monitoring,
as the role of the protocol biopsy is declining in liver transplantation in order to improve
patients’ adherence to surveillance protocols. The third challenge is the optimal timing for
immunosuppression withdrawal and how early it can be achieved [78] (Figure 3).
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9. Conclusions

Extending the scope of immune suppression to immune tolerance is a promising strat-
egy for overcoming the deleterious effects of immunosuppressive medications. Challenges
to the abilities of cellular therapy in a clinical setting are efficacy, sustainability, and cost ef-
fectiveness, which should be the focus of clinical trials of the induction of immune tolerance.
Today, the minimization of exposure to CNIs and the growing clinical interest in shifting
to everolimus-based therapy represent the current hope of overcoming the deleterious
health effects of CNIs. With the increasing survival of liver transplant recipients, guidance
for optimal immune modulation through either suppression of immunity or induction of
tolerance should focus on the prediction of the long-term outcomes of the patient and the
overall health of the graft.
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LT Liver transplantation
CNIs Calcineurin inhibitors
CsA Cyclosporine A
TAC Tacrolimus
rTAC Reduced Tacrolimus
MTORi Mammalian target of Rapamycin inhibitors
MMF Mycophenolic acid
ATG Antithymocyte globulin
IS Immunosuppressive
Tregs Regulatory T cells
CVD Cardiovascular diseases;
PTDM Post-transplant diabetes mellitus
NASH Non-alcoholic fatty liver disease
HCC Hepatocellular carcinoma
HRQL Health-related quality of life
AMR Antibody-mediated rejection
HCV Hepatitis C virus
HBV Hepatitis B virus
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