
In 1969, the remarkable ability of healthy outbred 
pigs to accept liver allografts without anti- rejection 
therapy was established1. In the 1980s, it was shown 
that transplanting livers between rats could reverse 
transplantation immunity2 and prevent the rejection 
of heart grafts transplanted simultaneously3, despite a 
lack of histocompatibility between donors and recip-
ients. Indeed, in human liver transplantation, unlike 
in kidney transplantation, histocompatibility between 
donor and recipient is not considered important for 
graft survival4,5. Human liver transplantation, first per-
formed successfully in 1963 (ref.6), was until the 1980s 
considered an experimental procedure with poor over-
all outcomes7. Advances in surgical techniques, organ 
preservation and immunosuppressive drug therapy 
(in particular, the discovery and development of cyclo-
sporin A8 and its combination with steroids in the late 
1970s and early 1980s (ref.9)) led to markedly improved 
patient and graft survival and the eventual adoption 
of liver transplantation as a clinical service procedure 
by the mid-1980s (ref.10). To overcome the shortage 
of donor organs, the use of extended criteria organs, 

improved marginal donor and split liver grafts as well 
as grafts from healthy living donors has been imple-
mented, adding complexity to the immunobiology of 
human liver transplantation11.

Rodent studies, including the use of the surgically 
demanding mouse orthotopic liver transplant model12,13 
in which MHC- mismatched grafts are accepted without 
immunosuppressive treatment14, have enabled the use of 
genetically modified donors and/or recipients for mech-
anistic studies. These investigations have advanced our 
understanding of specific cellular and molecular path-
ways associated with regulation of ischaemia–reperfusion  
injury (these pathways are described in Table 1 and 
reviewed elsewhere15–17) and immune- mediated rejection 
or tolerance. In the clinic, as with other types of organ 
transplantation, routine use of anti- rejection agents for 
liver transplantation is associated with drug- mediated 
toxicities and enhanced risk of infection, cardiovascular 
disease and certain types of cancer18,19. However, many 
liver recipients tolerate reduced doses of immuno-
suppressive drugs20,21, and only for liver transplantation 
can approximately 20–40% (up to 79%, depending on the 
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number of years post transplantation and other factors)  
of stable graft recipients be withdrawn from all immuno-
suppressive therapy without rejection21–23. Those recip-
ients who experience rejection of the transplant after 
withdrawal of immunosuppression can be restored suc-
cessfully to standard- of- care immunosuppressive ther-
apy almost invariably without graft loss. As in rodents, 
human liver transplants reduce alloimmune injury 
to kidney or heart grafts transplanted simultaneously 
from the same donor24,25, which is further evidence for 
the tolerogenicity of the human liver.

The mechanisms that underlie the induction and 
maintenance of liver transplant tolerance, and that deter-
mine whether immunosuppressive therapy can be safely 
withdrawn, are poorly understood, and there are no vali-
dated biomarkers that can reliably predict rejection or tol-
erance. However, graft biopsy assessment26 and intra- graft 
gene expression profiling27 could aid patient selection for 
drug withdrawal. Furthermore, evidence that adoptive 
transfer of haematopoietic stem cells or specific regula-
tory immune cell populations can promote transplant tol-
erance in preclinical models28,29 has prompted early- phase 
clinical trials30,31. In this Review, we describe the aspects 
of liver immunobiology that underpin our current under-
standing of liver allograft tolerance and failure. We also 
discuss potential areas for future study that might lead 
to improved long- term outcomes and to the elimination 

of dependence on immunosuppressive drug therapy  
in liver transplantation.

The liver immune microenvironment
The anatomy of the liver (located between the gastroin-
testinal tract and the systemic circulation) is well- suited 
to its functions of digestion, plasma protein synthesis 
and detoxification. Circulating blood in the gastroin-
testinal tract, rich in dietary antigens and endotoxins 
from the gut microbiota, is conveyed to the liver via 
the portal vein32. Blood from the hepatic artery (which 
provides approximately 20% of the liver blood supply) 
and portal blood mix within the liver sinusoids33. Liver 
sinusoidal endothelial cells (LSECs), located in the space 
of Disse, separate hepatocytes from the bloodstream34. 
Together, non- parenchymal cells, which include innate 
immune cells and LSECs, make up the hepatic reticulo-
endothelial system, which clears antigens and toxins 
from the sinusoidal blood34. Non- parenchymal cells, 
together with hepatocytes, serve as important intrahe-
patic antigen- presenting cells (APCs) that determine the 
balance between tolerance and immunity in the liver34–36. 
Conserved molecular mechanisms, which include the 
detection of danger signals (also known as alarmins, 
such as ATP and high- mobility group box 1 (HMGB1)), 
Toll- like receptor (TLR) signalling and inflammasome 
activation, act as triggers of hepatic inflammatory 
responses. These responses, which can result in homeo-
stasis or liver disease, are regulated by non- parenchymal 
cells, dendritic cells and macrophages, and by the  
balance between liver- infiltrating pro- inflammatory 
T cells and anti- inflammatory CD4+CD25+ regulatory 
T (Treg) cells37. In the healthy liver, professional APCs 
(dendritic cells, the most highly specialized APCs38 
and macrophages) are refractory to pro- inflammatory 
activation, as evidenced by endotoxin tolerance and 
cross- tolerance (to heterologous ligands) induced by 
previous exposure to bacterial lipopolysaccharide 
(LPS)39. Interestingly, SOCS1, which encodes a protein 
that prevents harmful TLR- mediated cytokine responses 
and seems to be a critical negative regulator of LPS sig-
nalling upon LPS re- stimulation40,41, is differentially 
expressed in liver tissue samples from patients tolerant 
and non- tolerant of transplantation27. Studying the pro-
perties of liver- resident immune and non- immune cells 
has improved our understanding of how they promote 
liver tolerogenicity and regulate immunity to antigens 
expressed by the liver.

Innate immune cells
The mechanisms by which liver dendritic cells and 
Kupffer cells (liver- resident macrophages) promote 
T cell tolerance are detailed in Table 2. In mice, mim-
icking the hepatic microenvironment in vitro using liver 
fibroblastic stromal cells promotes the differentiation of 
haematopoietic progenitors into regulatory dendritic 
cells42. These regulatory dendritic cells, which have low 
CD11c and MHC class II expression but high CD11b 
expression, secrete high levels of anti- inflammatory 
IL-10 and low levels of IL-12, and inhibit T cell prolifer-
ation. These properties are also exhibited by regulatory 
dendritic cells that inhibit allograft rejection28 and, as 

Key points

•	Liver	transplant	tolerance	occurs	in	animals	without	immunosuppressive	therapy.		
In	humans,	donor–recipient	histocompatibility	is	not	considered	important	for	graft	
survival;	in	carefully	selected	patients,	complete	immunosuppression	withdrawal		
is	currently	possible.

•	Parenchymal	and	non-	parenchymal	cells,	particularly	those	of	the	innate	and	adaptive	
immune	system,	seem	to	have	key	roles	in	promoting	a	tolerogenic	environment	
within	the	liver	via	various	mechanisms.

•	Donor-	derived	haematopoietic	cells	trafficking	to	the	host,	exhaustion	or	death	of	
graft-	infiltrating	donor-	reactive	T cells,	and	regulatory	dendritic	cell	and	regulatory	
T cell	responses	have	been	implicated	in	experimental	liver	transplant	tolerance.

•	Early	(<3	months)	acute	cellular	rejection	might	not	harm	the	graft	in	the	long	term;	
patients	might,	however,	harbour	latent	T cell-	mediated	rejection	and/or	fibrosis.		
The	pathogenicity	of	donor-	specific	antibodies	remains	uncertain.

•	Graft	biopsy	assessment	and	intra-	graft	gene	expression	profiling	(identification		
of	potential	‘tolerance	biomarker’	genes)	might	aid	patient	selection	for	early	
immuno	suppressive	drug	withdrawal.	Identification	of	non-	invasive	biomarkers		
is	a priority.

•	Early-	phase	clinical	trials	of	adoptive	regulatory	immune	cell	therapy	in	liver	
transplantation	are	underway.	In	combination	with	biomarkers,	this	approach		
might	enable	minimization	or	complete	withdrawal	of	immunosuppression.
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discussed later, by regulatory dendritic cells that are cur-
rently being generated for testing as cellular therapeutic 
products in liver transplantation43. Similarly, human 
monocytes that are recruited to the liver and cultured 
with hepatocyte growth factor or liver epithelial cells also 
differentiate into dendritic cells that release high levels of 
IL-10 (refs44,45). Dendritic cells, which are located mainly 
in portal areas, sample antigens and migrate to regional 
lymph nodes, where they act as important instigators 
and regulators of T cell immunity, thereby integrating 
innate and adaptive immunity. Several resident dendritic 
cell subsets are found in mouse46–51 and human52 livers.

Conventional dendritic cells. The conventional dendritic 
cell (cDC) population is the most common dendritic cell  
subset and, when freshly isolated from mouse or 
human steady- state liver, is characterized by immatu-
rity (low levels of cell surface MHC class II and T cell 
co- stimulatory molecules), resistance to maturation and 
tolerogenic properties53–57.

It has been shown that mouse and human liver cDCs 
express comparatively high levels of the transmembrane 

adaptor protein DNAX- activating protein of 12 kDa 
(DAP12) and its co- receptor, triggering receptor 
expressed on myeloid cells 2 (TREM2), compared with 
secondary lymphoid tissue cDCs58–60. Although the 
identity of endogenous TREM2 ligands has remained 
inconclusive61, DAP12 signalling seems to negatively 
regulate nuclear factor- κB (NF- κB) activation in liver 
cDCs and their consequent maturation by promoting 
expression of the negative regulator of TLR signalling, 
IL-1 receptor- associated kinase M (IRAK- M), and IL-10 
production34,58. Anti- inflammatory cytokines (such as 
IL-10 and transforming growth factor- β (TGFβ)) pro-
duced by various other cells in the liver also inhibit cDC 
activation and maturation62,63 (fig. 1). Mouse liver cDCs 
have also been reported56 to express low levels of TLR4 
compared with splenic cDCs in vitro56, thereby limiting 
their responsiveness to specific ligands (such as LPS)  
and their role in instigating hepatic inflammatory and 
adaptive immune responses. In mice, these liver cDCs 
attenuate hepatic inflammation and fibrosis64,65, regu-
late warm and cold liver ischaemia–reperfusion injury 
via expression of IL-10 and the ectonucleotidase CD39 
(which hydrolyses extracellular ATP)66,67, subvert T helper 
(TH) cell responses68 and prolong allograft survival69,70.

Plasmacytoid dendritic cells. Similarly to cDCs, freshly 
isolated, non- conventional type 1 interferon- producing 
plasmacytoid dendritic cells (pDCs), which represent a 
high proportion (19%) of mouse liver- resident dendritic 
cells compared with spleen dendritic cells (5%), express 
low levels of MHC class II and co- stimulatory molecules, 
produce more IL-10 than splenic pDCs and only weakly 
stimulate T cell responses71,72. Upon exposure to the gut- 
derived bacterial peptidoglycan component muramyl 
dipeptide (a pathogen- associated molecular pattern),  
a ligand of nucleotide- binding oligomerization domain 2 
(NOD2), mouse liver pDCs upregulate their expression of 
interferon regulatory factor 4 (IRF4), a negative regu lator 
of TLR signalling, and of PDL1 in vivo47, thereby com-
promising their T cell stimulatory function47. Liver pDCs 
also have a role in oral tolerance, preventing oral T cell 
priming in mice by inducing anergy or deletion of circu-
lating T cells via a CD4+ T cell- independent mechanism73. 
Although these findings and the ability of adoptively 
transferred pDCs to prolong mouse heart allograft sur-
vival74,75 suggest that liver pDCs might also play a part in 
the induction of liver transplant tolerance, experiments 
that formally address this question have not been reported.

Kupffer cells. Kupffer cells are a self- sustaining liver- 
resident macrophage population. They originate from 
yolk sac- derived precursors during embryogenesis and 
from adult monocyte- derived macrophages that are 
pheno typically distinct from those that accumulate rapi-
dly in injured liver76,77. Kupffer cells help to restore tissue 
integrity following injury, but can also contribute to liver  
disease progression (reviewed elsewhere77). They are 
located in the liver sinusoids, where they are well placed 
to interact with T cells32. Single- cell RNA sequencing 
analysis78 has identified two distinct populations of 
human liver macrophages, which segregate into pro- 
inflammatory and immunoregulatory populations. 

Table 1 | Molecular pathways implicated in regulation of liver I/r injury in 
mouse liver transplantation

Molecule significance in I/r injury ref.

Attenuation of injury

NTPDase-1 (CD39) CD39 overexpression in liver grafts attenuates 
cold I/R injury

259

CD39 deficiency exacerbates cold I/R 67

T cell immunoglobulin 
mucin 3 (TIM3)/Galectin 9 
(Gal-9)

TIM3/Gal-9 activation protects livers from cold 
I/R injury

260

Tumour necrosis factor (TNF) Donor liver TNFR1 protects against cold I/R injury 261

DNAX- activating protein  
of 12 kDa (DAP12)

DAP12 knockout liver grafts exhibit enhanced 
warm I/R injury

60

Promotion of injury

Interferon regulatory  
factor 1 (IRF1)

IRF1- deficient livers express neither death 
ligands nor death receptors and exhibit less cold 
I/R than wild- type livers

262

IRF1 promotes liver transplant I/R injury via 
hepatocyte IL-15/IL-15Rα production

263

T cell activation gene 3 
(TCA-3, CCL1)

Neutralization by anti- TCA3 monoclonal 
antibody decreases neutrophil and T cell 
infiltration and attenuates cold I/R injury

264

Toll- like receptor 4 (TLR4) TLR4 knockout liver grafts are protected from 
cold I/R injury

265

JNK2 JNK pathway induces mitochondrial 
depolarization and promotes hepatocyte death 
during cold I/R

266

B7 homologue 1 (B7- H1) Hepatocytes increase B7- H1 expression after 
cold I/R and induce T cell apoptosis in the graft

267

TIM1, TIM3 Anti- TIM1 antibody treatment abolishes 
neutrophil/macrophage activation and reduces 
cold I/R injury

268

Type I interferon Type I interferon receptor (IFNAR) knockout 
grafts that lack type I interferon signalling show 
less cold I/R injury than wild- type grafts

269

TNF Recipient TNFR1 promotes cold I/R injury 261

I/R, ischaemia–reperfusion injury. Data from ref.70.
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As with other macrophages, Kupffer cells phagocytize 
and eliminate apoptotic cells and microorganisms32,79, 
but they also promote liver regeneration80 and regulate 
liver injury81 and both portal venous82 and transplant83 
tolerance in rodents. Like liver cDCs, they express low 
levels of MHC class II and co- stimulatory molecules 
in mice84. Interactions between mouse Kupffer cells 
and Treg cells induce IL-10 production, which is cru-
cial for induction of tolerance to hepatocyte- expressed 
antigens85. Prostaglandins (prostaglandin E2 (PGE2) and 
15d- PGJ2) produced by Kupffer cells have an important 
role in the cells’ ability to suppress antigen- specific T cell 
proliferative responses via the suppression of intracellular 
calcium elevation, reduction of IL-2 secretion or inhibi-
tion of tyrosine kinases84. PGE2 can also induce forkhead 
box protein 3- positive (FOXP3+) Treg cells86. Moreover, 
portal venous administration of alloantigen in rats pro-
motes PGE2 and nitric oxide production by Kupffer cells, 
resulting in T cell hyporesponsiveness to alloantigen87,88. 
Exposure of rat liver Kupffer cells to gadolinium chlo-
ride, which inhibits their activation, prevents portal 

venous tolerance by inhibiting antigen presentation to 
lymphocytes and, therefore, their response to antigen 
stimulation, which seems to be necessary for tolerance 
induction82. Interestingly, the higher number of CD68+ 
Kupffer cells present in patients with living- donor liver 
transplant aged <50 years than in those aged ≥50 years 
seems to predict improved graft survival89, suggesting 
that Kupffer cells in donor livers might be a favourable 
prognostic factor. Finally, levels of graft- infiltrating den-
dritic cells and Kupffer cells are increased after rat liver 
transplant tolerance induction90, further suggesting a 
role for both of these myeloid cell types in modifying the  
alloimmune response towards tolerance.

Innate lymphoid cells. Innate lymphoid cells (ILCs)91 are 
a heterogeneous group of innate immune cells with lym-
phoid morphology comprising natural killer cells and 
non- natural killer ILCs (classified according to their 
cytokine secretion profile). The mouse liver contains 
two distinct ILC subsets, CD49a+ ILC1s and CD49b+ 
natural killer cells; however, little is known about how 

Table 2 | Immunoregulatory functions of liver innate immune cells

Cell type Mechanisms effect outcome refs

Conventional 
myeloid dendritic 
cells

PGE2 production Inhibition of T cell proliferation; 
apoptosis of activated T cells

Tolerance 42

IL-10 production Generation of Treg cells and TH2 cells 
via IL-10- dependent mechanisms; 
reduced production of TNF, IL-6 and 
ROS by monocytes

Tolerance 54,270

Modulation of function by TGFβ Induction of Treg cells with 
PD1- dependent regulatory function

Tolerance 71

IL-27 secretion Induction of T cell hyporesponsiveness Tolerance 68

CD39 expression Subversion of T cell responses Tolerance 67

Co- stimulation; IL-12p70 
production

T cell activation/expansion Immunity 271

Enhanced MHC class II and 
co- stimulatory molecule expression

TH1 cell polarization Immunity 272

Plasmacytoid 
dendritic cells

IL-10 production; low Delta  
4/Jagged 1 Notch ligand ratio

Skewing to TH2 cell differentiation; 
CD4+ T cell apoptosis

Tolerance 73

B7- H1 expression Impaired T cell stimulatory function Tolerance 273

Low level of peptide–MHC complex 
and co- stimulatory molecule 
expression

Induction of anergy/deletion of 
antigen- specific T cells and Treg cell 
function

Tolerance 274,275

High IFNα production Natural killer cell, natural killer T cell  
and CD8+ T cell activation

Immunity 276

Kupffer cells PGE2 production and 15d- PGJ2 Inhibition of antigen- specific T cell 
activation

Tolerance 84,277

Nitric oxide production Induction of T cell hyporesponsiveness Tolerance 88

IL-10 and TGFβ production Suppression of pro- inflammatory 
cytokine production

Tolerance 85,278,279

Unspecified Control of Treg cell function and deletion 
of activated CD8+ T cells

Tolerance 280,281

CD1- dependent presentation  
of bacterial antigens

Activation of natural killer T cells Immunity 282

Innate lymphoid 
cells (ILCs)

CD49a+ ILC1s express high levels  
of the inhibitory receptor NKG2A

Regulation of optimal priming  
of (antiviral) CD8+ T cells

Tolerance 92

B7- H1, B7 homologue 1; H1, homologue 1; IFNα, interferon- α; PGE2, prostaglandin E2; ROS, reactive oxygen species; TGFβ, 
transforming growth factor- β; TH2 cell, T helper 2 cell; TNF, tumour necrosis factor; Tregcell, CD4+CD25+ regulatory T cell.  
Table adapted from ref.34, Springer Nature Limited.
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these contribute to hepatic immune responses92. ILC1s 
express high levels of the natural killer inhibitory recep-
tor NKG2A and localize near dendritic cells in perivas-
cular spaces surrounding portal triads92. Observations 
in mice92 suggest that they might play a part in regu-
lating optimal priming of CD8+ T cells. ILC1s, ILC2s 
and ILC3s have been described in human adult and 
fetal liver, with a potential role for ILC2s in fibrosis93. 
Natural killer cells comprise 5–10% of mouse and 
30–50% of human hepatic lymphocytes94. In the mouse 
liver, they are maintained in an immature, functionally  
hyporesponsive state95 by intrahepatic IL-10 (ref.96).

Thus, the distinct innate immune cell populations 
within the liver microenvironment are inherently dis-
posed or conditioned to promote T cell tolerance.  
In addition, other constitutive liver cell populations also 
exhibit immune regulatory activities.

Liver sinusoidal endothelial cells
LSECs are the most numerous liver non- parenchymal 
cell population and perform complex roles in main-
taining immune homeostasis in the liver97. Mouse 
LSECs are efficient scavenger cells that process and 
present hepatocyte- derived antigen on MHC class I or 

II mole cules, together with T cell co- stimulatory mole-
cules, including CD40, CD80 and CD86 (ref.98). Human 
LSECs also express CD40 constitutively; however, CD80 
and CD86 are induced during inflammation99. Mouse 
LSECs can present circulating exogenous antigen to 
CD4+ T cells and CD8+ T cells but they do not express 
IL-12, resulting in antigen- specific T cell tolerance and 
not TH1 cell responses100,101. LSEC function, which can 
be measured by circulating hyaluronic acid levels and 
serum albumin uptake, is better preserved in spontane-
ously accepted rat liver allografts than in those that are 
rejected102. LSECtin, a LSEC lectin and a member of the 
dendritic cell- specific ICAM-3 grabbing non- integrin 
(DC- SIGN) family, can recognize activated T cells and 
downregulate their responses, and recombinant LSECtin 
administration downregulates T cell immunity in mice103. 
Conversely, mice that lack LSECtin have enhanced 
T cell responses103. Priming of naive CD4+ T cells by 
antigen- presenting LSECs does not promote TH cell 
differentiation or their clonal elimination, but instead 
induces development of FOXP3+ Treg cells104. Moreover, 
stimulation of naive CD8+ T cells (via cross- presentation) 
by LSECs leads to tolerogenic PDL1 signalling and fail-
ure to develop cytotoxic effector function101. In addition, 
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Fig. 1 | Mechanisms that subvert liver conventional mDC activation and enhance their tolerogenic properties to 
promote liver allograft tolerance. In addition to low cell surface levels of MHC class II and T cell co- stimulatory molecules, 
liver conventional myeloid dendritic cells (mDCs) express high levels of CD39, an ectonucleotidase that hydrolyses 
extracellular ATP into AMP, which in turn is degraded to adenosine, a potent anti- inflammatory molecule, by another 
ectonucleotidase, CD73. Locally produced IL-10 and transforming growth factor- β (TGFβ) inhibit liver mDC maturation, 
negatively regulating T cell stimulatory IL-12 production but promoting immunosuppressive IL-10 secretion. Also depicted  
is the negative regulation of Toll- like receptor (TLR) responses and subsequent dendritic cell activation owing to DNAX- 
activating protein of 12 kDa (DAP12)–triggering receptor expressed on myeloid cells 2 (TREM2) signalling and interleukin 
receptor- associated kinase M (IRAK- M) expression, which diminish nuclear factor- κB (NF- κB) activation. Further information 
is discussed elsewhere58–60,67,175. IL-10R, IL-10 receptor; ITAM, immunoreceptor tyrosine- based activation motif; LPS, 
lipopolysaccharide; SMAD, small mothers against decapentaplegic; STAT3, signal transducer and activator of transcription 3.
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LSECs nega tively regulate dendritic cell function, inhib-
iting their ability to prime T cells105. However, CD8+ 
T cell tolerance induced by LSECs is overcome by viral 
infection of mouse LSECs with cytomegalovirus, which 
triggers an immune response106.

Hepatic stellate cells
Hepatic stellate cells (HSCs) are crucial for hepatic wound 
repair and tissue modelling, but they might also have  
an important role in maintenance of immune homeo-
stasis and inherent liver tolerogenicity107. For example, 
activated mouse HSCs can restrict adaptive immunity 
via PDL1 or tumour necrosis factor- related apoptosis- 
 inducing ligand (TRAIL)- mediated T cell apop tosis108,109 
and IL-2- dependent allogeneic Treg cell expansion110. 
By inducing STAT3- dependent indoleamine dioxy-
genase (IDO) production in cDCs, HSCs can under-
mine their T cell allostimulatory function111. Moreover, 
LPS- stimulated HSCs can promote allogeneic CD4+ 
T cell apoptosis, induce selective expansion of Treg cells 
in vivo110,112 and veto CD8+ T cell activation via a CD54-  
dependent mechanism in mice113. Another study114 sug-
gests that mouse HSCs enhance the suppressive function 
of allogeneic Treg cells via IDO- induced aryl hydrocarbon 
receptor (AHR) activation and increase their stability 
through lysine acetylation of FOXP3. Mouse HSCs also 
exhibit B cell inhibitory activity (that is, they inhibit B cell 
activation, proliferation as well as cytokine and immuno-
globulin production) via PDL1 (ref.115). Interestingly, 
activated human HSCs can convert blood monocytes 
into myeloid- derived suppressor cells (MDSCs116) in an 
adhesion molecule (CD44)- dependent manner117, which 
could contribute to immuno suppression during liver 
inflammation. Thus, similarly to liver innate immune 
cells and LSECs, HSCs have the inherent capacity to  
subvert effector T cell responses.

Liver-residentT cells
T cells are found in the portal tracts and parenchyma 
of the normal adult liver. Of the liver- resident T cells, 
CD8+ T cells are more abundant than CD4+ T cells118, 
and there is a much higher incidence of natural killer 
T cells than in peripheral blood. Their responses must 
be regulated to protect the liver from immunopathol-
ogy. In mice, immunosurveillance of the liver by intra-
vascular CD8+ T effector cells that crawl along liver 
sinusoids and probe sub- sinusoidal hepatocytes (via 
cytoplasmic protrusions through endothelial fenes-
trae) for the presence of antigens has been described119. 
Tissue- resident, specialized memory CD8+ T cells that 
express liver- homing or retention markers (specifically, 
CD69+CD103+CXCR6+CXCR3+) with the potential to 
exert local immunosurveillance have been observed in 
the healthy human liver120. The permeable architecture 
of the liver and the slow blood flow in the liver sinusoids 
favours stable interactions between circulating T cells and  
resident hepatic cells. In contrast to mouse T cells acti-
vated by splenocytes, naive CD8+ T cells activated by 
hepatocytes lose their cytolytic function within 3 days of  
co- culture in vitro and do not survive121.

Studies of the fate of antigen- specific CD8+ T cells 
in mouse models in which antigen is expressed 

in the liver have shown that the outcome of intra-
hepatic CD8+ T cell activation can range from dele-
tion or functional silencing to cytotoxic T lymphocyte 
development101,122–125. The threshold level of antigen 
expression during primary immune responses within 
the liver has been shown to be the dominant factor 
in determining CD8+ T cell fate, irrespective of T cell 
receptor affinity or antigen cross- presentation126. Thus, 
low levels of cognate antigen- expressing hepatocytes 
promote T effector responses, whereas high levels lead 
to T cell exhaustion126, which might prevent severe 
immunopathology.

In 2004, working with a transgenic mouse model 
in which allogeneic MHC class I was restricted to 
hepatocytes, Bertolino and co- workers127 showed that 
although alloreactive T cells expanded, they then rap-
idly contracted in numbers. Naive alloreactive CD8+ 
T cells exposed to liver- resident haematopoietic APCs 
undergo a similar fate128. By expressing PDL1, hepato-
cytes, Kupffer cells, LSECs and HSCs34 promote poor 
T cell activation and/or early CD8+ T cell apoptosis. 
CD8+ T cells detected in the mouse liver weeks after 
their intrahepatic activation express high levels of the 
exhaustion markers PD1 and T cell immunoglobulin 
and mucin domain- containing protein 3 (TIM3)126, 
which negatively regulate T cell responses. The mech-
anism underlying this hepatocyte- induced T cell death 
seems to be neither Fas nor TNFR- dependent, suggest-
ing premature death by neglect as a result of growth  
factor deprivation of recently activated cells or passive cell 
death129 as a result of primary T cell activation without  
effective co- stimulatory signals. During both mouse130 
and rat131 liver transplant tolerance induction, alloreac-
tive CD8+ T cell infiltration into the graft is followed by 
their apoptosis. Mouse CD8+ T cells are programmed 
to die following their intrahepatic activation by hepat-
ocytes in a pro- apoptotic protein (B cell lymphoma 
2- interacting mediator of cell death (Bim)) and caspase 
3- dependent manner132. However, the molecular recog-
nition events that induce apoptosis of graft- infiltrating 
T cells, and the reason why this phenomenon occurs in 
the liver but not in other types of organ allografts, remain 
to be elucidated130,133. Subleski et al.134 have reported a 
liver- specific role for the mouse liver microenvironment 
in the depletion (via cytokine receptors and the T cell 
receptor) of activated invariant natural killer T cells, 
which, unlike conventional T cells, respond rapidly to 
antigen without previous sensitization.

Liver allograft tolerance in rodents
Consistent with its perceived role as a tolerogenic envi-
ronment, the liver is often the site of persistent viral 
infection135,136, tumour metastasis and tolerance of trans-
gene products expressed following viral transduction of 
hepatocytes85,137,138. Moreover, in mice, adeno- associated 
viral vector- mediated expression of donor MHC class I  
in recipient livers induces donor- specific tolerance to 
MHC class I- mismatched skin allografts139. The inher-
ent tolerogenicity of hepatic allografts displayed in 
rodents14,140 is consistent with these observations. Dark 
Agouti (DA), PVG, Brown Norway (BN), ACI and 
Lewis (Lew) are inbred rat strains, suitable for research 
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on transplants between MHC- mismatched strains. 
Wistar or Sprague Dawley are outbred strains of rat and  
consequently are not used for this purpose.

The acceptance of completely MHC- mismatched 
(fully allogeneic) orthotopic liver transplants in the 
absence of immunosuppressive therapy in both mice14 
and rats140,141 is well- recognized. In mouse studies14, 
survival after liver transplantation was found to depend 
both on the donor–recipient strain combination and on 
the direction of organ transfer. Thus, B10 (H2b) donor 
to C3H (H2k) recipient (MHC class I, class II and minor 
histocompatibility complex disparate) transplantation 
showed a very high acceptance rate (approximately 80% 
of grafts survived >100 days), whereas transplantation 
in the reverse direction (C3H to B10) showed that only 
20% of grafts survived >100 days. At least 70% survival 
for >100 days was achieved in several mouse strain com-
binations with disparate MHC class II, class I or both14. 
In rats, indefinite liver allograft survival in the absence 
of any immunosuppressive drug therapy is also strain 
dependent and related to MHC (RT1 in rats) disparity142. 
Thus, grafts from DA rats (RT1a) transplanted into 
PVG (RT1c) recipients are not rejected (despite histo-
logical evidence of an immune response within the 
first few weeks), whereas DA to BN (RT1n) grafts are 

rejected rapidly141. A short course (3–4 days) of the 
immuno suppressant tacrolimus (a calcineurin inhibitor) 
started early (on day 0, 2, 3 or 4 post transplant) results 
in perma nent acceptance of ACI (RT1a) liver grafts in 
Lew (RT1l) recipients that otherwise reject their trans-
plants acutely143. In DA liver grafts of Lew recipients in 
which post- transplantation total lymphoid irradiation 
was used to induce tolerance, the microRNA (miRNA) 
profile of the tolerated grafts was similar to that of syn-
geneic (Lew to Lew) grafts144, indicating that tolerance 
was associated with a return to a state of immuno logical 
quiescence. ‘Spontaneous’ acceptance (that is, with-
out requirement for immunosuppressive therapy) of 
MHC- mismatched rodent liver allografts prevents the 
rejection of other solid organ or small bowel grafts from 
the same donor14,142,145 and can reverse transplantation 
immunity or abrogate existing skin graft- induced sen-
sitization to donor antigens2. In one study, induction of 
tolerance to rat intestinal allografts seemed to be medi-
ated by impaired high- affinity IL-2 receptor expression 
on host CD8αβ+ T cells in the lamina propria, result-
ing in reduced recruitment of natural killer cells and  
macrophages to the graft146.

The haematopoietic activity of the liver has impli-
cations for the development of tolerance. In rats, syn-
geneic liver transplantation can rescue supralethally 
irradiated recipients via multilineage haematopoietic 
cell lineage reconstitution147. In mice, donor dendritic 
cells can be generated from the lymphoid tissue of liver, 
but not heart, allograft recipients148. In adult humans, 
extensively perfused liver allografts contain a small 
population of haematopoietic stem and/or progenitor 
cells (Lin–CD34+CD38–CD90+) that can be engrafted 
into haematopoietic cells in immunodeficient mouse 
recipients149. Furthermore, infusion of donor- derived 
haematopoietic cells into irradiated donors restores tol-
erance to rat liver (DA to PVG) allografts150. Moreover, 
in Lew recipients of ACI liver grafts that develop chronic 
rejection, delayed infusion of 100 × 106 T cell- depleted 
donor bone marrow cells (which are enriched in B cells 
and other APCs) 3–4 weeks post transplant, followed by 
tacrolimus withdrawal, leads to tolerance induction151, 
with mixed chimaerism, Treg cell generation and dimin-
ished donor- specific antibody levels. In other studies152, 
‘high’- level microchimaerism (>0.1%) correlated 
well with rat liver graft acceptance, whereas low- level 
microchimaerism (<0.01%) did not. Demetris et al.153 
reported persistence (up to 70 days post transplantation)  
of donor- derived dendritic cells in non- rejecting rat  
(Lew to BN) liver allograft recipients, but not in heart 
allograft recipients. Thus, liver allograft tolerance in mice 
and certain rat strain combinations can be induced across 
MHC barriers without immunosuppressive therapy or  
following a short course of post- transplantation immuno-
suppression, and has been associated, in rats, with donor  
haematopoietic cell microchimaerism.

Mechanisms underlying tolerance
The roles of donor and recipient immune cells that have 
been implicated in transplant tolerance on the basis 
of studies in mice are summarized in Table 3, and the 
mechanisms are discussed in detail in this section.

Table 3 | roles of donor or recipient immune cells in mouse liver transplant 
tolerance

Cells Findings refs

Donor cells

Dendritic cells Systemic donor- derived haematopoietic cell chimaerism in 
liver transplant host lymphoid tissues

14

Propagation of donor dendritic cells from lymphoid tissue 
of liver transplant, but not heart transplant, recipients

148

Proposed immunological role of donor- derived dendritic 
cells in bone marrow chimaerism in the host

283

Marked increases in dendritic cells within the graft induce 
rejection that can be reversed with IL-12 blockade

272

PDL1 expression by liver dendritic cells is critical for Treg cell 
and liver tolerance induction

284

DAP12 expression by liver dendritic cells might be critical 
for the induction of tolerance

59

Kupffer cells Kupffer cells are not critical for tolerance 167

Natural killer 
T cells

Natural killer T cells have a key immunomodulatory role 285

Donor natural killer cells and natural killer T cells remain  
in the liver and blood and are resistant to rejection

164

Hepatic stellate 
cells (HSCs)

Upregulated PDL1 expression by HSCs is important  
in tolerance induction

167

Host cells

Dendritic cells 
(conventional)

Donor MHC class I cross- dressed graft- infiltrating host 
dendritic cells regulate anti- donor T cell proliferative 
responses

175

Cytotoxic T cells Apoptosis of cytotoxic T cells within the graft may provide 
a mechanistic basis of allograft acceptance

130

Regulatory 
T cells

Depletion of host Foxp3+ regulatory T cells increases 
alloimmune responses

172,173

In addition, expression of Fas (CD95) and Fas ligand by various immune cells (and hepatocytes) 
may play an important role in regulation of anti- donor cytotoxic T lymphocyte responses286. 
DAP12, DNAX- activating protein of 12 kDa; Treg cell, CD4+CD25+ regulatory T cell. Table adapted 
with permission from ref.70, Wiley.
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A role for passenger leukocytes
Rat studies142 in the 1980s suggested that specific T cell 
clonal deletion is the mechanism responsible for the abo-
lition of immunological memory by liver grafting. They 
also implicated splenic regulatory macrophages and allo-
specific suppressor T cells (now known as Treg cells) in 
the maintenance of liver transplant tolerance154. Essential 
and complementary roles were attributed to both donor 
(‘passenger’) leukocytes and hepatic parenchymal cells 
(that continuously release soluble tolerogenic donor 
MHC class I antigens)155. In addition, rat transplant 
liver tolerance (PVG to DA) was associated with donor 
leukocytes that could be depleted by donor irradia-
tion 7 days before transplantation156, whereas tolerance 
could be re- established by infusion of donor leukocytes 
or ‘parking’ of irradiated donor livers in normal synge-
neic rats for 36 h before transplantation156,157. Tolerance 
in rats was also associated with rapid migration of the 
passenger leukocytes and subsequent immune activation 
(enhanced expression of IL-2 and IFNγ mRNA on day 1 
post transplantation) in recipient lymphoid tissue158. 
However, a later study questioned whether the pres-
ence of donor- strain passenger leukocytes was linked 
to rat liver allograft (PVG to DA) tolerance as chimae-
ric donor livers bearing donor, recipient or third- party 
leukocytes were accepted long term159. The observa-
tion of higher levels of apoptosis of graft- infiltrating 
leukocytes in liver allografts than in renal allografts 
of the same combination of rat strains suggested an 
important role for this process in the induction of liver 
transplant tolerance160, whereby donor parenchymal or 
liver- resident cells induced alloreactive recipient T cell 
death by neglect161–163. In a mouse liver transplant model, 
differential migration of donor passenger leukocytes 
via the blood to recipient lymph nodes and the spleen 
within 24 h after transplantation has been described, 
whereas donor natural killer cells and natural killer 
T cells remained in the liver and blood164. In the same 
study, the numbers of donor alloreactive reporter trans-
genic CD8+ T cells diminished rapidly within 48 h after 
transplantation.

Key molecular pathways
Several key molecular pathways (fig. 2), including those 
associated with the immunoregulatory function of liver 
innate immune cells discussed above, have been impli-
cated in mouse liver allograft tolerance. For example, 
IFNγ is a pro- inflammatory cytokine that is required 
for initiation of MHC class II- disparate skin allograft 
rejection, likely by upregulating MHC class II mole-
cules on skin APCs165, but it has also been reported to 
have a crucial role in spontaneous acceptance of liver 
allografts166. Thus, alloreactive T effector cell- derived 
IFNγ signalling results in high expression of PDL1 by 
LSECs, which induces T effector cell apoptosis through 
the PDL1–PD1 pathway167. Blockade of this pathway 
(or use of PDL1- deficient donor mice) results in host 
mortality within 12 days after liver transplantation168. 
Blockade of the B7–cytotoxic T lymphocyte- associated 
antigen 4 (CTLA4) pathway, a pathway that negatively 
regulates T cell responses, prevents alloreactive T cell 
apoptosis in mouse liver grafts and spleens and induces 

acute rejection of liver grafts, suggesting that CTLA4 
signalling is required for induction of spontaneous 
liver transplant tolerance169. Galectin 1, an endogenous  
lectin that is expressed in lymphoid organs, substantially 
prolongs the survival of liver allografts from mouse 
donors treated with the haematopoietic growth factor 
FMS- like tyrosine kinase 3 ligand (FLT3L) (which con-
tain markedly increased numbers of myeloid APCs) 
by inducing T cell apoptosis within the grafts and by 
suppressing TH1 and TH17 cell responses, suggesting 
that galectin 1 might also have a vital regulatory role in 
prolonging liver allograft survival170. It seems that over-
expression of galectin 1 by T cells might promote the 
activation of HSCs to reduce the inflammatory response 
and to potentially contribute to restoration of transplant 
tolerance171. Thus, on the basis of extensive in vitro and 
experimental animal data, it seems that T cell tolerance 
to liver allografts might be driven by multiple, possibly 
parallel, molecular mechanisms.

RegulatoryT cells
Levels of CD4+CD25+FOXP3+ Treg cells, with enhanced 
CTLA4 expression, are substantially increased in 
spontaneously accepted, MHC- mismatched (B10 to 
C3H) mouse liver allografts and in recipient spleens172. 
Moreover, depletion of recipient CD4+CD25+ T cells in 
the liver and spleen using an anti- CD25 monoclonal 
antibody (PC61) reduces the ratio of Treg cells to T effec-
tor cells and apoptosis of graft- infiltrating alloreactive 
CD4+ T cells and CD8+ T cells, which are associated with 
acute liver graft rejection172. CTLA4 blockade prevents 
tolerance induction in the same model169. These findings 
and others highlight roles for both Treg cells173,174 and the 
apoptosis of graft- infiltrating T cells in the induction of 
liver transplant tolerance. However, Treg cells might not 
be essential for the maintenance of tolerance, as delayed 
treatment of recipients (at various times from 29 and 
35 days to 30, 37, 55, 60 and 65 days post transplanta-
tion) with the Treg cell- depleting monoclonal antibody 
PC61 did not shorten (DBA/2 to C3H) liver allograft 
sur vival173. IFNγ- deficient mouse liver allografts (B6 to  
C3H), which are all rejected approximately 15 days 
post transplantation, display similar levels of Treg cells 
but less T cell apoptosis than wild- type liver allografts, 
which suggests that, in mice, T cell elimination might 
be more important for tolerance induction than Treg cell 
elevation167. Studies using the B10 to C3H mouse liver 
transplant model also suggest that effector T cell dele-
tion, and not regulation, is responsible for spontaneous 
allograft acceptance130.

Regulatory dendritic cells
Donor- derived dendritic cells with an ability to regu-
late alloreactive T cell responses have been implicated 
in the promotion of spontaneous mouse liver transplant 
tolerance13,53,148. Thus, selective depletion of these den-
dritic cells in liver donors using a CD11c–diphtheria toxin 
receptor mouse model leads to acute graft rejection70, 
whereas adoptive transfer of liver- derived dendritic 
cell progenitors from the same donor strain to prospec-
tive pancreatic islet allograft recipients 7 days prior to 
transplantation prolongs graft survival69. Furthermore, 
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other studies implicate recipient dendritic cells in the 
regulation of liver transplant tolerance. For example, 
graft-infiltrating recipient CD11c+ dendritic cells acquire 
donor MHC class I molecules early after mouse liver 
trans plantation — in a process known as ‘cross-dressing’ 
— with the highest numbers of cross-dressed dendritic 
cells observed in the graft 7 days post transplantation. 
These graft- infiltrating cross- dressed dendritic cells 

express high levels of cell surface PDL1, secrete IL-10 
and exhibit an ability to subvert anti- donor T cell pro-
liferative responses, at the same time as exhaustion 
and/or death of graft- infiltrating PD1hiTIM3+CD8+ 
T cells and the development of tolerance175. In C3H 
mice receiving allografts from DAP12–/– B6 donors 
that are rejected acutely, diminished levels of graft- 
infiltrating cross- dressed dendritic cells with reduced 
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Fig. 2 | Cellular and molecular mechanisms implicated in regulating the balance between liver transplant tolerance 
and rejection. In mice, donor- derived dendritic cells and natural killer T cells, but not Kupffer cells, have been shown to have 
important roles in the establishment of mouse liver transplant tolerance across MHC barriers. Increased IL-12 production  
by donor dendritic cells (resulting from FMS- like tyrosine kinase 3 ligand (FLT3L) administration to the liver donor) or 
exogenous IL-2 administration to the graft recipient can promote cytotoxic T lymphocytes (CTLs), resulting in liver graft 
rejection. The transmembrane adaptor protein DNAX- activating protein of 12 kDa (DAP12) seems to be a crucial molecule 
that regulates the induction of liver transplant tolerance, as its absence in donor livers results in enhanced host CTLs, 
reduced regulatory T cells and acute graft rejection. Similarly, interferon- γ (IFNγ) signalling seems to be needed for mouse 
liver allograft tolerance; thus, host- derived IFNγ upregulates PDL1 on graft hepatic stellate cells that, in turn, promote 
apoptosis of graft- infiltrating CTLs. The Fas–Fas ligand (FasL) (CD95–CD95L) pathway also seems to be important in mouse 
liver transplant tolerance. However, the exact mechanisms have not yet been elucidated. IFNγR, IFNγ receptor; TLR4, Toll- like 
receptor 4; TREM2, triggering receptor expressed on myeloid cells 2. Figure adapted with permission from ref.70, Wiley.
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levels of expression of donor MHC class I and PDL1 
are observed compared with liver grafts from wild- 
type counterparts that are not rejected, which suggests 
that both DAP12 and host graft- infiltrating regulatory 
dendritic cells are important in tolerance induction.

Natural killer cells
The role of natural killer cells as orchestrators of toler-
ance or rejection in liver transplantation (or that of other 
organs) remains controversial176–179. Although natural 
killer cells have been discussed as potential predictors of 
human liver transplant tolerance180, and possible under-
lying mechanisms have been discussed178, natural killer 
cells have also been implicated in rejection by producing 
IFNγ soon after rat liver allograft transplantation181.

Potential biomarkers of tolerance
Several molecules have been suggested as potential bio-
markers of tolerance in either rat or mouse liver trans-
plant models. For example, Farges et al.182 reported that 
intrahepatic IL-4 transcripts were significantly lower in 
tolerated rat liver allografts than in rejected allografts 
from day 2 post transplantation onwards. By contrast, 
no significant differences in other cytokines, including 
IL-1α, IL-2, IL-6, IL-10, TNFα, TNFβ and TGFβ, were 
observed. IL-4 injection after rat liver transplantation 
converted allograft tolerance to rejection, partially 
through a graft- specific antibody response183. Another 
example is that expression of miRNAs, including 
miRNA-146a, miRNA-15b, miRNA-223, miRNA-23a, 
miRNA-27a, miRNA-34a and miRNA-451, in toler-
ated murine liver allografts was upregulated compared 
with that in syngeneic grafts, which suggests a role for 
these miRNAs in tolerance induction168. Xie et al.184 
identified a novel set of potential tolerance biomarker  
genes (those encoding lectin galactose-binding soluble 1,  
fibrinogen- like protein 2 (FGL2), CD39, phospho-
diesterase 3B, killer cell lectin-like receptor G1 (KLRG1), 
FOXP3 and TGFβ) that exhibited increased expression 
8–14 days post transplantation (during severe inflamma-
tory injury) in a mouse liver allograft tolerance model. 
At later times, when the grafts were fully accepted and 
histologically normal, expression of this novel gene set 
was maintained. Monitoring of this novel gene set could 
distinguish between tolerance and rejection. Although 
expression of the tolerance gene set was maintained over 
time, expression of inflammatory genes (such as those 
encoding CD45, CD4, CD25, suppressor of cytokine 
signalling 2, CTLA4, selectin lymphocyte (Sell), IFNγ, 
PD1 and granzyme B), which was increased shortly after 
transplantation, dropped back to baseline thereafter.

Levels of the first- described immunoregulatory 
molecules identified in experimental models of allo-
graft tolerance, such as PDL1, CTLA4, IDO, IL-10 and 
TGFβ185,186, were assessed in a prospective multicen-
tre immunosuppressive drug withdrawal trial before 
immuno suppressive therapy weaning was initiated and 
were not found to be associated with ‘operational’ toler-
ance (that is, the persistence of normal graft function in 
the absence of immunosuppressive therapy)27. Notably, 
as formal demonstration of tolerance is unsuitable for 
clinical application (acceptance of same- donor second 

grafts but rejection of third- party grafts), the term ‘oper-
ational’ tolerance is commonly used to designate the 
clinical situation in which a graft maintains stable func-
tion without features of acute or chronic rejection and 
without the need for immunosuppression. However, lon-
gitudinal analysis of the liver biopsy samples collected 
from patients who successfully stopped their immuno-
suppressive therapy revealed a transient increase in  
the expression of genes, such as those encoding FOXP3, 
PD1, PDL1 and TIM3 (ref.187). Furthermore, in a trial of 
immunosuppression withdrawal in patients with under-
lying inflammatory liver damage due to hepatitis C virus 
(HCV) infection, intrahepatic transcript levels of PD1, 
pyruvate formate lyase 1 (PFL1), IL-10 and suppressor 
of cytokine signalling 1 (SOCS1) that were associated 
with operational tolerance were already present in the 
baseline liver biopsy samples before drug withdrawal188. 
Thus, in both rodent and human liver transplantation, 
specific sets of genes have been associated with tolerance 
and successful withdrawal of immunosuppressive drugs.

Mechanisms of human liver rejection
Unlike in rodent models of liver transplantation, human 
liver allografts are universally rejected in the absence 
of immunosuppressive therapy189. Therefore, patients 
undergoing liver transplantation are typically treated 
with tacrolimus in combination with other immuno-
suppressive drugs, such as mycophenolate mofetil and 
corticosteroids, with or without short- term non- depleting  
anti- CD25 (IL-2 receptor- α) antibody induction ther-
apy190,191. Despite the availability of these powerful 
immunosuppression regimens, acute cellular rejection 
(ACR) occurs in up to approximately 10–30% of liver 
transplant recipients192,193. ACR is characterized by 
damage to the bile duct and venous endothelium as well  
as portal inflammation and is observed most com-
monly in the first 1–3 months post transplantation193–196. 
However, the occurrence of ACR in the early post- 
 transplantation period (<6 weeks) does not seem to 
be harmful to the graft as it does not affect long- term 
graft survival (beyond the first year post transplant) or 
patient survival in most cases197, although this finding 
has been disputed197,198. Risk factors for ACR include 
the type and degree of immunosuppressive therapy 
and the indication for transplantation193. Persistent or 
inadequately treated ACR can lead to chronic rejection, 
which currently occurs in <5% of patients undergoing 
liver transplantation and is more frequent in patients on 
low levels of immunosuppressive therapy, those under-
going transplantation for autoimmune disease (such as 
primary biliary cholangitis, primary sclerosing cholan-
gitis and autoimmune hepatitis) and those who have 
previously lost a graft due to rejection193,199.

Various centres worldwide have reported that patients  
maintained on standard- of- care immunosuppressive 
therapy, including those with normal liver function 
tests, harbour subclinical inflammation and/or fibro-
sis, which suggests an active or ongoing, but poorly 
defined, immune response200–203. Studies indicate that 
this immune response is likely to be a latent form of 
T cell- mediated rejection, the natural history of which 
remains to be fully elucidated202.
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The extent to which donor–recipient HLA matching 
and humoral sensitization influence clinical outcomes 
following liver transplantation is still under debate. This 
uncertainty is likely owing to the heterogeneity of the 
study cohorts, the use of different analytical platforms 
for HLA typing or anti- HLA antibody screening and the 
lack of sensitive, non- invasive surrogate biomarkers of 
long- term graft failure.

One of the largest studies assessing the effect of 
HLA matching, derived from the Organ Procurement 
and Transplantation Network (OPTN), analysed the 
outcomes of 29,675 patients who underwent liver 
transplantation and found no effect of HLA match or 
mismatch at the A, B and DR loci on 5-year graft sur-
vival in first- time, deceased and living- donor liver trans-
plant recipients4,5. By contrast, in a cohort of 799 liver 
transplant recipients, Balan et al. found an association 
between mismatching at the A locus and decreased 
recipient survival, with shorter survival for patients 
with 1–2 mismatches compared with 0 mismatches 
(hazard ratio 1.6; P = 0.05)204. Moreover, a meta- analysis 
suggested that HLA compatibility could reduce the inci-
dence of acute rejection, although no influence of HLA 
compatibility on graft survival was found205. Smaller 
studies that achieved HLA typing by various meth-
ods (complement- dependent microcytotoxicity assay,  
PCR sequencing (PCR- SSOP) and eplet mismatch 
analysis) have also suggested a potential influence of 
HLA matching on clinical outcomes206,207.

With regard to humoral sensitization, it has been 
proposed that liver allografts possess some degree of 
resistance to antibody- mediated rejection208 owing to the 
large size and regenerative ability of the liver, the capac-
ity of Kupffer cells to remove immune complexes and 
activated complement, and the low expression of HLA 
class II antigens in the microvascular endothelium. In a 
20- year review of 2,723 patients who had undergone liver 
transplantation209, a positive T cell and B cell cross- match 
showed no statistically significant influence on patient 
survival or graft outcomes. Using solid- phase assays, 
both preformed and ‘de novo’ donor- specific anti- HLA 
antibodies (DSA) have been associated with an increased 
risk of rejection and graft loss210,211. Post- transplantation 
DSA, in particular those directed against HLA- DQ 
antigens, have also been associated with subclinical 
T cell- mediated rejection202 and, in patients >10 years 
post transplant, with allograft dysfunction212 and allo-
graft failure213. By contrast, other studies have suggested 
that preformed DSA are clinically irrelevant to liver allo-
graft outcome in the first year post transplantation214. 
Furthermore, the presence or absence of circulating DSA 
was not associated with tolerance in prospective clinical 
trials of immunosuppressive drug weaning, both in adult 
and paediatric liver transplant recipients215,216. Altogether, 
although the association between circulating DSA and 
poor long- term outcomes of liver transplantation seems 
clear, the overall effect is smaller than the effects that 
have been described in other transplant settings, such 
as kidney or heart transplantation217,218. Furthermore, 
whether DSA have a direct pathogenic role, or are just 
markers of immune sensitization and of more vigorous 
cellular responses, remains to be clarified.

Several studies have examined associations between 
gene polymorphisms and the risk of liver transplant 
rejection. For example, IL-10 and CTLA4 polymor-
phisms might be associated with a reduced risk of 
ACR219,220. In addition, profiles of serum miRNAs have 
been associated with ACR and with prediction of liver 
allograft dysfunction up to 40 days before biopsy-proven 
rejection in patients undergoing immuno suppressive 
drug minimization221. Expression of rejection-associated 
genes, including those that encode the chemokines 
CXCL10 and CXCL9, IRF1 and STAT1, was elevated in 
the grafts of non- tolerant patients compared with tol-
erant patients, 3 years post weaning187. ACR- associated 
transcriptional markers in blood samples during 
immunosuppressive drug withdrawal predicted the 
development of rejection; of these markers, CXCL10 
upregulation was the most robust predictor of ACR222.

Currently, reliable or validated non- invasive bio-
markers to predict biopsy- proven ACR are not available, 
but they are urgently needed223. To address this need, 
a prospective, longitudinal, international multicentre  
study of immune monitoring after paediatric liver 
transplantation that aims to identify an immune panel 
for non- invasive early detection of ACR that might help 
tailor individual immunosuppressive drug therapy is 
currently being conducted224.

Monitoring and predicting tolerance
The identification of non- invasive biomarkers as diag-
nostic tools to better define graft tolerance remains an 
important research priority in liver transplantation. 
Baseline biomarkers that are predictive of successful 
immunosuppression withdrawal in liver transplantation 
are summarized in Table 4.

Minimal overlap of gene expression in peripheral 
blood cells between operationally tolerant liver and 
kidney recipients has revealed the uniform effects of 
pharmacological immunosuppressive therapy on the 
tolerance- related transcriptional profile, regardless of  
the tissue species225. However, other studies have shown 
that pharmacological immunosuppression, including 
use of calcineurin inhibitor monotherapy, has limited 
effects on rejection- associated gene expression in both 
blood and the liver allograft222.

Intrahepatic allograft expression of genes involved 
in the regulation of iron homeostasis can predict the 
development of operational tolerance in human liver 
transplantation, independent of baseline immuno-
suppressive therapy27, and is currently being validated 
in a multicentre immunosuppression drug withdrawal 
trial in Europe226. Thus, sequential analysis of graft tis-
sue samples from liver transplant recipients enrolled 
in a prospective multicentre immunosuppressive drug 
withdrawal trial27 revealed that, before initiation of  
drug withdrawal, operationally tolerant and non- tolerant 
recipients differed in intra- graft expression of genes 
involved in regulation of iron homeostasis. Hepcidin, 
for example, which mediates its anti- inflammatory 
effect through phosphorylation of STAT3 (ref.227), was 
expressed at higher levels in the tolerant group than 
in the non- tolerant group. Intra- graft gene expression 
predicted the outcome of immunosuppressive drug 
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withdrawal, independent of any clinical parameters27. 
Compared with non- tolerant recipients, samples from 
operationally tolerant recipients showed increased tran-
scripts of immune- modulating disabled homologue 2  
(DAB2) and haem oxygenase (decycling) 1 (HMOX1) and  
decreased transcripts of immune- activating CD26 
and macrophage migration inhibitory factor (MIF). 
However, the iron- related markers were poor predictors 
of drug withdrawal outcome in liver transplant recipi-
ents with chronic HCV infection188, which could be due 
to inhibition of hepcidin expression by HCV228.

In another study, peripheral blood gene expression was 
not sensitive enough to detect rejection in patients with 
HCV infection222. However, type I interferon- stimulated  

gene overexpression, as well as an expansion of exhaus-
ted circulating PD1+CTLA4+2B4+ HCV- specific CD8+ 
T cells, within liver allografts of recipients who were 
HCV- positive was associated with liver graft opera-
tional tolerance induction188. This finding is intriguing 
as it suggests that a chronic viral infection, such as HCV, 
might facilitate the development of allograft tolerance 
owing to the gradual exhaustion of the effector T cell  
compartment.

Low circulating levels of Treg cells have been associ-
ated with acute rejection in patients who have under-
gone liver transplantation229. The operationally tolerant 
allografts developed portal tract expansion, with both 
an upregulation of the immune response and a trans ient 

Table 4 | predictors of successful immunosuppression withdrawal in liver transplantation

predictor Description or specimen Cell subset or transcript refs

Clinical predictors

Age at transplantation Positive association with 
successful drug withdrawal

NA 287b,215b

Sex Male sex associated with 
successful drug withdrawal

NA 215b

Time since liver transplantation Time interval between 
transplantation and 
initiation of drug weaning 
associated with the 
success of drug withdrawal

NA 215b,216b,247b,21b

Cellular and molecular predictors

Flow cytometric immune cell 
subsets

Peripheral blood 
mononuclear cells

↑ CD4+CD25+ T cells 236a,230b

↑ B cells 236a

↑ Vδ1:Vδ2 γδT cells

↓ Vδ2 γδT cells

236a,235a,188b,27b

↑ Plasmacytoid dendritic cells 237b

↑ Exhausted circulating hepatitis C 
virus- specific CD8+ T cells

188b

Liver tissue ↑ Vδ1:Vδ2 γδT cells 288a

↑ CD4+CD25+ T cells 289a

Transcriptional profiling Peripheral blood 
mononuclear cells

↑ mRNA FoxP3 230b

↑ Natural killer cell and 
γδT cell- related transcripts

235a,180a

Gene expression signature (12 genes: 
KLRF1, SLAMF7, NKG7, IL2RB, KLRB1, 
FANCG, GNPTAB, CLIC3, PSMD14, 
ALG8, CXCR1, RGS3)

27b (not 
reproducible 

across different 
clinical sites)

Gene expression signature (13 genes: 
SENP6, FEM1C, ERBB2, AKR1C3, 
MAN1A1, UBAC2, GPR68, NFKB1, 
MAFG, BTG3, ASPH, PTBP2, PDE4DIP)

290a

Liver tissue Gene expression signature (5 genes: 
SOCS1, TFRC, PEBP1, MIF, CHDR2)

27b

Histological predictors

C4d score Lower total C4d score 
associated with successful 
drug withdrawal

NA 216b

Infiltrating CD45+ 
leukocytes and leukocyte/
antigen- presenting cell pairs

Low inflammatory 
infiltrates associated with 
successful drug withdrawal

NA 291b (abstract)

FoxP3, forkhead box protein 3; NA, not applicable. aCross- sectional design of the studies listed. bProspective design of the  
studies listed.
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enrichment of Treg cells, but without symptoms of rejec-
tion 1 year after complete immunosuppressive drug 
withdrawal. A reduction in portal Treg cell levels to 
pre-withdrawal levels in liver biopsy samples as well 
as a downregulation of immune activation-associated 
genes 3 years post withdrawal, still without signs of 
graft damage, suggested a balanced immune response 
in the tolerant recipients187. A progressive increase in  
CD4+CD25+ T  cells and FOXP3 mRNA expres-
sion assessed in peri pheral blood mononuclear cells 
by reverse transcriptase PCR, during and after the 
immunosuppression withdrawal process, were also 
associated with operational tolerance; this was not 
observed in the patients undergoing an acute rejec-
tion episode230,231. Using single- cell mass cytometry to 
determine immune profiles in the blood of paediatric 
liver transplant recipients, a specific CD4+ T cell subset 
(CD4+CD5+CD25+CD38–/loCD45RA–) was positively 
correlated with liver allograft tolerance232. This T cell 
subset was confirmed by flow cytometry to be distinct 
from Treg cells232.

Three liver transplant recipients who received four 
doses of anti- thymocyte globulin (ATG) at days 1–5 after 

transplantation followed by the introduction of siroli-
mus (also known as rapamycin) at day 7 exhibited an 
emergence of IFNγ- secreting CD8+ T cells, which might 
have been responsible for acute rejection after immuno-
suppressive drug withdrawal233. Notably, immunosup-
pression weaning was started at the end of month 2 and, 
in the absence of biopsy- proven rejection, discontinued 
between months 4 and 6 post transplantation. Liver 
biopsy samples collected 5–10 years post transplanta-
tion showed that fewer CD8+ T cells and CD3+ T cells 
were present in the lobular areas of patients who were 
withdrawn successfully from immunosuppressive drug 
treatment compared with those who were not tolerant 
of their grafts234. The tolerant liver transplant recipients 
exhibited higher numbers of CD4+CD25+ T cells and 
Vδ1+ T cells in the peripheral circulation than patients 
who were non- tolerant, suggesting a non- invasive diag-
nosis biomarker capable of predicting tolerance before 
drug weaning235. An increased frequency of CD4+CD25+ 
T cells and B cells, a higher Vδ1/Vδ2 γδT cell ratio and 
a decreased frequency of natural killer cells in periph-
eral blood mononuclear cells were associated with 
operational tolerance in paediatric liver transplant 
recipients236.

The ratio of circulating precursors of pDCs to cDCs 
was significantly higher in paediatric liver graft recipi-
ents undergoing successful drug weaning than in those 
on maintenance immunosuppression, regardless of the 
dose of prednisone or tacrolimus237. High ratios of PDL1 
to CD86 on circulating pDCs correlated with increased 
Treg cells in operationally tolerant paediatric liver allo-
graft recipients238. These findings are consistent with a 
role that has been ascribed to pDCs in the promotion 
of experimental transplant tolerance239. In summary, 
although several researchers have described specific 
changes in circulating immune cell subsets and/or blood 
gene expression signatures as potential biomarkers of 
operational tolerance, most of these markers have not 
been validated prospectively, and when this has been 
performed (that is, via blood transcriptional profile) the 
biomarkers have not shown reproducibility across cen-
tres. Liver tissue biomarkers are likely to be more useful, 
but validation trials are still ongoing.

Checkpoint inhibitors in transplantation
In mice, blockade of T cell co- inhibitory pathways 
(PDL1–PD1 or B7–CTLA4) converts spontaneous 
liver allograft tolerance to acute rejection169,240, suggest-
ing that these pathways are crucial for the attenuation 
of host T cell responses and the promotion of liver 
transplant tolerance. In humans, so- called checkpoint 
inhibitors, anti- PD1 (pembrolizumab and nivolumab) 
and anti- CTLA4 (ipilimumab), are immunotherapeutic  
agents used in the treatment of malignancies (such 
as metastatic skin cancers, renal cell carcinoma and 
non- small- cell lung cancer) that are unresponsive to 
standard chemotherapy regimens. However, data on 
the use of these agents in organ transplant recipients241, 
who are at increased risk of malignancies, are scarce. 
It is expected that these treatments could enhance 
patients’ alloimmune responses, resulting in potential 
allograft rejection or loss. A high risk of rejection and a 
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a

c

b
Classic ISW trial inclusion criteria
• >3 years post transplant if ≥50 years old or >6 years post transplant if <50 years old
• Normal liver function tests and normal baseline liver biopsy
• No episodes of acute or chronic rejection in the past 52 weeks
• No immune-mediated liver disease and no active viral disease
• No significant co-morbidities 

Arm A

Arm B

Weaning all strategy

Tolerant signature

Non-tolerant signature

ISW
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No ISW

Fig. 3 | Modern immunosuppression withdrawal trials in liver transplantation  
and classic inclusion criteria. a | Classic timeline representation of modern 
immunosuppression withdrawal (ISW) trials in liver transplantation. This timeline is the 
one followed in the Liver Immunosuppression Free Trial (LIFT)226 and OPTIMAL303 trials,  
a European trial and a US trial, respectively, whose inclusion and exclusion criteria as well 
as flow have been harmonized. b | Inclusion and exclusion criteria for immunosuppression 
withdrawal trial. c | Flow diagram of the LIFT, the first trial to use a tolerance biomarker 
test to stratify patients prior to ISW. In arm A, the individuals undergo stepwise ISW 
regardless of the tolerance biomarker test result; in arm B, only those individuals positive 
for the tolerance biomarker undergo ISW, whereas the individuals negative for the 
biomarker maintain their standard immunosuppressive treatment regimen.
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Table 5 | trials of tolerance induction in adult clinical liver transplantation

year Centre Description of cohort 
and intervention

lD 
or 
DD

time from lt to 
weaning

attempted/
successful 
IsW

Duration off immunosuppression 
and comments

Graft 
loss

refs

2004 Brussels 
Erasmus/
Ghent

Patients with intrahepatic 
cancer ineligible for DD LT

Non- myeloablative 
conditioning 
chemotherapy of 
cyclophosphamide and 
anti- thymocyte globulin 
followed by donor stem 
cell infusion

LT after haematopoietic 
reconstitution: 40–55 days 
after stem cell infusion

LD Patient 1: 90 days

Patient 2: 28 days

2/2 (100%) Patient 1: tumour recurrence at 120 
days post transplant, died 370 days 
post transplant

Patient 2: tumour recurrence 
suspected 215 days post transplant

0 292

2005 New 
Orleans

Prospectively 
non- randomized 
weaned patients, 
including patients with 
viral hepatitis but no 
autoimmune liver disease

Anti- thymocyte globulin, 
mycophenolate and 
tacrolimus at the time of 
transplantation and then 
tacrolimus monotherapy 
by 2 weeks after 
transplantation

DD ≥6 months required 18/1 (6%) 6–12 months 0 293

2005, 
2010

Miami Group 1 (n = 45): 1–5 donor 
bone marrow cell (DBMC) 
infusions early post LT, no 
autoimmune liver disease

Group 2 (n = 59): no DBMC 
infusion, no autoimmune 
liver disease

DD ≥3 years required 
(actual mean ± SD: 
group 1, 3.63 ± 0.08 
years; group 2, 
4.4 ± 0.19 years)

104/23 
(22%)

No difference in success rate or 
in haematopoietic chimaerism 
between groups

2005 publication: 1.1–3 years in 
group 1, 0.9–3 years in group 2

2010 publication: 7.27 ± 0.28 years

1 (1%) 294,295

2006 Erasmus 
Brussels/
Ghent

Patients with intrahepatic 
cancer ineligible for DD LT

High- dose anti- thymocyte 
globulin, sirolimus and 
donor- derived stem cells

LD 18–213 days 3/2 (67%) Patient 1: immunosuppression 
withdrawal at day 18 post 
transplant, 533 days off 
immunosuppression, 1 episode 
of rejection, died of tumour 
recurrence

Patient 2: immunosuppression 
withdrawal at day 23 post 
transplant, 319 days off 
immunosuppression, 1 episode of 
rejection, died of tumour recurrence

Patient 3: immunosuppression 
withdrawal at day 213 post 
transplant, 498 days off 
immunosuppression, rejection but 
alive without tumour recurrence

0 254

2007 Western 
Ontario

Randomization to placebo 
or ursodesoxycholic 
acid (UDCA) 
immediately before 
immunosuppression 
withdrawal

Patients with autoimmune 
liver disease included

DD ≥2 years required 
(actual mean ± SD: 
UDCA group, 
51.8 ± 12.8 months; 
placebo group, 
60.2 ± 29.2 months)

26/2 (8%) No difference in success rates 
between groups: 2 individuals off 
immunosuppression after 1 year  
of follow- up

0 287

2009 Erasmus 
Brussels/
Ghent

High- dose anti- thymocyte 
globulin and steroids then 
sirolimus on day 7 post 
transplantation

Excluded hepatitis C virus 
infection and autoimmune 
liver disease

DD 2 months 3/0 (0%) Rejection episodes in all 3 patients, 
after 140, 40 and 39 days without 
immunosuppression in patient 1, 2 
and 3, respectively

0 233
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poor remission rate have been reported in kidney trans-
plant recipients with various types of metastatic cancers 
(such as squamous cell cancer, melanoma, renal cell 
cancer and lung adenocarcinoma) treated with check-
point inhibitors242. In a review243 of 14 liver transplant 
recipients with either melanoma or hepatocellular carci-
noma who were treated with checkpoint inhibitors, graft 
rejection was reported in four patients (three with lethal 
outcome) within 3 weeks of initiation of the checkpoint 
inhibitor therapy. Overall median survival (12 recip-
ients) was 1.2 months; however, four patients showed 
a response to treatment, with survival ranging between 
4 and 18 months. Although no definitive conclusions 
can be drawn from these reports, they do suggest that 
multiple modifiable factors (including the choice of 
immunosuppressive agent, availability of biopsies and 
time of treatment initiation) might have important roles 
in determining the susceptibility to rejection of liver 
allografts in patients treated with checkpoint inhibitors.

Safe immunosuppression withdrawal
In the first prospective multicentre trial of immuno-
suppressive drug withdrawal in stable adult liver 
transplant recipients, immunosuppressive drugs were 
gradually discontinued over a period of 6–9 months 
at least 3 years post transplantation: 42% of carefully 
selected evaluable recipients were weaned successfully 

off all immunosuppressive drugs at a mean of 10 years 
post transplantation215. In the first multicentre trial of 
complete immunosuppression withdrawal in 20 paedi-
atric recipients of parental living- donor liver transplants, 
60% of recipients remained off immunosuppressive 
drugs for at least 1 year with normal graft function and 
stable graft histology. Two patients experienced acute 
rejection, five patients showed indeterminate rejection 
and one patient had an exclusion criteria violation216.  
Early (that is, 1–2 years post transplantation) com-
plete immunosuppression withdrawal in patients on 
stable immunosuppression monotherapy 1–2 years 
post transplant was achieved in 13% of patients21. 
Immunosuppressive drug withdrawal trials have 
been documented elsewhere244,245 and are detailed in 
Supplementary Tables 1 and 2.

Several factors have been found to affect the out-
comes of immunosuppressive drug withdrawal trials 
(Table 4). For example, the interval between liver trans-
plantation and initiation of drug withdrawal is one of 
the most powerful clinical predictors of success23,246, as 
a greater number of months post transplantation before 
initiating withdrawal (131 ± 43 months) seems to enable  
better host–graft adaptation than a shorter duration  
(83 ± 40 months)215. Over 60% of liver transplant recip-
ients who have a long interval between transplantation 
and withdrawal initiation (156 months post transplant) 

year Centre Description of cohort 
and intervention

lD 
or 
DD

time from lt to 
weaning

attempted/
successful 
IsW

Duration off immunosuppression 
and comments

Graft 
loss

refs

2010 Hospital 
Clinic, 
Barcelona

Fresenius anti- thymocyte 
globulin

DD 3 months 21/0 (0%) Premature termination of the trial 
because of rejection

0 296

2014 King’s 
College, 
London

Autologous polyclonal 
regulatory T cells

Rabbit anti- thymocyte 
globulin, tacrolimus and 
sirolimus

LD No 
immunosuppression 
withdrawal

0/0a Phase I trial: no attempt to stop 
immunosuppressiona

0a 297,298

2015 Multiple Donor- specific regulatory 
T cells

LD 2–6 years –a –a –a 299

2015 Ottawa/
Toronto

Autologous 
haematopoietic stem 
cell transplant after 
immune- ablation with 
busulfan, cyclophosphamide 
and anti- thymocyte 
globulin followed by 
sirolimus

Both 6 months –a –*a –a 300

2016 Hokkaido Donor- specific regulatory 
T cells

Methylprednisolone 
and MMF for 1 month, 
1 single infusion of 
cyclophosphamide, 
tacrolimus tapered from  
6 months

Patients with autoimmune 
disease included

LD 6 months 10/7 (70%) Range: 16–33 months off 
immunosuppression for tolerant 
patients

Patients with autoimmune liver 
disease all rejected during weaning

0 30

2017 King’s 
College 
London

Low- dose subcutaneous 
IL-2 for in vivo autologous 
regulatory T cell expansion

DD 2–6 years –a –a –a 301

DD, deceased donor; ISW, immunosuppression withdrawal; LD, living donor; LT, liver transplantation; MMF, mycophenolate mofetil. aOngoing study. Data from ref.302.

Table 5 (cont.) | trials of tolerance induction in adult clinical liver transplantation
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and a low lymphocyte proliferation index (stimulation 
index <20) can achieve tolerance at a median 14 months 
of follow- up247. Immunosuppression with high- dose ATG 
induction and rapamycin followed by early rapamycin 
withdrawal (4 months post transplant) failed to induce 
operational liver transplant tolerance and was associated 
with expansion of CD8+ memory T cells and elevated 
IL-17+ cell infiltration of the grafts248. Finally, an impor-
tant consideration is that definitions of rejection and 
tolerance in the context of liver transplantation still lack 
universal acceptance, leading to methodological differ-
ences between early studies in the field. To overcome this 
problem, important collaborative efforts have been made 
to harmonize protocols in immunosuppression with-
drawal trials (inclusion and exclusion criteria, outcomes 
and follow- up). Along with the discovery of biomarkers 
of tolerance, this approach should improve the outcomes 
and the safety of immunosuppression withdrawal after 
liver transplantation in the near future249 (fig. 3).

Therapeutics to promote tolerance
Several innovative cell therapy approaches to pro-
mote liver allograft tolerance, including the infusion 
of stem cells, regulatory dendritic cells or Treg cells, 
have been developed29,250,251. In a phase I–II study252, 
ten liver transplant recipients who received an infusion 
of 1.5 × 106–3 × 106 third- party unrelated mesenchy-
mal stem (stromal) cells per kilogram on postopera-
tive day 3 ± 2 were compared with ten liver transplant 
recipients who did not receive mesenchymal stem cells. 
There were no adverse events, but the infusion did not 
promote tolerance. A phase I study showed that two 
infusions of 1.5 × 108 third- party multipotent adult 
progenitor cells into a single living- related liver trans-
plant recipient on days 0 and 2 post transplantation was 
feasible and safe; however, no follow- up data (>1 year) 
have been reported253. A combination of ATG induc-
tion on days 1–5 post transplantation with an infusion 
of donor- derived stem cells on day 7 post transplanta-
tion led to early immunosuppressive drug withdrawal 
in living- donor liver transplantation254. In addition, an 
open- label, prospective pilot trial of two intravenous 
doses of 106 donor- derived mesenchymal stem cells per 
kilogram in paediatric living- donor transplant recipients 
given standard immunosuppressive therapy is ongoing255.

A first- in- human clinical trial of an infusion of donor- 
 derived regulatory dendritic cells251 1 week before  
transplantation in combination with standard-  
of- care immunosuppression in living- donor liver 
transplant recipients is ongoing at the University of 
Pitts burgh31,256,257; no adverse events of cell infusion  
have so far been observed.

Several registered clinical trials of Treg cell therapy in 
liver transplantation have been reviewed250 and are sum-
marized in Table 5. The uncontrolled trial reported by 
Todo et al.30 is the only one to date that has demonstrated 

successful long- term induction of liver transplant tol-
erance. In this trial, ten consecutive splenectomized 
living- donor liver transplant recipients were treated 
with conventional immunosuppressive drug therapy, 
post- transplantation cyclophosphamide and a single 
dose of an ex vivo‐generated Treg cell- enriched cell prod-
uct with donor- specific immunosuppressive properties. 
Immunosuppressive treatment weaning was initiated  
6 months post transplantation and was successfully com-
pleted in seven out of ten recipients by month 18 post 
transplantation. The three remaining patients, all trans-
planted for autoimmune liver disease, experienced mild 
rejection and had their baseline immunosuppression 
reinstated. Several groups in the US, Europe and Japan 
are planning to conduct similar trials to confirm these 
encouraging results258.

Conclusions
Research using in vitro surrogate and rodent models has 
taught us a great deal about liver immunobiology, mech-
anisms of immunosuppressive drug action and the cellu-
lar and molecular pathways that regulate alloimmunity 
and promote donor- specific liver transplant tolerance. 
In the clinic, dramatic improvements in liver transplant 
outcome were made possible by the advent of potent 
and selective immunosuppressive drugs. However, it 
now seems to be the case that to further prolong patient 
survival, to avoid immunosuppression- related adverse 
events and to maintain a good quality of life, minimiza-
tion, if not complete withdrawal, of these agents is the 
key. In the setting of clinical liver transplantation, a sub-
stantial subset of graft recipients are found to be opera-
tionally tolerant after immunosuppression withdrawal. 
As this state correlates with longer periods between 
transplantation and initiation of immunosuppression 
withdrawal, the clinical benefits of stopping immuno-
suppressive drugs at these later stages might be abrogated 
by lengthy prior exposure to these agents. Operationally 
tolerant patients are being studied in large multicentre 
trials to discover and validate much- needed early and 
reliable biomarkers to detect tolerance and/or subclinical 
rejection, as well as to understand the mechanisms that 
underpin clinical tolerance. In parallel, fundamental pre-
clinical and human immunology research is now being 
translated to the clinic, with early- phase clinical trials of 
regulatory immune cell therapy (Treg cells and regulatory 
dendritic cells) currently underway. The implementation 
of these novel approaches to modulate host alloimmune 
responses, in combination with the abovementioned 
biomarkers, will hopefully enable the minimization or 
complete withdrawal of immunosuppressive drug ther-
apy after transplantation. With the coming- of- age of 
cell therapies, it is likely that these strategies will deliver 
encouraging results in the next few years.
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