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The liver is an important contributor to the human immune system and it plays a

pivotal role in the creation of both immunoreactive and tolerogenic conditions. Liver

transplantation provides the best chance of survival for both children and adults with

liver failure or cancer. With current demand exceeding the number of transplantable

livers from donors following brain death, improved knowledge, technical advances

and the desire to prevent avoidable deaths has led to the transplantation of organs

from living, ABO incompatible (ABOi), cardiac death donors and machine based organ

preservation with acceptable results. The liver graft is the most well-tolerated, from an

immunological perspective, of all solid organ transplants. Evidence suggests successful

cessation of immunosuppression is possible in ∼20–40% of liver transplant recipients

without immune mediated graft injury, a state known as “operational tolerance.” An

immunosuppression free future following liver transplantation is an ambitious but perhaps

not unachievable goal. The initial immune response following transplantation is a sterile

inflammatory process mediated by the innate system and the mechanisms relate to

the preservation-reperfusion process. The severity of this injury is influenced by graft

factors and can have significant consequences. There are minimal experimental studies

that delineate the differences in the adaptive immune response to the various forms

of liver allograft. Apart from ABOi transplants, antibody mediated hyperacute rejection

is rare following liver transplant. T-cell mediated rejection is common following liver

transplantation and its incidence does not differ between living or deceased donor grafts.

Transplantation in the first year of life results in a higher rate of operational tolerance,

possibly due to a bias toward Th2 cytokines (IL4, IL10) during this period. This review

further describes the current understanding of the immunological response toward liver

allografts and highlight the areas of this topic yet to be fully understood.
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INTRODUCTION

At present, orthotopic liver transplantation (OLT) is the
only effective treatment option for many conditions (1).
Unfortunately the demand for organs exceeds the supply, each
year in the United Kingdom ∼15% of patients awaiting a liver
transplant either die or are delisted due to disease progression
(2). Improvements in surgical technique, graft preservation
techniques, perioperative care and immunosuppression has
resulted in better short term graft function and patient survival
(1). The detrimental effects of long term immunosuppression in
regards to malignancies, metabolic disturbances, cardiovascular
disease, renal failure and opportunistic infections are well-
recognized (3, 4). These contribute significantly to the longer
term morbidity and mortality in transplant patients (5, 6).
The withdrawal of immunosuppression would eliminate these
complications and is therefore highly desirable (7). The term
“operational tolerance” implies a state of stable graft function
following cessation of immunosuppressive medications and
without evidence of rejection or graft injury (6). Operational
tolerance is known to occur spontaneously following OLT
more frequently than any other solid organ transplant (8).
Immunosuppression withdrawal trials suggest that the rate of
spontaneous operational tolerance may be as high as 40% in
adults and 60% in pediatric patients post OLT (4, 9). Research
focused on detecting biomarkers that identify patients who
have a higher probability of developing operational tolerance
are ongoing, as this would allow an expedited withdrawal of
immunosuppression (10). However, a major aim in the field
of transplantation is the development of tolerance inducing
therapies. Therapeutic administration of interleukin-2 (IL-2),
Regulatory T cells (Tregs), and dendritic cells (DC) are all being
investigated, some of which are in phase II clinical trials. Further
advancement in this area requires a detailed understanding of
the immunophysiology of the liver and the interaction with the
systemic immune system.

The allograft implanted during OLT can be from either a
living or deceased donor. Procurement of a deceased individuals
organs can occur following brain death (DBD) or cardiac death
(DCD) and the organ can be split between two recipients
depending on the volume of parenchyma required. Deceased
donors are scarce in many countries and implanting organs
from different ABO blood groups may be the only option
to save a recipient’s life, this is known as ABO incompatible
(ABOi) liver transplantation. Early reports of ABOi OLT
utilizing conventional immunosuppressive regimes and deceased
donors yielded significantly inferior results (11). However,
the introduction of modern therapies such as rituximab, a
chimeric monoclonal antibody against the protein CD20 on
B lymphocytes, has enabled living donor ABOi OLT to be
common practice in many countries with equivalent results
to conventional living donation (11). Liver transplantation for
pediatric patients is more challenging due to lack of size matched
donors. Pediatric patients most commonly receive a segmental
graft that could be from a split, reduced size or living donor liver
transplant (12). It is likely that variations in both the graft types
and indications for OLT influence the immune response elicited.

Understanding these in detail will allow further refinement of
immunosuppressive regimes and tolerance inducing therapies.

METHODS

Relevant existing publications for this narrative review were
identified by searching the Pubmed, EMBASE and Medline
databases. The search was limited to the English language, but
no other filters were utilized. The following terms were utilized
(in a variety of combinations); liver, transplant, immune response,
innate, acquired, cell, antibody, rejection, ischaemia reperfusion,
cadaveric, living donor, ABO incompatible, pediatric, pediatric.
Any additional publications relevant to this review were then
identified by manually searching article reference lists.

IMMUNE FUNCTION OF THE LIVER

The liver is one of the two organs in human body with
a dual blood supply, deriving blood from both arterial and
portal venous blood. Therefore, it is exposed to both systemic
and enterically derived pathogens (13). Portal venous blood
delivers essential gut derived nutrients to the liver, however
it also contains a significant volume of foreign antigens (13).
Once a pathogen breaches our first defensive barrier, the
intestinal epithelium, it will travel to the liver and therefore
this organ is essential in the defense against harmful pathogens
(14). However, unrestrained immune activation against non-
pathogenic foreign antigens would have a detrimental result.
The liver has a unique “tolerogenic” property which prevents
this occurring. A large population of immune cells reside in
the liver including macrophages (Kupffer cells), lymphocytes
and dendritic cells. In addition, both the hepatic stellate cells
(HSCs) and hepatocytes have immune functionality. Under
certain inflammatory conditions, hepatocytes can express MHC
II molecules and along with HSCs have been shown to interact
with lymphocytes (13). The immune surveillance and pathogen
clearance within the liver occurs predominantly at the hepatic
sinusoids (14).

Systemic infection has a significant effect on the liver. Sepsis
is known to induce changes in gene and protein expression
and this alteration in hepatocellular function is known as the
acute phase response. This response is triggered by IL-6 and
IL-1 from monocytes and stimulates hepatocytes to release
numerous acute phase proteins (APPs) (14). A number of these
proteins then proceed to augment the systemic immune system
by opsonising, further cellular activation or via direct action of
complement (14). APPs have a further role in the abrogation
of the immune response to prevent tissue injury from an over
response (15). It has been shown that APPs such as serum
amyloid A and Cxc11/KC result in the mobilization of myeloid
derived suppressor cells (MDSCs) which suppress inflammation
and T cell responses in particular (15). Bacteraemia is reported
to be ten times more common in patients with cirrhosis and it
is associated with a fourfold increase in mortality in comparison
to those without cirrhosis (14, 16). An imbalance of both
the defense mechanisms and counterregulatory responses are
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likely contributory to the susceptibility of these patients to life
threatening sepsis.

The liver is also a target of multiple autoimmune diseases.
Autoimmune liver disease (AILD) is comprised of autoimmune
hepatitis (AIH), primary biliary cirrhosis (PBC), and primary
sclerosing cholangitis (PSC). AIH results from a T cell mediated
insult on autoantigens and causes a chronic hepatitis with
an interface and lobular hepatitic component, however the
portal/interface component usually predominate (17). A subset
of T-cells, known as Tregs (CD4pos, CD25high, CD127LOW,
FoxP3pos), are key components of the immunosuppressive arm
of the immune system, suppressing effector cell activity and
restoring immune homeostasis. Multiple immunosuppressive
mechanisms have been attributed to Tregs such as the secretion
of anti-inflammatory cytokines and inhibitor molecules (e.g.,
CTLA4), depletion of crucial growth factors, disruption of
effector cell metabolism by promoting the accumulation of
adenosine nucleosides, consuming scarce amino acids and also
by direct cytotoxic killing of effector cells (18). The number
and function of Tregs are reduced in AIH, giving rise to
the theory of unchecked or un-inhibited effector cell activity
perpetuating the inflammatory cascade. AILD and liver allograft
rejection both rely on leukocyte recruitment to the liver, and
subsequent migration from the vasculature into the tissue. In
most tissues, migration across the vascular endothelium occurs at
post capillary venules (19). However, a study utilizing intravital
microscopy demonstrated that in 80% of leukocytes adhere to
the endothelium in the hepatic sinusoids and this is where the
majority of leukocyte extravasation occurs in the liver (19, 20).
Shear stress in the sinusoids in low and therefore the “rolling”
process described for leukocyte extravasation is not required
(19). Recruitment and adhesion of leukocytes is enhanced by
hepatic sinusoidal endothelium expressing peptide molecules
vascular adhesion protein 1 (VAP-1), VCAM-1, ICAM-1, CD44

(19). The recruitment of lymphocytes (in particular Th2) to
the liver is enhanced by VAP-1. An additional molecule known
as the common lymphatic endothelial and vascular endothelial
receptor 1 has been demonstrated to recruit Tregs to the liver and
promote transendothelial migration (19, 21). These recruitment
mechanisms used by the liver are preserved after transplantation
(19). The grafts endothelial cells are the first donor cells to
encounter recipient leukocytes and their activation is likely an
early event that leads to immune cell migration into the graft (22).

A hepatic allograft has immunoprotective benefits. The
frequency of renal allograft TCMR is significantly lower in
combined liver-kidney recipients in comparison to kidney
alone recipients (23). In addition, less frequent and severe
episodes of renal allograft rejection have been demonstrated
when kidney transplants occurred in patients with previous liver
transplants (24) Similar immunoprotective benefits were less
pronounced when renal transplants followed heart and lung
transplantation (24). Suggested mechanisms of protection are
immune exhaustion due to high antigen burden, chimerism,
and T cell deletion within the liver (23, 24). Chimerism refers
to the presence of donor cells within the recipient’s circulation
and occurs due to cell migration from the graft (23, 25).
Hematopoietic and T cells from the liver allograft migrate into
the recipients circulation and if donor cells comprise more
than 1% of the tissue it is referred to as macrochimerism, if
they comprise <1% it is known as microchimerism (23). The
persistence of chimerism has been associated with less rejection
and is postulated to have a role in tolerance induction (25). T-
cell deletion is suggested to occur within the liver due to direct
contact with parenchymal cells (23). It has been suggested by
Abrol et al. that the tolerance inducing effect of the liver in
combined liver-kidney transplantation is due to a cell type from
within the donor liver migrating to the other transplanted organ
and inducing immune regulatory effects (23).

FIGURE 1 | Different types of liver allografts. * DCD grafts not split. † Living donation of whole liver only possible with domino transplantation. ‡ Either of these grafts is

suitable for an auxiliary transplant.
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THE DIFFERENT TYPES OF LIVER
TRANSPLANT ALLOGRAFTS

The first liver transplant recipient to survive more than 24 h
following the procedure was a 19-month-old infant who received
a whole liver graft obtained from a 18-month-old brain dead
donor (26). This pivotal procedure was performed by Thomas
Starzl and his team in 1967 and subsequently numerous different
types of liver grafts have been utilized by transplant clinicians.
The main initial distinction between grafts is whether they were
obtained from a deceased or living donor (Figure 1).

A liver obtained from a deceased individual is known as a
deceased donor graft and depending on the terminal event, these
donors can be considered to have experienced brain death (DBD)
or circulatory death (DCD). The universal definition of brain
death is “The irreversible loss of the capacity for consciousness,
combined with irreversible loss of the capacity to breathe
and therefore irreversible cessation of the integrative function
of the brainstem” and strict neurological criteria need to be
satisfied to make this diagnosis (27). DBD donors therefore have
spontaneous cardiovascular activity providing organ perfusion
and are receiving mechanical ventilation, both of which are
maintained until cold perfusate is administered to the graft.
DCD donors are individuals who do not meet the strict brain
death criteria but are receiving life sustaining treatment that
is deemed to provide no overall benefit. In this scenario the
organ support is withdrawn, and death is determined by the
standard cardiorespiratory criteria. Therefore, DCD donation
involves a period of circulatory arrest with resultant ischaemia
prior to cold perfusion of the graft. This is known as the
donor warm ischaemic time (dWIT). The modified Maastricht
criteria (Table 1) is used to sub classify the DCD donors based
on the time of expected dWIT, and safety of organs used in
transplantation (28). Deceased donor grafts can be implanted
as whole or split grafts. Splitting of a cadaveric graft in most
instances would provide an extended right lobe graft to an adult
and a left lateral section to a pediatric recipient. Due to supply
not meeting demand, the use of grafts from cadaveric donors
with suboptimal features are known as extended criteria donors
(ECD) (29). These include advanced donor age, graft steatosis
and a DCD donor which are all features associated with poorer
transplant outcomes (29).

Living donor liver transplantation (LDLT) occurs when a live
individual undergoes a partial hepatectomy and donates this
portion of their liver. The type of hepatectomy will depend on
the volume of parenchyma the recipient requires. The donor
can be either biologically related or biologically unrelated. All
living donor grafts will be partial grafts, the only exception
to this would be when “Domino” transplantation occurs. A
“Domino” transplant occurs when recipient A undergoes a
total hepatectomy and this explanted liver is transplanted
into recipient B, recipient A can survive as they receive a
separate cadaveric or living donor graft (30). This strategy is
possible when recipient A suffers from one of several hereditary
metabolic diseases as these livers are otherwise normal. Familial
Amyloid Polyneuropathy is themost common reason for domino
liver transplantation (30). An auxiliary liver transplantation

TABLE 1 | Modified Maastricht criteria for donation following cardiac death.

Sub-category Description

Category I—Found dead

(Uncontrolled)

IA Unexpected cardiac arrest out of

hospital without attempted

resuscitation

IB Unexpected cardiac arrest in

hospital without attempted

resuscitation

Category II—Witnessed

cardiac arrest

(Uncontrolled)

IIA Unexpected cardiac arrest out of

hospital with unsuccessful

resuscitation

IIB Unexpected cardiac arrest in

hospital with unsuccessful

resuscitation

Category III—Withdrawal of

life support (Controlled)

Expected, planned cardiac arrest

after withdrawal of care

Category IV—Cardiac

arrest whilst brain dead

(Uncontrolled, controlled)

Sudden cardiac arrest following

brain death but prior to planned

organ recovery

Categories used to classify donation following cardiac death (22).

is another type of graft in which either a remnant or the
entire native liver is left within the recipient (31). Auxillary
transplantation is most commonly used in the setting of acute
liver failure as a “therapeutic bridge” until the native liver
regenerates (31).

POST REPERFUSION SYNDROME AND
PRESERVATION-REPERFUSION INJURY

An intense inflammatory response occurs immediately post OLT
due to multiple factors including surgical stress, tissue trauma,
preservation-reperfusion injury (PRI), blood loss and alloantigen
recognition. Traditionally the liver grafts are preserved ex-situ in
cold storage, thus without perfusion or oxygen delivery. These
preservation conditionsminimize oxidative phosphorylation and
reduce metabolic activity to ∼10% of the normal rate, the
energy of which is mainly derived by anaerobic metabolism (32).
In addition to ischaemia, hypothermic preservation conditions
have a deleterious effects on the cell organelles, cytoskeletons
and membranes (33). Re-establishment of blood flow results
in the release of reactive oxygen species (ROS) from the
mitochondria which in turn cause the release of proinflammatory
cytokines from Kupffer cells (34, 35). This predominantly innate
immune response is known as PRI and is also characterized
by liver sinusoidal endothelial cell (LSEC) dysfunction (35).
Intraoperative cardiovascular instability can occur immediately
following re-establishment of blood flow due to a large efflux
of metabolic substrates from the damaged liver, this entity is
known as postreperfusion syndrome (PRS) (36). Release of
cytokines (Tumor necrosis factor-α, IL-1, Interferon-γ, tumor
necrosis factor-β) results in the accumulation of neutrophils
(35). Previous literature has suggested that the immunogenicity
of the graft is increased with PRI due to interactions between
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the innate and adaptive immune system (37). Enhanced T-
cell priming is thought to result from this interaction and
contribute to both acute and chronic rejection (37). Advanced
donor age, graft steatosis and prolonged cold ischaemic time
are associated with more severe PRI manifestations (38). PRI
has physiological consequences and is considered the main
cause of primary non function (PNF) and delayed graft
function (DGF) (34, 39). In livers with severe PRI, ∼40%
will manifest PNF (40). Figure 2 further demonstrates how
the different events in the transplant process relate to the
immune response.

The human immune system is commonly divided into
innate and adaptive components with separate effector cells and
activation pathways. However, evidence suggests third division
of the immune system referred to as “innate-like” exists and
is comprised of both B and T lymphocyte subsets (41). A
characteristic of these cells is a rapid and robust response to
antigens with limited memory capabilities (41). Natural Killer
T cells (NKT) are one type of innate-like cell that is present in
the liver sinusoids and has been implicated in the transplant PRI
process (42). NKT cells are subclassified into type I and type II
based on the expression of invariant TCR-α and minimal TCR-
β (Type 1) in comparison to diverse TCR-α and TCR-β (type II)
(42). In a murine experimental model of PRI, type I NKT cells
were found to induce injury and with an increased intracellular
expression and secretion of IFN-γ. Type II NKT were shown
to be protective against PRI and the proposed mechanism was
that they inhibit the pro-inflammatory effects of type I NKT
cells (43).

LIVER ALLOGRAFT REJECTION

Acute T-cell mediated rejection (TCMR) is the most common
immune mediated complication following liver transplantation
(44). Less frequent immune complications are recurrence of an
AILD, plasma cell rich rejection, antibody mediated rejection
(AMR) and unresolved TCMR/AMR progressing to chronic
rejection. Allorecognition of transplanted tissue is known to
occur via three pathways; direct, indirect and semi-direct (45).
The direct pathway involves the recipients T-cells recognizing
the donor MHC molecules on donor antigen presenting cells
(APCs). The indirect pathway occurs when the donor antigen
is processed by recipient APCs and recipient MHC molecules
expressed. The semi direct pathway involves cell exchange
either via exosomes or the process of trogocytosis, which is the
active transfer of plasma membrane fragments from an antigen
presenting cell to a lymphocyte via cell conjugation (45, 46).
The semi-direct pathway is yet to be completely understood
but it is believed to involve the transfer of complete MHC-
peptide complexes from donor APCs to recipient APCs. This
results in a recipient APC displaying both a self and donor
MHCmolecule, both with an attached donor antigen. This brings
both the direct and indirect pathway together onto a single
APC and allows additional interaction between the two CD-
4 or CD-8 T-cells that bind with each MHC:peptide complex,
therefore forming a 3 cell model (45). All pathways lead to
increased secretion of IL-2 and other inflammatory cytokines
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which induce T-cell proliferation. The initial alloreactive T
cell response is driven by the direct pathway with the
indirect pathway assuming the main role as time progresses
(8, 45).

The diagnosis of graft rejection is made via liver biopsy
and graded in severity via the Banff criteria (47, 48). In
addition to criteria for typical TCMR and chronic rejection,
the 2016 update of the Banff working group recognized what
had previously been termed de novo autoimmune hepatitis
as a form of plasma cell rich rejection and added criteria
for the diagnosis of acute and chronic AMR (48). Modern
immunosuppressive agents have resulted in a reduction of
early acute rejection from 60 to 33.5% (49, 50). This finding
concurs with other authors that reported TCMR to occur most
commonly in the early post-transplant period (47). Early TCMR
is a result of the direct alloantigen presentation pathway and
is characterized by pleomorphic portal inflammation, bile duct
injury and the lack of necro-inflammatory interface activity (48).
The indirect alloantigen presentation pathway is thought to
result in the late TCMR and has predominantly mononuclear
portal inflammatory change, less subendothelial inflammation
than early TCMR but more interface and necro-inflammatory
perivenular activity (48, 51). Early TCMR generally responds
to treatment and graft loss as a result is reported to be <1%
(52). Late TCMR is less responsive and a preceding episode of
moderate-severe early TCMR has been identified as a risk factor,
however Jadloweic et al. reported more than half of the patients
who experience late TCMR had no history of early TCMR (49).
The implications of late TCMR are more sinister with a higher
rate of graft loss due to chronic rejection or cholestasis (49).
Chronic rejection occurs relatively rarely with a reported rate
of 3–5% following liver transplant (53). Chronic rejection is
defined as 50% bile duct loss and/or a foam cell arteriopathy, it
typically occurs early following non-responsive acute rejection,
and is increasingly recognized to have an antibody mediated
component (48, 53).

Acute AMR causes graft dysfunction due to donor specific
antibody (DSA) interaction to antigens on the graft. DSAs
may be pre-existing (preformed) or develop post-transplant in
response to foreign antigen (de novo antibodies). DSAs may be
against HLA antigens, which are the most readily detected by
current assays, or non-HLA antigens such as anti-glutathione
S transferase (GSTT-1) and anti-angiotensine 2 receptor (54,
55). The development of anti GSTT-1 antibodies has been
demonstrated to occur in recipients who are negative for the
GSTT-1 gene but receive a graft from a GSTT-1 positive
donor (55). These anti-GSTT1 antibodies have been shown to
be pathogenic and are implicated in periportal inflammation,
fibrosis and the loss of bile ducts (55). The understanding of
AMR is evolving, it is also believed to often occur concurrently
with ACR. The liver exhibits strong ABO and MHC I antigen
expression on all liver cells in normal circumstances, however
the MHC I expression on hepatocytes is weaker (56). Liver
allografts in comparison to kidneys are highly resistant to
HLA alloantibodies and numerous mechanisms are proposed to
explain this phenomenon (57). Secretion of soluble HLA class
1 molecules which form immune complexes with alloantibodies

and then subsequently undergo clearance by Kupffer cells is one
such mechanism (57). Davies et al. demonstrated that the liver
graft also continues to deliver HLA class I antigens into the
recipients serum for the lifetime of the graft, thus generating
called DSAs (58). Resistance to AMR is also enhanced by the
fenestrated endothelium of the sinusoidal network as occlusion
by activated immune complexes does not result in the same
degree of ischaemia as other transplanted organs (23). The
main clinical manifestations are graft dysfunction, transaminitis,
and thrombocytopenia (48). The histological changes that occur
are oedema, endothelial cell swelling, leukocyte sludging or
margination and vascular deposition of tissue complement
component 4d (C4d) (48). The catastrophic Vasculitis and
intravascular thrombosis associated with hyperacute rejection
of renal allografts is exceedingly rare following liver transplant
(44, 59). Approximately 13% of liver transplant recipients have
persisting DSA positivity and the most commonly found is
the anti-HLA class II DSAs (60, 61). Del bello et al. found
in a cohort type study that 5 of out the 21 subjects with de
novo DSA formation experienced acute AMR and the average
liver fibrosis score was higher in this subjects with DSAs
(60). This latter finding is similar to previous authors who
have associated DSA positivity with progressive fibrosis, graft
loss and poorer patient survival (48, 61). Anastomotic biliary
strictures have also been associated with the presence of anti-
HLA class II DSAs in patients who have undergone ABO
compatible transplantation (62). Rationale for this observation
is that biliary structures receive their entire blood supply from
the peri-biliary capillary plexus and therefore is not protected
from occlusion by immune complexes in the same manner as
the hepatic sinusoids (23). Establishing the histopathological
evidence for the entity of chronic AMR is frequently challenging
due to confounding factors (48). The Banff working group
has established criteria for probable and possible chronic
AMR. The histology findings associated with chronic AMR are
low levels of portal, periportal, perivenular lymphoplasmacytic
inflammation and interface necro-inflammatory activity with
non-inflammatory fibrosis (48).

THE IMMUNE RESPONSE TO CADAVERIC
GRAFTS

During the initial decades of OLT, only cadaveric grafts from
DBD donors were utilized. DCD programs emerged to expand
the organ donor pool and consequently reduce waitlist mortality
(63). At present, nearly a third of organ donations in the UK
occur following DCD and the proportion of liver transplants
utilizing DCD organs increased from 6.3% in 2005 to 26.3% in
2010 (64, 65). The inferior outcomes of DCD liver grafts was their
higher rate of of PNF, non-anastomotic biliary complications,
graft loss and poorer overall survival (65). However, the
complication profile has changed over time with increased
experience. Ischaemic injury occurs to the biliary epithelium
during the dWIT making these grafts more susceptible to
ischaemic cholangiopathy (65). It has been demonstrated that
DCD grafts experience a more severe PRI with greater elevation
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of alanine transaminase (AST) and cell death (66). This may
result in the devastating consequence of primary non-function
(67). Despite DBD donation avoiding a period of circulatory
arrest and subsequent warm ischaemia, significant detrimental
changes are already thought to have occurred within the graft as
a result of brain death. The physiological changes that take place
during brain death have been described as an “autonomic storm”
with initial intense parasympathetic response followed by short
lived sympathetic activation (68). The decline in sympathetic
activity is accompanied by myocardial depression and at all
stages of this process the liver is subjected to an ischaemic
type injury (68). In addition, there is widespread activation
of inflammatory mediators irrespective of any hemodynamic
instability (69).

An experimental animal study utilizing a rat model
investigated the differing proinflammatory (TLR4, HMGB1,
IL-1β, IL-6, TNF-α, MCP-1, E-selectin, and P selectin)
cytoprotective (HO-1, VEGF, Hif-1α) and injury gene (P21,
Bax, Bcl-2) expression associated with DCD and DBD grafts,
utilizing a living donor liver as a reference (70). Directly after
organ retrieval, DBD grafts demonstrated a down regulation of
TLR4 but an upregulation of IL-6 (326-fold), IL-1β (15-fold),
TNF-α (22- fold), P-selectin (41.7-fold), and E-selectin (12.9-
fold) in comparison to LD grafts (70). The DCD livers only
demonstrated an increase in HMGB1 directly after retrieval,
in comparison to the living donor group. In addition, HO-1
expression increased to a larger extent in the DBD (12-fold)
than the DCD (5.6-fold) livers in comparison to the living donor
liver. As indicated by gene expression, the DBD and DCD grafts
responded differently a period of cold ischaemia. After 12 h of
cold ischaemia, the DBD livers inflammatory gene expression
did not change significantly from immediately post retrieval.
However, DCD Livers demonstrated a 4-fold increase in IL-6,
30-fold increase in MCP-1 and 4-fold increase in E-selectin
in comparison to living donor grafts (70). The pro-apoptotic
gene Bcl-2 increased significantly (4.6-fold) in the DCD livers
in comparison to both DBD and liver donor livers. DBD livers
showed a further 17-fold increase in HO-1 gene expression after
a period of cold ischaemia in comparison to the living donor
grafts. These findings demonstrate a pronounced inflammatory
process is occurring in the liver at the time of retrieval in DBD
livers, likely as a result of the physiological and inflammatory
changes that occur during brain death. It was proposed that
not enough time had elapsed following the short but significant
period of warm ischaemia in the DCD livers to see a significant
increase in inflammatory and apoptotic genes at the time
of retrieval.

A recent cohort study that compared DCD and DBD grafts
demonstrated equivalent outcomes in regards to primary non-
function, acute cellular rejection, need for retransplantation and
patient survival at 3 years (71). Pitarch Martinez et al. (71)
demonstrated an acute cellular rejection rate of 20% in DCD
and 16.4% in DBD grafts that was not statistically significant
(P = 0.685) (71). However, in this cohort the DCD grafts
needed to meet strict criteria (Maastricht III, WiT <30min,
Donor age ≤65) and their recipients had lower MELD scores.
Doyle et al. performed a similar cohort type study and had

similar findings with the rate of rejection being 24.5 and
26.5% in the DCD and DBD group, respectively (P = 0.84),
the early rejection rate (≤30 days) was identical (72). A case
matched study by Pine et al. comparing DBD to DCD grafts
also demonstrated a similar rate of both acute and chronic
rejection however primary non-function was higher in the DCD
group (2/39 vs. 0/39) (73). PRI is thought to be increased
in DCD grafts and this has been demonstrated by a greater
elevation in early post-operative transaminases (74). Despite
innate immunity being the main driver of PRI, it has been
suggested that this is positively correlated with subsequent graft
rejection (75). Mechanisms for this include trafficking of DCs
into the graft and enhanced T cell priming (37). The results
of the aforementioned clinical studies have not demonstrated
this effect.

A study by Xystrakis et al. investigated the frequency and
function of T-cell subsets in liver perfusate fluid obtained from
DBD, DCD and living donors. The perfusate fluid was obtained
from the graft at the end of the cold storage period and was
analyzed by flow cytometry, cell sorting and culture (76). The
frequency of memory and naïve T-cell subsets in the perfusate
did not differ between all graft types but the frequency of
CD69+ CD8 T-cells was significantly higher in the perfusate from
DBD grafts (76). In addition, the proportion of IL-2 and IFN-γ
produced by CD8T-cells was higher inDBD grafts. These authors
concluded that the process of brain death is associated with the
release of non-specific inflammatory mediators (76). Jaseem et al.
compared immunohistochemical findings of preimplantation
liver biopsies from living and deceased (DBD) donor grafts (77).
Significantly higher levels of CD3+ lymphocytes and Kuppfer
cells were found in the DBD grafts. In addition, the adhesion
molecule ICAM-1 was found to be expressed at higher levels in
the DBD grafts (77). A higher percentage of CD3+ lymphocytes
in the preimplantation biopsy was associated with subsequent
acute rejection in the DBD graft recipients (77). These authors
concluded that the process of brain death resulted in a significant
increase in inflammatory cell recruitment and migration into the
liver allograft in comparison to living donor grafts. However,
clinical outcomes of the recipients did not differ (77).

The literature describing humoral responses in ABO
compatible DCD grafts is sparse. Levitsky et al. (78) compared
the differences of both preformed and de-novo DSAs in living
donor with deceased donor recipients, however the results for
DCD and DBD subgroups were not published (78). This study
did not demonstrate a difference in either preformed or de-novo
DSA formation in either graft group. The presence of DSAs,
either preformed or de-novo, did not affect patient survival in
either graft group but did affect the graft survival (78). The
deceased donor recipients with de-novo DSAs had higher rates
of graft failure (P = 0.005) (56). Coexisting TCMR or recurrent
viral hepatitis is thought to increase the DSA mediated damage
as inflammation within the liver increases MHC I expression
and induces MHC II expression. As previously mentioned, DSAs
can be directed at either of these MHC molecules. Inlet and
mononuclear septal venulitis have been suggested as the cause of
the interface hepatitis that occurs with the presence of de novo
DSA formation (56).
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THE IMMUNE RESPONSE TO LIVING
DONOR GRAFTS

The lack of suitable deceased donor livers for transplantation and
the associated waitlist mortality has prompted the development
of living donor liver transplantation (LDLT). The first successful
LDLT was performed in Australia in 1989, a female adult donated
her left lobe and it was implanted into her to 17-month-old
son who suffered from biliary atresia (79). Following this pivotal
event, LDLT has been performed around the world and at present
one third of pediatric liver transplants involve a living donor
(80). Particular political, cultural and religious beliefs in Asian
countries have resulted in very low rates of deceased donors but
the highest rates of LDLT (81, 82). Initially, LDLT procedures
were limited to adult-pediatric with left lateral segment grafts
(81). Significant progress has occurred and at present adult-
adult LDLT with right lobe grafts are now being performed
(81). LDLT is technically challenging as the graft must have
an adequate volume of parenchyma, portal and arterial inflow,
venous outflow and biliary drainage. The transplantation of a
substantially smaller hepatic allograft in LDLT puts the recipient
at the additional risk of small-for-size-syndrome (SFSS) (82).
Other additional risks inherent with LDLT are the surgical risks
posed to the donor (83). Inference based on the experience from
living donor kidney transplantation would suggest that LDLT
would have superior immunological outcomes, however this is
yet to be conclusively demonstrated (84).

In the United states, adult-to-adult LDLT is increasing in
frequency with a 82% graft survival at 1 year and a 10 years
overall survival post-transplant that exceeded deceased donor
transplantation (70 vs. 64%) (83). Avoidance of a graft exposed
to the physiological perturbations of brain death and minimal
cold ischaemic time are both thought to reduce the initial
inflammatory response and subsequent immune activation. In
addition, there may be HLA matching between genetically
related donors and recipients (84). The evidence regarding the
immunological benefits of adult-to adult LDLT is conflicting
at present. Shaked et al. demonstrated in their retrospective
review a similar rate of biopsy proven acute cellular rejection,
more recurrent episodes and more frequent graft loss as a
result in LDLT in comparison to deceased donor transplants
(84). Subsequent to this, Levitsky et al. demonstrated that the
incidence of acute cellular rejection was significantly lower in
LDLT patients who received a graft from a biologically related
donor in comparison to a non-biologically related and deceased
donors (85). Another pertinent finding from this study relating to
all liver transplant recipients was that an episode of biopsy proven
cellular rejection significantly increased the patients risk of
subsequent graft loss and death. The humoral immune response
following LDLT has also been investigated by Levitsky et al.
(78) and these authors found no difference in preformed or de
novo donor specific antibody formation in LDLT in comparison
to cadaveric graft recipients (DSA) (78). It was demonstrated
however that de novo DSA positivity was associated with
higher graft failure in both LDLT and cadaveric graft recipients
and this relationship was proportional to the quantity of
DSA present.

Experimental data indicates that inflammatory cell and
cytokine concentrations are significantly lower in living donor
grafts prior to retrieval, reperfusion and post reperfusion in
comparison to brain death donors (68). Liver biopsies taken at
various timepoints during the retrieval and transplant procedure
by Weiss et al. (68) demonstrated that the mRNA concentration
of CD3 and CD25 to be significantly lower in LDLT grafts in
comparison to those fromDBD donors. These authors concluded
that although the presence of immune cells and cytokines
increase as the LDLT procedure progresses, the level of immune
activation is far less intense than that in transplants with DBD
grafts (68). Interestingly, the LDLT recipients in this study had
significantly lower transaminases in the post-operative period
compared with DBD recipients which signifies a milder PRI.
These authors also demonstrated a lower incidence of biopsy
proven rejection in the 24 months post-transplant for LDLT in
comparison to DBD graft recipients (38 vs. 28%, P = 0.04) (68).
De Jonge et al. performed biopsies on both cadaveric and living
donor grafts prior to retrieval (PRE), following cold perfusion
(COLD) and post reperfusion in the recipient (POST) (86).
Gene expression was analyzed and there was an upregulation
of inflammatory genes between the PRE and POST biopsy in
the cadaveric grafts, these included genes for IL-8 and ICAM-
1. In the living donor grafts there was also an upregulation of
genes for SOCS3, Hepatocyte growth factor (HGF) and NFκB1
from the PRE to the POST reperfusion sample and these are all
associated with regeneration (86). The parenchymal transection
during living donor procurement may be the initiating stimulus
for this. There was also upregulation of MHC II genes in the
living donor grafts and it was suggested that smaller grafts are
associated with increased alloreactivity (86).

ABO INCOMPATIBLE GRAFTS

Transplanting organs across the ABO blood groups has for a
long time been associated with poor outcomes due to increased
graft loss and worse patient survival (87). The blood antigens
are expressed on hepatic vasculature, biliary epithelium and
hepatocytes and all are a target for AMR. Despite knowledge of
these reactions and the inferior results, a compatible graft may
not be available and an emergency situationmay necessitate ABO
incompatible transplant to prevent certain death (88). Since its
initial inception, numerous immune modulating strategies and
therapies have been implemented and a recent meta-analyses
found no difference in patient survival following an ABO
incompatible in comparison to an ABO compatible transplant
(89, 90).

Acute AMR is a feared consequence of ABO-I liver
transplantation and can often lead to loss of the graft. Numerous
interventions have been attempted to mitigate the risk of AMR
and these include; preoperative plasmapheresis, splenectomy,
local infusions, mycophenolate mofetil, and rituximab (91)
Several studies have failed to demonstrate a correlation between
preoperative ABO antibody titer and AMR (92). It has been
the implementation of rituximab, an anti-CD20 monoclonal
antibody that has yielded the greatest improvement in outcomes
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(92–94). Commonly used AMR prophylaxis regimes include a
single dose of Rituximab 2–3 weeks prior to transplantation
(92, 94). Plasmapheresis aims to reduce the ABO antibody titer
and is commonly performed both prior to transplantation and
post operatively, however the antibody titer level targeted with
this modality varies between institution (92). Undertaking a
splenectomy on the recipient at the time of transplantation
initially gained acceptance as this organ is the site of antibody
production and harbors a large amount of B cells and plasma cells
(92). However, studies have failed to demonstrate a benefit from
this procedure, especially following the introduction of rituximab
(92, 93).

Acute AMR in the ABO incompatible graft can result
in graft failure via two types of injuries; liver necrosis in
the first 1–2 post-operative weeks or diffuse intra-hepatic
bile duct injury in the subsequent 2–3 months (92). These
injuries are thought to occur because the hepatic vascular
endothelium and biliary epithelium exhibit ABO antigens and
therefore are sites for antibody-antigen binding with subsequent
complement activation, cytokine production, cell migration and
thrombus formation (93). The biliary damagemanifests as diffuse
biliary strictures and can result directly from the antibody-
antigen reaction or secondary to ischaemia from intrahepatic
arterial thrombosis (ischaemic cholangiopathy) (94). Song et al.
compared outcomes in a cohort of patients that underwent either
ABO compatible LDLT or ABO incompatible LDLT following
the introduction of Rituximab in the desensitization protocol
(94). The difference in patient survival, biopsy proven TCMR and
post-operative LFTs were not significant. Biliary strictures were
more common in the ABO incompatible group (20.7 vs. 14.2%, p
= 0.038) with non-anastomotic biliary strictures occurring in 12
(8.5%) of the ABO incompatible recipients. Interestingly, all 12
underwent liver biopsy and only one case had histopathological
evidence of AMR. No recipient of an ABO compatible graft
developed a non-anastomotic biliary stricture (94).

IMMUNE RESPONSE IN THE PEDIATRIC
PATIENT

The outcomes of pediatric liver transplantation have improved
significantly over the last several decades and a 2012 study
demonstrated a 1 and 10 years survival of 95 and 88%,
respectively (95, 96). The indications for transplantation differs
in the pediatric population with the most common indication
in the US being biliary atresia (95, 97). In contrast to adults,
transplantation for viral hepatitis andmalignant tumors are a rare
occurrence. Approximately 8% of liver transplants each year in
the US are performed on children with an equal portion receiving
either a whole or split graft (98). A large Canadian transplant
center reported LDLT to comprise 46% of all pediatric LT. The
same authors reported that the LDLT grafts comprised the left
lateral section, left and right lobe in 82.8%, 3.7% and 13.4%
respectively between 2000 and 2015 (99). Operational tolerance,
post-transplant lymphoproliferative disorder (PTLD) and graft
fibrosis occur more commonly in this patient population.

An individual’s immune system needs to rapidly adapt as
it makes the transition from intra-uterine life to the antigen
rich outside world (100). Initially there is a heavy reliance on
innate mechanisms, with maturation of the immune system
gradually occurring as we progress through childhood. Acute
cellular rejection is a common occurrence in this population
with reported incidence of up to 60% (95). In a retrospective
cohort study of 46 children who received a split graft from a
living relative, 44 episodes of ACR occurred over 10 years of
follow up with 35 of these in the first 6 weeks post op (101).
It is believed that younger children (<1 year of age) are more
likely to become immunologically tolerant of their graft, but
the mechanism is yet defined (102, 103). Byun et al. compared
outcomes of pediatric recipients that underwent OLT at <12
months of age with those older than 12months and found the rate
of ACR to be similar (30.2 and 33.0%, P = 0.848) in each group
(104). This differs from a previous study utilizing the SPLIT
database which demonstrated the rate of ACR in those <12
months was significantly less than in older pediatric recipients
(0.20 vs. 0.44 episodes per patient-year, P = 0.001) (105). A large
retrospective cohort study by Talisetti et al. assessed numerous
factors and their relationship with operational tolerance (106). A
recipient age of <12 months was the only variable significantly
associated with a higher rate of developing operational tolerance
(106). It has been demonstrated that in early infancy the Th2
cytokines (IL4, IL10) predominate over the Th1 cytokines (IL-
2, IFN-γ) and this may contribute to graft acceptance in this
age group (107). This is supported by the fact that pediatric
patients that experienced TCMR had a higher proportion of Th1
cytokines (107).

Post-operative frequency of TREGs and IL-4 are higher in
pediatric recipients who receive a LD graft in comparison to a
deceased donor graft cadaveric (108). Favorable immunological
outcomes would be expected as TREGs and IL-4 are both
associated with immunotolerance, however the clinical evidence
is less clear. In the retrospective cohort study published be Kehar
et al. compared TCMR rates between pediatric LD and deceased
donor recipients. The 1, 3 and 5 years TCMR rejection free
survival was 64.4%, 61.1%, and 61.1% for LD and 55%, 44.4%,
and 43.4% for cadaveric graft recipients respectively, however
this difference was not statistically significant (P = 0.08) (99).
Alonso et al. found that the incidence of rejection was the same
in pediatric cadaveric graft compared to LD recipients (78 vs.
74%) but there was a higher rate of steroid resistant rejection
in the cadaveric graft group (43 vs. 13%, P ≤ 0.01). Kehar et al.
found no difference in rejection rates between pediatric patients
that received a graft from a genetically related compared with
unrelated donor (P = 0.4) (99).

IMPLICATIONS FOR CLINICAL PRACTICE

There is variation in both the standard post-operative
immunosuppression and rejection treatment regimens utilized
by transplant centers around the world. The immunosuppressant
drug most commonly used long term is the calcineurin inhibitor,
tacrolimus, based on evidence of improved efficacy (109, 110).
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There does not appear to be clinical evidence that altering
standard immunosuppressive regimes based on the type of
graft is beneficial, the only exception to this would be the
implementation of pre-operative Rituximab infusions for ABO-I
transplants. Pediatric patients that are transplanted at <12
months of age appear to have a more immunotolerant profile.
This should be considered when planning transplantation
for their native liver disease as it may optimize graft survival
and minimize morbidity from immunosuppression. The
inflammatory insult on the hepatic allograft that occurs during
the period of brain death is undeniable. Administration of
corticosteroids to the donor prior to organ retrieval has been
investigated in a randomized controlled trial but provided
no benefit (111). Further research is needed in this area
as it may improve outcomes and result in the increased
utilization of grafts. The desire to minimize graft injury
during the preservation period has led to the development of
machine perfusion strategies such as hypothermic (HMP) and
normothermic machine perfusion (NMP). A recent randomized
controlled trial of NMP demonstrated increased organ utilization
and a reduction in preservation-reperfusion injury, as evidenced
by a significant reduction in post-operative LFTs (112).
Administration of anti-inflammatory and immune mediating
therapies directly to the hepatic allograft via the machine
perfusion circuit is a growing area of research interest (113).

Tolerance inducing therapies are showing promising results
in clinical studies. In a landmark pilot study, Todo et al. showed
that a single post-operative infusion of TREG cells allowed
accelerated withdrawal of immunosuppression at 6 months
post LDLT and 70% of these individuals achieved operational
tolerance (114). The patients that experienced rejection in
this pilot study were transplanted for AILD, suggesting that
these individuals may require additional strategies (114). This
study utilized recipient TREG cells that were co-cultured
with irradiated donor leukocytes obtained several weeks before
transplantation, an opportunity that does not exist in the
deceased donor transplantation setting. The participants also
underwent splenectomy at the time of transplantation. Sanchez-
Fueyo et al. recently published results of a phase 1 clinical trial
investigating the safety, applicability and biological activity of
treg administration post cadveric liver transplantation (115). The
treg cells in this study are autologous and not exposed to donor
antigens during the culture process Subjects in this study received
a doses of either 0.5–1 or 3–4.5 million tregs/kg. Nine subjects
were enrolled and only a single subject who received the higher
dose experienced a transfusion reaction (115). The frequency of
tregs in the peripheral blood of subjects who received the higher
dose remained elevated for 1 month and this likely reflected the
infused tregs as the subpopulation that increased was similar
to the infused cells (115). Although it did not reach statistical
significance, donor specific hyporesponsiveness in the group that
received the larger dose of tregs was observed (115). Tregs exert

their suppressive effects on multiple different immune cells via
both direct and indirect mechanisms (116). Direct mechanisms
include IL-10, IL-35, TGF-β, secretion which results in apoptotic
cell death of target effector cells. Depletion of extracellular
ATP and IL-2 via the expression of CD39/CD73 and CD25,
respectively, are examples of the indirect mechanisms (117).
Other tolerance inducing therapies currently under investigation
include Dendritic Cells, IL-2 and regulatory macrophages.
Their rationale and current place in clinical transplantation are
outlined elsewhere (118, 119).

CONCLUSION

The field of liver transplantation has advanced significantly
since the 1960’s. Progress has been made in organ preservation,
post-operative care, immunosuppression and optimal utility
of different grafts to ensure those in need get the best
possible access to this lifesaving procedure. Grafts previously
not possible such as ABOi LDLT are now commonplace
in many centers with acceptable results. Based on existing
literature, a similar immune response is elicited to the
majority of grafts following implantation, comprising an
initial innate inflammatory response due to preservation-
reperfusion mechanisms followed by a predominantly cell
mediated response. However, contribution from the innate-like
and humoral components of the immune system to PRI and
graft rejection are becoming increasingly recognized. Grafts
from brain dead donors appear to have a higher inflammatory
cell infiltrate and cytokine concentration at retrieval than
DCD or living donor grafts, however clinical differences in
rejection as a result are not evident. It is likely that both
cell and antibody mediated injury results in the morbidity
associated with chronic rejection. Acute TCMR is common
following OLT but undergoing transplant in the first year of
life seems protective. Hyperacute graft rejection of the liver is
exceedingly rare. Strong clinical evidence that a DBD, DCD or
LDLT graft is associated with a lower rate of TCMR is not
apparent. Research into tolerance inducing therapies has shown
promising results and the results of larger, phase II trial are
eagerly awaited.

AUTHOR’S NOTE

AH was employed by the University Hospital Birmingham NHS
Trust as a clinical research fellow.

AUTHOR CONTRIBUTIONS

AH andD-CO-B performed the literature search and constructed
the manuscript. DN, VR, SW, and MP reviewed and contributed
to the manuscript. All authors contributed to the article and
approved the submitted version.

REFERENCES

1. Jadlowiec CC, Taner T. Liver transplantation: current status and challenges.

World J Gastroenterol. (2016) 22:4438–45. doi: 10.3748/wjg.v22.i18.4438

2. Neuberger J. Liver transplantation in the United Kingdom. Liver Transpl.

(2016) 22:1129–35. doi: 10.1002/lt.24462

3. Euvrard S, Kanitakis J, Claudy A. Skin cancers after organ transplantation. N

Engl J Med. (2003) 348:1681–91. doi: 10.1056/NEJMra022137

Frontiers in Immunology | www.frontiersin.org 10 June 2020 | Volume 11 | Article 1227

https://doi.org/10.3748/wjg.v22.i18.4438
https://doi.org/10.1002/lt.24462
https://doi.org/10.1056/NEJMra022137
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hann et al. Cadaveric and Living Donor Allografts

4. Benitez C, Londono MC, Miquel R, Manzia TM, Abraldes JG, Lozano

JJ, et al. Prospective multicenter clinical trial of immunosuppressive drug

withdrawal in stable adult liver transplant recipients. Hepatology. (2013)

58:1824–35. doi: 10.1002/hep.26426

5. Ojo AO, Held PJ, Port FK, Wolfe RA, Leichtman AB, Young EW, et al.

Chronic renal failure after transplantation of a nonrenal organ. N Engl J Med.

(2003) 349:931–40. doi: 10.1056/NEJMoa021744

6. Whitehouse GP, Hope A, Sanchez-Fueyo A. Regulatory T-cell therapy in liver

transplantation. Transpl Int. (2017) 30:776–84. doi: 10.1111/tri.12998

7. Orlando G, Manzia T, Baiocchi L, Sanchez-Fueyo A, Angelico M, Tisone

G. The Tor vergata weaning off immunosuppression protocol in stable

HCV liver transplant patients: the updated follow up at 78 months. Transpl

Immunol. (2008) 20:43–7. doi: 10.1016/j.trim.2008.08.007

8. Taner T. Liver transplantation: rejection and tolerance. Liver Transpl. (2017)

23(S1):S85–S8. doi: 10.1002/lt.24840

9. Feng S, Ekong UD, Lobritto SJ, Demetris AJ, Roberts JP, Rosenthal P,

et al. Complete immunosuppression withdrawal and subsequent allograft

function among pediatric recipients of parental living donor liver

transplants. JAMA. (2012) 307:283–93. doi: 10.1001/jama.2011.2014

10. Baroja-Mazo A, Revilla-Nuin B, Parrilla P, Martinez-Alarcon

L, Ramirez P, Pons JA. Tolerance in liver transplantation:

biomarkers and clinical relevance. World J Gastroenterol. (2016)

22:7676–91. doi: 10.3748/wjg.v22.i34.7676

11. Dahlgren US, Bennet W. ABO-Incompatible liver transplantation - a review

of the historical background and results. Int Rev Immunol. (2019) 38:118–

28. doi: 10.1080/08830185.2019.1601720

12. Perera MT, Gozzini S, Mayer D, Sharif K, Bennett J, Muiesan P, et al.

Safe use of segmental liver grafts from donors after cardiac death

(DCD) in children with acute liver failure. Transpl Int. (2009) 22:757–

60. doi: 10.1111/j.1432-2277.2009.00886.x

13. Jenne CN, Kubes P. Immune surveillance by the liver. Nat Immunol. (2013)

14:996–1006. doi: 10.1038/ni.2691

14. Strnad P, Tacke F, Koch A, Trautwein C. Liver - guardian, modifier

and target of sepsis. Nat Rev Gastroenterol Hepatol. (2017) 14:55–

66. doi: 10.1038/nrgastro.2016.168

15. Sander LE, Sackett SD, Dierssen U, Beraza N, Linke RP, Muller M, et al.

Hepatic acute-phase proteins control innate immune responses during

infection by promoting myeloid-derived suppressor cell function. J ExpMed.

(2010) 207:1453–64. doi: 10.1084/jem.20091474

16. Bartoletti M, Giannella M, Caraceni P, Domenicali M, Ambretti S, Tedeschi

S, et al. Epidemiology and outcomes of bloodstream infection in patients with

cirrhosis. J Hepatol. (2014) 61:51–8. doi: 10.1016/j.jhep.2014.03.021

17. Liberal R, Krawitt EL, Vierling JM, Manns MP, Mieli-Vergani G, Vergani

D. Cutting edge issues in autoimmune hepatitis. J Autoimmunity. (2016)

75:6–19. doi: 10.1016/j.jaut.2016.07.005

18. Lu L, Barbi J, Pan F. The regulation of immune tolerance by FOXP3. Nat Rev

Immunol. (2017) 17:703–17. doi: 10.1038/nri.2017.75

19. Shetty S, Adams DH, Hubscher SG. Post-transplant liver biopsy and the

immune response: lessons for the clinician. Expert Rev Clin Immunol. (2012)

8:645–61. doi: 10.1586/eci.12.65

20. Wong J, Johnston B, Lee SS, Bullard DC, Smith CW, Beaudet AL,

et al. A minimal role for selectins in the recruitment of leukocytes

into the inflamed liver microvasculature. J Clin Invest. (1997) 99:2782–

90. doi: 10.1172/JCI119468

21. Shetty S, Weston CJ, Oo YH, Westerlund N, Stamataki Z, Youster

J, et al. Common lymphatic endothelial and vascular endothelial

receptor-1 mediates the transmigration of regulatory T cells

across human hepatic sinusoidal endothelium. J Immunol. (2011)

186:4147–55. doi: 10.4049/jimmunol.1002961

22. Briscoe DM, Alexander SI, Lichtman AH. Interactions between T

lymphocytes and endothelial cells in allograft rejection. Curr Opin Immunol.

(1998) 10:525–31. doi: 10.1016/S0952-7915(98)80218-5

23. Abrol N, Jadlowiec CC, Taner T. Revisiting the liver’s role

in transplant alloimmunity. World J Gastroenterol. (2019)

25:3123–35. doi: 10.3748/wjg.v25.i25.3123

24. Schachtner T, Stein M, Reinke P. Kidney transplant recipients after nonrenal

solid organ transplantation show low alloreactivity but an increased risk of

infection. Transpl Int. (2016) 29:1296–306. doi: 10.1111/tri.12856

25. Bettens F, Tiercy JM, Campanile N, Giostra E, Majno P, Rubbia L, et al.

Microchimerism after liver transplantation: absence of rejection without

abrogation of anti-donor cytotoxic T-lymphocyte-mediated alloreactivity.

Liver Transpl. (2005) 11:290–7. doi: 10.1002/lt.20360

26. Starzl TE, Groth CG, Brettschneider L, Penn I, Fulginiti VA, Moon JB, et al.

Orthotopic homotransplantation of the human liver. Ann Surgery. (1968)

168:392–415. doi: 10.1097/00000658-196809000-00009

27. McGee A, Gardiner D. Differences in the definition of brain death and

their legal impact on intensive care practice. Anaesthesia. (2019) 74:569–

72. doi: 10.1111/anae.14568

28. Thuong M, Ruiz A, Evrard P, Kuiper M, Boffa C, Akhtar MZ, et al. New

classification of donation after circulatory death donors definitions and

terminology. Transpl Int. (2016) 29:749–59. doi: 10.1111/tri.12776

29. Vodkin I, Kuo A. Extended criteria donors in liver transplantation. Clin Liver

Dis. (2017) 21:289–301. doi: 10.1016/j.cld.2016.12.004

30. Kitchens WH. Domino liver transplantation: indications,

techniques, and outcomes. Transpl Rev (Orlando, Fla). (2011)

25:167–77. doi: 10.1016/j.trre.2011.04.002

31. Rela M, Kaliamoorthy I, Reddy MS. Current status of auxiliary partial

orthotopic liver transplantation for acute liver failure. Liver Transpl. (2016)

22:1265–74. doi: 10.1002/lt.24509

32. Bellini MI, Yiu J, Nozdrin M, Papalois V. The effect of

preservation temperature on liver, kidney, and pancreas tissue

ATP in animal and preclinical human models. J Clin Med. (2019)

8:1421. doi: 10.3390/jcm8091421

33. Fondevila C, Busuttil RW, Kupiec-Weglinski JW. Hepatic

ischemia/reperfusion injury–a fresh look. Exp Mol Pathol. (2003)

74:86–93. doi: 10.1016/S0014-4800(03)00008-X

34. Boteon YL, Afford SC. Machine perfusion of the liver: which is the best

technique to mitigate ischaemia-reperfusion injury?World J Transpl. (2019)

9:14–20. doi: 10.5500/wjt.v9.i1.14

35. Peralta C, Jimenez-Castro MB, Gracia-Sancho J. Hepatic ischemia and

reperfusion injury: effects on the liver sinusoidal milieu. J Hepatol. (2013)

59:1094–106. doi: 10.1016/j.jhep.2013.06.017

36. Jayant K, Reccia I, Shapiro AMJ. Normothermic ex-vivo liver perfusion:

where do we stand and where to reach? Expert Rev Gastroenterol Hepatol.

(2018) 12:1045–58. doi: 10.1080/17474124.2018.1505499

37. Martins PN, Chandraker A, Tullius SG. Modifying graft immunogenicity

and immune response prior to transplantation: potential clinical

applications of donor and graft treatment. Transpl Int. (2006)

19:351–9. doi: 10.1111/j.1432-2277.2006.00301.x

38. Dar WA, Sullivan E, Bynon JS, Eltzschig H, Ju C. Ischaemia reperfusion

injury in liver transplantation: cellular and molecular mechanisms. Liver Int.

(2019) 39:788–801. doi: 10.1111/liv.14091

39. Zhai Y, Petrowsky H, Hong JC, Busuttil RW, Kupiec-Weglinski

JW. Ischaemia-reperfusion injury in liver transplantation–

from bench to bedside. Nat Rev Gastroenterol Hepatol. (2013)

10:79–89. doi: 10.1038/nrgastro.2012.225

40. Martins PN, Chang S, Mahadevapa B, Martins AB, Sheiner P.

Liver grafts from selected older donors do not have significantly

more ischaemia reperfusion injury. HPB (Oxword). (2011)

13:212–20. doi: 10.1111/j.1477-2574.2010.00275.x

41. Van Kaer L, Postoak JL, Wang C, Yang G, Wu L. Innate, innate-like and

adaptive lymphocytes in the pathogenesis ofMS and EAE. Cell Mol Immunol.

(2019) 16:531–9. doi: 10.1038/s41423-019-0221-5

42. Ware R, Kumar V. Complexity and function of natural killer T cells with

potential application to hepatic transplant survival. Liver Transpl. (2017)

23:1589–92. doi: 10.1002/lt.24950

43. Arrenberg P, Maricic I, Kumar V. Sulfatide-mediated activation of type

II natural killer T cells prevents hepatic ischemic reperfusion injury

in mice. Gastroenterology. (2011) 140:646–55. doi: 10.1053/j.gastro.2010.

10.003

44. Choudhary NS, Saigal S, Bansal RK, Saraf N, Gautam D, Soin AS. Acute and

chronic rejection after liver transplantation: what a clinician needs to know.

J Clin Exp Hepatol. (2017) 7:358–66. doi: 10.1016/j.jceh.2017.10.003

45. Gokmen MR, Lombardi G, Lechler RI. The importance of the indirect

pathway of allorecognition in clinical transplantation. Curr Opin Immunol.

(2008) 20:568–74. doi: 10.1016/j.coi.2008.06.009

Frontiers in Immunology | www.frontiersin.org 11 June 2020 | Volume 11 | Article 1227

https://doi.org/10.1002/hep.26426
https://doi.org/10.1056/NEJMoa021744
https://doi.org/10.1111/tri.12998
https://doi.org/10.1016/j.trim.2008.08.007
https://doi.org/10.1002/lt.24840
https://doi.org/10.1001/jama.2011.2014
https://doi.org/10.3748/wjg.v22.i34.7676
https://doi.org/10.1080/08830185.2019.1601720
https://doi.org/10.1111/j.1432-2277.2009.00886.x
https://doi.org/10.1038/ni.2691
https://doi.org/10.1038/nrgastro.2016.168
https://doi.org/10.1084/jem.20091474
https://doi.org/10.1016/j.jhep.2014.03.021
https://doi.org/10.1016/j.jaut.2016.07.005
https://doi.org/10.1038/nri.2017.75
https://doi.org/10.1586/eci.12.65
https://doi.org/10.1172/JCI119468
https://doi.org/10.4049/jimmunol.1002961
https://doi.org/10.1016/S0952-7915(98)80218-5
https://doi.org/10.3748/wjg.v25.i25.3123
https://doi.org/10.1111/tri.12856
https://doi.org/10.1002/lt.20360
https://doi.org/10.1097/00000658-196809000-00009
https://doi.org/10.1111/anae.14568
https://doi.org/10.1111/tri.12776
https://doi.org/10.1016/j.cld.2016.12.004
https://doi.org/10.1016/j.trre.2011.04.002
https://doi.org/10.1002/lt.24509
https://doi.org/10.3390/jcm8091421
https://doi.org/10.1016/S0014-4800(03)00008-X
https://doi.org/10.5500/wjt.v9.i1.14
https://doi.org/10.1016/j.jhep.2013.06.017
https://doi.org/10.1080/17474124.2018.1505499
https://doi.org/10.1111/j.1432-2277.2006.00301.x
https://doi.org/10.1111/liv.14091
https://doi.org/10.1038/nrgastro.2012.225
https://doi.org/10.1111/j.1477-2574.2010.00275.x
https://doi.org/10.1038/s41423-019-0221-5
https://doi.org/10.1002/lt.24950
https://doi.org/10.1053/j.gastro.2010.10.003
https://doi.org/10.1016/j.jceh.2017.10.003
https://doi.org/10.1016/j.coi.2008.06.009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hann et al. Cadaveric and Living Donor Allografts

46. Joly E, Hudrisier D. What is trogocytosis and what is its purpose? Nat

Immunol. (2003) 4:815. doi: 10.1038/ni0903-815

47. Demetris AJ, Batts KP, Dhillon AP, Ferrell L, Fung J, Geller SA, et al.

Banff schema for grading liver allograft rejection: an international consensus

document. Hepatology. (1997) 25:658–63. doi: 10.1002/hep.510250328

48. Demetris AJ, Bellamy C, Hubscher SG, O’Leary J, Randhawa PS, Feng

S, et al. (2016). Comprehensive update of the banff working group on

liver allograft pathology: introduction of antibody-mediated rejection. Am

J Transpl. (2016) 16:2816–35. doi: 10.1111/ajt.13909

49. Jadlowiec CC, Morgan PE, Nehra AK, Hathcock MA, Kremers WK,

Heimbach JK, et al. Not all cellular rejections are the same: differences

in early and late hepatic allograft rejection. Liver Transpl. (2019) 25:425–

35. doi: 10.1002/lt.25411

50. Klintmalm GB, Nery JR, Husberg BS, Gonwa TA, Tillery

GW. Rejection in liver transplantation. Hepatology. (1989)

10:978–85. doi: 10.1002/hep.1840100615

51. Demetris AJ, Adeyi O, Bellamy CO, Clouston A, Charlotte F, Czaja A, et al.

Liver biopsy interpretation for causes of late liver allograft dysfunction.

Hepatology. (2006) 44:489–501. doi: 10.1002/hep.21280

52. Demetris AJ, Ruppert K, Dvorchik I, Jain A, Minervini M,

Nalesnik MA, et al. Real-time monitoring of acute liver-

allograft rejection using the banff schema. Transplantation. (2002)

74:1290–6. doi: 10.1097/00007890-200211150-00016

53. Demetris A, Adams D, Bellamy C, Blakolmer K, Clouston A, Dhillon AP,

et al. Update of the international banff schema for liver allograft rejection:

working recommendations for the histopathologic staging and reporting

of chronic rejection. An international panel. Hepatology. (2000) 31:792–

9. doi: 10.1002/hep.510310337

54. Wozniak LJ, Venick RS. Donor-specific antibodies following

liver and intestinal transplantation: clinical significance,

pathogenesis and recommendations. Int Rev Immunol. (2019)

38:106–17. doi: 10.1080/08830185.2019.1630404

55. Aguilera I, Sousa JM, Nunez-Roldan A. Clinical relevance of GSTT1

mismatch in solid organ and hematopoietic stem cell transplantation. Hum

Immunol. (2013) 74:1470–3. doi: 10.1016/j.humimm.2013.06.004

56. Demetris AJ, Bellamy CO, Gandhi CR, Prost S, Nakanuma Y, Stolz DB.

Functional immune anatomy of the liver-as an allograft. Am J Transpl. (2016)

16:1653–80. doi: 10.1111/ajt.13749

57. O’Leary JG, Michelle Shiller S, Bellamy C, Nalesnik MA, Kaneku H, Jennings

LW, et al. Acute liver allograft antibody-mediated rejection: an inter-

institutional study of significant histopathological features. Liver Transpl.

(2014) 20:1244–55. doi: 10.1002/lt.23948

58. Davies HS, Pollard SG, Calne RY. Soluble HLA antigens in the

circulation of liver graft recipients. Transplantation. (1989) 47:524–

7. doi: 10.1097/00007890-198903000-00025

59. Zhang R. Donor-specific antibodies in kidney transplant recipients. Clin J

Am Soc Nephrol CJASN. (2018) 13:182–92. doi: 10.2215/CJN.00700117

60. Del Bello A, Congy-Jolivet N, Muscari F, Lavayssiere L, Esposito L, Cardeau-

Desangles I, et al. Prevalence, incidence and risk factors for donor-specific

anti-HLA antibodies in maintenance liver transplant patients. Am J Transpl.

(2014) 14:867–75. doi: 10.1111/ajt.12651

61. Kaneku H, O’Leary JG, Banuelos N, Jennings LW, Susskind BM, Klintmalm

GB, et al. De novo donor-specific HLA antibodies decrease patient and

graft survival in liver transplant recipients. Am J Transpl. (2013) 13:1541–

8. doi: 10.1111/ajt.12212

62. Iacob S, Cicinnati VR, Dechene A, Lindemann M, Heinemann FM,

Rebmann V, et al. Genetic, immunological and clinical risk factors for

biliary strictures following liver transplantation. Liver Int. (2012) 32:1253–

61. doi: 10.1111/j.1478-3231.2012.02810.x

63. Schlegel A, Kalisvaart M, Scalera I, Laing RW, Mergental H, Mirza DF,

et al. The UK DCD risk score: a new proposal to define futility in

donation-after-circulatory-death liver transplantation. J Hepatol. (2018)

68:456–64. doi: 10.1016/j.jhep.2017.10.034

64. Neuberger J. An update on liver transplantation: a critical review. J

Autoimmunity. (2016) 66:51–9. doi: 10.1016/j.jaut.2015.08.021

65. Callaghan CJ, Charman SC, Muiesan P, Powell JJ, Gimson AE, van der

Meulen JH. Outcomes of transplantation of livers from donation after

circulatory death donors in the UK: a cohort study. BMJ Open. (2013)

3:e003287. doi: 10.1136/bmjopen-2013-003287

66. Xu J, Sayed BA, Casas-Ferreira AM, Srinivasan P, HeatonN, RelaM, et al. The

impact of ischemia/reperfusion injury on liver allografts from deceased after

cardiac death versus deceased after brain death donors. PLoS ONE. (2016)

11:e0148815. doi: 10.1371/journal.pone.0148815

67. Taner T, Heimbach JK. Somethig wicked this way comes. Hepatology. (2020)

71:1119–21. doi: 10.1002/hep.31015

68. Weiss S, Kotsch K, Francuski M, Reutzel-Selke A, Mantouvalou L, Klemz

R, et al. Brain death activates donor organs and is associated with a

worse I/R injury after liver transplantation. Am J Transpl. (2007) 7:1584–

93. doi: 10.1111/j.1600-6143.2007.01799.x

69. van Der Hoeven JA, Ter Horst GJ, Molema G, de Vos P, Girbes AR, Postema

F, et al. Effects of brain death and hemodynamic status on function and

immunologic activation of the potential donor liver in the rat. Ann Surgery.

(2000) 232:804–13. doi: 10.1097/00000658-200012000-00009

70. Saat TC, Susa D, Kok NF, van den Engel S, Roest HP, van der Laan LJ, et al.

Inflammatory genes in rat livers from cardiac- and brain death donors. J Surg

Res. (2015) 198:217–27. doi: 10.1016/j.jss.2015.04.057

71. Pitarch Martinez M, Sanchez Perez B, Leon Diaz FJ, Fernandez Aguilar

JL, Perez Daga JA, Montiel Casado MC, et al. Donation after cardiac

death in liver transplantation: an additional source of organs with

similar results to donation after brain death. Transpl Proc. (2019) 51:4–

8. doi: 10.1016/j.transproceed.2018.02.208

72. Doyle MB, Collins K, Vachharajani N, Lowell JA, Shenoy S, Nalbantoglu I,

et al. Outcomes using grafts from donors after cardiac death. J Am College

Surg. (2015) 221:142–52. doi: 10.1016/j.jamcollsurg.2015.03.053

73. Pine JK, Aldouri A, Young AL, Davies MH, Attia M, Toogood GJ, et al. Liver

transplantation following donation after cardiac death: an analysis using

matched pairs. Liver Transpl. (2009) 15:1072–82. doi: 10.1002/lt.21853

74. Meurisse N, Vanden Bussche S, Jochmans I, Francois J, Desschans B,

Laleman W, et al. Outcomes of liver transplantations using donations after

circulatory death: a single-center experience. Transpl Proc. (2012) 44:2868–

73. doi: 10.1016/j.transproceed.2012.09.077

75. Oliveira THC, Marques PE, Proost P, Teixeira MMM. Neutrophils: a

cornerstone of liver ischemia and reperfusion injury. Lab Invest J Tech

Methods Pathol. (2018) 98:51–62. doi: 10.1038/labinvest.2017.90

76. Xystrakis E, Yuksel M, Lin F, Huang X, Pop OT, Quaglia A, et al. Impact of

donation mode on the proportion and function of t lymphocytes in the liver.

PLoS ONE. (2015) 10:e0139791. doi: 10.1371/journal.pone.0139791

77. Jassem W, Koo DD, Cerundolo L, Rela M, Heaton ND, Fuggle SV.

Leukocyte infiltration and inflammatory antigen expression in cadaveric

and living-donor livers before transplant. Transplantation. (2003) 75:2001–

7. doi: 10.1097/01.TP.0000061605.30685.03

78. Levitsky J, Kaneku H, Jie C, Walsh RC, Abecassis M, Tambur AR. Donor-

Specific HLA antibodies in living versus deceased donor liver transplant

recipients. Am J Transpl. (2016) 16:2437–44. doi: 10.1111/ajt.13757

79. Strong RW, Lynch SV, Ong TH, Matsunami H, Koido Y, Balderson GA.

Successful liver transplantation from a living donor to her son. N Engl J Med.

(1990) 322:1505–7. doi: 10.1056/NEJM199005243222106

80. Hackl C, Schmidt KM, Susal C, Dohler B, Zidek M, Schlitt HJ. Split

liver transplantation: current developments. World J Gastroenterol. (2018)

24:5312–21. doi: 10.3748/wjg.v24.i47.5312

81. Chen CL, Kabiling CS, Concejero AM. Why does living donor liver

transplantation flourish in Asia? Nat Rev Gastroenterol Hepatol. (2013)

10:746–51. doi: 10.1038/nrgastro.2013.194

82. Tulla KA, Jeon H. Living donor liver transplantation: technical

innovations. Gastroenterol Clin North Am. (2018) 47:253–

65. doi: 10.1016/j.gtc.2018.01.001

83. Abu-Gazala S, Olthoff KM. Status of adult living donor liver transplantation

in the united states: results from the adult-to-adult living donor liver

transplantation cohort study. Gastroenterol Clin North Am. (2018) 47:297–

311. doi: 10.1016/j.gtc.2018.01.004

84. Shaked A, Ghobrial RM, Merion RM, Shearon TH, Emond JC, Fair JH, et al.

Incidence and severity of acute cellular rejection in recipients undergoing

adult living donor or deceased donor liver transplantation. Am J Transpl.

(2009) 9:301–8. doi: 10.1111/j.1600-6143.2008.02487.x

Frontiers in Immunology | www.frontiersin.org 12 June 2020 | Volume 11 | Article 1227

https://doi.org/10.1038/ni0903-815
https://doi.org/10.1002/hep.510250328
https://doi.org/10.1111/ajt.13909
https://doi.org/10.1002/lt.25411
https://doi.org/10.1002/hep.1840100615
https://doi.org/10.1002/hep.21280
https://doi.org/10.1097/00007890-200211150-00016
https://doi.org/10.1002/hep.510310337
https://doi.org/10.1080/08830185.2019.1630404
https://doi.org/10.1016/j.humimm.2013.06.004
https://doi.org/10.1111/ajt.13749
https://doi.org/10.1002/lt.23948
https://doi.org/10.1097/00007890-198903000-00025
https://doi.org/10.2215/CJN.00700117
https://doi.org/10.1111/ajt.12651
https://doi.org/10.1111/ajt.12212
https://doi.org/10.1111/j.1478-3231.2012.02810.x
https://doi.org/10.1016/j.jhep.2017.10.034
https://doi.org/10.1016/j.jaut.2015.08.021
https://doi.org/10.1136/bmjopen-2013-003287
https://doi.org/10.1371/journal.pone.0148815
https://doi.org/10.1002/hep.31015
https://doi.org/10.1111/j.1600-6143.2007.01799.x
https://doi.org/10.1097/00000658-200012000-00009
https://doi.org/10.1016/j.jss.2015.04.057
https://doi.org/10.1016/j.transproceed.2018.02.208
https://doi.org/10.1016/j.jamcollsurg.2015.03.053
https://doi.org/10.1002/lt.21853
https://doi.org/10.1016/j.transproceed.2012.09.077
https://doi.org/10.1038/labinvest.2017.90
https://doi.org/10.1371/journal.pone.0139791
https://doi.org/10.1097/01.TP.0000061605.30685.03
https://doi.org/10.1111/ajt.13757
https://doi.org/10.1056/NEJM199005243222106
https://doi.org/10.3748/wjg.v24.i47.5312
https://doi.org/10.1038/nrgastro.2013.194
https://doi.org/10.1016/j.gtc.2018.01.001
https://doi.org/10.1016/j.gtc.2018.01.004
https://doi.org/10.1111/j.1600-6143.2008.02487.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hann et al. Cadaveric and Living Donor Allografts

85. Levitsky J, Goldberg D, Smith AR, Mansfield SA, Gillespie BW, Merion

RM, et al. Acute rejection increases risk of graft failure and death in

recent liver transplant recipients. Clin Gastroenterol Hepatol. (2017) 15:584–

93.e2. doi: 10.1016/j.cgh.2016.07.035

86. de Jonge J, Kurian S, Shaked A, Reddy KR, Hancock W, Salomon DR,

et al. Unique early gene expression patterns in human adult-to-adult living

donor liver grafts compared to deceased donor grafts. Am J Transpl. (2009)

9:758–72. doi: 10.1111/j.1600-6143.2009.02557.x

87. Gordon RD, Iwatsuki S, Esquivel CO, Todo S, Makowka L, Tzakis A, et al.

Experience with primary liver transplantation across ABO blood groups.

Transpl Proc. (1987) 19:4575–9.

88. Goss MB, Rana A. ABO-incompatible liver transplantation: is it a

viable option with modern innovation? Clin Liver Dis. (2017) 10:124–

9. doi: 10.1002/cld.673

89. Yadav DK, Hua YF, Bai X, Lou J, Que R, Gao S, et al. ABO-

incompatible adult living donor liver transplantation in the era of rituximab:

a systematic review and meta-analysis. Gastroenterol Res Pract. (2019)

2019:8589402. doi: 10.1155/2019/8589402

90. Lee EC, Kim SH, Park SJ. Outcomes after liver transplantation in accordance

with ABO compatibility: a systematic review and meta-analysis. World J

Gastroenterol. (2017) 23:6516–33. doi: 10.3748/wjg.v23.i35.6516

91. Raut V, Uemoto S. Management of ABO-incompatible living-donor liver

transplantation: past and present trends. Surg Today. (2011) 41:317–

22. doi: 10.1007/s00595-010-4437-3

92. Oh J, Kim JM. Immunologic strategies and outcomes in ABO-incompatible

living donor liver transplantation. Clin Mol Hepatol. (2019) 26:1–

6. doi: 10.3350/cmh.2019.0023

93. Kim JM, Kwon CH, Joh JW, Kang ES, Park JB, Lee JH, et al.

ABO-incompatible living donor liver transplantation is suitable in

patients without ABO-matched donor. J Hepatol. (2013) 59:1215–

22. doi: 10.1016/j.jhep.2013.07.035

94. Song GW, Lee SG, Hwang S, Kim KH, Ahn CS, Moon DB, et al.

Biliary stricture is the only concern in ABO-incompatible adult living

donor liver transplantation in the rituximab era. J Hepatol. (2014) 61:575–

82. doi: 10.1016/j.jhep.2014.04.039

95. Cuenca AG, Kim HB, Vakili K. Pediatric liver transplantation. Semin Pediatr

Surg. (2017) 26:217–23. doi: 10.1053/j.sempedsurg.2017.07.014

96. Ng VL, Alonso EM, Bucuvalas JC, Cohen G, Limbers CA, Varni JW,

et al. Health status of children alive 10 years after pediatric liver

transplantation performed in the US and Canada: report of the studies

of pediatric liver transplantation experience. J Pediatr. (2012) 160:820–

6.e3. doi: 10.1016/j.jpeds.2011.10.038

97. Branford WV. Acute epigastric pain and blood amylase activity. Southern

Med Surg. (1948) 110:41–4.

98. Rawal N, Yazigi N. Pediatric liver transplantation. Pediatr Clin North Am.

(2017) 64:677–84. doi: 10.1016/j.pcl.2017.02.003

99. Kehar M, Parekh RS, Stunguris J, De Angelis M, Van Roestel K,

Ghanekar A, et al. Superior outcomes and reduced wait times in pediatric

recipients of living donor liver transplantation. Transpl Direct. (2019)

5:e430. doi: 10.1097/TXD.0000000000000865

100. Levy O. Innate immunity of the newborn: basic mechanisms and clinical

correlates. Nat Rev Immunol. (2007) 7:379–90. doi: 10.1038/nri2075

101. Dattani N, Baker A, Quaglia A, Melendez HV, Rela M, Heaton

N. Clinical and histological outcomes following living-related liver

transplantation in children. Clin Res Hepatol Gastroenterol. (2014) 38:164–

71. doi: 10.1016/j.clinre.2013.10.009

102. Seyfert-Margolis V, Feng S. Tolerance: is it achievable in pediatric

solid organ transplantation? Pediatr Clin North Am. (2010) 57:523–

38. doi: 10.1016/j.pcl.2010.01.015

103. Sanchez-Fueyo A. Hot-topic debate on tolerance: immunosuppression

withdrawal. Liver Transpl. (2011) 17(Suppl. 3):S69–73. doi: 10.1002/lt.

22421

104. Byun J, Yi NJ, Lee JM, Suh SW, Yoo T, Choi Y, et al. Long term outcomes

of pediatric liver transplantation according to age. J Korean Med Sci. (2014)

29:320–7. doi: 10.3346/jkms.2014.29.3.320

105. Shepherd RW, Turmelle Y, Nadler M, Lowell JA, Narkewicz

MR, McDiarmid SV, et al. Risk factors for rejection and

infection in pediatric liver transplantation. Am J Transpl. (2008)

8:396–403. doi: 10.1111/j.1600-6143.2007.02068.x

106. Talisetti A, Hurwitz M, Sarwal M, Berquist W, Castillo R, Bass

D, et al. Analysis of clinical variables associated with tolerance in

pediatric liver transplant recipients. Pediat Transpl. (2010) 14:976–

9. doi: 10.1111/j.1399-3046.2010.01360.x

107. Ganschow R, Broering DC, Nolkemper D, Albani J, Kemper MJ, Rogiers

X, et al. Th2 cytokine profile in infants predisposes to improved graft

acceptance after liver transplantation. Transplantation. (2001) 72:929–

34. doi: 10.1097/00007890-200109150-00031

108. Briem-Richter A, Leuschner A, Haag F, Grabhorn E, Ganschow R.

Cytokine concentrations and regulatory T cells in living donor and

deceased donor liver transplant recipients. Pediatr Transpl. (2013) 17:185–

90. doi: 10.1111/petr.12044

109. Muduma G, Saunders R, Odeyemi I, Pollock RF. Systematic review

and meta-analysis of tacrolimus versus ciclosporin as primary

immunosuppression after liver transplant. PLoS ONE. (2016)

11:e0160421. doi: 10.1371/journal.pone.0160421

110. Haddad E, McAlister V, Renouf E, Malthaner R, Kjaer MS,

Gluud LL. Cyclosporin versus tacrolimus for liver transplanted

patients. Cochrane Database Syst Rev. (2006) 2006:CD005161.

doi: 10.1002/14651858.CD005161.pub2

111. Amatschek S, Wilflingseder J, Pones M, Kainz A, Bodingbauer M,

Mühlbacher F, et al. The effect of steroid pretreatment of deceased organ

donors on liver allograft function: a blinded randomized placebo-controlled

trial. J Hepatol. (2012) 56:1305–9. doi: 10.1016/j.jhep.2012.01.020

112. Nasralla D, Coussios CC, Mergental H, Akhtar MZ, Butler AJ, Ceresa

CDL, et al. A randomized trial of normothermic preservation in liver

transplantation. Nature. (2018) 557:50–6. doi: 10.1038/s41586-018-0047-9

113. Dengu F, Abbas SH, Ebeling G, Nasralla D. Normothermic machine

perfusion (NMP) of the liver as a platform for therapeutic interventions

during ex-vivo liver preservation: a review. J Clin Med. (2020)

9:1046. doi: 10.3390/jcm9041046

114. Todo S, Yamashita K, Goto R, Zaitsu M, Nagatsu A, Oura T, et al. A

pilot study of operational tolerance with a regulatory T-cell-based cell

therapy in living donor liver transplantation. Hepatology. (2016) 64:632–

43. doi: 10.1002/hep.28459

115. Sánchez-Fueyo A, Whitehouse G, Grageda N, Cramp ME, Lim TY, Romano

M, et al. Applicability, safety, and biological activity of regulatory T

cell therapy in liver transplantation. Am J Transplant. (2020) 20:1125–

36. doi: 10.1111/ajt.15700

116. Romano M, Fanelli G, Albany CJ, Giganti G, Lombardi G. Past, present,

and future of regulatory T cell therapy in transplantation and autoimmunity.

Front Immunol. (2019) 10:43. doi: 10.3389/fimmu.2019.00043

117. Castoldi L, De Rai P, Zerbi A, Frulloni L, Uomo G, Gabbrielli A, et al. Long

term outcome of acute pancreatitis in Italy: results of a multicentre study.

Digest Liver Dis. (2013) 45:827–32. doi: 10.1016/j.dld.2013.03.012

118. Thomson AW, Humar A, Lakkis FG, Metes DM. Regulatory dendritic

cells for promotion of liver transplant operational tolerance: rationale for a

clinical trial and accompanying mechanistic studies. Hum Immunol. (2018)

79:314–21. doi: 10.1016/j.humimm.2017.10.017

119. Whitehouse G, Gray E, Mastoridis S, Merritt E, Kodela E, Yang

JHM, et al. IL-2 therapy restores regulatory T-cell dysfunction induced

by calcineurin inhibitors. Proc Natl Acad Sci USA. (2017) 114:7083–

8. doi: 10.1073/pnas.1620835114

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Hann, Osei-Bordom, Neil, Ronca, Warner and Perera. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 13 June 2020 | Volume 11 | Article 1227

https://doi.org/10.1016/j.cgh.2016.07.035
https://doi.org/10.1111/j.1600-6143.2009.02557.x
https://doi.org/10.1002/cld.673
https://doi.org/10.1155/2019/8589402
https://doi.org/10.3748/wjg.v23.i35.6516
https://doi.org/10.1007/s00595-010-4437-3
https://doi.org/10.3350/cmh.2019.0023
https://doi.org/10.1016/j.jhep.2013.07.035
https://doi.org/10.1016/j.jhep.2014.04.039
https://doi.org/10.1053/j.sempedsurg.2017.07.014
https://doi.org/10.1016/j.jpeds.2011.10.038
https://doi.org/10.1016/j.pcl.2017.02.003
https://doi.org/10.1097/TXD.0000000000000865
https://doi.org/10.1038/nri2075
https://doi.org/10.1016/j.clinre.2013.10.009
https://doi.org/10.1016/j.pcl.2010.01.015
https://doi.org/10.1002/lt.22421
https://doi.org/10.3346/jkms.2014.29.3.320
https://doi.org/10.1111/j.1600-6143.2007.02068.x
https://doi.org/10.1111/j.1399-3046.2010.01360.x
https://doi.org/10.1097/00007890-200109150-00031
https://doi.org/10.1111/petr.12044
https://doi.org/10.1371/journal.pone.0160421
https://doi.org/10.1002/14651858.CD005161.pub2
https://doi.org/10.1016/j.jhep.2012.01.020
https://doi.org/10.1038/s41586-018-0047-9
https://doi.org/10.3390/jcm9041046
https://doi.org/10.1002/hep.28459
https://doi.org/10.1111/ajt.15700
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.1016/j.dld.2013.03.012
https://doi.org/10.1016/j.humimm.2017.10.017
https://doi.org/10.1073/pnas.1620835114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Human Immune Response to Cadaveric and Living Donor Liver Allografts
	Introduction
	Methods
	Immune Function of the Liver
	The Different Types of Liver Transplant Allografts
	Post Reperfusion Syndrome and Preservation-Reperfusion Injury
	Liver Allograft Rejection
	The Immune Response to Cadaveric Grafts
	The Immune Response to Living Donor Grafts
	ABO Incompatible Grafts
	Immune Response in the Pediatric Patient
	Implications for Clinical Practice
	Conclusion
	Author's Note
	Author Contributions
	References


