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effects caused by liver cirrhosis, invasive surgery, ischemia-reperfusion injury, rejection, and
infection, all of which are relevant to liver transplantation, are mediated by inflammatory
factors. Recently, the detailed mechanisms of inflammation have been elucidated. Damage-
associated molecular patterns (DAMPs) released from cells damaged by ischemia or injury,
or pathogen-associated molecular patterns (PAMPs) released by pathogens, are recognized
by internal cell receptors or cell surface receptors, leading to the synthesis of inflammatory
proteins including proinflammatory/anti-inflammatory cytokines, which are then secreted by
the cells. These cytokines stimulate the production of additional cytokines, causing a vicious
circle of inflammatory responses, such as innate immune responses by macrophages. In
addition, lymphocytes activated by these cytokines stimulate adaptive immunity. During liver
transplantation, the general preoperative condition of the patient and surgical invasiveness
are associated with organ failure and ischemia-reperfusion injury, which can lead to
transplant rejection. It has been suggested that progressive immunodeficiency and organ
failure as a result of pre-transplant cirrhosis are associated with postoperative multiple organ
failure and death, and that elevated intraoperative DAMPs correlate with organ failure.
Furthermore, DAMP receptors and inflammatory cytokines are increased by ischemia-
reperfusion injury, indicating its role in promoting innate and adaptive immunity. In addition,
inflammatory signals induced by postoperative infections are similar to those induced by
ischemia-reperfusion injury and rejection, indicating that pathogen-derived inflammation can
also lead to rejection. In summary, most complications in liver transplantation can be
explained in a unified manner by abnormal inflammatory responses; therefore, controlling
inflammation might be of benefit for the struggle of safe and effective liver transplantation.
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INTRODUCTION

Successful liver transplantation is a continuous struggle against stress
responses. After surgical invasiveness such as a large abdominal incision,
removal of the liver, or implanting a graft from another individual, a variety of
lethal invasions, including ischemia-reperfusion injury from the graft, organ
failure, rejection, and infection from immunosuppressive drugs can occur. These
invasions are thought to be different phenomena; therefore, it is extremely
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difficult to quantify them equally. However, because inflammation might be a www.sgo-iasgo.com
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unified result of these invasions, it might be used to
assess these reactions.

Inflammation is a local tissue reaction induced by
harmful stimuli such as pathogens or tissue damage.
Cells that receive an initial stimulus are injured
and their constituent substances, termed damage-
associated molecular patterns (DAMPs), diffuse into
the surrounding areas. In contrast, pathogen-associated
molecular patterns (PAMPs) are components of
pathogens. These DAMPs/PAMPs are initially taken
up by phagocytes where they act as intracellular
signals to stimulate Toll-like receptors (TLRs) or
C-type lectin receptors (CLR), which are pattern-
recognition receptors (PRRs) on the cell surface, and
NOD-like receptors (NLRs), AIM-2 like receptors
(ALRs), RIG-I like receptors (RLRs) and receptor for
advanced glycation end (RAGE) product, which are
intracellular PRRs (1). These receptors are expressed
by phagocytes including macrophages, neutrophils,
and dendritic cells, as well as epithelial cells, vascular
endothelial cells, lung cells, atrium, renal tubules,
and gastrointestinal epithelium. Phagocytes and
epithelial cells stimulated through PRRs produce
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cytokines and chemokines via transcription factors
such as NF-kB and AP-1 and mRNAs for inflammatory
molecules, (2) and by generating a protein complex
called the inflammasome that activates caspase-1,
which subsequently activates inflammatory cytokines
(3). These reactions occur minutes after PRR stimula-
tion. Inflammatory cytokines such as tumor necrosis
factor-a (TNF-a), interleukin (IL)-1pB, IL-2, IL-6, IL-12,
IL-17, IL-18, interferon (IFN)-y, macrophage migra-
tion inhibitory factor (MIF), and chemokines such as
C-X-C motif ligand (CXCL)-8 enhance inflammation
(fig. 1) (4).

After serum inflammatory cytokines are increased by
DAMPs, endothelial cells, including vascular endothelial
cells, are activated and express inflammatory receptors,
which are involved in multiple organ dysfunction. Thus,
DAMPs are mediators of inflammation and initiators of
immune responses, because stimulated phagocytes
have a main role in innate immunity, leading to the
further activation of adaptive immunity (5). In addition,
the relationship between inflammation and immunity is
complicated because some cytokines are inflammatory
and others are anti-inflammatory. On the other hand, all
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Figure 1 - Inflammatory signal pathway in a cell
TLR signals and ROS activate NF-«B to induce the inflammasome, leading to the transcription of inflammatory cytokines
in epithelial cells and macrophages. Proinflammatory cytokines promote inflammation and “turn on” the immune system.
DAMPs; damage-associated molecular patterns, PAMPs; pathogen-associated molecular patterns, TLR; Toll-like receptor,
ROS; reactive oxygen species, NF-«B; Nuclear factor kappa-light-chain-enhancer of activated B cells, NLRP3; NOD-like receptor
family pyrin domain containing 3, ASC; apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain.
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invasions also stimulate the central nervous system,
which activates the hypothalamic—pituitary—adrenal
pathway, and the sympathetic nervous system, leading
to an increase in the secretion of cortisol, cate-
cholamines, and vasopressin. These neuroendocrine
systems and inflammatory mediators enhance the
metabolic, circulatory, and immune systems to maintain
biogenic homeostasis and increase the biogenic
defensive capacity (6). Systemic reactions to these
responses include fever, tachycardia, tachypnea, and an
increase in the number of white blood cells, termed
systemic inflammatory response syndrome (SIRS).
Therefore, these reactions might be measured by
examining the inflammatory responses. In accordance
with this concept, this paper describes inflammation
during liver transplantation.

Perioperative factors

Livers with an indication for liver transplantation,
have advanced chronic damage, leading to cirrhosis
and liver failure. Damage to hepatocytes and cholangio-
cytes leads to necrosis and apoptosis, and these injured
cells release DAMPs, resulting in hypercytokinemia. In
response to cytokines, numbers of CD3+ T cells,
including CD4+ and CD8+ T cells, are increased in the
liver and directly damage hepatocytes.(7) In addition,
neutrophil chemotactic cytokines, such as cytotoxic
CXCL-1 and IL-8 are increased, resulting in an
upregulated state that attracts neutrophils, which
release proinflammatory cytokines such as TNF-a and
IL-17. During this process, hepatic steatosis induced by
chemokines such as MCP-1 and CCL2 (also termed
“steatokines”) and the progression of hepatic fibrosis
by the activation of hepatic stellate cells occurs (8).
However, during cirrhosis, numbers of endothelial
cells are decreased, endothelial cells are dysfunctional,
and neutrophil phagocytosis and apoptosis and natural
killer cell activity are decreased regardless of
hypercytokinemia. This condition is termed cirrhosis-
associated immune dysfunction (CAID) (9). In this
situation, inflammation occurs in the liver via PAMPs
before transplantation. A typical example of a PAMP is
lipopolysaccharide (LPS) released by Gram-negative
bacteria. Pathogen-derived PAMPs, similar to DAMPs,
activate TLRs and induce inflammation, leading to
progressive liver injury.

Most patients indicated for liver transplantation
have a significant decline in their general condition
due to coagulation abnormalities, hepatorenal
syndrome, hypotrophy, sarcopenia, or infection
related to decreased immunity, caused by decreased
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hepatic synthetic capacity, or SIRS. Therefore, the
preoperative general condition has a significant
impact on the intraoperative and postoperative
course of the liver transplantation.

We analyzed 60 cases of liver transplantation
and found a significant correlation between the pre-
operative model for end-stage liver disease (MELD)
score, and the serum white blood cell (WBC) count
(r=0.46, p<0.01), between the pre-operative MELD
score and the serum C-reactive protein (CRP) concen-
tration (r=0.39, p<0.01), and between the pre-
operative MELD score and the serum procalcitonin
(PCT) concentration (r=0.64, p<0.01). This indicated
that the progression of liver cirrhosis was associated
with complications due to infection. In addition, we
analyzed the threshold cycle of mitochondrial DNA as a
DAMP, which was significantly correlated with the
above-mentioned inflammatory findings: WBC (r=0.53,
p<0.01), CRP (r=0.44, p<0.01), and PCT (r=0.34, p<0.01).
WBC and CRP were correlated with PCT regardless
of splenomegaly or a decrease of hepatic synthetic
function indicating the systemic inflammatory response
and susceptibility to infection were a result of the
progression of cirrhosis. The correlation between
DAMPs and WBC was the greatest of those investigated.
The increase in serum DAMPs suggested they acted as
inflammatory mediators, and that this might be a
useful inflammatory marker. We also analyzed the
serum concentrations of DAMPs before laparotomy
and at the time of abdominal closure. The serum
concentration of DAMPs was increased during surgery
and had a weak but significant correlation with the
anhepatic time (r=0.36, p<0.01). This result predicted
that the magnitude of invasiveness was related to
anhepatic time during liver transplantation (10). This
finding might be related to the clamping of the inferior
vena cava (11), but this was not mentioned in our
analysis. Regarding the postoperative disease course,
the intraoperative increase of DAMPs was significantly
related to postoperative circulatory failure and
multiple-organ dysfunction. This suggests that DAMPs
are inflammatory mediators that might be treatment
targets after liver transplantation.

Ischemia/reperfusion injury

During organ transplantation, ischemia/reperfusion
injury (IRI) is an unpreventable occurrence. IRl is a two-
step phenomenon. In the first step, cells are injured by
hypoxia due to a decrease in blood flow to the organs,
leading to cellular adenosine triphosphate deficiency,
acceleration of anaerobic glycolysis, increased lactate
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generation, and alterations in H+, Na+, and Ca2+
homeostasis. The second step is exacerbated after the
recovery of the oxygen supply. (12) IRI characteristically
induces innate immune responses that have an impact
on postoperative outcomes. Inflammation due to IRl is
promoted by toxic reactive oxygen species (ROS)
produced when oxygen is reperfused to ischemic
tissues, and is characterized by a cytokine storm,
chemokines, growth factors, and DAMPs released by
other injured cells. DAMPs released in stressed grafts
act as endogenous ligands for PRRs on cells of the
innate immune system, such as donor- or recipient-
derived dendritic cells (DCs) and donor-derived
vascular cells. This activates intracellular signaling
pathways, leading to the further production of
cytokines, chemokines, and growth factors that
induce adaptive immune responses that cause graft
failure and rejection (13)

Sosa et al. reported changes in the expressions of
cytokines and PRRs that recognized DAMPs in the
blood during IRI during the perioperative period of
liver transplantation, and discussed the main
immune response to IRl-related inflammation
(14,15). They pathologically diagnosed IRI by intra-
operative biopsy and measured circulating blood
cytokines before surgery, 1 day, 1 week, and 1 month
after surgery, before and after graft passage, and
before and after graft reperfusion in IRl and non-IRI
cases. In addition, they measured the expression of
PRRs during the same timepoints. They found that
cases with IRl had higher levels of proinflammatory
and anti-inflammatory cytokines preoperatively,
with a significant increase in CXCL-8, a neutrophil
chemotactic chemokine, which was not related to
the background of liver damage or underlying
disease, indicating that regardless of the cause, the
IRl group had a state of enhanced innate immunity
preoperatively. At the time of intraoperative graft

Innate Imunity Primitive Immunity

perfusion, the concentrations of proinflammatory
and anti-inflammatory cytokines in the blood before
and after the grafts passed a peak after reperfusion,
but the blood concentrations of CXCL-8, which
stimulates Th1 cells and lymphocytes, IL-12p70, IL-2,
and the anti-inflammatory cytokine, IL-1Ra, were
significantly higher in the blood compared with the
non-IRI group. The expressions of PRRs tended to
increase after graft reperfusion, and TLR4, TLR9,
and NOD2, receptors linked to the production of
inflammatory cytokines, were increased significantly
in the IRI group. The expressions of TLR4 and NOD2
were significantly lower in the IRl group before
reperfusion, indicating that these are risk factors for
IRI. Similar to the postoperative period, on the
first day after transplantation, the levels of anti-
inflammatory cytokines, IL-1Ra, IL-4, and IL-13,
which have Th2 cell-activating effects leading to
chronic inflammation, and IL-17A, which has Th17
cell-activating effects, were significantly higher in IRI
patients than in non-IRI patients, indicating the start
of the adaptive immune response. In addition, high
levels of the proinflammatory cytokine IL-1a, but not
the anti-inflammatory cytokine IL-1Ra, were also
observed, suggesting reactivation of the acute
immune response. These results indicate a sustained
chronic inflammatory response at this point, in
which the innate and adaptive immune responses
continued to reactivate each other. One month after
transplantation, there was a significant increase in
IL-1Ra in the IRI group and IL-1la levels were no
longer significantly different. There was a high level
of IL-13, which causes chronic inflammation, and
high levels of IL-2, IL-3, and IL-17A, indicating an
adaptive immune response and a switch to adaptive
immunity (fig. 2). Finally, APCs, antigen-presenting
cells and leukocytes activated by these DAMPs and
cytokines triggered liver rejection.

Adaptive Immunity

Epitherial Cell Natural Killer cell Dendric Cell Dendric Cell  Cytotoxic T lymphocyte
Macrophage ry T cell Th precursor Th1 cell Macrophage
Natural Killer Cell Natural Killer T cell * Th2 cell » B cell
Neutrophil CD5+ B cell Th17 cell Neutrophil
IgM memory CD8+ T cell
hours days
0 6 12 1 4 7

Figure 2 - Sequential change of immunity after transplantation.
After transplantation, ischemic/reperfusion injury affects the recipient. IRl induces immune responses by stimulating innate immune
cells. This reaction occurs approximately 12 hours after transplantation. Then, the adaptive immune response is activated. Adaptive
immune responses are observed at post-transplantation day 1. IgM; immunoglobulin M, Th; helper T cell.
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Immunological rejection

As mentioned above, activation of innate immunity
due to IRI leads to sterile inflammation and the
initiation of acquired immunity. Activated lymphocytes
recognize the donor MHC, major histocompatibility
complex, of the graft as an antigen, which causes
rejection. In parallel to the IRI-induced inflammatory
response, donor-derived and recipient-derived DCs
take up MHC antigens and are activated after the
recognition of various DAMPs by the corresponding
PRRs, triggering a robust adaptive anti-donor
alloimmune response through a process of direct and
indirect antigen recognition, ultimately leading to
rejection (13). Indeed, a positive correlation between
the frequency of infiltrating macrophages and rejection
was reported in renal transplantation (16), and the
increased severity of IRl as a result of prolonged
ischemic time was shown to increase the risk of acute
and chronic graft rejection (17).

Similarly, inflammation has an important role in
liver transplantation. Rejection after liver transplanta-
tion is usually characterized by inflammatory cell infil-
tration and damage to bile duct cells and hepatocytes
including cellular degeneration and tissue necrosis
(18). This suggests there might be a relationship
between DAMPs/cytokines and rejection. HMGB-1 is a
DAMP that stimulates the production of inflammatory
cytokines such as TNF-a and IL-1B. Increased HMGB-1
levels were observed in the blood of IRI patients after
liver transplantation (19), and the association of
HMGB-1 with rejection in organ transplantation has
been reported.

In @ mouse model of MHC mismatch heart trans-
plantation, the pharmacological blockade of HMGB-1
activity reduced graft inflammation and prolonged graft
survival by 1 week (20). In a rat versus mouse cardiac
xenograft model, HMGB1 expression was upregulated
in xenografts and the inhibition of HMGB1 function
via anti-HMGB1 monoclonal antibodies prolonged
xenograft survival by approximately 1 week and
reduced graft inflammation (21). In addition, in chronic
allograft rejection in a murine MHC class Il mismatched
heart transplant model, HMGB-1 was elevated at 2
months after transplantation, and the administration of
anti-HMGB-1 monoclonal antibody every 4 days during
the first month after transplantation was associated
with a 50% reduction in the degree of graft vasculo-
pathy, accompanied by a reduction in IL-17A, IFN-y, and
inflammatory macrophages in the graft (22). These
reports suggest that HMGB-1 and its receptor are a
major cause of acute and chronic graft rejection.
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IL-1B is responsible for acute rejection in organ
transplantation (23,24), and HMGB-1 stimulates its
production. In liver transplantation, increased levels of
IL-1B and the accompanying decrease in receptor
antagonists were the main causes of rejection, and
elevated receptor antagonists effectively suppressed
rejection (25). The production of IL-1pB is stimulated by
caspase-1, which is activated by the inflammasome,
containing apoptosis-associated speck-like protein
containing a CARD (ASC). In a rat liver transplantation
model, the caspase-1 inhibitor group had less rejection
from day 1 post-transplantation compared with the
no-caspase-1 inhibitor group, and a clear difference
was observed at day 7 post-transplantation. The expres-
sion of ASC in APCs during this period, the production
of IL-1B, and hepatocyte necrosis were similar between
groups. These results suggest that ASC and upregula-
tion of the inflammatory enzyme activation pathway
are closely related to inflammation associated with the
acute rejection of transplanted liver (26).

Thus, the relationship between inflammation and
rejection is becoming clearer. Currently, most of the
immunosuppressive drugs used for liver transplanta-
tion are directed at lymphocytes involved in adaptive
immunity. In the future, the control of innate immunity
might influence the development of new immuno-
suppressive drugs.

Infection

In terms of infection, preoperative cirrhosis-
associated immune dysfunction (CAID) and post-
operative immunosuppression due to surgical invasion
and drugs make the recipient susceptible to infection.
These effects lead to a state of reduced innate and
adaptive immunity, where PAMPs can accelerate
inflammation. PAMPs stimulate TLRs, which in turn
stimulate the inflammatory cascade. PAMPs that are
ligands for TLRs are listed in table 1 (27). In our study, a
preoperative PCT >0.05 was associated with the
incidence of postoperative sepsis (odds ratio=3.767,
95% confidence interval: 1.306—10.866), suggesting it
might be a risk factor and predictor of postoperative
sepsis (28). The MELD score was also higher in the high
preoperative PCT group compared with the low pre-
operative PCT group. Although a causal relationship is
not clear, it may reflect the pathogenesis of CAID.
Stimulation of TLRs by PAMPs induced inflammasome
activation, IL-1B production, and IRI, leading to acute
rejection (29). In terms of cytomegalovirus (CMV)
infection, trials using immunoglobulin preparations for
CMV prophylaxis in liver transplantation have shown a
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Table 1 - Toll-like receptors and their ligands

Receptor  Ligand Ligand location Location Cell type
TLR1 . Triacyllipopeptides  Bacteda . Cell surface __ PMN, monocyte, macrophage, B cell, DG
TLR2 Glycolipids, LTA, HSP70, zymosan Gram-positive bacteria, Cell surface Monocyte, myeloid DC, mast cell
.................................................................. OBl St e
TLRS .. Double-stranded DNA VIS e Endosome DG Beel o
TLR4 Lipopolysaccharide Gram-negative bacteria Cell surface Monocyte, macrophage, myeloid DG,
Heat shock protein mast cell, intestinal epithelium
Heparan sulfate fragments
o Mol add fragments
TWRs . Flagelin o Bactedd Cell surface _Monocyte, macrophage, DC, intestinal epithefium
TLR6 _ Muttiple diacyl lipopeptides _ Mycoplasma Gell surface __ Monocyte, macrophage, mast cell, Boell
TLR7 Imidazoquinoline, Loxoribine, Small synthetic components Endosome Monocyte, macrophage, plasmacytoid DC, B cell
e DTODIITIRG, SINGleSHBEd DNA e oo e
TLR8 Small synthetic compounds Endosome Monocyte, macrophage, DC, mast cell
e S RN e
TLRS . Unmethylated CpG-DNA Bacteda Endosome __Monocyte, macrophage, plasmacytoid DG, B cell
TR0 Unknown . Unkeown Cell surface _Monocyte, macrophage, Beell
TLR11 Profilin Toxoplasma gondii, Cell surface Monocyte, macrophage, liver cell, kidney cell,
uropathogenic Escherichia coli bladder epithelium
PMN; polymorphonuclear leukocyte, DC; dendritic cell
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