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Abstract

Ischemia and reperfusion injury (IRI) is a dynamic process that involves two distinctive yet
interrelated phases of ischemic organ damage and inflammation-mediated reperfusion injury.
Although multiple cellular and molecular pathways contribute and regulate tissue/organ damage,
integration of different players into a unified mechanism is warranted. The crosstalk between
innate and adaptive immune systems plays a significant role in the pathogenesis of liver IRI. In
this review, we focus on recent progress in the mechanism of liver innate immune activation by
IR. Kupffer cells, DCs, NK, as well as T cells initiate local inflammation response, the hallmark of
IRI, by utilizing distinctive immune receptors to recognize and/or trigger various molecules, both
endogenous and exogenous. The interlocked molecular signaling pathways in the context of
multiple liver cell types, the IRI kinetics, and positive vs. negative regulatory loops in the innate
immune activation process are discussed. Better appreciation of molecular interactions that
mediate these intricate cascades, should allow for the development of novel therapeutic
approached against IRI in liver transplant recipients.
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Introduction

Orthotopic liver transplantation (OLT) is an effective therapeutic modality for the treatment
of end-stage liver disease. However, ischemia and reperfusion injury (IRI), the major
component of the organ “harvesting” insult, remains one of the key limitations (1). The
hepatocellular damage surrounding liver removal, storage and engraftment is critical to
primary OLT non-function or late dysfunction, leads to a higher incidence of acute and
chronic rejection, and contributes to the acute shortage of organs available for
transplantation (2, 3). Hence, minimizing the adverse consequences of IRI should improve
not only OLT outcomes, but also increase the number of patients that can be successfully
transplanted. The mechanism of liver IRI, however, remains one of the most understudied
areas in clinical and experimental organ transplantation.
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The IR insult to the transplanted liver is a multifaceted process that combines elements of
“warm” and “cold” injury. The process of warm organ damage, occurring /in-situin low flow
states, is dominated by Kupffer cell (KC)-derived cytotoxic molecule-mediated
hepatocellular injury. Cold IRI, experienced during ex-vivo preservation, is dominated by
the damage to the liver sinusoidal endothelial cells (SEC) and disruption of the
microcirculation (4, 5). These seemingly distinct processes share common mechanisms and
overlapping effects upon non-parenchymal (KCs/lymphocytes) and parenchymal
(hepatocytes) cell functions, both of which lead to the ultimate organ failure.

Two distinctive stages of liver IRI, with unique mechanisms of tissue damage, have been
identified (Figure 1). The ischemic injury itself, a localized process of cellular metabolic
disturbances, results from glycogen consumption, lack of oxygen supply, and adenosine
triphosphate (ATP) depletion. The reperfusion injury, on the other hand, involves both direct
and indirect cytotoxic mechanisms. The liver inflammation response is of a paramount
importance, as prevention of local immune activation consistently ameliorates IRI cascade.
Multiple innate immune activation pathways have been identified, with some exerting
opposite pro- and anti-inflammatory functions, often in a cell-type specific and IR-stage
dependent manner. Comprehensive dissection of liver innate immune activation mechanisms
is critical for identifying novel therapeutic targets to alleviate pro-inflammatory while
sparing or augmenting anti-inflammatory mechanism. Here, we review recent progress on
the IR-triggered innate—adaptive crosstalk and immune activation, which is able to convert
an immunologically quiescent liver to an inflammatory organ, even in the sterile
environment. Most of the studies were performed in a mouse /n-situ model of segmental
hepatic warm ischemia and reperfusion. Although partially reflecting the real-life transplant
setting, the model takes advantage of the genetically-targeted mouse strains for mechanistic
studies. The clinically relevant mouse model, combining cold and warm IRI components of
prolonged donor liver cold storage followed by OLT, has only recently been established (6).

TLRs in liver IR Innate immune activation

The role of liver pro-inflammatory response in the development of IRI has been documented
since the early 1990ies. Although molecular details and putative mechanisms keep
expanding, and remain controversial, its major role is to drive a self-amplified cytotoxic
cascade towards liver parenchymal damage, by producing cytokines/chemokines/ROS and
promoting local leukocyte sequestration and activation in the liver. The major cellular
players in this local immune response are KCs, dendritic cells (DCs), neutrophils (PMNs), T
cells and NK/NKT cells (Figure 2). Two distinct stages in IR-induced liver immune cascade
have been defined. The first, immune triggering stage depends on liver resident KCs (and
DCs), which become activated by endogenous damage-associated and/or pathogen-
associated molecular pattern (DAMP/PAMP) molecules. These diverse “danger” molecules,
termed “alarmins” are generated during states of cellular stress or damage. They facilitate
pro-inflammatory milieu, the hallmark of liver IRI, which functions to propagate the
inflammation response and damage to liver parenchymal cells. As a result, in the second
stage, the circulating monocytes and PMNSs, become activated and recruited into IR-livers to
sustain the local immune response and to further amplify local tissue destruction.

The identification of sentinel Toll-like receptor (TLR) family represented a breakthrough in
the study of liver innate immune activation (7, 8). There is now convincing evidence that
TLR4, but not TLR2 signaling, provides the triggering mechanism of liver inflammation.
Although exact roles of exogenous PAMPs, in particular LPS from intestinal flora, remain to
be determined (trigger or sustain inflammation), roles of endogenous DAMPS that activate
liver TLRs during IR have been gradually elucidated. There are two broadly categorized
endogenous TLR ligands: those released from necrotic cells, including heat shock proteins
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(60, 70, Gp96), high mobility group box-1 (HMGBL1) and DNA or RNA-complexes; and
those derived from degraded extracellular matrix, including heparan sulfate, hyaluronan,
fibrinogen, fibronectin A domain and tenascin C. HMGBL protein, the best characterized
DAMP, is released from the necrotic cells, as well as actively secreted from hypoxic or
inflamed live cells (9). Liver non-parenchymal TLR4 is the main target for HMGBL1 (7).
Hepatocyte TLR4, although detectable in low copies seems to have marginal role in the
early liver inflammatory response (10). It is worth noticing that HMGBL1 biology has
recently became quite complex. Questions concerning the molecular nature of its TLR4
binding (direct stimulation or by enhancing LPS activity), and putative roles of its other
binding receptors, such as RAGE (receptor for advanced glycation end products) remain
wide open (11, 12). Indeed, RAGE has been shown essential in liver IRI by regulating
MIP-2 production via Egr-1-dependent mechanism, as well as influencing cell death and
TNF-a production via Egr-1-independent mechanism (13, 14). Interestingly, RAGE
blockade has led to higher TNF-a expression levels in the late (18 h) phase of liver
reperfusion (14).

TLR9, an intracellular molecule at the interface of microbial and sterile inflammation,
detects bacterial and endogenous DNA, and serves as a sensor of tissue necrotic cell death
that exacerbates liver innate immune activation (15). TLR9 expressed in liver NPCs,
particularly PMNs, was found indispensible for IR-induced ROS, IL-6 and TNF-a, data
supported by /n vitro finding where DNA released from necrotic hepatocytes readily
activated liver NPCs to produce a similar pro-inflammatory gene induction pattern in the
culture. Since TLR9 signals exclusively via myeloid differentiation primary response
gene-88 (MyDa88) pathway, a question arises as to why TLR4-mediated hepatocellular
damage appears MyD88 signaling-independent (8)? One possible explanation relates to
phase- and cell-type-specific liver innate immune activation and injury during the
reperfusion phase. Hence, it is likely that MyD88-independent activation of KC (and DC) by
DAMPs in the early phase of liver injury (1-6 h) may depend on the direct cytotoxic effect
of soluble TNF-a enriched inflammatory milieu. In the later stage (>12h), however, newly
recruited and activated PMNs may require MyD88 signaling. The role of other TLR family
members in liver innate immune activation remains to be elucidated. Recently, TLR3, which
recognizes necrotic cell-derived RNA products, has been shown to sustain inflammation in a
murine gastrointestinal ischemia model (16). Thus, different TLRs may operate at distinct
stages and in different cell types during the course of hepatic IRI.

As the most abundant type of liver NPCs, sinusoidal endothelial cells (SECs) are the first
innate immune barrier between blood-born infectious agents and liver parenchymal tissue
and are constantly exposed to gut-derived endotoxin. Although first identified as the primary
cellular target of cold IRI, they may also play active roles in liver innate immune activation.
In fact, SECs express multiple innate immune receptors (17, 18) and vascular endothelia
cells have been shown recently to respond directly to TLR2 ligands (19). SECs interact with
CDA T cells during IR and facilitate platelet adherence and neutrophil migration (20). One
unique feature of liver SECs relates to their ability of enhancing T cell transmigration by
transcytosis and surface presentation of chemokines (21).

in liver IR innate immune activation

The role of non-TLR innate receptors, such as nucleotide-binding domain (NOD)-like
receptor (NLR) and RIG-I-like receptor (RLR) proteins to induce cytokine/chemokine
programs and regulate local immune responses has only recently become unraveled. Unlike
TLRs, imbedded in cell surface or lysosomal-endosomal membranes, these non-TLR
molecules are cytosolic and recognize PAMPs within the cytosol. Analogous to TLRs, they
can trigger local inflammatory response leading to immune activation. The necrotic cells are
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sensed by the inflammasomes to release the pro-inflammatory mediators. One member of
NLR family, NLRP3 (NLR family, pyrin domain containing 3) has been involved in the
mechanism of PMN recruitment to sites of focal hepatic necrosis in the model of sterile in
vivo inflammation (22). In addition, a recent study has shown that gene silencing of NALP3
attenuated liver damage, in association with reduced production of IL-1p, IL-18, TNF-a.,
and IL-6; diminished HMGBL levels; and decreased local inflammatory cell infiltration
(23), indicating that inflammasome signaling may be essential in liver IRI. Indeed, ATP
released from liver necrotic cells may activate the Nlrp3 inflammasome to generate an
inflammatory microenvironment, which in turn alerts circulating PMNs to adhere within
liver sinusoids. Future studies are needed to address putative cooperation between TLR and
inflammasome pathways in liver inflammation leading to IR-hepatocellular damage.

IL-10 in liver IR innate immune activation

It becomes clear that IR-triggered liver innate immune activation is a self-limiting reaction
with active regulatory mechanism. Key soluble factors capable of alleviating liver IRI
include IL-4, IL-10 and IL-13 (24-26). These cytokines, readily expressed in IR-livers, and
often spared or their expression heightened in IR-resistant animals. Although generally
inhibitory to IR-induced pro-inflammatory TNF-a and IL-1p when administered
exogenously, the endogenous role of IL-4, IL-10 and IL-13 may not necessarily be immune-
regulatory. Indeed, although IL-13 deficient mice suffer from exacerbated liver injury,
compared with IL-13 proficient (WT) counterparts, IR-induced TNF-a and CXCL8 (MIP-2)
production in IL-13 KO and WT mice was comparable within the first 8 h of reperfusion
(24). Although 1L-13 deficiency alters PMN distribution in IR-livers, the most prominent
effect of 1L-13 seems to be the direct hepatocyte protection from ROS-induced cell death.
The cellular sources of IL-4 and IL-13 in the liver, originally described as Th2 cell-derived
cytokines, have not been defined. Nevertheless, the role of IL-10 as the key immune
regulatory cytokine in the pathophysiology of liver IRI has been well documented. It
becomes a recurring theme that IL-10 neutralization is both necessary and sufficient to
recreate the pro-inflammatory gene profile in IR-resistant livers of otherwise immune-
suppressed or deficient recipients (27, 28). It has been shown that multiple types of innate
immune cells, DCs, macrophages and PMNs may all produce IL-10 and exert important
auto-immune regulatory functions (29, 30). Recently, KCs were found to prevent organ
damage in a bowel congested total liver IRl model by an IL-10 mediated mechanism (31).
The question of which liver NPCs become IL-10 producers in response to IR remains to be
addressed. Although KCs have been shown in vitro to produce IL-10 in response to
endotoxin (32), its relevance to in vivo IR setting is not clear. Recently, liver conventional
DCs have been shown to exert immune-regulatory functions during IR by producing IL-10
via a TLR9-mediated mechanism (33). Thus, the same liver NPCs, responsible for initiation
of the pro-inflammatory immune response against IR (34), may also function to terminate
their own initial reaction. Such a hypothesis is in agreement with /n vitro studies in which
macrophages (or DCs) produced both pro- and anti-inflammatory mediators in response to
the very same TLR ligand supplied to the culture.

As IR readily activates pro- and anti-inflammatory gene programs, the critical question
remains as to the mechanism that determined the nature of local immune responses, and
dictates the outcome of liver injury. Is it merely the difference in the kinetics of innate
immune gene induction or tissue/cell responsiveness to the gene products, in such a way that
the pro-inflammatory program precedes the anti-inflammatory pattern, leading to the
development of a self-limited tissue damaging response? Alternatively, endogenous ligands
generated at different disease stages may trigger pro- and anti- inflammatory responses
sequentially, possibly via distinct TLR pathways and/or in different liver cell types. One
may also envision cell - cell interactions within livers, such as KC - T cell, may dictate the
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nature of local immune response by engaging additional activation signaling pathways.
Addressing these questions should further our understanding of IRl mechanism, and help to
identify novel therapeutic targets to suppress pro-inflammatory arm without interfering with
the beneficial immune regulatory functions.

T cell-dependent liver IR innate immune activation

In addition to KCs and DCs, T cells, NK and NKT cells are also involved in IR-mediated
liver innate immune activation (Figure 1). Although liver IRI occurs in the absence of
exogenous T cell Ag in syngeneic recipients, and may proceed in the sterile environment,
CDA T cells are instrumental in promoting liver pro-inflammatory immune response (35).
Indeed, livers in CD4-deficient hosts or WT mice depleted of CD4 T cells are protected
from IR-damage. In sharp contrast, CD8 T cell depletion or targeted deficiency does not
influence the severity of IRI. The immediate effect of putative Ag-specific CD4 T cells
poses a series of questions regarding their activation and function in an innate immune
response. Since naive T cell activation requires not only specific Ags, but also takes more
than a few hours to differentiate into the functional effectors, it is unlikely that they play a
major role in the acute phase of liver IRI. Meanwhile, effector T cells can become activated
quickly by pro-inflammatory mediators in the absence of cognate Ag stimulation, to either
secrete cytokine/chemokine programs or upregulate cell surface costimulatory molecules
(36). Such a scheme fits nicely with the kinetics of liver IRI. First, liver resident CD4 T cells
were found to be enriched with effector memory phenotype CXCR3+CD62L!°WCD4+ T
cells. Second, the use of CD4 blocking Ab to prevent CD4 TCR-mediated activation without
concomitant cell depletion has documented de novo CD4 T cell activation is not required for
their function in liver IRI (37). Third, allo-Ag sensitized hosts were characterized by
enhanced CD4 T cell-mediated liver immune response against IR (38). Fourth, RAG
deficient TCR transgenic mice with fewer effector T cells suffered a less severe liver IR
damage (39). Finally, our own studies using OT Il system confirm higher potency of OVA-
activated OT I T cells to promote liver immune response against IR, as compared with
naive counterparts (Zhai, unpublished data).

CDA T cells can differentiate into multiple types of Th1, Th2, Th17 or Treg effectors. Our
adaptive T cell transfer study indicates a more profound effect of Stat4-dependent Th cells
in nude mice, consistent with the pathogenic role of Thl cells in the mechanism of liver IRI
(40). Putative role of Th17 or Treg cells, seen in other organ damage models (41-43),
remains to be determined in liver IRI. It is also unknown as to how CD4 T cells may
function in liver IRI. Our recent studies suggest a possible reverse CD154-CD40
costimulatory function between CD4 T cells and macrophages in the mechanism of IR-liver
innate immune activation (37). Thus, livers are largely protected against IRI following
CD154 blockade in WT mice or in nude mice reconstituted with CD154-deficient CD4 T
cells. However, agonist anti-CD40 readily restored liver injury in CD4 KO mice. At the
same time, IFN-y does not seem critical in the early IRI phase, as no significant
improvement in the liver function was observed in IFN-y receptor-deficient mice, or
following neutralization of IFN-y in WT recipients. CD40 signaling has been shown to
synergize with various TLR ligands to facilitate full “pro-inflammatory” activation
phenotype in DC and macrophages, in particular, the elaboration of functional I1L-12p70
complex (44). Interestingly, T cell - macrophage interactions may trigger multiple signaling
pathways, and the engagement of PD-1 and PD-L1 has been shown to promote liver
cytoprotection (27). Thus, different types of T cells or same T cells at different stages of the
disease may regulate liver innate immune activation and IRI differently by distinctive
pathways. Of note, most of these studies focused on the activation of liver immune response
at the early reperfusion phase (0-6 h), and findings may not necessarily hold to the late
phase of the disease, when different liver immune cell types dominate the process.
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As in the case of TLR9 signaling in PMNSs discussed above, NK and NKT cells may play
phase-specific roles in the course of liver IRI. Although depletion of NK1.1 cells (NK and
NKT) fails to affect the severity of reperfusion injury at the early time-points (37), it
significantly reduces the hepatocellular damage in the later phase (45). By suppressing 1L-10
production in synergy with TLR ligands, IFN-y, produced mostly by NK and NKT cells,
becomes critically important by 24 h of reperfusion. IR-triggered activation of NKT cells
(comprise almost 50% of liver T cells) is mediated by CD1d, which is expressed by most
liver cells and present glycolipid Ags, released possibly by necrotic cells, to NKT cell
invariant TCRs. Interestingly, NKT cell function can be shut-down after adenosine (P1)
A2A receptor engagement (45). Furthermore, NKT cells are heterogeneous, and analogous
to T cells, different NKT cell subsets may play distinctive in vivo roles. Indeed, type Il NKT
cells prevented liver IRI when activated by their specific glycolipid ligand sulfatide (46).
The activation of NK cells during IR is dependent on CD39, which is an ectonucleotidase to
hydrolyze ADP to AMP. Thus, CD39 deficient livers were resistant to IRI, and IFN-y
production by their NK cells was diminished, possibly due to P2 receptor activation (47).
This might be a cell-type or organ specific effect, as selective expression of CD39 on
endothelial cells was protective in the kidney and cardiac IRI models (48, 49). Thus, T cells,
NKT cells and NK cells are all involved, possibly at different stages of reperfusion, in liver
IR innate immune activation by providing either costimulatory signaling via direct cell-cell
interactions or via cytokine stimulation to KCs and/or DCs. This, in turn, promotes the pro-
inflammatory phenotype of the liver immune response by augmenting IL-12 or inhibiting
IL-10 production.

Conclusion

This review focuses on the mechanisms of liver innate immune activation during IR. We are
aware that the effector mechanisms in the hepatocellular damage, local cytoprotective
functions, and immune regulation of hepatic metabolic pathways, are all critically involved
in the pathogenesis of liver IRI. Despite their distinctive roles in a variety of liver cells,
these pathways may crosstalk with each other and function in synergistic or counteractive
fashion. Our better appreciation of cellular interactions, as well as molecular signaling
pathways that mediate these intricate cascades, should allow for the development of much
needed novel therapeutic approaches aimed at ameliorating IRI and its adverse
consequences in liver transplant recipients.

List of Abbreviations

DAMP damage-associated molecular pattern
DC dendritic cell

HMGB1 high mobility group box-1

IR ischemia/reperfusion

IRI ischemia/reperfusion injury

KC Kupffer cell

MyD88 Myeloid differentiation primary response gene (88)
NPC non-parenchymal cell

OLT orthotopic liver transplantation

PAMP pathogen-associated molecular pattern

PC parenchymal cell
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PD-1 Program death-1
PMN polymorphonuclear leukocyte

SEC

sinusoidal endothelial cells

RAGE receptor for advanced glycation end products

TLR
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Figure 1. Distinctive stages of liver IRI

The ischemic injury, a localized process of hepatic metabolic disturbances, results from
glycogen consumption, lack of oxygen supply, and ATP depletion. In the reperfusion injury,
an immune activation-mediated amplification process, DAMPs (alarmins) produced during
the initial cellular insult, trigger liver non-parenchymal cells (NPC) to generate the pro-
inflammatory milieu, which damage the liver tissue directly or indirectly by activating
neutrophils and recruiting immune cells from the circulation.
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Ischemic Injury

Figure 2. An integrated mechanistic scheme of liver immune activation against IR

In the first phase of liver IRI, the ischemia insult induces necrotic cell death, which in turn
provide diverse “danger” molecules, such as HMGB1 and DNA fragments to activate innate
TLR4, RAGE and TLR9 signaling on KCs/DCs and neutrophils. T cells, particularly CD4
Th1 effectors, may also facilitate local innate immune activation via CD154-CD40 pathway.
In the second phase of liver IRI, IFN-y produced by T cells, NKT and NK cells enhances
innate immune activation. In addition, CD1d and CD39 activate NKT and NK cells,
respectively. The activation progresses via positive and negative regulatory loops. The pro-
inflammatory milieu, composed of TNF-a, IL-1, IL-6, IL-12, CXCL10, CCL2, CXCLS8
and ROS, further activates local and recruits circulating immune cells, which promote
cytotoxicity against liver parenchymal cells. Meanwhile, IL-10 counter-regulates the
sustained pro-inflammatory activation, whereas adenosine receptor 2A inhibits NKT cell
activation. Type Il NKT cells may also down-regulate IFN-y production by pro-
inflammatory type | NKT cells.
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