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Innate Immune Regulations and Liver Ischemia Reperfusion 
Injury

Ling Lu1,2, Haoming Zhou1,2, Ming Ni2, Xuehao Wang2, Ronald Busuttil1, Jerzy Kupiec-
Weglinski1, and Yuan Zhai1,*

1Dumont-UCLA Transplant Center, Division of Liver and Pancreas Transplantation, Department of 
Surgery, David Geffen School of Medicine at University of California-Los Angeles, Los Angeles, 
CA

2Liver Transplantation Center, The First Affiliated Hospital of Nanjing Medical University, Nanjing, 
Jiangsu Province, China

Abstract

Liver ischemia reperfusion activates innate immune system to drive the full development of 

inflammatory hepatocellular injury. Damage-associated molecular patterns (DAMPs) stimulate 

myeloid and dendritic cells via pattern recognition receptors (PRRs) to initiate the immune 

response. Complex intracellular signaling network transduces inflammatory signaling to regulate 

both innate immune cell activation and parenchymal cell death. Recent studies have revealed that 

DAMPs may trigger not only proinflammatory, but also immune regulatory responses by 

activating different PRRs or distinctive intracellular signaling pathways or in special cell 

populations. Additionally, tissue injury milieu activates PRR-independent receptors which also 

regulate inflammatory disease processes. Thus, the innate immune mechanism of liver IRI 

involves diverse molecular and cellular interactions, subjected to both endogenous and exogenous 

regulation in different cells. A better understanding of these complicated regulatory pathways/

network is imperative for us in designing safe and effective therapeutic strategy to ameliorate liver 

IRI in patients.

Introduction

Ischemia reperfusion injury (IRI) causes organ dysfunction and failure after liver surgery 

and represents a major risk factor in the development of both acute and chronic graft 

rejection in liver transplantation. Importantly, it is the limiting factor in the utility of 

marginal or extended criteria donor organs, which are highly susceptible to IRI, contributing 

to severe organ shortages. Thus, effective therapeutics targeting liver IRI will not only 

improve patient’s outcome, but also expand donor pool for liver transplantation. Despite its 

apparent clinical significance, studies of liver IRI remains insufficient and mechanisms are 

only partially understood. No clinical applicable therapeutics are currently available.
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Based on ischemia conditions, IRI can be categorized into 2 types. The “warm” IRI develops 

during liver surgery and various forms of shock and trauma. The “cold” ischemia occurs 

during liver graft preservation and is accompanied with additional warm ischemia during 

liver transplant operation. Although susceptible cellular targets of the 2 IRI types may differ, 

they share a common mechanism in the disease pathophysiology, ie, inflammatory immune 

activation. Although the initial organ damage due to ischemia results from oxygen and 

nutrient deprivations, the subsequent and more extensive injury during reperfusion is driven 

by tissue inflammation. It has become clear that vertebrates utilize the same sentinel innate 

immune receptor systems, pattern recognition receptors (PRRs), in response to both 

microbial invasion and tissue damages via pathogen-associated molecular patterns (PAMPs) 

or damage-associated molecular patterns (DAMPs), respectively. Liver is a unique organ in 

our body with the highest content of tissue resident macrophages, ie, Kupffer cells, dendritic 

cells (DCs) and NK/NKT/T cells. They function together with infiltrating myeloid and 

lymphoid cells to respond to DAMP stimulations. The resulting inflammatory milieu further 

recruits and activates innate as well as adaptive immune cells to amplify the response. 

Interestingly, hepatocytes represent not only immune effector targets, but also active 

participants of tissue inflammatory response during liver IRI. This review aims to 

summarize recent progress in our understanding of the innate immune mechanism of liver 

IRI, with emphasis on its activation, effector mechanisms, and regulation. Cell types 

discussed include KCs, infiltrating macrophages, DCs, hepatocytes, hepatic stellate cells 

(HSC), γδT and iNK T cells.

Innate Immune Activation

Six different classes of PPRs have been identified thus far. Toll-like receptors (TLRs) and C-

type lectin receptors (CLRs) are membrane-bound receptors; Retinoic acid-inducible gene 

(RIG)-I-like receptors (RLRs), NOD-like receptors (NLRs), absent in melanoma 2 (AIM2)-

like receptors (ALRs) and relatively new oligoadenylate synthetase (OAS)-like receptors 

(OLRs) are cytoplasmic receptors 1. PRRs recognize PAMPs, conserved molecular 

structures that are shared by a large number of pathogens, as well as host-derived DAMPs, 

which include cell wall components, nucleic acids, and cell metabolites. In liver IRI, high 

mobility group box 1 (HMGB1) and histone/DNA complex are best characterized DAMPs, 

which activate TLR4, TLR9 and NLRP3. Although these PRRs are expressed predominantly 

in myeloid and DCs, parts of their functions may also be executed by tissue parenchymal 

cells.

(i) HMGB1-TLR4 and beyond

TLR4 was the first PRR identified as the trigger of liver immune activation against IR by 

studying its gene knock-out (KO) animal models 2,3. Furthermore, enhanced TLR4 

activation was implicated to be responsible for the increased susceptibilities of steatotic 

livers to IRI in both animal models and clinical patients 4,5. Recently, the utility of TLR4 

targeted therapy was demonstrated in an animal model in which TLR4 antagonist eritoran 

tetrasodium effectively attenuated liver IRI 6. Although initial study indicated that TLR4 

signaling in liver non-parenchyma (NPCs) rather than parenchyma cells was more important 

in the innate immune activation by IR 7, analysis of cell-type specific TLR4 gene knock-out 
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(KO) mice has found that hepatocyte TLR4 facilitated the release of HMGB1 from hypoxic 

hepatocytes, which constituted the major source of circulating HMGB1 after liver IR 8. 

HMGB1 was the key DAMP in liver inflammation and injury in response to IR 9. As a 

chromatin protein, HMGB1 acts as an DAMP only when passively released from necrotic 

cells 10 or actively secreted from immune-competent cells upon stimulations 11. Hypoxic 

hepatocytes actively secreted HMGB1 via TLR4-dependent reactive oxygen species (ROS) 

generation12. In cell-type specific HMGB1 gene KO mice, it was demonstrated that 

hepatocyte-, but not bone marrow-derived HMGB1 is required for sterile inflammation 

following injury 13. Additionally, HMGB1 seemed to play a role in hepatocyte homeostasis 

during IRI. Hepatocyte-specific HMGB1 gene deletion exacerbated liver injury by 

increasing hepatocyte death, ROS production, and release of histones14, which then 

promoted liver inflammation via TLR9 activation. HMGB1 activated multiple types of cells 

via different receptors. TLR4 on KCs/macrophages was shown to be the receptor for 

HMGB1 in liver IRI at the early stage (6h post reperfusion)9,12. A more recent study 

revealed that HMGB1 also triggered recruitment of neutrophils, but not macrophages, 

through receptors for advanced glycation end product (RAGE), toward necrosis, at the late 

(24h), but not early (6h), stage of liver IRI 13.

HMGB1 is a redox-sensitive protein. It contains 3 conserved cysteine residues (at position 

23, 45, and 106) and their redox status dictates its extracellular chemokine- or cytokine-

inducing properties. It has been shown that fully reduced (all thiol) HMGB1 binds to 

CXCL12 and stimulates immune cell infiltration via the CXCR4 receptor; and that only 

partially oxidized (disulfide) HMGB1, with a Cys23-Cys45 disulfide bond and a reduced 

Cys106, activates immune cells to produce cytokines/chemokines via the TLR4 receptor. 

Oxidized HMGB1 (sulfonyl HMGB1) is devoid of chemotactic and cytokine activities 15,16. 

The disulfide HMGB1 was the dominant extracellular form in liver IRI or APAP 

overdose 13. Studies have shown that myeloid differentiation factor 2 (MD-2), an 

extracellular TLR4 adaptor, was required for TLR4 recognition of HMGB1 by binding 

specifically to the cytokine-inducing disulfide isoform of HMGB1 (Fig. 1). MD-2 specific 

antagonist was able to disrupt the HMGB1-MD2, but preserve the LPS-MD2, interaction 

and ameliorate APAP-mediated toxicity, liver IRI, and sepsis mortality in vivo 17.

HMGB1 signals through multiple receptors with distinctive functional effects. In addition to 

TLR4, RAGE, CD24/Siglec-10, and T cell immunoglobulin and mucin-domain containing-3 

(TIM-3) have also been shown to bind to this particular DAMP 16. In liver IRI, the 

involvement of RAGE has been documented in both partial warm (above) 13 and total 

ischemia models 18,19. Blockade of RAGE signaling by using soluble RAGE (extracellular 

ligand-binding domain of RAGE)18 or RAGE gene deletion19 alleviated organ damages and 

promoted liver regeneration. Two functional mechanisms downstream of RAGE activation 

were demonstrated important for the disease pathogenesis, Egr-1-mediated MIP2 

expression, and Egr-1-independent TNF-a production and apoptosis. We have found in a 

liver partial ischemia model that RAGE antagonist peptides or shRNA protected livers from 

early stage IRI only in hyperglycemic, but not normal, hosts20. Although functional roles of 

CD24/Siglec in liver IRI remain to be determined, CD24 deficient mice suffered 

significantly higher levels of tissue damage in an acetaminophen (AAP)-induced liver injury 

model by increasing inflammatory cytokine/chemokine production, indicating its negative 
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regulatory roles in liver innate immune responses. The study further showed that HMGB1 

released from necrotic hepatocytes ligated CD24 and transduces a signaling to Src-

homology 2 domain (SH2)-containing protein tyrosine phosphatase 1 (SHP-1), a negative 

regulator of NF-kB, via Siglec G (or 10 in human) 21. Most interestingly, CD24 was shown 

to bind to only DAMPs, but not PAMPs, which acted as a discriminating mechanism to 

downregulate immune response to non-infectious self, but not infectious non-self. Roles of 

TIM-3 in liver IRI have been documented in both partial warm ischemia and transplantation 

models 22–24. The blockade of TIM-3 signaling with Abs exacerbated liver inflammation 

and injury; while TIM-3 over expression in its transgenic animals protected livers from IRI. 

However, mechanistic focus in these studies was on its function to downregulate CD4 T cell 

activation. The question of whether the HMGB1-TIM-3 interaction dampens liver innate 

immune response has yet to be addressed.

(ii) NLRP, ALR and RLRs

As critical innate immune system receptors and sensors, inflammasomes are intracellular 

multi-protein complexes, consisting of NLRs, ALRs and the adaptor protein apoptosis-

associated specklike protein (ASC), which regulate the activation of caspase-1. Caspase 1 is 

required for the production of interleukin (IL)-1β, IL-18 and IL-33 25, all of which have 

been implicated in the pathogenesis of liver IRI 2627,28. Although functional roles of 

nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3 

(NLRP3) in sterile liver inflammatory injury have been documented, the underlying 

mechanism remains controversial. It was shown initially that NLRP3 deficient mice 

developed similar levels of liver inflammation and injury induced by hemorrhagic shock and 

trauma. Caspase-1 deficient mice, in fact, suffered more severe liver damage, with higher 

levels of inflammatory cytokine production and neutrophil influx, as compared with WT 

mice 29. In contrast, in a murine partial ischemia model, short hairpin (sh) RNA-mediated 

NLRP3 gene knock-down inhibited proinflammatory cytokine productions and HMGB1 

release, and protected livers from IRI 30. More recent studies showed that NLRP3 and 

caspase-1 knockout mice were protected from liver IRI, and that extracellular histones 

activated the NLRP3 inflammasome through TLR9-dependent generation of ROS 31. 

Furthermore, ASC deficiency and IL-1β neutralization were also shown to ameliorate liver 

damages against IR by downregulating HMGB1 activities 32. Biochemical evidence of 

inflammasome activation in livers by IR was provided by the result of immunoprecipitation 

of inflammasome components 33. IR induced not only upregulations of protein levels of 

NLRP3 and ASC, but more importantly their physical association. Pannexin-1 and cathepsin 

B were shown to be required for inflammasome activation following liver IR, as well as 

AIM2. AIM2 is a cytosolic protein which has a C-terminal DNA binding domain and an N-

terminal pyrin domain, capable of recognizing dsDNA from both hosts and pathogens. 

Increases of serum and cytosolic levels of dsDNA were detected after liver IR 33. Thus, 

multiple pathways may lead to liver inflammasome activation after IR, triggered by diverse 

alarmins, including ROS, extracellular ATP, and dsDNA. However, inflammasome activation 

may not be the only functional mechanism downstream of NLRP3 in the disease process. It 

was shown that NLRP3 promoted liver inflammation and injury independently of 

inflammasomes by regulating chemokine-mediated functions and recruitment of neutrophils. 

Livers were not protected in ASC KO or caspase-1 KO, but only in NLRP3 KO mice 34. 
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Similar roles of NLRP3, independent of inflammasomes, were also found in renal IRI 35. 

Thus, NLRP3 activation may facilitate liver inflammation via multitude of molecular and 

cellular mechanisms, and inflammasome activation by liver IR may involve both NLRP3 and 

AIM2 signaling pathways.

Functional evidence of RLRs in liver IRI was demonstrated recently. Adenosine deaminase 

acting on RNA 1 (ADAR1) is a RNA-binding/editing protein and plays an anti-

inflammatory role by suppressing cytosolic innate immune sensing of dsRNA by RLRs. 

ADAR1 has been found to be essential in maintaining liver homeostasis by preventing 

hepatocyte inflammation and cell death 36. In liver IRI, ADAR1 expression was induced. In 

vivo transfection with adenoviral ADAR1 shRNA resulted in significant increases of tissue 

damage with simultaneous upregulation of type I IFN productions in livers; while 

transfection with ADAR1 cDNA alleviated liver injury 37. ADAR1 regulation of RIG-1 

signaling was demonstrated in vitro. ADAR1 knock-down triggered type I IFN induction in 

hepatocytes, which was prevented by simultaneous knock-down of RIG-1 and its adaptor 

IFN-β promoter stimulator 1 (IPS-1).

Thus, liver innate immune activation by IR involves interactions of multiple types of PRRs 

with variety of DAMPs. Additionally, both proinflammatory and immune regulatory 

signaling can be triggered downstream of PRRs. One challenging question we are facing 

now is how these different pathways are integrated into the disease process. As many types 

of innate immune cells are involved in liver immune response to IR, 1 obvious answer may 

be related to cell-type specific activation of different PRRs. Additionally, functions of PRR 

activation may evolve kinetically in disease-stage-specific (activation vs. resolution) 

manners. Thus, the spacial (cellular) and temporal complexity of the disease process dictates 

the engagement of multiple PRRs with distinctive functional outcomes in liver IRI.

Innate Immune Effector Mechanisms

PRR-mediated innate immune activation by IR results in the production of inflammatory 

cytokines/chemokine and generation of ROS and other cytotoxic molecules. They exert 

either direct cytotoxicity against hepatocytes or indirect effects via recruiting/activating both 

innate and adaptive immune cells. We will summarize recent findings in the function and 

regulation of TNF-α and IFN pathways, 2 major effector mechanisms in liver inflammatory 

tissue injury after IR, and discuss several novel innate immune effector mechanisms.

(i) The TNF-a pathway

TNF-α, rather than Fas, was initially found to be the key effector molecule of inflammatory 

hepatocellular damages in liver IRI 38. As TNF-α triggers both pro- and anti-apoptotic 

pathways in cells, the fate of hepatocytes against TNF-α in liver IR is determined by the 

activation of NF-kB 39–41. Oxidative stress, in particular ROS, inhibited hepatocyte NF-kB 

activation induced by IR and facilitated TNF-α mediated cell death and liver IRI 42,43. 

Additionally, endoplasmic reticulum (ER) stress was shown to also inhibit NF-kB activation 

in hepatocytes to modulate their response against TNF-α and promote liver IRI 44,45. 

Downstream of NF-κB, the up-regulation of CCAAT/enhancer-binding protein β (C/EBPβ) 

was documented to mediate hepatocyte protection against TNF-α cytotoxicity in vivo in 
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LPS or TNFα-treated mice 46. Roles of other tumor necrosis factor receptor superfamily 

(TNFRSF) members and their ligands in liver IRI have been explored. Receptor activator of 

nuclear factor kappa-B (RANK) was constitutively expressed in hepatocytes, but not Kupffer 

cells. RANK ligand (RANKL) and its decoy receptor osteoprotegerin (OPG) were induced 

by liver IR with distinctive kinetics and cellular distribution 47. Interestingly, although anti-

RANKL Abs did not affect the development of liver IRI due possibly to the endogenous 

neutralization of RANKL by OPG, recombinant RANKL did protected livers by 

upregulating NK-kB activation in hepatocytes. A novel regulatory role of tumor necrosis 

factor-related apoptosis-inducing ligand (TRAIL) in liver IRI was also identified recently. 

Rather than facilitating inflammatory tissue damage, TRAIL downregulated NK cell 

cytotoxicities and IFN-g production and protected livers from IRI 48.

Tumor necrosis factor receptor (TNFR)-associated factor (TRAF) proteins are essential 

components of signaling pathways downstream of TNFR and TLR family members. There 

are 7 known TRAFs which can function either alone or in combination to control many 

biological processes, including cytokine production and cell survival, in cell type-specific 

and context-specific manner 49. TRAF1 is transcriptionally upregulated by TNF-α and has 

been shown to regulate TNF-α–induced cell death. Its role in liver IRI was investigated by 

using global TRAF1 gene KO mice and cell type-specific TRAF1 overexpressing transgenic 

mice 50. Results showed that TRAF1 was specifically required for hepatocyte death against 

IR by interacting with apoptosis signal-regulating kinase 1 (ASK1) to facilitate JNK 

activation. TRAF3 was found recently to have a similar role in promoting hepatocyte death. 

Using cell-type specific gene KO mice, it was shown that TRAF3 deficiency in hepatocyte, 

but not myeloid, protected livers from IRI by downregulating TGF-β-activated kinase 

1(TAK1)-dependent JNK activation 51.

(ii) The type I interferon pathway

The activation of type I, but not type II, interferon pathway has been shown critical for liver 

inflammatory injury after IR 52 or in TNF-a-induced lethal shock 53. Liver plasmacytoid 

dendritic cells (pDCs) were the principal cellular source of type I interferon in response to 

IR 54. Receptors for type I IFN are ubiquitously expressed. Hepatocytes responded to IFN 

by upregulating expressions of multiple interferon regulatory factors (IRF). IRF1 was 

initially found to mediate IFN-γ induced cell cycle arrest and apoptosis in primary cultured 

hepatocytes 55. Studies using IRF1 KO mice documented that it promoted liver IRI in both 

partial warm ischemia model 56 and liver transplantation model 57. IRF1 deficiency in 

donors, but not recipients, protected livers by preventing hepatocyte inductions of death 

receptors and ligands, including TRAIL and Fas 57. Furthermore, IFN-α produced by liver 

pDCs was responsible for the activation of hepatocyte IRF-1 to promoted liver IRI 54,58. 

However, as Fas-FasL interaction was dispensable for hepatocyte death after partial warm 

ischemia 38, the exact mechanism downstream of the type I IFN-IRF1 signaling in 

hepatocellular damages during IR remains an open question. Tumor suppressor gene p53-

mediated cell arrest, as well as ROS and ER stress has been implicated in IFN-γ-induced 

hepatocyte apoptosis 59. Additionally, IRF-1 was shown to regulate expressions and 

secretions of IL-15 and IL-15Rα in hepatocytes to facilitate infiltration and activation of 
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NK, NKT, and CD8(+) T cells in livers 60, which constitutes potentially an indirect cytotoxic 

mechanism.

IRF-2 is structurally related to IRF-1 with 62% homology in their DNA binding domains 

(amino-terminal regions). It turns out that IRF-1 and IRF-2 bind to the same DNA element 

and function as a transcriptional activator or repressor, respectively 61. IRF-2 represses 

IRF-1-induced transcriptional activation. IRF2 heterozygote knockout (IRF2+/−) donor 

grafts that have reduced endogenous IRF2 levels suffered more severe IRI than their WT 

conterparts in liver transplantation model 62. IRF-9 was also involved in liver IRI 63. 

Hepatocellular damages were increased in IRF-9-overexpressing mice, but reduced in IRF-9 

deficient mice after liver IR. Mechanistically, IRF9 promoted hepatocyte apoptosis by 

directly binding to silent mating type information regulation 2 homolog 1 (SIRT1) promoter 

to suppress its transcription. SIRT1 is a nicotinamide adenine dinucleotide (NAD)-

dependent deacetylase, which physically interacted with p53 and attenuated p53-induced 

apoptosis through the deacetylation (inactivation) of p53 at its C-terminal Lys382. Indeed, 

IRF9-KO mice had reduced, but IRF-9-overexpressing mice had increased, levels of acetyl-

p53 and p53 downstream factors Bax, Noxa, and Puma. SIRT1 deletion aggravated liver IRI 

and abolished liver protective effects of IRF9 deletion in IRF9/SIRT1 double KO mice 63.

The activation of type I IFN pathway in livers by IR results in the production of CXCL10, 

which functioned as a chemokine to recruit proinflammatory CXCR3+ T cells to facilitate 

liver immune activation against IR 64,65. More recent studies had revealed that CXCL10-

CXCR3 interaction was also involved in macrophage accumulation in inflamed tissues 66. 

Furthermore, CXCL10 was shown to induce hepatocyte apoptosis via its noncognate 

receptor TLR4 67. Although relevance of the latter 2 mechanisms in liver IRI remains to be 

determined, they provide new directions in our analysis of the functional mechanism of the 

type 1 IFN pathway.

(iii) Novel mechanisms and pathways

We have found that IRF-3 was critical for inflammatory immune activation and the 

development of hepatocellular damages by activating the type I interferon pathway in livers 

in response to IR 3. A more recent study revealed that IRF-3 in fact played an anti-

inflammatory role by downregulating IL23/IL-17-mediated tissue injury mechanism, which 

occurred late during reperfusion (24–48h post reperfusion) 68. At the cellular level, IRF-3 

deficient KCs produced higher levels of IL-23, but lower levels of IL-27, as compared with 

their WT counterparts, which led to increased accumulation of IL-17A+ γδT and iNKT 

cells in livers after IR. Thus, IRF-3 differentially regulates 2 distinctive innate immune 

responses at different phases of liver IRI: an early cytotoxic phase involving a type I IFN-

dependent inflammation and a late protective phase attenuating IL-23/IL-17-type innate 

immune response in an IL-27-dependent manner.

Neutrophils are classical inflammatory effector cells and their involvement in liver IRI has 

been well recognized. Functionally, neutrophils execute anti-microbial effects by 

phagocytosis and degranulation, and pro-inflammatory effects by cytokine/chemokine and 

ROS/proteases. Neutrophil extracellular traps (NETs) is a newly discovered effector 

mechanism of neutrophils. NETs contain de-condensed chromatin, histones and granule 

Lu et al. Page 7

Transplantation. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proteins and are generated via a specific form of neutrophil death, NETosis, or released from 

viable neutrophils upon activation 69. Liver IR resulted in the formation of NETs via TLR4- 

and TLR9-MyD88 signaling pathways. Treatment with peptidyl-arginine-deiminase 4 

inhibitor or DNase I, which disrupted NETs, effectively protected hepatocytes and reduced 

inflammation after liver IR 70.

Thus, liver TRAF and IRF activation upon IR are critical regulators of inflammatory 

hepatocellular damages. They function to promote hepatocyte death directly via regulation 

of distinctive intracellular signaling pathways. Additionally, their activation/inactivation 

leads to the generation of unique cytokine profiles, which facilitate infiltration and activation 

of distinctive lymphocyte populations to amplify tissue inflammation/injury.

Regulation of innate immune activation

PRR-mediated innate immune activation triggers multiple intracellular signaling pathways, 

which function in synergy to activate transcriptional factors, including NF-kB, activator 

protein-1 (AP-1) and IRFs, leading to transcriptions of inflammatory cytokines/chemokine/

type I IFN. Because PRR-induced inflammation is essential for host immune defense against 

infections and its over-activation is harmful to host own tissues, cells developed complex 

endogenous regulatory mechanisms to counteract activating signaling 71–73. Additionally, 

exogenous factors or the context of PRR activation, which consists of co-activating ligand-

receptor, cell’s metabolic conditions, and cell-cell interactions may also determine the level 

and nature of inflammation. We will discuss those regulatory mechanisms that have been 

studied in vivo in liver IRI models.

(i) Endogenous pathways

In parallel with activations of proinflammatory signaling pathways, TLR ligation also 

triggers an immune regulatory pathway, the lipid kinase, class I phosphatidylinositol 3-

kinase (PI3K) 74 and its downstream signaling mediators, including glycogen synthase 

kinase 3β (Gsk3β), mammalian target of rapamycin complexes (mTORC) 1/2 and forkhead 

box protein O1 (FoxO1) 72,75–77. The PI3K complex is recruited to the plasma membrane 

after TLR ligation, where it can access its substrate PI(4,5)P2 resulting in PI(3,4,5)P3 

production. This results in the recruitment and activation of phosphoinositide-dependent 

kinase-1 (PDK-1) and protein kinase B (Akt) through the phosphatidylinositol binding 

pleckstrin homology domain. PDK1 phosphorylates Akt at Thr308. Full activation of Akt 

requires additionally mTORC2-mediated phosphorylation at Ser473. Akt regulates several 

key inflammatory signaling/transcription molecules. It promotesTORC1 activation by 

phosphorylating and inactivating its negative regulator proline-rich Akt substrate of 40 kDa 

(PRAS40) and tuberous sclerosis protein 2 (TSC2). It inactivates Gsk3β via inhibitory 

phosphorylation at Ser9, and FoxO1 via phosphorylation induced-nuclear export. Based on 

the finding that Gsk3b inhibition differentially regulated pro- and anti-inflammatory 

cytokine productions and protected mice from endotoxin shock 75, we tested its role in liver 

IRI. Results showed that Gsk3 inhibitor SB216763 effectively inhibited liver inflammatory 

immune activation and protected livers from IRI by an IL-10-mediated mechanism 78. As 

Gsk3β also plays critical roles in hepatocyte death, and chemical inhibitors target non-
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specifically in vivo, to determine innate immune regulatory roles of the PI3K-Akt-Gsk3β 
pathway, we created myeloid-specific phosphatase and tensin homolog (PTEN)-KO mice. 

PTEN is the endogenous antagonist of PI3K and negative regulator of Akt. We showed that 

KCs and BMMs, but not hepatocytes, from PTEN KO mice had constitutively higher levels 

of phosphorylated Akt (activation) and Gsk3β (inactivation). Myeloid PTEN deficiency 

resulted in the inhibition of liver immune activation and protection of livers from IRI 79. In 

fact, PTEN deficient macrophages were M2-like and responded to TLR stimulation by 

producing increasing amount of IL-10, but decreasing amounts of TNF-a, IL-6 and IL-12, as 

compared with their WT counterparts. In addition, in vivo administration of PTEN siRNA 

was shown to protect livers from IRI, which was associated with an increase in 

FoxO1phosphorylation 80. Furthermore, the β-catenin signaling pathway, a downstream 

target of Gsk3β, was demonstrated to play a critical role in the Stat3-mediated 

cytoprotective/anti-inflammatory mechanism subsequent to IL-10 or HO-1 activation in liver 

IRI 81.

The role of mTORC 1 in regulating TLR responses has been controversial. The initial 

rapamycin study found that mTORC1 inhibition promoted proinflammatory cytokine 

productions via NF-kB, but blocked interleukin-10 release via STAT3 82. The opposite 

effects were seen in TSC2 KO cells with elevated mTORC1 activities82,83. Gsk3β was found 

to be involved in mTORC1 regulation of innate immune response by the mTORC1-S6K-

mediated Gsk3β S9 inhibitory phosphorylation 84. In contrary to the anti-inflammatory role, 

TSC1 deficiency, which also results in mTORC1 activation as TSC2 KO, was found to 

promote pro-inflammatory cytokine production in macrophages in response to multiple 

types of PRR stimulation, which could be partially reversed by rapamycin 85. Furthermore, 

mice with myeloid-specific deletion of TSC1 were shown to not only exhibit enhanced M1 

response and spontaneously develop M1-related inflammatory disorders, but also be highly 

resistant to M2-polarized allergic asthma 86. Interestingly, rapamycin was only able to 

correct the defect in M2 polarization, but not the hypersensitive M1 response in TSC1-

deficient macrophages. Reasons for these conflicting results remain to be determined. One 

possibility is derived from the observation that mTORC2, unlike mTORC1, was positively 

regulated by TSC2 87 that mTORC2 inhibition might be responsible for the hyper-

inflammatory phenotype in TSC2 KO mice. The anti-inflammatory role of mTORC2 is 

mediated by its ability to activate Akt. Experimental evidence and mechanism were 

established recently by using Rictor deficient cells. It turned out that FoxO1 phosphorylation 

downstream of Akt activation resulted in FoxO1 export from nuclear and played a critical 

role in mTORC2-mediated downregulation of pro-inflammatory gene expression 88. Rictor 

deletion induced macrophage M1 polarization and potentiated their in vivo pro-

inflammatory response to LPS 89; and enhanced myeloid dendritic cell allogeneic Th1 and 

Th17 stimulatory ability after TLR4 activation in vitro and in vivo 90. Although both 

mTORC1 inhibition and mTORC2 activation have been shown as cytoprotective in IRI, their 

direct roles in liver innate immune regulation in vivo remain to be determined. We failed to 

detect immune regulatory effects of rapamycin in vitro and in vivo in liver IRI, but rather 

cytoprotection via both autophagy and a mTORC2-dependent mechanism 91. Rictor KO/

mTORC2 activation has been shown to play a pivotal role in cardioprotection via ribosomal 

protein S6 in a heart IRI model 92.

Lu et al. Page 9

Transplantation. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A20 is a major negative feed-back regulator of TNFR and TLR signaling. A20 KO mice 

develop severe inflammation in multiple organs and die prematurely 93. As a deubiquitinase, 

A20 cleaves K63-kinked ubiquitin chains from TRAF6 and RIP1 to interrupt TNFR/TLR-

induced NF-kB activation 94. Its role in liver IRI, however, has been associated mainly with 

hepatocytes with controversies. Adenoviral-mediated A20 overexpression, in 1 study, 

protected mice from lethal liver IRI by increasing peroxisome proliferator-activated 

receptor-alpha expression, which inhibited oxidative stress-induced hepatocyte necrosis 95. 

In another study, A20 aggravated partial liver IRI due to NF-kB inhibition 96. The question 

of whether A20 regulates liver inflammatory immune response directly in myeloid cells 

remains open. As A20 is induced via NF-kB activation, it is possible that A20 may function 

in the resolution (late), rather than the activation, stage of liver inflammation against IRI. In 

hepatocytes, it may also differentially regulate early ischemia-induced, vs. inflammation-

induced cell death after IR, which are mediated by intrinsic or extrinsic cell death pathways, 

respectively.

(ii). Purinergic Receptors

Innate immune response against IR is a sterile inflammation triggered by DAMPs. In 

addition to large molecules such as HMGB1/Histone/DNA, cellular metabolites, including 

ATP and adenosine, are also released from necrotic cells which can activate/regulate innate 

immune cells independent of PRRs. Extracellular ATP has been characterized as a potent 

danger signal. It binds to purinergic receptor 2 (P2), capable of facilitating macrophage 

inflammasome activation via pannexin-1, as well as neutrophil chemotaxis/activation 97,98. 

However, extracellular ATP undergoes rapidly catabolism by cell surface ectonucleotidases. 

CD39 converts ATP into AMP, and CD73 further dephosphorylates AMP into adenosine. 

Adenosine are recognized by P1 receptors, which exert potent regulatory function in 

inflammatory responses 98,99. Extracellular adenosine signaling is terminated by 

equilibrative nucleoside transporters (ENTs), which uptake adenosine from the extracellular 

towards the intracellular compartment. Adenosine has been shown to inhibit M1, or promote 

M2, macrophage activation via A2A or A2B receptor, respectively. Interestingly, 

macrophages actively release low levels of ATP upon stimulation. These extracellular ATP is 

converted to adenosine by CD39/CD73, which drives a switch of macrophage 

polarization 100. CD39 and CD79 are expressed by many types of innate and adaptive 

immune cells, and upregulated by hypoxia and inflammatory stimulations.

In liver IRI, extracellular ATP is generated from necrotic cells and cell activation. Its 

involvement in liver inflammatory immune activation is implicated by the finding that its 

receptor pannexin-1 was critical for the disease pathogenesis by activating 

inflammasomes 33. Additionally, ATP catabolism and adenosine have been shown to play 

critical regulatory roles in the pathogenesis of liver IRI. It was shown that activation of P1 

receptor A2A by synthetic agonists on bone marrow-derived cells protected livers from 

IRI 101. Mechanistically, A2A receptor activation inhibited IFN-γ production in NKT cells 

upon stimulation 102. Additionally, the stimulation of A2A receptors induced a 

preconditioning effect in hepatocytes via the activation of HIF-1 103. More recently, study of 

different adenosine receptors revealed that A2B receptors (ADORA2B) were selectively 

upregulated in livers during IR and exerted a cytoprotective function in hepatocytes by 
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attenuating NF-kB activation 104. As CD39/CD73 converts ATP from an alarmin into 

immune regulatory adenosine, the question of whether these ectonucleotidases played roles 

in regulating liver inflammatory immune response has also been addressed. CD73 deficiency 

or pharmacological inhibition attenuated extracellular adenosine production induced by liver 

ischemic pre-conditioning (IP), which abolished liver protection against subsequent IR 105. 

In a murine liver transplantation model, it was shown that CD39 deficient donor grafts 

suffered worse IRI, due to increased inflammatory activation of myeloid DCs 106. 

Furthermore, the inhibition of equilibrative nucleoside transporters by either 

pharmacological inhibitors or gene KO resulted in elevated adenosine levels in livers and 

protection from IRI in the A2B receptor signaling-dependent manner 107. However, effects 

of ATP/adenosine signaling in liver IRI could be complicated by its distinctive roles in 

different immune cells. Opposite to its pro-inflammatory role in macrophages/DCs, P2 

receptor activation by ATP inhibited NK cell IFN-γ production upon activation. In a hepatic 

partial warm ischemia model, CD39 KO mice were in fact protected from IRI, due possibly 

to the enhanced P2 receptor-mediated inhibitory signaling in NK cells 108. Thus, ATP/

adenosine signaling regulates liver inflammatory immune response against IR in cell-type 

specific manner with potentially diverse functional outcomes.

(iv). Cellular mechanisms of liver innate immune activation

Although KCs have been assumed as the dominant player in liver inflammatory immune 

response against IR, their precise responses and functions in the disease process remains 

incompletely understood. Majority of studies analyzed liver immune activation at the organ 

level without cell-specific analysis of liver macrophages. Accumulating evidence has 

suggested that both tissue resident KCs and infiltrating macrophages are involved in liver 

immune response against IR and play distinctive roles. KCs are CD11b negative and 

relatively radiation-resistant 109,110. Thus, experiments using bone marrow chimeras or 

CD11b- diphtheria toxin receptor (DTR) mice document functions of only infiltrating 

macrophages, but not KCs 7,111,112. Results from these experiments are generally supportive 

of a pro-inflammatory role of infiltrating macrophages. Clodronate-liposomes target mainly 

KCs. The impact of KC-depletion on liver IRI, however, has been controversial with either 

pro- or anti-inflammatory effects 113–115. The recent seminal finding in macrophage biology 

reveals that tissue resident and monocyte-derived macrophages (circulating) are distinctive 

in their lineages and functions 116–121. Tissue resident macrophages are embryonically 

derived from yolk sac and play fundamental roles in tissue homeostasis 117–119. Clearly, 

responses and functional mechanisms of KCs in liver IRI need to be redefined in this new 

context.

Although liver DCs are considered as poor APCs, they express PRRs and are capable of 

producing inflammatory cytokines/chemokines in response to DAMPs/PAMPs. Their roles 

in liver IRI have been addressed with interesting findings. Similar to macrophages, 2 

populations of DCs, resident and infiltrating types, responded to liver IR. General depletion 

of CD11c+ DCs (in CD11c-DTR mice) resulted in exacerbated liver IRI. It was shown that 

these DCs responded to IR by producing IL-10 via TLR9 signaling 122. Using CD11c-Cre-

TLR4-Loxp system, the anti-inflammatory role of DCs was confirmed by showing that DC-

specific TLR4 KO resulted in aggravated liver IRI 8. However, in Flt3L KO mice, which 
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were completely devoid of DCs, liver IRI was attenuated, as compared with WT mice, 

indicative of their proinflammatory roles. Further study demonstrated that adaptive transfer 

of splenic or hepatic DCs into Flt3L mice restored liver IRI, and Flt3L KO liver grafts 

(absence of resident DCs) suffered more severe IRI than WT counterparts in transplantation 

model, suggesting that infiltrating and resident DCs played distinctive roles in liver IRI 123. 

Hepatic stellate cells (HSCs), a key player in liver fibrosis, were shown recently to regulate 

liver IRI. In a unique mouse model 124 in which HSCs could be specifically depleted, both 

liver inflammatory immune activation and hepatocellular injury against IR were attenuated. 

Thus, multiple types of liver innate immune cells participate in inflammatory immune 

response against IR with distinctive functions.

An important aspect of the regulation of liver innate immune response is the conditioning 

effect of IR. Innate immune activation by IR is a continuum of tissue/cell stress response 

against oxygen and nutrient deprivation. Primary stress responses including oxidative 

(mitochondrial), endoplasmic reticulum, as well as autophagy are induced potentially in all 

types of cells in ischemia organs and directly regulate not only parenchymal cell death but 

also responses of tissue resident innate immune cells 125–128. Although detailed discussion 

on this subject is beyond the scope of this review, it is worth pointing out that not much have 

been done in vivo in liver IRI models. Majority of study have been focusing on dissecting 

mechanisms of stress responses on hepatocellular injuries, which have an indirect effect on 

innate immune activation. Whether and how these stress responses regulate activation of 

tissue resident macrophages/DCs remains an open question.

Summary

We have reviewed recent progresses in our understanding of the innate immune activation 

and regulation in liver IRI. It becomes evident that DAMP-initiated PRR activation triggers 

not only proinflammatory, but also immune regulatory signaling in myeloid and dendritic 

cells. The outcome of innate immune activation on tissue inflamation and injury is regulated 

at many levels: both molecular (TRAFs, IRFs) and cellular (KCs/macrophages, DCs, 

neutrophils, HSCs and hepatocytes), as well as cell intrinsic (PI3K) and extrinsic 

(adenosine). Roles of HMGB1 in liver inflammation highlighed this complexity. HMGB1 

stimulates KCs/macrophages to initiate a proinflammatory response via TLR4/MD2 and 

RAGE, but potenially an immune regulatory response via CD24/SiglecG. The same 

HMGB1-TLR4 interaction results in anti-inflammatory IL-10 productions in resident DCs 

and possibly KCs, but pro-inflammatory response in infiltrating DCs/macrophages. 

Additionally, IR triggers the PI3K-Akt signaling pathway downstream of PRRs, as well as 

purinergic receptor activation, both of which play important regulatory roles in liver 

inflammatory immune activation. Figure 1 is a simpified summary of major innate immune 

cells, receptors and their ligands involved in liver IRI, as well as functional impact of these 

receptor activation on disease pathogenesis. Clearly, our comprehension of these complex 

immune regulatory network in livers is essential for us to design safe and effective 

therapeutic strategy to ameliorate liver IRI in clinical patients.
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Abbreviations

ALR absent in melanoma 2 (AIM2)-like receptor

CLR C-type lectin receptor

DAMP damage-associated molecular pattern

DC dendritic cells

ER stress endoplasmic reticulum stress

HMGB1 high mobility group box 1

IFN interferon

IRF interferon regulatory factor

KO knock-out

LPS lipopolysaccharide

NETs Neutrophil extracellular traps

NLR nucleotide-binding oligomerization domain-like receptor

NPCs non-parenchymal cells

OLR oligoadenylate synthetase (OAS)-like receptor

PAMP pathogen-associated molecular pattern

PRR pattern recognition receptor

RAGE advanced glycation end product

RLR retinoic acid-inducible gene-I-like receptor

ROS reactive oxygen species

SIRT silent mating type information regulation 2 homolog

TLR toll-like receptor

TRAF tumor necrosis factor receptor (TNFR)-associated factor
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Fig. 1. 
Innate immune activation and regulation - A multi-cellular and -molecular interaction 

network. Liver innate immune activation involves multiple cells, including Kupffer cells/

macrophages, neutrophils, dendritic cells, as well as hepatocytes. Initial hepatocellular 

damages due to ischemia result in releases of extracellular HMGB1, histone/DNA and ATP. 

These DAMPs stimulate different cells via TLR4/MD2, RAGE (by HMGB1) and TLR9, 

NLRP3 (by histone/DNA, ATP) to activate (+) or inhibit (−) liver inflammatory immune 

responses, leading to productions of cytokines/chemokines, ROSs, DAMPs (HMGB1, ATP) 

and cytotoxic molecules, including NETs by neutrophils. The proinflammatory milieu 

recruits and activate more innate and adaptive immune cells into inflamed livers and causes 

further hepatocellular damages; while immune regulatory milieu, such as IL-10, inhibits 

inflammation. Hepatocytes actively secrete HMGB1 upon TLR4 stimulation or IR stress. 

Resident and infiltrating DCs/macrophages respond to DAMPs differently. Rather than 

proinflammatory activation, resident DCs/macrophages produce IL-10 to inhibit tissue 

inflammation. Cells also upregulate CD24/Siglec, purinergic receptors (P1/P2) and CD39/

CD73 upon inflammatory stimulation, which play immune regulatory roles in liver 

inflammation. CD39/CD73 converts ATP into adenosine, which binds to P1 receptors to 

facilitate M2 macrophage activation.
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