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Abstract

Purpose of review: Hepatic ischemia-reperfusion injury (IRI), an inevitable event during liver
transplantation, represents a major risk factor for the primary graft dysfunction as well as the
development of acute and chronic rejection. Neutrophils, along macrophages are pivotal in the
innate immune-driven liver IRI, whereas the effective neutrophil targeting therapies remain to be
established. In this review, we summarize progress in our appreciation of the neutrophil biology
and discuss neutrophil-based therapeutic perspectives.

Recent findings: New technological advances enable to accurately track neutrophil movements
and help to understand molecular mechanisms in neutrophil function, such as selective recruitment
to IR-stressed tissue, formation of neutrophil extracellular traps, or reverse migration into
circulation. In addition to pro-inflammatory and tissue-destructive functions, immune regulatory
and tissue-repairing phenotype associated with distinct neutrophil subsets, have been identified.

Summary: Newly recognized and therapeutically attractive neutrophil characteristics warrant
comprehensive preclinical and clinical attention to target IRI in transplant recipients.
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Introduction

Liver transplantation (LT) has become the standard of care for patients with end-stage liver
disease and those with liver malignancies [1]. Hepatic ischemia-reperfusion injury (IRI), an
inevitable event during LT, represents a major risk factor for the primary graft dysfunction as
well as the development of acute and chronic rejection [2, 3]. Hence, minimizing IRI is
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important not only for improving clinical outcomes but also for successful use of marginal
liver grafts and expansion of donor organ pool available for transplantation. Despite its
obvious clinical importance, however, the mechanisms accounting for liver IRI are only
partially understood and effective preventive or therapeutic strategies remain to be
established.

In the initial stage of liver IRI, ischemic insult renders hepatic cells sensitive to glycogen
consumption, oxygen deprivation, pH changes and adenosine triphosphate (ATP) depletion
[4]. These are followed by enhanced production of reactive oxygen species (ROS), higher
intracellular calcium concentration and organelle damage, leading to the initial parenchymal
cell death [5]. The reperfusion itself disturbs liver metabolism and evokes inflammatory
cascades leading to aggravated hepatocellular damage. Innate immune activation plays a
central role in this inflammatory response via cytotoxic mechanisms and dynamic cross-talk
with adaptive immune cell repertoires, ultimately converting immunologically quiescent
hepatic milieu into an inflammatory organ [6] [7].

In unstressed human liver, Kupffer cells (liver-resident macrophages) account for about 15%
of total hepatocellular population and 80-90% of whole body macrophages [8]. In IRl = LT
pathophysiology, both Kupffer cells (donor-origin) and liver-infiltrating bone marrow
derived macrophages (recipient-origin) play dominant roles in priming innate immune
responses [9] [10] [11], with the majority of studies focusing on macrophage regulation [12]
[13]. On the other hand, neutrophils are dominant immune cells in the steady-state blood
circulation (50-70% in human, 10-25% in mouse [14] [15]), constantly patrolling and
serving as the first line of defense against invading pathogens [16]. Likewise, in IR-stressed
blood-perfused liver, neutrophils are recruited to the injury site, contributing to sterile
inflammation and enhancing the hepatocellular damage. Indeed, despite being long
considered as “non-specialized” innate effector cells, neutrophil infiltration into hepatic
sinusoidal lumen is now considered as one of reliable biomarkers of liver IRI [17] [18].

In this review, we first summarize progress in our appreciation of the neutrophil biology, and
then discuss therapeutic prospects of their targeting for the treatment of inflammatory states,
such as IRI in LT recipients.

Neutrophil Activation and Migration

Neutrophils, the largest circulating fraction of leukocytes, are continuously generated from
myeloid precursors in the bone marrow in a process of “granulopoiesis’ (daily production
reaches up to 2x1011 cells) [19] [16]. The crucial signals for neutrophil activation are
provided by danger-associated molecular patterns (DAMPS), i.e., endogenous molecules
constitutively expressed in nuclear, cytoplasm and extracellular matrix under basal
conditions. Although indispensable for homeostasis maintenance, once released in response
to tissue injury, DAMPs are detected by and become critical triggers of the inflammatory
cell activation. A growing number of DAMPs have been identified to date, such as ATP,
histone, high mobility group box 1 (HMGB1), with complementary pattern recognition
receptors (PRRs) crucial in cell recognition and signaling pathways (representative are listed
in Table 1). The initial parenchymal cell damage results in the release of DAMPs from
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damaged/dead/moribund cells that stimulate local sentinel Kupffer cells and liver sinusoidal
endothelial cells (LSECs). Kupffer cells sense neighboring cell death by receiving DAMPs
signals and produce I1L1p, which up-regulates intercellular adhesion molecule-1 (ICAM-1)
on LSECs. Neutrophils are then recruited via integrin aMp2 (Mac1)-dependent adhesion to
endothelial ICAM-1. This neutrophil adhesion mechanism requires ATP-induced activation
of P2X7 receptor and NOD-like receptor pyrin domain-containing-3 (NLRP3)
inflammasome [20]. Indeed, mice depleted of Kupffer cells by clodronate showed reduced
caspase, IL1, and neutrophil recruitment, whereas impaired P2X7R signaling was
accompanied by equivalently impaired neutrophil accumulation in a liver thermal injury
model [21]. Activated Kupffer cells, along with parenchymal cells, also release chemokines
detected by G protein coupled receptors (e.g., CXCR2) on neutrophils and thereby recruit
them to the site of inflammatory damage. In addition, LSECs themselves can sense DAMPs
via TLRO to release IL1p and 1L18 [22] (Fig. 1A). Because of the unusual hepatic
microvasculature, circulating neutrophils can move directly to integrin-mediated adhesion
devoid of selectin-mediated rolling. In line with this scenario, Mac-1 or ICAM-1
neutralizing antibodies effectively alleviated liver IRI [23] [24].

Histone and HMGB1 are among the most tested DAMPs in the model of liver IRI. The
levels of circulating histones are significantly increased in liver IRI, and anti-histone
neutralizing antibodies suppress TLR9/MyD88 signaling while decreasing inflammatory
hepatic damage [25]. Treatment with HMGB1 neutralizing antibody alleviated IRI in WT
but not TLR4-deficient mouse recipients [26]. Likewise, recombinant thrombomodulin
(HMGB1 inactivator) mitigated liver IR1 in WT but not TLR4-knockout mouse [27]. Since
broad spectrum of immune cells express TLRs, the HMGB1 —TLR4 inflammatory axis is
unlikely to be exclusive for neutrophil regulation. Indeed, hepatocyte-specific HMGB1
deficient mice showed decreased hepatic necrosis and neutrophil accumulation, whereas the
number of their macrophages remained unchanged in acetaminophen-induced liver injury
model [28]. In contrast, hepatocyte-specific HMGB1-deficient mice exhibited exaggerated
liver IR-damage, implying HMGBL is essential for hepatocyte resistance against hypoxia
[29]. Clearly, extra-cellular DAMPs are promising therapeutic targets to manage liver IRI by
alleviating innate, including neutrophil, cell responses.

Following adhesion to the endothelium, neutrophils are guided by Kupffer cell-derived
chemokines (CXCL1, CXCL2), bind to CXCR2 on the luminal surface of LSECs, and form
the chemotactic gradient at the injury site [20] (Fig. 1B). Consistent with such a mechanism,
reparixin (an allosteric CXCR2 antagonist) decreased neutrophil infiltration and mitigated
liver IRI [30]. In addition, CXCL1 blocking antibody alleviated hepatic infiltration in
necrotic cell-induced neutrophil mobilization model [31], whereas in a carbon tetrachloride
(CCl4)-induced acute liver injury, defective CXCL2 expression in TLR2-knockout or
S100A9-knockout mice was accompanied by suppressed hepatic neutrophil recruitment
[32]. In the following dynamic stage, neutrophils moving on the LSECs luminal side migrate
underneath the sinusoidal wall to the damaged site. Mitochondrial N-formyl peptides
(FMIT), cleavage products of mitochondrial proteins, are critically involved in this process
serving as chemoattractant DAMPs. Damaged cells release FMIT and create a gradient that
attracts neutrophils through neutrophil-specific formyl peptide receptor 1 (FPR1) [33].
Honda et al. reported that cyclosporine H (FPR1 antagonist) decreased the number and
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crawling velocity of neutrophils while alleviating liver IRI and inhibiting the accumulation
of neutrophils into laser irradiation-induced necrotic areas [34]. Interestingly, at this time
point, neutrophils are attracted by two opposing chemoattractant gradients, CXCL2 mostly
anchored on the luminal LSECs side and FMIT emanated from parenchymal damaged cells.
The final signaling via FMIT-FPR1 overrides the CXCL1/CXCL2-CXCR2 axis, making
neutrophils to preferentially migrate toward the FMIT while ignoring the CXCL2 attraction
(Fig. 1C). Such a chemotactic hierarchy has been consistently observed in pathogen-
triggered infection where bacterial formylated peptides are dominant to endogenous
chemoattractant [35], as well as in sterile inflammation where neutrophils preferentially
migrated toward injured cells rather than soluble chemokines [21]. Indeed, Marques et al.
demonstrated that CXCR2 and FPR1 antagonists alleviated neutrophil migration in
acetaminophen-induced liver damage, while simultaneous CXCR2 and FPR1 antagonism
achieved maximum protection [36]. Hence, both CXCL2 and FMIT are critically involved in
the hepatic neutrophil migration in a dynamic and sequential manner.

The extracellular matrix (ECM), a network of proteins and sugars in all solid organs, is the
essential scaffold and structural cell support as well as tissue regulator of cell adhesion,
migration, differentiation, proliferation and survival. Once neutrophils migrate across LSEC,
they move toward damaged site while simultaneously degrading ECM. This process is
dominated by matrix metalloproteinases (MMPs), zinc-dependent endopeptidases involved
in the breakdown of ECM, and tissue inhibitor of metalloproteinases (TIMPs), which
proteolytically regulate MMPs activity. MMP2 and MMP9 are the most prominent in the
pathophysiology of liver IRI [37]. In liver IRl, MMP9 is predominantly expressed by Ly6G-
positive neutrophils, while neutrophils are the only cells in the body which can release
MMP9 free of its endogenous inhibitor TIMPs, and therefore are uniquely capable of
delivering highly active MMP9 to digest its fibronectin and collagen type IV substrates [38].
Fibronectin, a major ECM component of the subendothelial space of Disse in normal liver,
interacts with integrin receptor a4p1 on activated neutrophils to induce MMP9 [39] (Fig.
1D). Hamada et al. demonstrated that MMP9 deficient neutrophils were impaired in their
ability to migrate across fibronectin in a trans-well culture system, whereas genetic
disruption or exogenous blocking with MMP9 antibody decreased neutrophil infiltration and
cytoprotection in a mouse hepatic IRl model [40]. Meantime, IR-insult markedly increases
TIMP1 expression, an endogenous MMP9 inhibitor. Indeed, TIMP1 deficient mice had
markedly increased MMP9 activity and massive neutrophil infiltration in their IR-stressed
livers, which has led to 60% death. In contrast, virus—mediated gene transfer of TIMP1
increased TIMP1 expression primarily on parenchymal cells, suppressed gelatinolytic
activity of neutrophil MMP9, attenuated neutrophil infiltration, and alleviated the
hepatocellular damage [41] [42]. Furthermore, LT patients experiencing acute rejection had
elevated serum MMP9 activity at 1 week, implying its role as a potential biomarker in
clinical LT [43].

Neutrophil-Associated Tissue Injury

Neutrophils recruited or activated in liver sinusoids do not cause hepatic damage per se, as
they can exert cytotoxicity only after migrating across the endothelium and in close
proximity to the parenchymal cells [17]. Tissue damage is mediated primarily by ROS and
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proteases, with Kupffer cells being principal ROS producers early after reperfusion, and
neutrophil oxidative burst becoming the main source of ROS in the later IRI phase. Indeed,
by 6 hours of reperfusion (the peak of hepatocellular damage in a murine IRI — LT model),
infiltrating Ly6G-positive neutrophils elaborated large amounts of ROS metabolite (4-
hydroxynonenal) [11]. Neutrophils generate ROS through nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, which consists of a Rho GTPase, two membrane-bound phox
(phagocytic oxidase) proteins (p22PM°% and gp91PhoX), and three cytosolic phox proteins
(p40PoX n47phox and pe7PhOX). Patients encoded with hypofunctional mutations in
gp91PhoX or p47PhoX were protected from transiently induced upper limb IRI [44], while
apocynin (gp91P"°X inhibitor) suppressed ROS metabolite (8-hydroxy-2-deoxyguanosine)
and alleviated liver IRI in methionine/choline-deficient diet conditioned rats [45].
Meanwhile, neutrophils contain large quantities of serine proteases in the azurophilic
granules, such as neutrophil elastase, proteinase 3, and cathepsin G. After arriving at the
damaged site, neutrophils degranulate and release them to exert, in combination with ROS,
their effector functions. Neutrophil elastase, a 29kDa chymotrypsin-like serine protease
which degrades ECMs, causes organ damage, whereas sivelestat (neutrophil elastase
inhibitor) is widely used in treating acute lung injury in humans. We and others have
reported that sivelestat inhibited adhesion and migration of neutrophils to vascular
endothelium and protected mouse livers against IRI [46] [47]. Furthermore, a randomized
clinical study in patients that underwent hepatic resection revealed sivelestat treatment
reduced post-operative serum HMGB1 and IL6 levels [48]. Myeloperoxidase (MPO), a
heme protein synthesized during myeloid differentiation, is often used as a neutrophil
activity marker. In the presence of physiological chloride concentrations, MPO reacts with
hydrogen peroxide to catalyze formation of hypochlorous acid/hypochlorite and other
oxidizing species [49], and thus it is also considered as a cytotoxic molecule in liver
pathophysiology. However, its cytotoxicity in liver IRI remains to be rigorously re-evaluated
as a recent study demonstrated MPO was required for hepatoprotection in endotoxin-
induced inflammation [50]. With recent data showing efficacy and tolerability of AZD3241
(an orally absorbed irreversible human MPO inhibitor) in Parkinson patients [51], the
thorough evaluation of MPO in liver LT settings seems warranted.

Activated neutrophils can enhance inflammatory tissue damage by releasing neutrophil
extracellular traps (NETS), i.e., extracellular scaffolds of DNA fibers decorated with histone,
granule-derived antimicrobial peptides and enzymes, such as neutrophil erastase, cathepsin
G, and MPO [52]. Generation of ROS by NADPH oxidase and activation of protein-arginine
deiminase 4 (PAD4), an enzyme that converts arginine to citrulline on histones, are essential
steps for chromatin decondensation in the NET formation. NE and MPO translocated into
the nucleus further unfold chromatin, leading to the nuclear membrane break, chromatin
release into cytosol where it is further decorated with granular and cytosolic proteins, and
the emission of these traps into extracellular space [53]. NETs function was originally
described as the efficient means to immobilize, catch and eliminate pathogens, whereas
recent studies have recognized its critical involvement in non-infectious inflammatory states,
including IR-stress. Indeed, biopsies obtained from human kidney transplant recipients with
post-transplant acute tubular necrosis exhibited increased NETs formation [54], while
bronchoalveolar lavage fluid collected from human lung transplant recipients with primary
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graft dysfunction contained extensive NETSs [55]. Furthermore, several NET-targeting agents
successfully attenuated IRI in murine models, including PAD4 inhibitors (YW3-56, YW4—
03), which reduced NETSs formation and decreased severity of liver IRI [56]; PAD inhibitor
(Cl-amidine), which suppressed NETSs and alleviated renal IRI [54]; or DNase | combined
with recombinant tissue-type plasminogen activator, which inhibited NETs and alleviated
myocardial IRI [57]. Additional functional aspects of NETSs are detailed below.

Anti-Inflammatory and Tissue-Repairing Neutrophil Functions

In addition to pro-inflammatory and tissue-destructive functions, recent studies have
identified previously unappreciated novel role of neutrophils to control inflammation and
resolve tissue damage. First, neutrophils retain the potential to inhibit T cell cytotoxicity.
Arginase-1 (Argl, a tertiary granule content) is a manganese-containing enzyme expressed
in mouse myeloid cells, such as macrophages. However, in humans it has been detected
selectively in neutrophils [58, 59], whereas activated neutrophils release Argl during
degranulation process, which inhibit T cell proliferation and expansion [60, 61]. Neutrophil
elastase (an azurophilic granule content) cleaves CD2, CD4, and CD8 on peripheral blood T
lymphocytes, leading to reduced IL2 production and suppressed T-cell cytotoxicity [62].
Neutrophil-derived ROS may also suppress T cells via inactivation of coffilin, an actin-
remodeling protein, which impairs formation of the immune synapse and cell activation
[63]. Moreover, as regulatory T cells (Treg) are less sensitive to inhibition by ROS [64],
production of ROS by neutrophils effectively creates a Treg dominant environment [65].

Several lines of evidence indicate that neutrophil can limit inflammation response in other
innate immune cells. Selective neutrophil ablation or genetic MPO deletion in endotoxin-
challenged mice unexpectedly enhanced inflammation responses and increased mortality,
indicating that neutrophils and neutrophil-derived MPO can contribute to host resistance by
limiting endotoxin-driven innate immune pathology [50]. Cathepsin G (an azurophilic
granule content) cleaves NKp46 and impairs NKp46 mediated responses of NK cells,
including IFN+y production and cell degranulation [66]. Neutrophil-derived microvesicles
cause macrophages to generate lipid pro-resolving mediators and TGFp, leading to counter
inflammatory response [67]. Dead neutrophils secret cytosolic protein annexin Al (AnxAl),
which limits neutrophil migration by interacting with formyl peptide receptor 2 (FPR2) [68]
[69] and prompts neutrophil apoptosis [70]. Clearance of apoptotic neutrophils by
macrophage efferocytosis may then switch macrophages to anti-inflammatory IL10/TGFp
dominant phenotype, leading to tissue-repairing environment as well as Treg dominated
immune tolerance.

Analogous to the concept of pro-inflammatory (M1) and anti-inflammatory (M2)
macrophage phenotypes [71], tissue-specific microenvironment may promote neutrophil
polarization into two distinct phenotypes [72]. Thus, N1 neutrophils are anti-tumoral/pro-
inflammatory, having increased TNFa expression and reduced arginase/CXCR4/MMP-9/
VEGEF levels, whereas N2 neutrophils are pro-tumoral/anti-inflammatory and characterized
by decreased TNFa and increased arginase/CXCR4/MMP-9/VVEGF expression [73] [74].
Several cytokines may contribute to N1/N2 polarization, with TGFp promoting neutrophils
to acquire N2 phenotype by simultaneously inhibiting N1 neutrophil generation [72].
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Endogenous IFNB imprints neutrophils to N1 phenotype, which restrict tumor angiogenesis
and enhance inflammatory cytotoxicity [75]. A recent study demonstrated that analogous to
M1/M2 macrophage polarization, LPS and IFN+y drove peripheral blood neutrophils toward
N1 phenotype while L4 polarized toward N2 phenotype [76]. In addition, murine infarcted-
myocardium was infiltrated by day 1 with N1 dominant neutrophils expressing pro-
inflammatory markers, whereas N2 neutrophils increased by day 7 concomitantly with
enhanced levels of anti-inflammatory markers, supporting putative role of N2 neutrophils in
the resolution of inflammation and promoting tissue repair [76]. Noteworthy, rosiglitazone
(peroxisome proliferator-activated receptor-y agonist) treatment in a mouse brain stroke
model shifted neutrophil population toward N2 phenotype (31% vs. 77%), suppressed
inflammation, enhanced neutrophil clearance and alleviated brain damage [77]. Although
macrophage M1/M2 plasticity is broadly accepted [78], neutrophils generally have short
life-span (68 h in blood stream), their plasticity remains unknown. Future studies need to
elucidate whether N1/N2 polarization is dominated by re-programming of existing
neutrophils or environmental influence on de novo neutrophil populations. By virtue of
technological advances and efforts to identify neutrophil heterogeneity, additional anti-
inflammatory neutrophil subsets have been recognized. Studies by Tirouvanziam et al.
identified a CD63+/MHC-11+/CD80+/CD294+ human neutrophil subset in mature cystic
fibrosis airway, which retained anabolic/pro-survival phenotype and suppressed T-cell
function [60] [79]. Pillay et al. found a subset of mature human CD16P"9hy/CpDg2Ldim
neutrophils in endotoxin-challenged blood, which suppressed T cell proliferation via
neutrophil MAC-1 dependent manner [80].

Neutrophils may also contribute to tissue repairing processes following infectious or sterile
inflammatory organ damage [81]. Clinical observations support this concept, as patients with
leukocyte adhesion deficiency type 1 (an autosomal recessive disorder characterized by
defects in neutrophil adhesion ability) experience delayed wound healing [82]. In the
beginning of tissue repair process, neutrophils acting as professional phagocytes remove
tissue debris. Indeed, in a thermal hepatic injury model, neutrophil depletion resulted in far
more debris remaining at the injury site [83]. Next, neutrophil apoptosis shifts the
phagocytosing macrophages to the resolution-phase (M2), which governs tissue-repairing
environment. M2 macrophages secrete IL1Ra, 1L10, TGFp and VEGF, leading to fibroblast
differentiation into myofibroblasts, synthesis of interstitial fibrillar collagens by
myofibroblasts and expression of MMPs/TIMPs that control ECM turnover [84]. Since
neutrophils can release MMP9 free of its endogenous inhibitors (TIMPS), they are capable of
delivering highly active MMP9, a key proangiogenic factor degrading ECM, to release
ECM-bounded VEGF and other growth factors [85]. A series of recent studies have
deepened our understanding of that process. For instance, Christoffersson et al. identified a
CD11b+/Gr1+/CXCR4Ni9" neutrophil subset in a syngeneic mouse pancreatic islet transplant
model, which was recruited via VEGF-A depending pathway. It contained higher amount of
MMP9 than those recruited to an inflammatory stimulus, and contributed to
revascularization via MMP9 dependent mechanism [86]. They also found an analogous
CD49d+/VEGFR1MIN/CXCR4NIN neutrophil population in mouse and human, which was
recruited by hypoxia-induced VEGF-A [87]. In a liver thermal injury model, limited period
of neutrophil depletion (~48 hours) resulted in delayed revascularization at 7 days and the
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presence of non-healing injury area at 4 weeks, suggesting the requirement for neutrophil in
liver homeostasis [83]. Likewise, in a transplantation model of bioengineered U-graft, which
contained an unassembled suspension of vascular cells embedded in a hydrogel, host-
derived alternatively polarized neutrophils (N2) contributed to graft revascularization [88].

Termination of Neutrophil Effector Functions

In a successful response to an acute injury, it is crucial to prevent tissue damage by
promoting the local resolution of inflammation through the removal of neutrophils from the
stressed site [89]. Apoptosis, a highly organized programmed cell death program, is
considered a favorable neutrophil death mechanism because the orderly cell elimination
limits uncontrolled release of toxic neutrophil contents and DAMPs, which potentially may
cause further tissue damage [90]. Morphologically, apoptotic neutrophils show the
condensation of chromatin and its migration to the nuclear periphery, fragmentation of
nuclear DNA, and the blebbing of cell membranes leading to apoptotic body formation. As
discussed, engulfment of apoptotic neutrophils by macrophages occurs in the resolution
phase of inflammation and repair from tissue injury by turning off production of pro-
inflammatory cytokines and launching an anti-inflammatory transcriptional program
characterized by the release of IL10 and TGFp [84].

In contrast to the organized apoptotic cell death, neutrophil necrosis is a traumatic and
highly detrimental event resulting in disintegration of the nuclear envelope and cytoplasmic
membranes. Neutrophils unavoidably undergo necrosis if the insult is too severe or the step-
by-step apoptosis procedure fails to be achieved in a timely fashion, a process called a
“secondary necrosis”. Necrotic neutrophil passively releases toxic effector molecules as well
as DAMPs leading to further damage and inflammation in neighboring tissues [90].

NETosis is the process by which neutrophils produce and release NETs. During NETosis,
intracellular proteins become exposed to the extracellular space, which results in the
potential presentation of autoantigens to the host immune system and the release of DAMPs
that amplify ongoing immune reactions [53]. In this inflammatory aspect, the NETosis
seems closer to necrosis than apoptosis. On the other hand, the function of NETosis to
promote coagulation and thrombosis have been now recognized [91] [92], whereas a recent
study from McDonald et al. has revealed NET—platelet—thrombin axis that promotes
intravascular coagulation and microvascular dysfunction in endotoxin-induced liver injury
model [93]. Considering neutrophils preferentially undergo necrosis/ NETosis rather than
apoptosis if the stress/infection is severe [94], the function of NETosis to block blood flow
to/from the severely damaged site seems to be favorable by averting the spread of DAMPs/
pathogens to remote organs and preventing distant organ injury. In this context, Nakazawa et
al. revealed NETSs inhibitor alleviated acute kidney injury while concomitantly reducing
serum NETS levels and mitigating remote organ injury in lung, liver, heart and brain [54]. In
contrast, homozygous PAD4 knockout in MRSA challenged mice was accompanied by
decreased NETs and reduced lung injury despite higher bacterial counts, increased levels of
inflammatory cytokines and equivalent overall survival as compared to WT counterparts.
The heterozygous PAD4 knockout mice unexpectedly showed improved survival as
compared with WT counterparts or homozygous knockout mice [95]; in a mouse model of
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peritonitis, degradation of NETs by DNase attenuated organ damage only when combined
with antibiotics [96]; in an experimental model of a gout (acute sterile inflammatory reaction
to monosodium urate crystals), NETosis-deficient mice developed exacerbated and chronic
disease that could be reduced by adoptive transfer of aggregated NETs [97]. Therefore, the
influence of NETSs inhibition depends on disease etiology and severity of the inflammation
response. Because of increased incidence of acute respiratory distress syndrome (ARDS)
and acute kidney injury in LT patients [98] [99], it is important to evaluate potential clinical
value of NETSs reducing therapeutic strategies.

It has long been accepted that apoptosis is the most common and preferred cell death
program to terminate neutrophil activity. However, recent evidence suggests that neutrophils
do not necessarily die in an inflamed site, and instead can leave the site of tissue damage in a
process termed as a “reverse migratiori’. This phenomenon was first visualized in zebrafish
larvae in which most of the recruited neutrophils leave a damaged site and traffic to a distal
site [100] [101]. A recent study combining intravital imaging and photoactivation techniques
in a mouse thermal hepatic injury model demonstrated that neutrophils recruited to the
stressed tissue neither underwent apoptosis, necrosis, nor phagocytosis by monocytes, but
instead reversely migrated to the circulation, became arrested within the lung without
causing local tissue injury, and then homed to the bone marrow where they ultimately
underwent apoptosis [83]. In contrast, in hepatic IRI or acute pancreatitis model, activated
neutrophils were redistributed to produce remote organ injury [102] [103] [104]. It is
noteworthy that neutrophils undergoing trans-endothelial migration /n vitro expressed
specific marker, ICAM1M9N/CXCR1!°W, which was resistant to apoptosis and produced more
ROS [102], whereas patients with acute pancreatitis who developed acute lung injury had
more ICAM1M9"/CXCR1!9W expressing neutrophils in their circulation [104]. This implies
the potential for neutrophil reprograming or existence of active/inactive neutrophil subsets
after reverse migration. However, there is no rigorous evidence as to why and how reversely-
migrating neutrophils can be toxic in some cases but inactive in other pathology states.

Neutrophil-Targeted Therapies

Neutrophils have long been recognized as important players in liver IRI, while great
majority of studies focused on their pro-inflammatory and tissue-destructive functions.
Indeed, neutrophil-targeting strategies mostly narrowed at reducing their target organ
infiltration. Table 2 lists representative preclinical studies on neutrophil targeting in liver IRI
[105] [23] [24] [106] [30] [34] [40] [47] [107] [45] [56].

It is important to keep in mind that LT recipients are immunocompromised while neutrophils
constitute the forefront of pathogen host defense. Hence, therapies limiting neutrophil
sequestration and/or effector functions may in turn increase the risk of infections in
transplant recipients. Despite preclinical studies showing therapeutic efficacy, global
neutrophil depletion is unlikely to be clinically feasible. More specific maneuvers to inhibit
neutrophil adhesion, migration and effector functions are required, though it remains to be
determined whether and how such therapies can achieve optimal balance between effective
host immune surveillance while controlling cytodestruction.
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Albeit non-specifically targeting neutrophil functions, the reduction of extracellular DAMPs
such as HMGBL or histone seems favorable, because DAMPs are the immune-activating
signals released from host cells but not from pathogens. Of note, one of the HMGB1
inactivators (ART-123, recombinant thrombomodulin), originally shown to mitigate liver IRI
in TLR4 depending manner [27], is now used clinically for disseminated intravascular
coagulation [108] [109]. In agreement with recent data [56] [54], inhibition of NETSs
formation by specifically targeting highly destructive neutrophil function, seems biologically
beneficial. However, futures studies need to evaluate potential risks, as this maneuver may
spread abundant DAMPs or pathogens, which otherwise should be isolated inside the NETs
areas. Since DNase has been successfully applied for the treatment of cystic fibrosis patients
and the NETSs digestion is considered to be a part of its beneficial effects [110] [111], these
investigations are clearly warranted.

Although a number of recent studies revealed neutrophil immunoregulatory and tissue
repairing capabilities, little is known about these functions in liver IRI. This might be due to
the overwhelming focus on the “toxic” side of the neutrophil biology. Although T cells,
particularly of CD4+ phenotype, are indispensable for the activation/regulation of sterile
inflammation in liver IRI [112] [113], it seems that the presence of CD4+ T cells per se
rather than Ag-specific de novo T cell activation is needed for immune regulation [114].
Hence, the ability of neutrophils to reduce T cell activation may be insufficient to
significantly impact IRI outcomes. In addition, the severe hepatocellular damage produced
in currently used murine IRl models may lead to a failure in detecting discrete
immunomodulatory and/or tissue repairing neutrophil functions. Future studies need to focus
on neutrophil involvement in the resolution of inflammation and recreation of tissue
homeostasis. Experimental evidence indicates the anti-inflammatory (N2) neutrophil
polarization by TGF, IL4 or rosiglitazone [75] [76] [77]. Although the neutrophil plasticity
has not been rigorously proven, the N1 to N2 phenotype shifting should be of a potential
therapeutic interest.

Neutrophil apoptosis is a favorable way of its functional termination, leading to an
immunomodulatory shift of phagocytosing Kupffer cells and prevention of the DAMPs
burst, while excessive induction of neutrophil apoptosis may cause unnecessary immune
suppression. Indeed, ectoine, a natural cell protectant, improved inflammatory resolution in
a sterile inflammation lung model by preferentially prompting apoptosis in activated but not
inactivated neutrophils, reducing neutrophil numbers and improving resolution of the lung
pathology [115]. Furthermore, a recent randomized clinical trial in elderly patients highlight
the efficacy of inhaled ectoine in neutrophilic lung inflammation [116]. Studies by
Christoffersson et al. have identified VEGF-A-induced CXCR4M9" unique neutrophil subset,
which retained the ability of revascularization in a pancreatic islet transplant model [86]
[87], while a study by Wang et al. [83] implied CXCR4 expressing non-inflammatory
neutrophil subset capable of homing back to bone marrow in the “reverse migration”
mechanism [117]. Thus, one may envision a great potential for future regimens shifting
neutrophils into tissue-resolving CXCR4-positive dominant population.

Curr Transplant Rep. Author manuscript; available in PMC 2020 January 29.
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Conclusion

Due to technological advances, a remarkable progress has been recently made in our
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appreciation of the neutrophil biology, especially its immune regulatory and tissue repairing
functions. Live-cell and deep-tissue imaging combined with single cell flow cytometry
analyses [118], allow to accurately track neutrophil functions and interactions in real-time.

Unlike LysM reporter mice, unable to distinguish between neutrophil and monocyte/

macrophage lineages, a newly developed murine strain with a more specific Ly6G promoter

[119] has enabled to investigate /n vivo neutrophil functions more selectively and

unequivocally. Since efficient strategies against hepatic IRl have not been yet developed,
newly discovered and therapeutically attractive neutrophil functions, as discussed in this

review, warrant future comprehensive preclinical and clinical attention in transplant

recipients.

Abbreviations:
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adenosine triphosphate

carbon tetrachloride
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matrix metalloproteinase
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NLRP3 NOD-like receptor pyrin domain-containing-3
PADA4 protein-arginine deiminase 4

PRR pattern recognition receptor

ROS reactive oxygen species

TIMP tissue inhibitor of metalloproteinase
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B: Neutrophil chemotaxis via chemokines
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Figure 1. Putative mechanisms of neutrophil recruitment in liver ischemia-reperfusion injury.
(A) Liver-resident Kupffer cells and liver sinusoidal endothelial cells (LSECs) sense initial

danger-associated molecular patterns (DAMPS) via pattern recognition receptors (PRRs) to
trigger intercellular adhesion molecule-1 (ICAM-1) expression on endothelial cells and
neutrophil adhesion by integrin aMp2 (Mac-1) signaling. (B) Neutrophils move on the
LSECs luminal side toward the damaged site, guided by Kupffer cell-derived chemokine
(CXCL1/CXCL2) gradient. (C) Neutrophils detect mitochondrial N-formy!l peptides (FMIT)
via formyl peptide receptor 1 (FPR1) and migrate underneath LSECs toward the injury site.
(D) Neutrophils express and secret matrix metalloproteinase 9 (MMP9) to degrade

extracellular matrix (ECM) during migration.
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Table 1:

Representative DAMPs and receptors

Molecules Receptors
Nucleus:
HMGB1 TLR2, TLR4, TLR9 CD24, RANGE
Histone TLR2, TLR4, NLRP3
Histone TLR9, AIM2
Cytosol:
S100 protain TLR2, TLR4, RANGE

Heat shock protain

Uric acid

TLR2, TLR4, CD14, CD91, CD24
NLRP3

Mitochondria
ATP
Formal peptide
mtDNA

P2X7, NLRP, P2Y,
FPR1, FPR2
TLR9

Extracellular matrix:

Hyaluronic acid

TLR2, TLR4, CD44
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Table 2:

Representative therapeutic studies targeting neutrophil in liver IRI

Agent

Effect on Neutrohil

Reference

Anti-Ly6G mAb
Anti-Macl mAb
Anti-ICAM1 mAb
peptide BR15-42
CXCR2 antagonist
FPR1 antagonist
Anti-MMP9 mAb
Neutrophil erastase inhibitor
Btk inhibitor
gp91PhoX inhibitor
PAD4 inhibitor
DNAse |

Neutrophil depletion
Inhibit neutrophil adhesion
Inhibit neutrophil adhesion
Inhibit neutrophil adhesion
Inhibit neutrophil migration
Inhibit neutrophil migration
Inhibit ECM degradation
Inhibit neutrophil erastase
Limit neutrophil activation
Reduce ROS generation
Reduce NETs

Reduce NETs

Loi, 2013 (many other)
Jaeschke, 1993
Nakano, 1995
Liu, 2013

de Oliveira, 2017
Honda, 2017
Hamada, 2008
Uchida, 2010
Palumbo, 2017
Kimura, 2016
Huang,2015
Huang, 2015
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