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The liver is situated at the interface of the gut and circulation where it acts as a filter for blood-borne and gut-derived microbes and biological molecules, promoting tolerance of non-invasive antigens while driving immune responses against pathogenic ones. Liver resident immune cells such as Kupffer cells (KCs), a subset of macrophages, maintain homeostasis under physiological conditions. However, upon liver injury, these cells and others recruited from circulation participate in the response to injury and the repair of tissue damage. Such response is thus spatially and temporally regulated and implicates interconnected cells of immune and non-immune nature. This review will describe the hepatic immune environment during acute liver injury and the subsequent wound healing process. In its early stages, the wound healing immune response involves a necroinflammatory process characterized by partial depletion of resident KCs and lymphocytes and a significant infiltration of myeloid cells including monocyte-derived macrophages (MoMFs) complemented by a wave of pro-inflammatory mediators. The subsequent repair stage includes restoring KCs, initiating angiogenesis, renewing extracellular matrix and enhancing proliferation/activation of resident parenchymal and mesenchymal cells. This review will focus on the multifaceted role of hepatic macrophages, including KCs and MoMFs, and their spatial distribution and roles during acute liver injury.
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1 Introduction

The liver is a complex organ with multifunctional properties involved in metabolic homeostasis, protein synthesis, toxins clearance as well as immunity. Its strategic location between the gut and circulation, gives the liver a prominent surveillance function ensuring adequate tolerance to harmless antigens and immune response against invasive pathogens (1). Injuries to the liver are therefore a major health threat with severe consequences of metabolic and immune nature. In addition to describing wound healing processes in response to acute liver injuries, this article will provide an overview of hepatic macrophages, their functions and interactions with neighboring cells.




2 Anatomy of the liver

The liver is a unique anatomical, metabolic and immunological site. Its histological unit, the classical lobule, has a hexagon-like structure (Figure 1). It is composed of a central vein surrounded by portal triads each of which consists of a portal venule, a hepatic artery and a bile duct. Central veins connect to portal veins via sinusoids which are capillary venules lined with a fenestrated bed of endothelial cells. Sinusoidal blood harbors immune cells capable of identifying and clearing pathogens, toxins, and cellular debris originating from the portal or systemic circulation (2). Layers of hepatocytes overlay sinusoidal capillaries encompassing the space of Disse where hepatic stellate cells (HSCs) reside (3) (Figure 1). While hepatic parenchymal cells are responsible for many liver functions, non-parenchymal, mainly immune cells also undertake crucial roles in maintaining tolerance as well as providing defense mechanisms against invading agents and pathogens.




Figure 1 | Schematic representations of a classical liver lobule and sinusoids. (A) The classical liver lobule has a hexagon-like structure. It is composed of a central vein surrounded by portal triads. Each portal triad is composed of a portal venule, a hepatic artery and a bile duct. (B) the insert, Central veins connect to portal veins via sinusoids which are capillary vessels where oxygen-rich blood from the hepatic artery mixes with the nutrient-rich blood from the portal vein and is delivered to the central vein. They are lined by a layer of fenestrated LSECs allowing the communication between sinusoidal blood and the perisinusoidal space of Disse and hepatocytes. KCs, the hepatic resident macrophages are located inside the sinusoids. KCs are strategically located adjacent to fenestrated LSECs to ensure clearing of portal blood from bacteria, viruses, immune complexes, effete proteins and lipids via their phagocytic activity and cytokine production. HSCs are residents of the space of Disse and exhibit a quiescent state under homeostasis. They are responsible of Vitamin A storage and metabolism. Under homeostatic conditions, few monocyte-derived macrophages (MoMFs) could be also distinguished. Liver capsular macrophages (LCMs), located in the hepatic capsule, sense and prevent the translocation of bacteria from the peritoneum into the liver. Non-classical monocytes (NCMs) patrol endothelial cells of sinusoids and are responsible for repairing vessel damage. Created using Biorender.com.






3 Hepatic cells

Hepatic parenchymal cells represent 70% of cells in the liver and are composed primarily of hepatocytes and also include cholangiocytes. Hepatocytes are the main cells responsible for the synthetic, secretory and detoxifying functions of the liver.

The non-parenchymal hepatic compartment is composed of different immune and non-immune cells, thus adding to the heterogeneity of liver functions. Non-parenchymal cells include the liver sinusoidal endothelial cells (LSECs) that form the lining of the hepatic sinusoidal capillaries and are in direct contact with cells in the parenchyma and those in the sinusoidal blood (Figure 1). Lacking a basement membrane and harboring fenestrations with large pores (50-150 nm), LSECs regulate the flow of macromolecules and plasma in between intrasinusoidal and perisinusoidal milieus (4–6). LSECs play an important role in scavenging waste products including immune-complexes and microbial antigens (7, 8), through their exquisite machinery involving an efficient endocytosis system (9, 10) and high affinity scavenger receptors, e.g., pathogen-recognition receptors (PRRs) such as toll-like receptors (TLRs) and intracellular nucleotide binding oligomerization domain (NOD)-like receptors (11–13). They are also crucial antigen presenting cells (APCs). This antigen presenting function contributes to immune tolerance in the liver and promotes resistance to harmless antigens during homeostasis. In presence of invading pathogens and inflammatory cytokines, LSECs switch to immune activation rather than tolerance (14–18).

HSCs are another type of cells in the non-parenchymal compartment. The location of HSCs in the perisinusoidal space and their stellar shape with dendrite-like structures give HSCs the advantage of cellular contact with neighboring cells, including hepatocytes in the parenchyma, LSECs in the wall of the sinusoids and KCs in the sinusoids themselves (19) (Figure 1). Under physiological conditions, quiescent HSCs store the majority of vitamin A in the body in cytosolic lipid droplets as retinyl esters, like retinyl palmitate, acetate etc. (20). Upon injury, HSCs are activated by numerous inflammatory and angiogenic mediators produced by neighboring cells (21–25) and acquire an activated phenotype. Activated HSCs (aHSCs) lose their vitamin A droplets and become proliferative, contractile and fibrogenic modulating the extracellular matrix (ECM) landscape by releasing collagen fibers, constituting as such the major cellular source of collagen deposition in the liver (26, 27). Activated HSCs also regulate the immune landscape and influence immune cells in their vicinity by releasing chemokines and cytokines (28–31) as well as growth factors (23, 32–34). While responding to chemoattractants and migrating toward the site of injury (35, 36), aHSCs are themselves a source of chemokines attracting and colocalizing with different immune cells such as monocytes and neutrophils. Indeed, studies have shown that aHSCs produce the monocyte/macrophages chemoattractants, CCL2, CCL5, CCL21 and CX3CL1 and the neutrophil chemoattractant, CXCL1 (28–31). In addition aHSCs are a source of numerous cytokines such as IL-6 and IL-10 and growth factors, e.g., hepatocyte growth factor (HGF), further impacting the hepatic immune and parenchymal cells and their response to injury (23, 32–34, 37).

The liver comprises a vast yet complementary network of immune cells responsible for inducing tolerance toward gut-derived non-pathogenic molecules while providing defensive action and immune response against antigens from invading pathogens, eliminating them and/or reducing their harmful impact. Such hepatic resident immune cells comprise innate cells and innate-like lymphocytes including dendritic cells (DCs), innate lymphoid cells (ILCs), natural killer (NK) and NKT cells, mucosal-associated invariant T cells (MAIT), and γδ T cells as well as adaptive CD4 and CD8 T cells. The liver is rich in myeloid cells, specifically macrophages that are discussed in detail below.

Finally, although not considered hepatic resident immune cells, neutrophils highly contribute to immune functions in the liver under injury conditions via an influx from circulation. Being the most abundant leukocytes in circulation in humans (70%) and mice (25%) (38, 39), neutrophils have long been considered the first immune responders of the innate immune system against extracellular bacterial or fungi infection (40, 41). While they represent a major arm of innate antimicrobial immunity, neutrophils are also capable of undertaking effector functions in inflammation and tissue damage conditions and were recently shown to actively contribute to the tissue repair response (42–44).

In summary, the liver harbors a wide range of cell types that play crucial functions at different stages of homeostasis and pathogenic conditions, this review will focus on the role of macrophages in liver disease, more specifically during acute liver injury.



3.1 Hepatic macrophages

The liver holds the largest pool of macrophages in the body. These cells highly contribute to hepatic immunity, and participate in liver homeostasis as well as inflammation and repair during acute and chronic injury (45). Recent development in imaging and transcriptomic techniques have revealed that hepatic macrophages are comprised of at least three different subpopulations with distinct frequencies and functions. The three main hepatic subsets of macrophages include Kupffer cells (KCs), liver capsular macrophages (LCMs), and monocyte-derived macrophages (MoMFs), with more subpopulations appearing under inflammatory conditions such as GATA6+ peritoneal macrophages (PRMs) and non-classical monocytes (NCMs) (45–51). Specific markers that distinguish these subpopulations in mice and humans are summarized in Table 1. The classical classification of macrophages as M1 and M2 cells with their pro- and anti-inflammatory signatures is no longer representative of the heterogeneity of macrophages within the liver (48, 78, 79). Recent reports have shown that hepatic macrophages could co-express markers of M1 and M2 phenotypes, thus contradicting the classical paradigm of M1 versus M2 polarization (78). Hepatic macrophages also undertake different functions in response to the plethora of signals in injured tissues rather than being purely pro-inflammatory or anti-inflammatory (80). Furthermore, the different macrophage subpopulations are present at different densities, and assume distinctive locations and functions depending on their origin and in response to signals from their environment, thus dictating their role(s) in homeostasis and response to injury (45).


Table 1 | Frequency, Function and Markers of Hepatic Macrophages.





3.1.1 Kupffer cells (KCs)

KCs are the main liver-resident macrophage subset. KCs are of yolk-sac origin and are capable of self-renewal (81–84). Despite being localized to the sinusoids, KCs interact with parenchymal cells in the perisinusoidal space via cytoplasmic processes extending through fenestrations of the sinusoidal endothelium (19, 85). Indeed, recent studies have demonstrated a high level of crosstalk between KCs and LSECs, HSCs, and hepatocytes in what is known as the KC niche, where signals from all cells within, will dictate the KC identity (19). During homeostasis, KCs do not change location. However, studies have suggested that KCs may migrate to a new location in response to several types of insults (70, 86–90). Most of these studies did not use KC-specific markers. Hence, more research into the spatial plasticity of KCs is warranted to better understand KCs and their role in hepatic immunity and response to liver injury.

Historically, murine KCs were identified as CD45+CD11bintF4/80+CX3CR1- cells by flow cytometry and as F4/80+ by immunostaining. However, these markers could also be expressed on other cell types, rendering data hard to interpret. More recently, the C-type lectin domain family 4 member f (CLEC4F) was described as a specific marker of murine KCs (52, 91). CLEC4F, in combination with the markers described above, can specifically identify KCs using flow cytometry and is sufficient by itself as a marker of KCs in tissue sections (19). Murine KC subsets are also defined by their origin. Advancements in transcriptomics identified unique molecules capable of delineating murine KCs of yolk-sac origin (YS-KCs) from monocyte-derived ones. Specifically, the macrophage receptor with collagenous structure (MARCO), T cell immunoglobulin (Ig) and mucin domain containing 4 (Timd4) and stabilin 2 (Stab2) (46, 53, 92) define these KCs. This point will be discussed in more details in the following sections.

Human KCs, are identified by the expression of CD68 (93). Single cell studies in the normal human liver demonstrated the presence of two subtypes of CD68+ KCs, depending on MARCO expression (48). MARCO+ KCs preferentially reside in the periportal area, assume a tolerogenic immunosuppressive phenotype, exhibit high expression of markers associated with tolerogenic and immunosuppressive functions (e.g., V-set and immunoglobulin domain containing 4 (VSIG4), CD163, CD5L+ (54, 61) and heme oxygenase 1 (HMOX1) (55) and resemble the classical murine KCs (52, 53). On the other hand, KCs negative for MARCO are enriched in the pericentral region, exhibit inflammatory functions and are rather similar to monocyte-derived macrophages (MoMFs) in mice (48, 52).

KCs participate in iron and lipid metabolism and carry multiple immune functions (56–58). They are phagocytic cells. During homeostasis, KCs perform multiple tasks, including phagocytosis of particulate material and engulfment of opsonized pathogens, aged cells, and platelets (59, 60, 94). Importantly, KCs are critical for the efferocytosis of aged neutrophils (95). This process is dependent on the IL-23/IL-17/G-CSF cytokine axis that promotes granulopoiesis in the bone marrow and clearance of senescent neutrophils by macrophages in peripheral tissues, including the liver, bone marrow and spleen (96–98). In addition, KCs contribute to the tolerogenic environment in the liver. KCs secrete IL-10 that mediates endotoxin tolerance during the physiological encounter of gut-derived lipopolysaccharide (LPS) (99). During the steady state, KCs also mediate T cell tolerance against commensal microbes and dietary antigens upon exposure through the oral route. Furthermore, KCs are important APCs as they process and present antigens in the context of both major histocompatability complex (MHC)-I and MHC-II, and express costimulatory molecules and are thus capable of priming naïve CD4 and CD8 T cells. This antigen presenting capacity also contributes to their tolerogenic function as KCs mediate the differentiation of CD4 T cells into regulatory T cells (T regs) and promote CD8-induced deletional tolerance during homeostasis (62, 63, 100, 101). Finally, KCs are protective against T cell-mediated allograft rejection following liver transplantation (101–103).

In summary, KCs enhance tolerance under static conditions. Given their enrichment in the periportal regions, KCs are capable of rapidly detecting pathogenic exposures, where they exhibit pro-inflammatory functions and orchestrate the hepatic immune response. Their distinct roles in liver injury will be further discussed in the following sections.




3.1.2 Liver capsular macrophages (LCMs)

Another subset of liver-resident macrophages, the LCMs, form a network of cells in the hepatic capsule. LCMs are dendritic-like cells that express various macrophage markers on their surface including F4/80, CD64, CSF-1R, and CD14, but lack the specific markers of KCs (CLEC4F and Timd4) and of monocytes (Ly6C) (49, 61, 73). In addition, while KCs originate from embryonic yolk-sac stem cells, LCMs are derived from circulating MHC-II+ monocytes (49), defined as the intermediate subset of monocytes (104). Located in the hepatic capsule, LCMs sense and prevent the translocation of bacteria from the peritoneum into the liver. They were shown to promote the influx of neutrophils in infections with Listeria monocytogenes as well as Mycobacterium tuberculosis (49).




3.1.3 Monocyte-derived macrophages (MoMFs)

MoMFs are classified as emergency responders, however they could be found in normal livers. In mouse liver under homeostasis, MoMFs are scarce and constitute only a small percentage of hepatic macrophages (45, 53, 70, 71). In mice, hepatic MoMFs originate from bone marrow-derived circulating Ly6ChiCCR2+CX3CR1low inflammatory monocytes (53, 71, 78). Indeed, under pathological liver conditions due to pathogenic infections or liver injuries, KCs, HSCs and LSECs release various cytokines and chemokines, such as CCL1 and CCL2, inducing the influx and activation of bone marrow-originated circulatory monocytes (35, 105–107). At the injury site, recruited inflammatory monocytes then undertake a phenotypic switch into macrophages and become Ly6ClowCCR2+CX3CR1hi (53, 71, 78). The various functions of MoMFs during liver injury will be discussed below.






4 Immune responses during acute liver injury



4.1 Acute liver injury

Acute liver injury (ALI) is the main risk factor for acute liver failure in humans. It is caused by multiple aetiologies including drug-induced hepatotoxicity, autoimmunity and viral hepatitis (108). ALI is mainly manifested as increased levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST). ALT catalyzes the formation of pyruvate and glutamate as part of the alanine cycle. AST, on the other hand catalyzes the reversible conversion of aspartate to glutamate and is thus also implicated in amino acid metabolism. Both enzymes are highly present in hepatocytes and leak onto the circulation upon hepatocellular injury (109). Liver transplantation constitutes the major therapeutic option of acute liver failure. For drug-induced acute liver injury, mainly caused by acetaminophen overdose and the release of highly oxidative metabolites that provoke hepatotoxicity (110), N-acetyl cysteine (NAC) has been widely used as a therapeutic agent (111). Its strong anti-oxidant properties allowed NAC not only to be the drug of choice for drug-induced liver injury but also to be used in the treatment of other diseases (112–114). However, the high prevalence of ALI, the persistence of risk factors, and the scarcity of transplantation organ supply and treatment options urge for alternative therapeutic strategies and call for deeper investigations into mechanisms of disease pathogenesis. In this context, several rodent models of ALI were developed. Table 2 summarizes these models, their injury mechanism, their pros and cons or limitations. Liver injury animal models include toxin-induced [e.g., acetaminophen, D-galactosamine, or carbon tetrachloride (CCl4)], immunological (e.g., concanavalin A-, anti-Fas- antibody, or hepatitis virus-induced), and surgical (hepatectomy or portocaval anastomosis and hepatic artery ligation) models. Depending on the objective of the study, the features of the injury (acute versus chronic) and the clinical correlate in question, one model could be favored over others (see pros and cons columns in Table 2). Upon injury, a dynamic sequence of cellular events occurs to contain the damage and repair the tissue dysfunction in a process termed the wound healing response.


Table 2 | Rodent models of acute liver injury.






4.2 Advanced techniques for the assessment of the response to liver injury

Investigations of the immune response to injury initially involved analyzing whole cell populations and comparing their profiles and biological activity under a given pathological condition with respect to physiological states. In the last two decades, new high throughput imaging and transcriptomic technologies were developed and used to study intrahepatic immunity. Advances in flowcytometry like the use of cytometry by time of flight (CyTOF) allowed the use of a high number of markers for better phenotypic characterization of intrahepatic cells (92). Technologies investigating gene expression profiles evolved from bulk transcriptomics to higher resolution techniques involving single cell evaluations (single-cell RNA sequencing (scRNA-seq), single-nucleus RNAseq (snRNA-seq), and assay for transposase-accessible chromatin with sequencing (ATAC-seq) (61, 141). This revolutionized studies at the single cell level and revealed the importance of these techniques in delineating specific cell populations at play and in overcoming the heterogeneity within and between diseased tissues. The use of these technologies in understanding liver physiology and disease are reviewed elsewhere (142).

Additional advancement in these technologies involved combining single-cell profiles with histological information and allowed a better understanding of the spatial-functional characteristic of cells within normal or diseased tissues. Such technologies include histo-cytometry, imaging mass cytometry (a combination of mass spectrometry with laser ablation, using metal-coupled antibodies that allows multiplex imaging of numerous markers within the same tissue section), iterative bleaching extends multiplexity (IBEX), spinning-disk confocal intravital microscopy (SD-IVM), and CO-Detection by indEXing (CODEX, a technology utilizing antibodies conjugated to unique oligonucleotide barcodes) (71, 143–149). In the same context, advances also included spatial transcriptomics where single cell transcriptomics are combined with histological information allowing for better mapping of cells with resolved gene expression (e.g., RNAscope and Visium Spatial Gene Expression) (61, 150).

However, these technologies, while providing highly specific and pertinent data in the field of immune responses including the interesting relationship between spatial distribution and function of immune cells in health and disease, they require the use of expensive equipment and/or software and could not thus be available to all researchers. In addition, the multitude of markers needed for the identification of hepatic cell populations and their subsets represent a limitation to some of these approaches. To overcome some of these challenges, our group developed an accessible and feasible technique capable of providing overall tissue distribution of different cell populations. We utilized a strategy that combined serial/sequential labeling and multiplex IF with modern image analysis techniques including tissue alignment, tissue segmentation, automated quantification of cells of interest and tissue heat mapping. This allowed the detection, quantification, and spatial plotting of multiple immune cell populations simultaneously in the hepatic tissue and at the injury site (151).

In summary, recent advances in the investigation of immune cells in various types of liver pathologies have allowed a better understanding of the heterogeneity of these cells reflected by their distinctive spatial distribution and biological function. In the subsequent sections, we will focus on the spatial interactions of the immune cells during acute hepatic injury.




4.3 Wound healing response to acute liver injury

The wound healing response is an orchestrated process that involves resident and infiltrating immune cells interacting with tissue cells in response to injury and aiming at restoring homeostasis. Upon acute liver injury, the first phase of the wound healing response is necroinflammation and involves hemostasis and immune cell infiltration in response to tissue damage. The subsequent stage, termed repair phase is characterized by angiogenesis, renewal of ECM and proliferation of resident parenchymal cells (152, 153).



4.3.1 The Necroinflammation phase of the wound healing response

Necroinflammation is a process that involves necrotic death of tissue cells inducing an inflammatory wave. It could be detected as early as 6-12 hrs post-injury depending on the injury type. For instance, we recently showed in a model of CCl4-induced acute liver injury, that necroinflammation encompasses a time frame from 12-48 hrs (70). In the acetaminophen (APAP)- injury model, necroinflammation is initiated at 6 hrs after the insult up to 48 hrs when the hepatic necrosis markers, ALT and AST begin to normalize (154, 155). Similar time courses of necroinflammation and the subsequent repair phase was demonstrated in numerous studies with other acute liver injury models (156).

Necrosis in this phase is usually induced by a regulated programmed cell death process. Damage-associated molecular patterns (DAMPs) released from dead cells activate the inflammation process and promote the initiation of subsequent repair functions. Indeed, abnormal inflammatory and auto-immune responses were shown to result from defective necrosis-inducing pathways (153, 157). However, a non-regulated form of cell death has also been reported and termed traumatic necrosis. In toxin-induced liver injury, endogenous enzymes act on these toxins and catalyze the generation of noxious free radicals that promote necrotic cell death. These enzymes are highly expressed and have stronger activity in hepatocytes of the pericentral area, reflecting the importance of zonation at the level of liver damage (158). In the same line of evidence, zonated necrosis was demonstrated in central veins in CCl4-, APAP- or thioacetamide (TAA)-induced acute liver injury (70, 159–161).

Inflammation during this stage is initiated by an immune imbalance characterized by the activation of resident cells that secrete cytokines and chemokines and promote the recruitment of circulating immune cells. At the same time, activated cells may die or differentiate into other subsets.



4.3.1.1 Lymphocytes in necroinflammation

In the necroinflammation phase, a reduction of the resident lymphoid population is observed. Our group demonstrated decreased numbers of NKT cells, CD4 and CD8 T cells, and B cells in the early stages post-injury and their return to baseline levels in the repair phase (70). However, in the severe combined immunodeficient mice (SCID) mouse model that lacks mature T and B cells, CCl4 treatment resulted in lower necrosis in the injured liver with low hepatocellular death and ALT levels, suggesting a role for T or B cells in tissue damage. Similar data marking the tissue-damaging effect of T cells but not B cells were reported in other injuries, such as those induced upon ischemia reperfusion, using T cell-deficient mice (CD3ϵKO) and B cell-deficient ones (muMt-) (162). These data, and given the scarce presence of T cells reported in some CCl4-injury studies during necroinflammation (70), suggest that the involvement of T cells in the wound healing response to CCl4 injury might be restricted to the sensing of damage and early amplification of the inflammatory response.




4.3.1.2 KCs in necroinflammation

We and others have demonstrated that the number of KCs is decreased significantly to approximately 25% of the steady state KC population during the necroinflammation stage in the CCl4-acute injury model (70) and other liver injury models (46, 53, 163, 164). The reduction in the number of KCs has also been reported in the early inflammatory phase of most models of liver injuries, as reviewed elsewhere (54). The injury site is repopulated later during the repair phase through proliferation of remaining KCs (53, 70), where they colocalize with aHSCs, suggesting their resolving potential.

KCs also exhibit an inflammatory signature in the response to liver injury. They detect pathogenic and danger signals from injured cells, i.e. hepatocytes or LSECs via their large repertoire of PRRs, including TLRs, NOD-like receptors, and retinoic acid-inducible gene-I (RIG-I)-like receptors and release numerous inflammatory chemokines and cytokines initiating the infiltration and activation of other immune cells at the injury site (60, 165, 166). Activated KCs promote recruitment of myeloid cells namely, monocytes and neutrophils to the injury site via the release of CCL2, CXCL1, and CXCL2 (35, 64, 164). In addition, upon liver injury, TNF-α, mainly derived from activated KCs (167) as well as DCs (168, 169) contributes to the secretion of other pro-inflammatory cytokines and chemokines including IL-1α, IL-6, CCL2, CCL3, and CCL4, further allowing recruitment of monocyte/macrophages to the injury site (70, 168, 169). It is important to mention here the inverse relationship reported between TNF-α release and IL-10 levels, whereby lack of IL-10 was shown to associate with enhanced neutrophil influx and TNF-α levels in CCl4-induced models (170, 171) and treating LPS-stimulated KCs with IL-10 in vitro decreased their release of TNF-α (172). Another evidence that underscores the pro-inflammatory role of KCs in liver injury, is their release of IL-1β, a key player in liver damage. IL-1β derived from activated or dead cells, stimulates pro-inflammatory responses in neighboring cells enhancing their expression of adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) on mesenchymal cells and vascular cell adhesion molecule−1 (VCAM-1) on endothelial cells, as well as iNOS and chemokines and promoting influx of inflammatory and immune cells from circulation into the injury site (173, 174). Similarly, IL-1β receptor-deficient mice demonstrated reduced necrosis upon their challenge with TAA (175).




4.3.1.3 Inflammatory monocytes in necroinflammation

The influx of circulating cells to the injury site and their activation is a characteristic feature of the necroinflammatory phase. This is especially evident by inflammatory monocytes (53, 71) that peak during necroinflammation and locate to the perimeter of the injury (70, 71). Upon focal thermal liver injury, inflammatory monocytes (Ly6ChiCX3CR1low) are recruited to the liver very early during the response and later on differentiate into MoMFs during the transition from necroinflammation to repair (71). Such phenotypic switch is dependent on IL-4, IL-10, CX3CL1, neutrophil-derived ROS, and phagocytosis of dead neutrophils (28, 44, 71, 78, 176). Using the CCl4-injury model, we observed a comparable course of influx/differentiation of these cells during similar phases of the wound healing response. Indeed, our data showed MoMFs to be at their highest level following the peak infiltrate of monocytic cells, i.e. at the early repair phase (70). Studies using the APAP-induced liver injury model also revealed large numbers of MoMFs in necrotic areas around central veins at the transition from necroinflammation to repair (177). Finally, a pro-restorative gene signature was reported for MoMFs during the repair phase, suggesting an active role for these cells in alleviating necrosis and reducing tissue damage (53). MoMFs and their functions will be discussed in detail in the repair phase section below.




4.3.1.4 Neutrophils in necroinflammation

Neutrophils are the most abundant leukocyte type in circulation. They are important players in inflammation and tissue necrosis upon liver injury. They are capable of capturing pathogens via complement receptors, Fc receptors, integrins or neutrophil-extracellular traps (NETs) and of eliminating them by phagocytosis, by the release of granules containing microbicidal molecules, reactive oxygen species, lysing enzymes or by NETosis (42). While few neutrophils are present in the liver under homeostatic conditions, their frequency and distribution are altered during injury as reported in many models. They are recruited at the injury site in response to chemoattractants such as CXC chemokines including CXCL1, CXCL2 released from activated monocytes/macrophages and KCs (43). They were also shown to induce tissue damage and impairment in numerous acute and chronic injury conditions (42–44). It is important to note that while acute liver injury induced by different doses of APAP promoted the influx of neutrophils into the liver, the contribution of these cells to the injury was revealed at higher APAP doses (178).




4.3.1.5 Non-classical monocytes (NCMs) in necroinflammation

NCMs are identified in murine models as Ly6ClowCX3CR1hiF4/80+MHC-II+. Human NCMs are CD14lowCD16+CD36lowCCR2low, representing 2-11% of circulating monocytes (74–77). They have been characterized as patrolling cells that protect against vascular injuries and are elevated during liver inflammation (70). Studies demonstrated that NCMs patrol healthy tissue and engage in rapid tissue invasion in a CX3CR1-dependent manner upon exposure to irritants and aseptic wounding in the dermis, and Listeria monocytogenes peritoneal infection (74). However, unlike infiltrating monocytes (Ly6ChiCX3CR1lowMHC-II-), NCMs (Ly6ClowCX3CR1hiMHC-II+) assume pro-repair functions. In physiological states, they provide immunosurveillance to endothelial cells and get implicated in repairing leaky vessels upon liver injury (74). Indeed, the vessel-repair function of NCMs has been demonstrated in physiological and pathological conditions involving many organs such as the skin (179, 180). Despite limited investigations of the role of NCMs in response to liver injury, a study on perinatal hepatic NCMs revealed that they overexpress Il4ra and Tgfb1 genes highlighting their anti-inflammatory and pro-repair functions. Authors also demonstrated that hepatic NCMs might be implicated in resistance to rhesus rotavirus-mediated periportal inflammation and suggested these cells as therapeutic targets for diminishing perinatal liver inflammation (181). Indeed, our studies on CCl4-induced acute injury showing the influx of NCMs together with monocytes and neutrophils in the necroinflammation phase may reflect implication of NCMs in alleviating inflammation and repairing the ensuing tissue damage (70).





4.3.2 The tissue repair phase of the wound healing response

Tissue repair involves decreased necrotic and inflammatory responses and restoration of structural and functional properties back to homeostasis. Cytokines, chemokines, pro-/anti-inflammatory mediators and growth factors shift the response toward restructuring the tissue, remodeling the ECM, and repopulating the parenchyma at the site of injury. During this phase of the response to acute liver injury, plasma ALT and AST levels decrease concomitantly with a reduction in the area of necrotic tissue (53, 177). An important feature of tissue repair is cell proliferation in the aim of ensuring repopulation of the tissue after injury and necrosis. A fate mapping study demonstrated the capacity of hepatocytes around the portal tracts to divide, proliferate and repopulate the damaged area around central veins resulting from CCl4-acute liver injury (182). Similarly, we observed compartmentalized proliferation of tissue cells during the repair phase upon CCl4-injury, with hepatocytes proliferating around portal tracts and non-parenchymal cells (including KCs and HSCs) regenerating around injured central veins, underscoring the idea of a spatially-regulated tissue repair after injury (70). Interestingly, such distinctive distribution of cells around the injured area, in this case proliferative cells, is gaining more and more attention and is providing solid evidence of its biological significance.

Efferocytosis, the process of recognition and removal of dead cells by phagocytes, is not only essential for homeostasis, as discussed above, but also important for the resolution of tissue damage following liver injury (183, 184). KCs express Timd4 (57) and MerTK (161, 185), both receptors of the “eat me” signal, phosphatidyl serine (PS) that get exposed on apoptotic cells, underscoring the efferocytic role of these cells during homeostasis and disease conditions. KCs also express scavenger receptors further supporting their phagocytic function (186). The phagocytic and efferocytic functions of liver macrophages become highly relevant during pathogen-induced or toxic injury, due to the need of pathogen clearance, and the removal of dead and aged/senescent cells from the injured tissue, respectively. CLEC4F on KCs mediates the clearance of desialylated platelets induced by bacteria-derived neuraminidases (187). In addition, intravital imaging demonstrated that KCs captured and cleared blood-borne Gram-positive bacteria within minutes of pathogen invasion (188). During liver injury induced by D-galactosamine/LPS, uptake of apoptotic cells by KCs induced a shift toward an anti-inflammatory milieu (TGF-β, IL-4 and IL-10) and alleviated tissue damage (184, 189). The anti-inflammatory pro-resolving phenotype of KCs is also enhanced via the expression of the TAM (Tyro3-Axl-MerTK) family of receptor tyrosine kinases known to be involved in the recognition and removal of apoptotic cells, probably neutrophils (161). Indeed, patients with acute liver failure (ALF) exhibited expansion of MerTK/MHC-II-expressing macrophages, revealed to be KCs with high phagocytic (190) and pro-resolving properties (161), in necrotic areas of the liver. Similarly, MerTK-deficient mice exhibited an aggravated liver injury upon APAP treatment as compared to WT and demonstrated low levels of MHC-IIhigh/LyC6low KCs and high infiltration of activated neutrophils (MPO+) at the injury site (161). It is noteworthy that KCs in this study were identified as CD45+/CD11bint/Ly6G-/Ly6Clow/F4/80hi/MHC-II+. Since none of these markers is KC-specific, it is possible that the KC gate was enriched in macrophages from sources other than the resident pool (e.g., Ly6Clow MoMFs) (191). Fittingly, the differentiation of liver-infiltrating monocytes/macrophages into anti-inflammatory pro-resolving MoMFs with high expression of CX3CR1 is enhanced by the release of CX3CL1 from apoptotic cells, further underscoring the importance of apoptosis recognition in damage resolution (71, 184). Moreover, CX3CR1+ MoMFs express a wide array of bridge molecules and receptors that mediate the recognition and engulfment of apoptotic cells (177). For instance, PS-recognizing receptor, Stabilin-1 is implicated in the injury-induced switch of inflammatory macrophages (LyC6hi) to pro-resolving anti-inflammatory LyC6low macrophages (192). In a model of focal sterile injury, reduced numbers of intrahepatic MoMFs at the injury site in CCR2-deficient mice led to delayed clearance of dead cells (71). Interestingly, in this same model, a subpopulation of GATA-6+ peritoneal macrophages infiltrating the liver during the first hours, was implicated in the disassembling of necrotic cells, demonstrating that multiple hepatic macrophage subsets cooperate in the removal of dead cells (50).



4.3.2.1 KCs during repair

During the repair phase, KCs repopulate the injury site originating from the remaining cells or from recruited/differentiated macrophages. This concept will be discussed in more details in subsequent sections. Indeed, a gradual increase in the frequency of KCs is observed from early to late repair (70). Interestingly, studies have shown that during the repair phase of acute toxic injury using APAP and TAA, depleting KCs was associated with delayed repair and an extended period of necrosis and liver dysfunction, underscoring their important role in resolving tissue damage and initiating repair (65–67, 193). A probable underlying mechanism for the tissue protecting function of KCs could be via preventing TNF-α-induced tissue damage as reported in a CCl4-injury model where KC depletion triggered infiltration of myeloid cells and upregulation of TNF-α. This process is reversed upon treatment with neutralizing anti-TNF-α Abs (67). As mentioned above, KCs themselves are an important source of TNF-α which contributes to inflammation by inducing the secretion of other pro-inflammatory cytokines and chemokines and promoting the influx of monocyte/macrophages to the injury site (70, 168, 169). Reducing TNF-α decreased hepatic tissue damage in LPS-treated rats (194), however it delayed repair in APAP and partial hepatectomy models via abrogating hepatocyte survival and proliferation processes (167, 169, 195), suggesting a dual role of this cytokine depending on the injury type and the phase of the response.

KCs also contribute to wound healing by producing IL-1β that could exhibit a pro-repair role by inducing matrix metalloproteases (MMPs) expression in HSCs allowing degradation of newly formed ECM (175). Furthermore, IL-1β was shown to trigger VEGF production and regeneration of injured vessels, underscoring its angiogenic signature (174). Another suggested mode of action of tissue-protective KCs is by releasing CCL2 that promotes the influx of inflammatory monocytes that will differentiate into the pro-repair MoMFs implicated in wound healing (53, 66). In addition, in the APAP acute injury model, KCs abrogate the activation of LSECs preventing vessel hyperpermeability and enhancing the expression of hepatic angiogenic genes that promote regeneration of vessels (66, 196). Another tissue repair signature of KCs is assumed via their capacity to restore normal ECM by phagocytizing fibrin, an ECM protein generated upon tissue damage (65, 197).

KCs are also a major source of TGF-β, a pleiotropic cytokine that plays an important role in liver homeostasis and disease conditions (198). TGF-β maintains the liver mass in the physiological state via its growth-inhibiting and pro-apoptotic actions toward hepatocytes but switches to inflammatory, tissue generating and even fibrotic functions during various stages of the liver injury (199, 200). Studies have shown an increased expression of TGF-β in livers under acute and chronic injury conditions (201–203). In addition, this cytokine was shown to regulate plasticity of macrophages and to enhance their transition from pro- to anti-inflammatory cells in the repair phase. Our data in the CCl4 acute injury model demonstrated increased expression of TGF-β in the repair phase suggesting its role as a potent inducer of HSC activation and trans-differentiation during this phase (70).

It is noteworthy that an important aspect of KCs and their role in tissue damage resolution is the expression of Trem-2 on their cell surface. Trem-2, a member of the Triggering receptor expressed on myeloid cells (Trem) family, is expressed on cells of the myeloid lineage. In acute and chronic liver injuries, Trem-2 was shown to modulate KCs replenishment from infiltrating monocytes (referred to by the authors as transition macrophages) promoting the shift from pro-inflammatory to repair phase (204). An earlier study demonstrated increased expression of Trem-2 in patients with cirrhotic livers and an association with hepatic injury and inflammatory markers suggesting that Trem-2 functions at counteracting inflammatory events in liver disease (205). The same study, using a Trem-2-/- mouse model of either acute (APAP) or chronic (CCl4) liver injury and bone marrow transplantation experiments underscored the role of Trem-2 as a natural brake on inflammation during various forms of hepatotoxic injury. Authors also demonstrated that the effects of Trem-2 in the context of chronic injury depended on its expression/function in both infiltrating immune cells and resident cells (205).




4.3.2.2 MoMFs during repair

During early repair, MoMFs are the predominant myeloid subpopulation as we demonstrated in the CCl4-induced liver injury model (70). This is in line with previous data that highlighted the anti-inflammatory/pro-repair functions of MoMFs in other liver injuries such as APAP- and thermal-induced injuries (53, 71). The pro-repair function of MoMFs was also reported in studies demonstrating increased frequencies of these cells in highly resolving wound areas and an upregulated release of their MMPs (78). Depleting these cells was associated with enhanced fibrosis (78). These studies firmly established that MoMFs at the injury site are generated from recruited inflammatory monocytes where they perform crucial effector functions for the resolution of inflammation and the restoration of tissue homeostasis.

The expression of Arginase-1 (Arg-1) delineates the phenotypic signature of macrophages as pro-repair, in contrast to inflammatory macrophages defined by their iNOS expression, previously denoted as M2 and M1 macrophages, respectively (206, 207). Arg-1 initiates the metabolism of L-arginine, the final products of which, polyamines and proline were shown to enhance cell proliferation and collagen synthesis, respectively in skin injuries. This implies a significant role for Arg-1 in ECM and epithelial remodeling upon injury in the skin (208). In the liver, using the acute CCl4 injury model, we observed a temporal association between peak Arg-1 expression in myeloid cells (48 hrs), activation of HSCs and expression of fibrillar collagen (70). This association fits the notion of Arg-1 playing a role in ECM repair, but additional studies are needed to dissect the role of Arg-1 expression in myeloid cells during tissue repair in the liver.

Other factors modulating monocyte differentiation include the macrophage colony-stimulating factor (M-CSF or CSF-1), known to promote differentiation of bone-marrow-derived inflammatory monocytes into MoMFs in peripheral tissues (209–211). In line with this evidence, a CSF1-Fc fusion protein used to treat fibrosis after cessation of TAA-mediated injury was shown to enhance liver growth, to prevent progression and to promote resolution of fibrosis. CSF1-Fc fusion protein also accelerated recovery in a model of hepatectomy (212).

Another important factor is the chemokine CX3CL1, also known as fractalkine. Fractalkine is an adhesion molecule expressed on the surface of activated ECs, smooth muscle cells, skeletal muscle cells, macrophages, neurons, hepatocytes and others (213). It is also released as a chemokine responsible for attracting cells expressing its receptor (CX3CR1) including MoMFs, NCMs, NK cells, and CD8 and γδ T cells (214). Despite its inflammatory role in numerous chronic inflammatory diseases (215), the CX3CL1/CX3CR1 interaction plays a pro-repair function during acute liver injury. CX3CR1 deficiency in mice increased immune cell influx from circulation and enhanced release of pro-inflammatory cytokines such as TNF-α, monocyte chemoattractant protein 1 (MCP1), macrophage inflammatory protein 1β (MIP1β), and regulated upon activation, normal T cell expressed and secreted (RANTES) following CCl4 treatment (28). In addition, infiltrating MoMFs lacking CX3CR1 exhibited higher apoptotic activity than control CX3CR1+ cells (176). The pro-repair function of the CX3CL1/CX3CR1 pair was further demonstrated via its implication in the phenotypic switch of pro-inflammatory (TNF-α-, iNOS-producers) into anti-inflammatory/pro-repair (IL-10- and Arg-1-producers) macrophages (28, 176). In line with a potential role of CX3CL1 in tissue repair upon CCl4 acute liver injury, we observed that peak hepatic upregulation of CX3CL1/CX3CR1 was temporally associated with decreased inflammatory and tissue damage markers, and increased proliferation of tissue cells and ECM synthesis (70). Further investigations are needed to better define the role of the immune mediators mentioned above in the various stages of liver-injury response.




4.3.2.3 Neutrophils during repair

The other major myeloid cell population implicated tissue repair upon liver injury is neutrophils. While contributing to inflammation and tissue necrosis via their numerous effector functions, neutrophils also undertake pro-resolving functions in various injury settings. Indeed, by promoting angiogenesis and re-epithelization, neutrophils were shown to be critical for tissue repair in models of skin injury (216). Similarly, neutrophils are involved in the break-up of damaged vessels, the assembly of new ones and the remodeling of ECM upon focal thermal sterile injury of the liver, enabling tissue damage resolution (149). Interestingly, the phagocytic function of neutrophils contribute to tissue repair, by phagocytosing dead cells and inflammatory debris from the necrotic tissue (44, 149, 217). Additional pro-resolving activities of neutrophils are exhibited via their release of ROS which was shown to enhance the differentiation of the pro-inflammatory monocytes/macrophages (Ly6ChiCX3CR1-) into pro-resolving (Ly6CloCX3CR1+) MoMFs (44). Interestingly, in the CCl4 acute liver injury model, we observed two waves of neutrophil infiltration: one in necroinflammation and the other peaking during the repair phase. Since each wave is observed in a different phase of the response, and given the distinctive immune signature of each phase, it is tempting to speculate that neutrophil subsets with different functions are involved at each wave (70). Indeed, several studies have described distinct neutrophil subsets at the transcriptional, functional, and phenotypic level during homeostasis and disease (reviewed in (218, 219)). Further studies examining the different functional subsets of neutrophils during acute and chronic liver injury are warranted.





4.3.3 Spatial and temporal distribution of hepatic macrophages during injury

KCs zonation along the porto-central axis strongly influences their morphology and function. KCs in the periportal zone are of higher density and larger size, with a more pronounced phagocytic activity and milder responsiveness to inflammatory stimuli as compared to those in the centrilobular zone (220–222). Such zonation is established at the time of weaning in mice and is dependent on the gut microbiota. Indeed, enrichment of KCs in the periportal area was established at the time of weaning in specific pathogen-free (SPF) mice but was absent in the livers of germ-free (GF) mice (68). Treatment of GF mice with LPS, or co-housing with SPF mice, induced KC accumulation in the periportal zone. Conversely, antibiotic treatment of SPF mice, eliminated KC polarization (68). A crosstalk with LSECs expressing a gradient of the chemokine CXCL9 affects the KC asymmetrical localization along the porto-central axis (68). KC zonation was shown to be critical for preventing the spread of the bacterium Listeria monocytogenes to the circulation and thereafter to the spleen, further outlining the importance of the uneven distribution of KCs along the sinusoidal axis (68) in maintaining liver homeostasis and immune defense. The spatial distribution of KCs and MoMFs during acute liver injury is an active area of research. It is noteworthy that most studies on acute liver injury did not use specific identification markers of the different macrophage subpopulations like MoMFs, peritoneal macrophages, liver capsular macrophages and resident KCs (53, 177), thus precluding appropriate description of the localization of these cells at the injury site.

Our group and others described the spatial and temporal distribution of hepatic macrophages in acute liver injury models. During the early repair phase of the response to APAP-induced liver injury, MoMFs were the dominant hepatic myeloid cells and were concentrated in necrotic areas around central veins through the interaction of their surface receptor CCR2 with its ligand CCL2 (53, 177). During this stage, a pro-resolving role has been proposed to MoMFs thus alleviating necrosis and reducing tissue damage. At later stages of the repair phase (120 hrs post-injury), MoMFs were shown to be scarcely present in the liver (53). In the focal thermal liver injury model, inflammatory monocytes identified as Ly6ChiCX3CR1- cells, rapidly translocate into the liver and more specifically around the injury site in a CCR2-dependent mechanism. With the progression of injury, i.e. at 24-48 hrs post-thermal probe insult, the recruited monocytes differentiate into MoMFs, then transmigrate deep in the necrotic area in an IL-4- and IL-10-dependent manner and efficiently contribute to dead cell clearance and ECM remodeling (71). In the same line of evidence, we reported similar findings with respect to MoMFs location and role in the necroinflammatory and early repair stages of the response to acute CCl4-induced injury. Our study further described a distinctive interaction of MoMFs with other immune cells as well as parenchymal cells in the affected area (70).

As for KCs, they are partially depleted during necroinflammation in the APAP-induced liver injury model and repopulate the injury site through proliferation of the remaining cells during the resolution/repair phase (53). We further confirmed these observations in the CCl4-acute injury. Indeed, using multiplex IF, we demonstrated that during necroinflammation, KCs that escaped death formed ring-like structures at the periphery of the injury site that is filled with MoMFs. With the progression to early repair, KCs relocated closer to the injured area where they proliferated and formed dense aggregates that disappeared at the end stage of repair to re-establish the homeostatic distribution of KCs (70). Figure 2 summarizes the various phases of the response to acute liver injury as described above. It is noteworthy, that our observations of KCs relocation, suggesting a motile phenotype capable of relocating during the response to acute liver injury, contradict the previous notion of KCs as sessile cells (47, 87, 223). In this context, KCs, were shown to exhibit a fixed position during several hours (87), or even under inflammatory stimuli from influenza-induced CD8 T cells (47). However, our observations of KCs relocation during necroinflammation and repair could be explained by a migratory profile of KCs (70), at least during CCl4 acute liver injuries. It can be also explained by selective and localized depletion/proliferation/contraction cycles. Altogether, there is a need for better assessment of the spatial behavior of KCs in various models of hepatic inflammation using newer technologies and reporter systems. Finally, results demonstrating the depletion of KCs during the early inflammatory phase (24 h post-injury) and the subsequent infiltration of MoMFs into the site of injury, are consistent with the idea that activation of KCs and their death thereafter promote the influx of circulatory monocytes and their differentiation into MoMFs (70, 224, 225). In acetaminophen-induced ALF patients, the hepatic necrosis at the centrilobular level is associated with an enhanced macrophage response at the injury site. In this context, resident KCs exhibit proliferative phenotype and inflammatory monocytes get recruited in a CCR2-dependent manner. Both macrophage populations will ensure an anti-inflammatory/repair milieu for a proper resolution of tissue damage (185, 226).




Figure 2 | Schematic representation of the wound healing response during toxin-induced acute liver injury. The first response phase termed necroinflammation, is characterized by the death of pericentral hepatocytes, a partial depletion of hepatic lymphocytes, decrease of Kupffer cells, the influx of myeloid cells, namely Ly6ChiCX3CR1- inflammatory monocytes, differentiated Ly6C+CX3CR1+ MoMFs, non-classical monocytes (NCMs), and a first wave of neutrophils, and the release of pro-inflammatory cytokines and chemokines, including IL-1β and TNF-α. Subsequently, during the early repair, MoMFs further differentiate and proliferate, they relocate to the inner necrotic regions around central veins and participate to the activation of HSCs and the clearing of dead hepatocytes. KCs proliferate from remaining KCs and repopulate the outermost regions of the injury around central veins. A second wave of infiltrating neutrophils contribute to injury repair by clearing dead cell debris and release of ROS. During late repair, MoMFs and neutrophils are depleted, and the cluster of KCs and HSCs around central veins dissipate to re-establish the homeostatic spatial distribution of resident cell subsets.






4.3.4 Origin of the replenished KC pool

While their partial or complete depletion is characteristically seen in several injury models, KCs repopulating the liver during repair can be derived from different origins depending on the model (46, 52, 53, 92). In the naïve liver, the KC pool is exclusively repopulated through self-renewal (84). However, under pathological states, KCs might also originate from infiltrating monocytes/MoMFs that differentiate into what is termed, monocyte-derived KCs (MoKCs) or bone-marrow-derived KCs (BM-KCs) (52, 53, 179, 227). What determines the origin of repopulating KCs is not clear. In APAP-injured liver, the KC pool was replenished from pre-existing KCs. In fact, in this model, KCs and infiltrating MoMFs exhibited transcriptomically distinct profiles revealed by the differential expression of a wide range of wound healing genes (e.g., scavenger receptors, C-type lectins, complement receptors and ECM-remodeling enzymes) and highlighting the distinctive function of each of these macrophage subtypes (53). On the other hand, and in other models of liver injury, e.g., the radiation- or diphtheria toxin- induced injuries, hepatic MoMFs were capable of differentiating into MoKCs and repopulating the KC pool after injury-induced death of KCs. MoKCs expressed transcription factors and canonical markers of KCs, e.g., CLEC4F. They also assumed the spatial location of KCs in the sinusoidal space and their stellar morphology. MoKCs were also capable to self-maintain by proliferating similarly to the original embryonically-derived KCs (19, 46, 52). The newly differentiated MoKCs and the original KCs undertook similar as well as different functions in the physiological context or response to injury. They exhibited comparable phagocytic activity against effete red blood cells and similar response to Leishmania (46). In contrast, MoKCs were better phagocytes of bacteria like Listeria monocytogenes and Neisseria meningitides than embryonic KCs (46), and more inflammatory in mouse models of NASH (163).




4.3.5 Interaction of hepatic macrophages with HSCs

Hepatic macrophages communicate with numerous cell types in their environment during homeostasis and more importantly under pathological conditions, by either direct physical contact, e.g., the interaction of KCs with CD8 T cells (228), or indirectly via the release of various immune mediators as discussed in the previous sections. One of the most interesting intercellular interactions in the hepatic tissue are between hepatic macrophages and HSCs. Bonnardel et al. showed that KCs and HSCs are in direct contact in a one-to-one ratio in the normal liver through fenestrations present in the endothelial walls of the sinusoids (19). During the wound healing response, activation of HSCs is a characteristic feature of the repair and fibrotic processes in acute and chronic liver injuries, respectively (229, 230). By undergoing myofibroblastic transformation, aHSCs express high levels of alpha smooth muscle actin (αSMA) and ECM proteins including collagen (231). In this context, both KCs and MoMFs were shown to contribute to the activation of HSCs. KCs activate HSCs by producing various pro-inflammatory mediators and growth factors (232, 233). They release the platelet derived growth factor (PDGF) and stimulate the upregulation of its receptor on HSCs, inducing their proliferation and activation (234, 235). In addition, TGF-β produced by activated KCs during liver injury in a MerTK-ERK1/2-dependent signaling, promotes the activation of HSCs and collagen deposition (233). Furthermore, in an in vitro model mimicking the in vivo intercellular communications, KCs released reactive oxygen species and IL-6 that enhanced the synthesis of collagen and reduced its turnover from co-cultured HSCs by upregulating Col1a1 and Col1a2 gene expression and reducing MMP13 activity, respectively (236). In the CCl4 acute injury model, we detected KCs in direct contact with quiescent HSCs in the steady state, and to some degree with aHSCs at all-time points of the wound healing response. However, as the response progressed, the colocalization and interaction of aHSCs with MoMFs became more evident than with KCs. This suggests that in the CCl4 acute liver injury condition, resident macrophages act as first line activators of HSCs, and that this function is taken over by MoMFs at later stages of the response (70).

We have demonstrated colocalization and a direct contact between αSMA+ aHSCs and MoMFs at the early repair phase of the CCl4-induced injury response (70). These MoMFs highly expressed TNF-α and IL-13, important activators of HSC, at early repair and temporally associated with a fully activated phenotype of HSCs at this stage (70). A similar interplay between MoMFs and their neighboring HSCs was also demonstrated in liver fibrosis. MoMFs in fibrotic livers were shown to exhibit high gene expression of factors associated with fibrosis (e.g., Vegfa or Igf1), with HSC survival (e.g., Il1b and Tnfa), and with ECM modulation (237). Altogether, these studies confirm the physical and functional communication between hepatic macrophages and HSCs and its implication in the response to injury.






5 Concluding remarks and future directions

In summary, the immune response to liver injury is a complex yet coordinated process involving numerous cells with individual roles as well as interrelated functions. Liver macrophages are key players in the response to acute liver injury. The wound healing response is initiated by a necroinflammatory phase characterized by death of hepatic cells, partial depletion of resident lymphocytes and KCs, infiltration of myeloid cells into the injury site and increased release of pro-inflammatory mediators. Subsequently, in early repair, more infiltrating monocytes differentiate into MoMFs that further proliferate and dominate the inner necrotic area around central veins, phagocytize dead hepatocytes and activate HSCs. At late repair, the re-establishment of the homeostatic distribution of resident cell subsets takes place (Figure 2). Nevertheless, it is important to note that deviations from the proposed mechanisms could take place in different models of injury and at different conditions (e.g., different doses) and that further investigations of these effects are needed.

The technological advances allowing better understanding of the hepatic immune signatures in the context of liver disease, will pave the way for a more efficient translation of findings from animal models to humans, the identification of novel targets for disease management and the development of efficient therapeutic molecules or approaches. Hepatic macrophages are major players at different levels of liver injury with a multifaceted inflammatory, pro-fibrotic and pro-resolving role and thus contribute to tissue damage, repair, regeneration, and fibrosis. As such, macrophages constitute an attractive target for a better understanding of liver pathologies and the development of therapeutic or interventional treatment approaches for liver disease.
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