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Abstract 

 

The immune response is spatially and temporally regulated. Immune cells are part of a larger 

community of interconnected immune and non-immune cell populations that coordinate their 

actions mostly through cell-cell intercellular signaling. In the liver, the distribution pattern, and 

the composition of the immune compartment evolve during an immune response to injury 

influencing disease pathology, progression, and response to treatment. Hence, information on the 

location and interacting partners of immune cells in the hepatic tissue is critical for the proper 

understanding of their functions in health and disease. However, the spatial organization of hepatic 

resident and infiltrating immune cells in response to acute injury, and the functional consequences 

of their specific topographical distribution, remain poorly defined.  

Hepatic macrophages are key effector cells during homeostasis and in response to injury and are 

involved in the pathogenesis of several liver diseases.  The heterogeneity and plasticity of the 

macrophage compartment in the liver have only recently started to be appreciated with the 

emergence of RNA sequencing, flow cytometry, and mass cytometry. Detailed transcriptomic and 

phenotypic profiling have deeply expanded our understanding of macrophage biology. However, 

these technologies involve tissue disruption with loss of spatial information and tissue context. 

Therefore, the spatial and temporal profiling of liver macrophages in tissue samples during the 

steady state, and in response to injury, provide novel information on how the macrophages relate 

to neighboring cells and their behavior during immune responses.  

In the first part of this study, we designed a strategy for the spatial phenotyping of hepatic immune 

cells in tissue samples. This strategy combined serial and sequential labeling, and digital tissue 

alignment to overcome current limitations in the number of markers that can be simultaneously 

visualized. In addition, we generated protocols for automated quantification of cells of interest in 

whole tissue sections which removed the subjectivity associated with quantification by visual 

inspection and greatly increased the area and the speed of the analysis. As a result, a larger number 

of immune cell populations were visualized, quantified, and mapped, and their spatial relations 

were determined in an unbiased manner. 

In the second part of this study, we monitored the kinetics, and spatial dynamics of resident Kupffer 

cells (KCs) and infiltrating monocyte-derived macrophages (MoMFs) in response to acute liver 
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injury with CCl4, to gain insight into their functional roles, and the distribution of labor between 

them. KCs and MoMFs exhibited different tissue distribution patterns and cell morphology, 

different kinetics, and occupied neighboring but unique microanatomical tissue locations. KCs and 

MoMFs displayed a different capacity to replenish the macrophage pool upon acute injury, and 

were differentially related to hepatic stellate cells.   Different kinetics and spatial profiles revealed 

that KCs and MoMFs have distinct spatial signatures and suggest that they perform distinct 

functions during the wound-healing response to acute liver injury. 

In summary, we optimized techniques and put together a strategy for the spatial profiling of hepatic 

immune cells. Then, we used this methodology to profile resident and infiltrating macrophage 

subpopulations to gain insight into their biology and distinct contribution to healing in response to 

acute liver injury. Overall, the observations made in this study suggest that the spatial and temporal 

behavior of a given subpopulation of immune cells underlie its ability to perform its specific 

functions during the immune response. 

Keywords: Tumor microenvironment, multiplex immunofluorescence, FFPE, image 

analysis, tissue alignment, tissue heatmap, VIS software, Kupffer cells, monocyte-derived 

macrophages, hepatic stellate cells, CCl4-induced acute liver injury, spatial phenotyping, 

wound healing response. 

Résumé 

 

La réponse immunitaire est régulée spatialement et temporellement. Les cellules immunitaires font 

partie d’une plus grande communauté de populations cellulaires interconnectées qui coordonnent 

leurs actions par la signalisation intercellulaire. Suivant une blessure hépatique, la distribution et 

la composition du compartiment immunitaire évoluent rapidement au fil du temps. Par conséquent, 

l’information sur la position des cellules immunitaires dans le tissu hépatique est essentielle à la 

bonne compréhension de leurs fonctions dans la santé et la maladie. Cependant, l’organisation 

spatiale des cellules immunitaires en réponse à une atteinte hépatique aiguë, ainsi que les 

conséquences fonctionnelles de leur distribution topographique spécifique, restent mal comprises.  
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Les macrophages hépatiques sont des cellules effectrices clés pendant l’homéostasie et en réponse 

à des blessures, et sont impliqués dans la pathogenèse de plusieurs maladies du foie. 

L’hétérogénéité et plasticité des macrophages dans le foie a été exposée avec l’émergence du 

séquençage de l’ARN, la cytométrie en flux et la cytométrie de masse. Ces techniques ont 

sensiblement contribué à la compréhension de l’origine, et fonctions des macrophages dans le foie. 

Cependant, ces technologies impliquent la destruction du tissu pour la préparation de suspension 

cellulaires ce qui entraîne une perte d’information spatiale et de contexte tissulaire. Par conséquent, 

la caractérisation spatiale et temporelle des macrophages dans le tissu hépatique pendant 

l’homéostasie tissulaire, et en réponse à une blessure, fournit une nouvelle information sur la façon 

dont les macrophages se rapportent aux cellules voisines et leur comportement pendant les 

réponses immunitaires. 

Dans la première partie de cette étude, nous avons conçu une stratégie pour le phénotypage spatial 

des cellules immunitaires hépatiques dans des échantillons de tissus. Cette stratégie combine 

techniques d'imagerie et l’alignement numérique des images pour surmonter les limitations 

actuelles du nombre de marqueurs pouvant être visualisés simultanément. En outre, nous avons 

généré des protocoles pour la quantification automatisée des cellules d’intérêt dans des sections de 

tissus pour réduire la subjectivité associée à la quantification par inspection visuelle, et pour 

augmenter la surface et la vitesse de l’analyse. Par conséquent, un plus grand nombre de 

populations de cellules immunitaires ont été visualisées, quantifiées et cartographiées, et leurs 

relations spatiales ont été déterminées. 

Dans la deuxième partie de l’étude, nous avons déterminé la cinétique et la dynamique spatiale des 

cellules de Kupffer (KCs) et des macrophages dérivés de monocytes (MoMFs) en réponse à une 

atteinte hépatique aiguë au CCl4, afin de mieux comprendre leurs rôles fonctionnels, et la 

répartition du travail entre eux. Nous avons constaté que les KC et les MoMFs présentent des 

différences au niveau de la distribution tissulaire, la morphologie, et la cinétique. En plus, 

seulement les KCs ont proliféré pour repeupler la population de macrophages résidents pendant la 

réparation tissulaire. Finalement, nous avons montré que le degré de colocalization de KCs et des 

MoMFs avec les cellules stellaires est différent. En plus, cette colocalisation varie avec la 

progression de la réponse immunitaire. Dans l’ensemble, nous avons montré que les KCs et les 

MoMFs ont des profils spatiaux et temporels différents en réponse à une atteinte hépatique aiguë. 
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Dans l’ensemble, les observations faites dans cette étude suggèrent que le comportement spatial et 

temporel d’une sous-population donnée de cellules immunitaires est distinct et sous-tend sa 

capacité à remplir ses fonctions spécifiques pendant la réponse immunitaire. 

 

Mots-clés : Microenvironnement tumoral, immunofluorescence multiparamétrique, FFPE, 

analyse d'images, alignement tissulaire, carte de chaleur tissulaire, logiciel VIS, cellules de 

Kupffer, macrophages dérivés de monocytes, cellules stellaires, lésion hépatique aiguë 

induite par CCl4, phénotypage spatial, réponse de cicatrisation. 
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ATP: Adenosine triphosphate  
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AXL: AXL receptor tyrosine kinase 

A2ALDH1A2: Aldehyde dehydrogenase 1 family member  
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BCL-2: B-cell lymphoma 2 

BCR: B cells receptor 

BDL: Bile duct ligation 
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BFA: Brefeldin A 

BM-KCs: Bone marrow-derived Kupffer cells 

Blimp-1: B-lymphocyte-induced maturation protein-1 
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CaHSCs: Central vein-associated HSCs 

CCL2: C-C motif chemokine ligand 2  

CCL3: C-C motif chemokine ligand 3 

CCL4: C-C motif chemokine ligand 4 

CCL5: C-C motif chemokine ligand 5  
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CCL7: C-C motif 7 chemokine ligand 7  
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CLEC3B: C-type lectin domain family 3-member B  

CLEC4F: C-type lectin domain family 4-member F 

CLIP1: CAP-Gly domain-containing linker protein 1 

CMV: Cytomegalovirus 

CODEX: CO-Detection by indexing 

COIs: Cells of interest 

Col1a1: Collagen type I alpha 1 chain 

Col15a1: collagen type XV alpha 1 chain 

Con A: Concanavalin A 

CSF: Colony stimulating factor 

CSF-1R: Colony-stimulating factor receptor 1 

CTGF: Connective tissue growth factor 

CXCL1: Chemokine (C-X-C motif) ligand 1 

CXCL2: Chemokine (C-X-C motif) ligand 2 

CXCL5 : Chemokine (C-X-C motif) ligand 5 

CV: Central vein 

CX3CL1: CX3C chemokine ligand 1 

CX3CR1: CX3C chemokine receptor 1 

CYP3A4: Cytochrome P450 3A4 

CYR61: Cysteine-rich angiogenic inducer 61  

NASH: Mass cytometry or cytometry by time of flight  
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C1qa/b/c: Complement C1q subcomponents a, b, and c 
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DAMP: Damage-associated molecular pattern 

DAPI: 4′,6-diamidino-2-phenylindole 

DC: Dendritic cell 

DEFB1: Beta-defensin 1  

DN: Double negative 

DPT: Dermatopontin 

E 

ECM: Extracellular matrix 

EGF: Epidermal growth factor 

Entpd2: Ectonucleoside triphosphate diphosphohydrolase 2  

Eomes: Eomesodermin 

EPCAM: Epithelial cell adhesion molecule 

ER: Endoplasmic reticulum  

ESAM: Endothelial cell-selective adhesion molecule 

F 

FAS: Fas cell surface death receptor 

Fbln2: Fibulin 2  

FFPE: Formalin-fixed paraffin-embedded 

FGF: Fibroblast growth factor 

FGFR2: Fibroblast growth factor receptor 2  

FlowSOM: Flow with self-organizing maps 
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FOV: Fields of view 

FoxP3: Forkhead box P3 

FXYD2: FXYD domain-containing ion transport regulator 2  
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Gas6: growth arrest-specific 6  
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GSEA: Gene‐set enrichment analysis 
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HA: Hepatic artery  

HAI: Histological activity index 

HBV: Hepatitis B virus 

HBsAg: Hepatitis B surface antigen 
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HCV: Hepatitis C virus 
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HDN: High-density neutrophils 
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HFD: High-fat diet 
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HIV: Human immunodeficiency virus 

HLA‐DR: Human leukocyte antigen – DR isotype 

HMOX1: Heme oxygenase 1  
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HSCs: Hepatic stellate cells 
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Iba1: Ionized calcium-binding adaptor molecule 1 
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IDO: Indoleamine 2,3-dioxygenase 

IFN-γ: Interferon γ 
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IHC: Immunohistochemistry 
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Itgb3: Integrin beta chain beta 3  
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JAG1: Jagged 1  

K 

KCs: Kupffer cells 

KLH: Keyhole limpet haemocyanin 

KO: Knock out  

KRT: Keratin  

L 

LBP: Lipopolysaccharide binding protein 

LCMs: Liver capsular macrophages 

LCMV: Lymphocytic choriomeningitis virus  

LCN2: Lipocalin 2 
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LN: Lymph nodes 

LPS: Lipopolysaccharide 
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LTi: Lymphoid tissue inducer cells 
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Ly6G: Lymphocyte antigen 6 complex locus G6D 
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MAIT: Mucosal-associated invariant T cells 

MARCO: Macrophage receptor with collagenous structure 

MCD: methionine-choline-deficient diet 

MCMV: Murine cytomegalovirus 

M-CSF: Macrophage colony-stimulating factor 
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MDSC: Myeloid-derived suppressor cell 
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MHV: Murine hepatitis virus 
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MICB: MHC class I chain-related protein B 

mIF: Multiplex immunofluorescence 

MIP-1α: Macrophage inflammatory protein-1α 
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MoMFs: Monocyte-derived macrophages 
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NAFLD: Non-alcoholic fatty liver disease 

NAS: NAFLD activity score 

NASH: Non-alcoholic steatohepatitis 

NCMs: Non-classical monocytes 
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NF-κB: Nuclear factor kappa B 

NK: Natural killer cells 

NKRs: Natural killer receptors 

NKT: Natural killer T cells 
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PaHSCs: Portal vein-associated HSCs  

PAMP: Pathogen-associated molecular pattern 

PBC: Primary biliary cholangitis 

PBMCs: Peripheral blood mononuclear cells 
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pcSeq: Paired cell sequencing  
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PD-1: Programmed cell death protein 1 

PD-L1: Programmed death-ligand 1 

PF: Portal fibroblast 

PGE2: Prostaglandin E2 

PLBD1: Phospholipase B domain containing 1  

PRR: Pattern recognition receptor 

PLZF: Promyelocytic leukemia zinc-finger  

PSC: Primary sclerosing cholangitis 

PSR: Picrosirius red 

PT: Portal tract 

PTH1R: Parathyroid hormone 1 receptor  

PV: Portal vein 

R 

RBP1: Retinol binding protein 1 

RELN: Reelin 

RFP: Red fluorescent protein 

RNA: Ribonucleic acid 

ROI: Region of interest 

RORγt: RAR-related orphan receptor 

ROS: Reactive oxygen species 

RT: Room temperature 

S 

SD-IVM: Spinning-disk confocal intravital microscopy 
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SEM: Scanning electron microscopy 

SCID: Severe combined immunodeficiency disease 

SCF: Stem cell factor 

scRNA-seq: Single cell RNA sequencing 

SD: Space of Disse 

SD-IVM: Spinning-disk confocal intravital microscopy  

SLOs: Secondary lymphoid organs 

snRNA‐seq: Single‐nucleus RNA sequencing 

SOX9: SRY (sex determining region Y)‐box 9 

SPF: Specific pathogen-free 

SPP1: Secreted phosphoprotein 1 

Stab2: Stabilin 2  

αSMA: α-smooth muscle actin 

S1PR1: Sphingosine-1-phosphate receptor 1 

T 

TAA: Thioacetamide  

TAPs: Tissue-associated pixels 

T-bet : T-box-transcription factor TBX21 

TC: Tissue compartment 

TCM: Central memory T cells 

Tconv: Conventional T cells 

TEM: Effector memory T cells 

TCR: T cell receptor 
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TFF2: Trefoil factor 2  

TGFβ: Transforming growth factor β 

Timd4: T cell immunoglobulin and mucin domain containing 4 

Tim-3: T cell immunoglobulin and mucin-domain containing-3 

TLR: Toll-like receptor 

TME: Tumor microenvironment 

TNF-α: Tumor necrosis factor α 

TRAIL: TNF-related apoptosis-inducing ligand  

TRM: Resident memory T cells 

t-SNE: t-distributed stochastic neighbor embedding analysis 

V 

VEGF: Vascular endothelial growth factor 

VIPR1: Vasoactive intestinal peptide receptor 1 

VLDL: Very low-density lipoprotein 

VSIG4: V-set and immunoglobulin domain containing 4  

W 

WT: Wild type 

Y 

YS-KCs: Yolk sac-derived Kupffer cells 
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Chapter 1: Introduction 

1.a. The spatial organization of the hepatic immune system as a determinant of tissue 

physiology and pathology  

 

The immune response is a spatially and temporally regulated process. Cells implicated herein are 

part of a larger community of interconnected immune as well as non-immune cell populations that 

coordinate their actions partly in a contact-dependent manner and through cell-cell intercellular 

signaling. In any given tissue, the distribution pattern, and the composition of its immune 

compartment evolve during an immune response influencing disease pathology, progression, and 

response to treatment (1-6). Hence, information on the location and interacting partners of immune 

cells in the tissue is critical for the proper understanding of their functions in health and disease 

(1, 4, 6). Concerning the hepatic tissue, the focus of this thesis, the spatial organization of its 

resident and infiltrating immune cells, and the functional consequences of their specific 

topographical distribution, is gaining growing attention but remains insufficiently characterized 

(7, 8).  

The liver is the largest internal organ of the body and is home to vital and complex biosynthetic 

and biodegradative metabolic pathways. In addition, the liver acts as a filter for gut-derived blood, 

enriched in both, harmless dietary antigens, and potentially harmful microbiota and pathogen-

derived antigens. This unique property led to the evolution of distinctive immunological 

mechanisms that ensure an active state of tolerance towards innocuous antigens while retaining 

the capability of responding to pathogens (1). To support the complexity of its physiological needs, 

the hepatic tissue harbors a unique array of tissue-adapted immune cells that fulfill varied 

immunological functions in health and disease (1). The composition and spatial organization of 

this network underlie its ability to sense and respond to tissue-damaging agents, and to restore 

tissue homeostasis upon injury. Consequently, a hallmark of tissue pathology is the alteration of 

the spatial organization and composition of hepatic immune cells.   

Confirming the importance of the spatial distribution of hepatic cells is the metabolic zonation in 

the liver. Indeed, the spatial separation of different metabolic pathways along the hepatic 

sinusoidal axis creates location-dependent gene expression patterns in hepatocytes, liver sinusoidal 

endothelial cells (LSECs), and hepatic stellate cells (HSCs), all of them proven interacting partners 

of immune cells (9-14). Since hepatic immune cells occupy specific niches, are positioned at 
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strategic locations, and entertain stable and dynamic interactions with surrounding tissue cells, it 

follows that metabolic spatial zonation may influence their phenotype and function. 

While newly emerging multiomic single-cell and bulk technologies have provided a wealth of 

knowledge on the genome, epigenome, transcriptome, and proteome of hepatic immune cells, 

these procedures involve tissue disruption and the consequent loss of information about location 

and cell-cell interactions (15-22). Therefore, the development of in situ multiplex imaging systems 

with spatial resolution at the single-cell level is required for characterizing the tissue context and 

the interacting partners of immune cells and better understanding their contribution to tissue 

physiology and pathology.  

The introductory chapter of this thesis first provides an overview of the microanatomy of the liver 

as the foundation for a proper understanding of the positioning of immune cells in the tissue. We 

will next introduce the main parenchymal and non-parenchymal cells of the liver that constitute 

the interacting partners of resident and infiltrating immune cells in health and disease. Next, we 

will review the current knowledge on the composition, function, and spatial distribution of the 

hepatic immune system, and highlight present gaps in our understanding of the spatio-temporal 

properties of the immune response to liver injury. Then, in the first manuscript of this study 

(chapter 3), we will introduce the strategy that we developed for increased multiplexing and spatial 

phenotyping of immune cells in the liver. In the second manuscript (chapter 4), we will present the 

results of applying some of the techniques and principles of this strategy to dissect the macrophage 

compartment in response to acute liver injury. Finally, in chapter 5 we will discuss the main 

findings, the overall significance, and limitations of this study, and the suggested future directions.  

1.b. Microanatomy of the liver 

 

The structural organization of the liver has profound 

implications for its immune function 

The definition of the fundamental structural and functional unit of the liver has been the subject of 

multiple reformulations and heated controversy since first described by Kiernan et al. in 1833 (23). 

However, to understand the organization of the immune system in the hepatic tissue, three 

structural concepts have been instrumental: the classical lobule, the hepatic acinus, and the hepatic 

sinusoid. 
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The classical lobule is considered the histological unit of the liver. The hepatic lobule can be 

described as a hexagon composed of a central vein in the center point and portal triads located at 

every vertex. Portal triads are arrangements of a portal venule, a hepatic artery, and a bile duct 

(Figure 1A). In the classical lobule, cords of connected hepatocytes radiate outward from the 

central vein to the portal triads with the basolateral membrane of hepatocytes facing capillary 

vessels called sinusoids. Sinusoids are lined with a fenestrated endothelium composed of LSECs.  

The blood from the portal vein mixes with the arterial blood and flows through the sinusoids 

toward the central vein. A narrow space known as the space of Disse separates hepatocytes from 

the endothelial lining (24).            

 

Figure 1: The histological and functional unit of the liver. A) Schematic representation of the 

classical lobule as a hexagon composed of plates of hepatocytes radiating outward from the 

central vein to the portal triads. B) Diagrammatic representation of the simple acinus and the 

zonal arrangement of hepatocytes. Two neighboring classic lobules are outlined by the 

discontinuous lines, and the acinus occupies adjacent sectors of these. The acinus is arranged 

around the terminal branches of the portal vein, hepatic artery, and bile ductule. Zones 1, 2, and 

3 represent areas that receive blood progressively poorer in nutrients and oxygen. Central vein 

(CV), portal tract (PT), portal vein (PV), hepatic artery (HA).  Caption and image adapted from 

reference (25). 

On the other side, the liver acinus as conceptualized by Rappaport in 1954, is the functional unit 

of the liver and comprises the portion of liver parenchyma perfused by a terminal branch of the 
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portal vein and hepatic artery that drains into two adjacent central veins (Figure 1B) (26). The 

hepatic acinus is divided into zones perfused with blood with different levels of oxygen and 

nutrients. Zone 1 is assigned to the hepatocytes closest to the hepatic artery and therefore perfused 

with highly oxygenated and nutrient-rich blood, while zones 2 and 3 refer to hepatocytes closer to 

the central veins that are perfused with blood with lower levels of oxygen and nutrients.  

Hepatic sinusoids are arguably the structural feature most frequently referred to by immunologists. 

Sinusoids are the microvascular units of the liver. Sinusoids are low-pressure vascular channels 

lined by LSECs (Figure 2). LSECs regulate the exchange of molecules and plasma between the 

intra-sinusoidal compartment and the perisinusoidal space of Disse (27). This space contains a 

low-density basal membrane–like matrix that facilitates this bidirectional exchange. The lumen of 

the sinusoids harbors several phagocyte and lymphoid populations that in a concerted action detect 

and clear pathogens, toxins, aged cells, and waste products coming from the portal or the systemic 

circulation (28).       

                         

                           

 

Figure 2: Schematic representation of the hepatic sinusoid. Sinusoids are capillary vessels that 

carry oxygenated and nutrient-rich blood from the portal area to the central vein. The sinusoids 

are lined by a fenestrated endothelium formed by LSECs and house several immune populations 

like KCs and other non-depicted immune populations. The perisinusoidal space of Disse separates 

the endothelium from the hepatocytes and is occupied by HSCs. Caption and image adapted from 

reference (28) 
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1.c. Parenchymal cells of the liver 

 

The liver is a vital organ composed of parenchymal and non-parenchymal cells (NPCs) (Figure 3). 

Parenchymal cells in the hepatic tissue are the hepatocytes and cholangiocytes which carry out the 

essential metabolic, synthetic, and detoxifying functions of the liver and make up more than two-

thirds of the total hepatic cells. 

                                     

 

 

Figure 3: Cell composition of the healthy adult liver. The liver is composed of parenchymal 

hepatocytes and nonparenchymal cells (NPCs), including hepatic stellate cells (HSCs) and other 

NPCs (KCs, LSECs, DCs, biliary cells, and IHLs). According to the features of immune responses, 

IHLs are divided into three groups: innate lymphoid cells, innate-like lymphocytes, and adaptive 

lymphocytes. The numbers indicate the estimated proportion of each population relative to the 

total number of IHLs, NPCs, or total liver cells. Lymphocyte subsets within human and murine 

IHLs are shown in red and blue, respectively. KCs Kupffer cells, LSECs liver sinusoidal 

endothelial cells, DCs dendritic cells, IHLs intrahepatic lymphocytes, ILC innate lymphoid cell, 

NK natural killer, LTi lymphoid tissue-inducer, iNKT invariant natural killer T, non-iNKT non-
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invariant natural killer T, MAIT mucosal-associated invariant T cells. Caption and image adapted 

from reference (29). 

1.c.1. Hepatocytes 

The major hepatic parenchymal population is the hepatocytes. Hepatocytes constitute up to two-

thirds of the total number of liver cells (30). As with all epithelial cells, hepatocytes have apical 

and basolateral membranes. The apical membranes harbor the bile canaliculus, while the 

basolateral membranes face the perisinusoidal space of Disse. Hepatocytes are powerful 

biosynthetic factories. Consequently, they possess enlarged endoplasmic reticulum (ER) and Golgi 

apparatus devoted to the synthesis and transport of secretory products including albumin, clotting 

and complement factors, acute-phase proteins, and bile components among others. In addition, 

hepatocytes endocytose dietary lipids, biotransform, and store them as lipid droplets, and 

subsequently release them in circulation as very low-density lipoprotein (VLDL) particles. Finally, 

hepatocytes express the largest detoxifying machinery of the body, counting with about 50 

different cytochrome P450 enzymes embedded in the ER membrane (31, 32). These enzymes 

metabolize dietary-derived fat-soluble toxins into water-soluble excretory products that are 

subsequently secreted via the bile, urine, or sweat.   

Hepatocytes in the murine and human liver are histologically, biochemically, and functionally 

heterogeneous. A major determinant of such heterogeneity is the metabolic zonation established 

along the sinusoids by gradients of oxygen, nutrients, metabolites, hormones, and cytokines 

(Figure 4). Thus, the hepatocyte function varies according to its specific location along the porto-

central sinusoidal axis. Examples of zonated expression of metabolic pathways by pericentral 

hepatocytes include de novo lipogenesis, glycolysis, drug metabolism, and bile acid and heme 

synthesis. On the contrary, oxidative phosphorylation, gluconeogenesis, albumin, and urea 

secretion are more active processes in periportal hepatocytes (10, 33). Not surprisingly, zonated 

expression of metabolic pathways explains the spatial pattern of injuries observed in several liver 

pathologies including centrilobular necrosis in acetaminophen-induced toxicity and accumulation 

of lipid droplets around central veins in non-alcoholic fatty liver disease (NAFLD) (34-36).  
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Figure 4: Schematic representation of the metabolic zonation of the liver. Highly oxygenated 

and nutrient-rich blood enters the sinusoids at the level of the portal tracts (zone 1) and slowly 

flows towards the central vein (zone 3). Zone 1 hepatocytes (periportal) perform tasks that require 

more energy and nutrients. Zone 3 hepatocytes (pericentral), with access to less oxygenated blood, 

carry out tasks with lower energy demands. Caption and image adapted from reference (13). 

In the last few years, single-cell RNA sequencing (scRNA-seq) has become a powerful technique 

for mapping the transcriptomic landscape of hepatic cells.  scRNA-seq on liver parenchymal cells 

from mice and humans has further confirmed the existence of different subpopulations of 

hepatocytes that cluster according to the expression of zonation markers, thereby validating the 

tight association between transcriptional signatures of hepatocytes and spatial location (12, 13). 

These studies have revealed that up to 50 % of hepatocyte genes exhibit zonated expression 

patterns (12, 13, 37-40). One major principle of metabolic hepatic zonation revealed in this matter 

is that energetically demanding processes are enriched in periportal hepatocytes that are bathed in 

oxygen and nutrient-rich blood. Conversely, tasks with lower energy demands are performed by 

pericentral hepatocytes with access to less oxygenated blood (39, 41). Interestingly, while in the 

murine liver, hepatic progenitor cells are selectively located in the canal of Herring (oval cells), in 

humans, hepatocytes with stem-like properties were heterogeneous regarding zonation markers 

suggesting a more dispersed spatial distribution of these cells in the human liver parenchyma (13, 

42).  To summarize, the spatial organization of hepatocytes influences their gene-expression and 

 Zone 1 hepatocyte Zone 2 hepatocyte Zone 3 hepatocyte 
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functional profiles and allows for the simultaneous execution of varied and divergent tasks within 

the same tissue environment. 

1.c.2. Cholangiocytes 

 

The second parenchymal population is cholangiocytes. Cholangiocytes are the epithelial cells 

lining the bile ducts and represent about 3 to 5% of all liver cells. Cholangiocytes are organized in 

a system of vessels known as the biliary tree. They participate in the production and transport of 

bile and therefore they are key actors in the excretion of waste products and the digestive function 

of the bile. Cholangiocytes exhibit morphological and functional heterogeneity according to their 

position in the biliary tree. Small and large cholangiocytes exhibit different secretory functions 

(43). Immature, poorly differentiated cholangiocytes are present in the Canals of Hering. These 

cholangiocytes are progenitor cells exhibiting stemness and the capability to differentiate into 

hepatocytes especially in situations of extensive hepatocellular death frequently seen in several 

liver pathologies. On the other hand, cholangiocytes in larger and more oxygenated bile ducts are 

more differentiated. In general, along the biliary tree, differential access to oxygen and metabolites 

determines the metabolic, secretory, and absorptive properties of cholangiocytes and therefore 

their phenotype (44).  

The transcriptional profile of cholangiocytes has been recently established by scRNA-seq in mice, 

and the combination of scRNA-seq/single-nucleus RNA sequencing (snRNA-seq) in humans (13, 

20, 45). Compared to hepatocytes, murine cholangiocytes displayed upregulated expression of 

epithelial cell adhesion molecule (Epcam), cadherin 1 (Cdh1), SRY-box transcription factor 9 

(Sox9), secreted phosphoprotein 1 (Spp1), keratin 7 (Krt7), keratin 19 (Krt19), jagged 1 (Jag1), 

neurogenic locus notch homolog protein 2 (Notch2), and hairy and enhancer of split-1 (Hes1) (20). 

Similarly, human cholangiocytes were found to express the highest levels of KRT7, KRT19, SOX9, 

and EPCAM compared to all other hepatic cell populations, and exhibited a secretory (e.g., cystic 

fibrosis transmembrane regulator (CFTR),  FXYD domain-containing ion transport regulator 2 

(FXYD2), and trefoil factor 2 (TFF2)), and pro-inflammatory signature (e.g., lipocalin (LCN2), 

CXCL1, and CXCL6) (13). Regarding human cholangiocytes, their profiling using snRNA-seq and 

scRNA-seq resulted in the identification of two transcriptionally distinct subpopulations (45). One 

subset was classified as mature large cholangiocytes expressing differentiated cholangiocyte-
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associated markers consistent with bile duct cholangiocytes, and a second subset of small and less 

differentiated B-cell lymphoma 2 (BCL2) positive cholangiocytes. Mature cholangiocytes 

expressed high levels of SPP1, SOX9, aquaporin (AQP1), cysteine-rich angiogenic inducer 61 

(CYR61), KRT8, KRT7, KRT18, beta-defensin 1 (DEFB1), CXCL1, and CD24. Small 

cholangiocytes expressed high levels of progenitor-associated markers including fibroblast growth 

factor receptor 2 (FGFR2), and SOX6 (45).  

Cholangiocytes can be affected by insults of various origins including genetic, infectious, immune-

mediated, malignant, vascular, and idiopathic. If these insults persist, the resultant chronic 

inflammation leads to fibrosis, cholangiocarcinoma, and liver failure (46).  The most important 

immune-mediated cholangiopathies are primary biliary cholangitis (PBC), primary sclerosing 

cholangitis (PSC), and autoimmune cholangitis (AIC) (47). In the subsequent sections of this 

introduction, we will revise the current knowledge on the involvement of hepatic immune cells in 

these pathologies. 

1.d. Non-parenchymal cells of the liver 

 

The NPCs of the liver include non-immune and immune cellular populations (Figure 3). Since 

immune NPCs will be the subject of a separated section, we will focus herein on the main non-

immune NPCs including LSECs, HSCs, and portal fibroblasts (PF).  

1.d.1. Liver Sinusoidal Endothelial Cells (LSECs) 

 

Endothelial cells are the building blocks of hepatic vessels. The liver is a highly vascularized organ 

with different subsets of endothelial cells lining the big, medium size, and capillary vessels. 

Several types of hepatic endothelial cells have been described. scRNA-seq on the murine liver has 

defined four transcriptionally distinct endothelial populations: LSECs, central venous R-Spondin 

3 (Rspo3) positive endothelial cells, carboxypeptidase E (Cpe) positive CD320+ portal vein 

endothelial cells, arterial allograft inflammatory factor 1 like (Aif1l) positive endothelial cells, and 

lymphatic podoplanin (Pdpn) positive endothelial cells (19, 48). Since immune cells mainly 

interact with LSECs during homeostasis and in response to injury, in this introduction we will 

focus on this specialized subset of endothelial cells that line the sinusoids.  
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LSECs line the hepatic sinusoids forming a barrier between the bloodstream and the parenchyma 

(49). These specialized endothelial cells are histologically, functionally, and phenotypically 

unique. Their most conspicuous features compared to other capillary endothelial cells is the 

absence of a basement membrane and the presence of fenestrations clustered in sieve plates (Figure 

5) (50). Fenestrations are dynamic pores with diameters of ∼50–150 nm along the membranes of 

LSECs that allow the selective and dynamic exchange of macromolecules and plasma between the 

intrasinusoidal blood and the perisinusoidal interstitial fluid (27, 51). Advanced microscopy 

techniques have shown that CD8+ T cells and Kupffer cells can directly contact hepatocytes 

through discontinuation points in the endothelial layer or directly through the fenestrations in 

LSECs (Figures 6 and 7) (52-55). Whether other intrasinusoidal immune populations use this 

mechanism for accessing the perisinusoidal compartment is still unknown.  

                                               

Figure 5: High resolution image of a hepatic sinusoid. Scanning electron microscopy (SEM) 

illustrating normal hepatic sinusoid in rat liver. Endothelial fenestrations (F) of about 0.1 μm are 

grouped in sieve plates. SD, space of Disse. Caption and image adapted from reference (24). 
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Figure 6: CD8+ T cells contact hepatocytes through discontinuation points in the sinusoidal 

walls. (A) Correlative confocal and transmission electron microscopy of the liver of a hepatitis B 

c antigen (HBcAg) transgenic mouse whose LSEC express membrane-targeted tdTomato that was 

injected 30 min earlier with antigen-specific CD8+ T cells. Left: overlay of the Ag-specific CD8+ 

T cells and LSEC fluorescence (red and green, respectively). Right: electron micrograph alone. 

Scale bars represent 2 mm. (B) Transmission electron tomograms of five selected serial slices from 

the area delineated by the red inset in (A). The numbers indicate the z-distance from the middle 

section. CD8+ T cells and LSEC are indicated by the red and green overlay, respectively. Scale 

bars represent 500 nm. Caption and image adapted from reference (52). 
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Figure 7: KCs project processes through the fenestrae of LSECs. Scanning electron micrograph 

of Kupffer cell (KC) attached to the luminal surface of sinusoidal endothelium by processes that 

penetrate fenestrae (F). The scale bar represents 1 μm. Caption and image adapted from reference 

(54). 

LSECs are strategically positioned to act as a filter of blood coming from the systemic circulation 

and from the gut. Functionally, LSECs are powerful scavengers due to their elevated endocytic 

activity and high expression of scavenger receptors which account for the remarkable waste 

removal capacity of these cells (56, 57). Among the waste products cleared by LSECs are immune 

complexes, advanced glycation end products, and microbial antigens (49, 58). The scavenger 

activity of LSECs has also been linked to the clearing of blood-borne viruses. It has been estimated 

that about 90 % of viral particles during infection are removed by LSECs (59). However, viruses 

like hepatitis B virus (HBV) and hepatitis C virus (HCV) have evolved mechanisms to subvert this 

function and use LSEC’s fenestrate to access the subendothelial compartment and further spread 

(60, 61). In addition to the removal of waste and microbial-derived products, LSECs contribute to 

homeostasis by maintaining HSC in the quiescent state in a vascular endothelial growth factor 

(VEGF) and nitric oxide-dependent manner and thereby preventing undesirable fibrogenic 

responses (62, 63).  

LSECs perform several immune-related functions and are important players in balancing tolerance 

to harmless gut-derived antigens versus immunity against invading pathogens (Figure 8). LSECs 

express a variety of pathogen recognition receptors (PRRs) allowing them the rapid sensing of 

microbial products and pathogens. This includes but is not limited to toll-like receptors (TLRs) 1 

to 9, and intracellular nucleotide-binding oligomerization domain (NOD-like) receptors (64-66). 

Signaling through these PRRs can lead to both tolerance and immune activation depending on the 

nature of the stimuli, the dose, and the cytokine environment. A well-studied example is the 

response to chronic exposure to lipopolysaccharide (LPS) during homeostasis. LSECs remove 

about 75% of the gut-derived LPS (67). While LPS sensing through TLR4 leads to activation of 

nuclear factor-κB (NF-κB) in most cell types, in LSECs, LPS signal during homeostasis is 

associated with reduced nuclear translocation of NF-κB and consequently reduced leukocyte 

adhesion and recruitment. In addition, TLR4 signaling in LSECs leads to IL-10 production and 
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downregulation of the antigen-presenting machinery further enforcing tolerance in the hepatic 

tissue (68, 69).  

          

Figure 8: Immunomodulation by liver LSECs. A) LSECs with immunomodulatory properties 

facilitate tolerance to harmless gut flora-derived antigens through co-inhibition of CD8+ T cells 

via the checkpoint ligand PDL1 upon cross-presentation of gut flora-derived antigens or through 

the induction of regulatory Treg cells. B) LSECs clear immune complexes from circulation via 

uptake and degradation. C) Periportal LSECs sense gut bacteria and recruit resident 

macrophages and lymphocytes through chemokine gradients. Caption and image adapted from 

reference (70). 

Under physiological conditions, LSEC scavenger receptors mediate antigen capture, processing, 

and presentation which is key for the induction of T-cell tolerance to harmless food-derived 

antigens (71, 72). Moreover, LSECs express MHC class I and class II, and costimulatory ligands 

like CD40, CD80, and CD86, and therefore, can modulate adaptive immune responses through 

antigen presentation to T cells (1, 73). Interestingly, antigen presentation by LSECs has been 

linked to tolerogenic activity and maintenance of hepatic immune homeostasis (66, 74). 

Programmed death-ligand 1 positive (PD-L1+) LSECs cross-present antigens to CD8+ T cells 

resulting in tolerization of the responding CD8+ T cells. This mechanism is responsible for oral 

tolerance to food-derived antigens and is hijacked by tumor cells to escape immunity (75, 76). In 

addition, LSECs can also present antigens to naïve CD4+ T cells in the context of MHC class II 

molecules leading to the development of regulatory T cells (71, 72, 75-77). Despite the tolerogenic 

nature of antigen presentation by LSECs, the presence of harmful pathogens can rapidly shift the 
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balance toward immune activation. This shift is dependent on antigen load and the presence of 

inflammatory mediators (e.g., IL-2 and IL-6), and leads to the recruitment and activation of 

monocytes, macrophages, and neutrophils (68, 73, 78-80).  

LSECs significantly change their phenotype and behavior during chronic pathological conditions. 

The most prominent change is the loss of LSEC fenestrations in a process called capillarization 

that also involves the development of an organized basement membrane (81-83). LSEC 

capillarization facilitates HSC activation and is therefore a major player in the pathogenesis of 

liver fibrosis. scRNA-seq analysis in human cirrhotic versus normal liver has revealed the presence 

in the necrotic niche of LSECs that are absent in healthy liver (19).  The origin of these LSECs is 

a subject of current debate.  

LSECs are spatially and functionally heterogeneous despite sharing the same origin. So far, this 

heterogeneity has only been linked to metabolic hepatic zonation. Recently developed paired-cell 

sequencing (pcRNAseq) technology applied to pairs of hepatocytes and LSECs allowed 

reconstructing the spatial zonation of murine LSECs using the spatial information of paired 

hepatocytes (11). This analysis revealed significant zonation in more than 35 % of the genes of 

murine LSECs (e.g., Wnt ligands and Rspo3). Zonation was also found in human LSECs with 

about 67% of genes displaying zonated expression patterns along the porto-central sinusoidal axis 

(13, 37).  The different transcriptional profiles of Zone 1 vs. Zone 2 and 3 LSECs suggest a division 

of labor along the porto-central sinusoidal axis. Zone 1 or periportal LSECs were enriched in 

transcripts associated with vessel development, pathways of translation, targeting ER, and TNF 

activation. By contrast, Zone 2 and 3 (pericentral) LSECs were enriched for transcripts associated 

with innate immunity, phagocytosis, leukocyte activation, and antibacterial defense (13). The most 

interesting finding of these studies is the shared expression of zonated genes across cell types (e.g., 

expression of Notch target Hes1 and Ctsl in hepatocytes and colocalized LSECs), suggesting that 

the activity of genes can be spatially regulated (11, 12). 

In summary, LSECs contribute to the tolerogenic environment of the liver through several 

mechanisms including the removal of dietary antigens, toxins, and other pathogen-derived 

products, tolerization of CD4+ and CD8+ T cells, and induction of regulatory T cells. However, 

early detection of tissue damage or pathogen invasion by LSECs can overcome these tolerogenic 
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pathways and induce rapid activation of the endothelium, recruitment of leukocytes, and 

promotion of adaptive immune responses. 

1.d.2. Hepatic Stellate Cells (HSCs) 

 

HSCs were first described by Karl Wilhelm von Kupffer in the 19th century (84). They are in the 

space of Disse in contact with the basolateral membrane of hepatocytes and the anti-luminal side 

of LSECs (Figure 2). HSCs have prominent dendritic-like processes that they use to make contact 

and sample hepatocytes. Recent studies have revealed that quiescent HSCs are also in direct 

contact with sinusoidal KCs that reach them through processes they project across the endothelial 

barrier (Figure 9) (85). scRNA-seq on hepatic mesenchymal cells identified a signature for HSCs 

in the mouse healthy liver characterized by the increased expression of lecithin retinol 

acyltransferase (Lrat), reelin (Reln), extracellular matrix protein 1 (Ecm1), vasoactive intestinal 

peptide receptor 1 (Vipr1), collectin kidney 1 (Colec11), parathyroid hormone 1 receptor (Pth1r), 

Hgf, regulator of G protein signaling 5 (Rgs5), and nerve growth factor receptor (Ngfr). Gene 

ontology enrichment analysis showed that over-represented GO terms included retinoic metabolic 

process, regulation of lipid metabolism, antigen processing and presentation, and vitamin A 

metabolic process (9). 

 

Figure 9: HSCs and KCs establish direct contact in the healthy liver. Mouse liver sections stained 

for CLEC4F (red, KCs), Desmin (green, HSCs), CD31 (blue, LSECs), and DAPI (gray). Arrows 

pointing at colocalization between Desmin+ HSCs and CLEC4F+ KCs. Scale bar, 20 μm. Caption 

and image adapted from reference (85). 

At steady state, quiescent HSCs are the main store of vitamin A in the body. Notably, the vitamin 

A droplets in HSCs display a heterogeneous pattern that is dependent on their spatial position along 
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the porto-central sinusoidal axis with periportal HSCs exhibiting bigger droplets (86). 

Interestingly, the activation of HSCs upon injury is accompanied by the loss of vitamin A droplets. 

Whether this loss of droplets is required for activation or is one of its consequences remains 

unanswered (87). 

Upon injury, HSCs can sense damage from neighboring hepatocytes, LSECs, or KCs through 

several PRRs that recognize damage and pathogen-associated molecular patterns (DAMPs and 

PAMPs). This initiates a sequence of events that induces the conversion of quiescent vitamin-A-

rich HSCs into proliferative, fibrogenic, and contractile activated HSCs (aHSCs). The net effect 

of HSC activation is the increase in the deposition of fibrillar collagens in the surrounding 

extracellular matrix (ECM). While other hepatic populations can contribute to fibrillar collagen 

production upon injury, it is now clear that aHSCs are the main cellular source of fibers irrespective 

of the underlying liver etiology (88, 89).  

The activation process of HSCs has been conceptualized as a two-step process that consists of 

initiation, and perpetuation. During initiation, HSCs sense the damage via paracrine signaling and 

become more responsive to cytokines and other stimuli. Multiple early activating signals have 

been proposed, including lipid peroxides and apoptotic bodies from injured/dead hepatocytes, 

TGFβ released from the ECM, fibronectin secreted by activated LSECs, growth factors from 

platelets (PDGF, EGF, and TGFβ), and reactive oxygen species (ROS) from activated KCs. HSCs 

are cellular nodes that integrate these multiple signals of damage and become activated in response 

to them. The process of maintenance and amplification of the activated phenotype is called 

perpetuation and is dependent on autocrine and paracrine signaling (e.g., TGFβ signaling). During 

perpetuation, HSCs differentiate into myofibroblast-like cells and become proliferative, and 

motile, starting secreting fibrillar collagens, and releasing chemokines and cytokines that influence 

the behavior of infiltrating immune cells (87, 90-93).  

There is accumulating evidence pointing to the potential immunomodulatory activity of HSCs. 

Since aHSCs become motile and can respond to chemokines gradients (e.g., CCL2), they migrate 

and colocalize with other immune cells that respond to the same chemoattractants. In addition, 

aHSCs themselves produce chemokines for monocyte/macrophages like CCL2, CCL5, CCL21, 

and CX3CL1, and neutrophils like CXCL1 (81, 94-96). This may explain the frequent observation 

of HSCs colocalized with both macrophages and neutrophils in the injury site (Figure 18). In 
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addition, aHSCs have been shown to release IL-6 and IL-10 which can modulate the behavior of 

immune cells (87, 97-99). Moreover, HSCs are unconventional antigen-presenting cells (APCs). 

Upon activation, HSCs upregulate the expression of antigen-presenting molecules MHC class I 

and II, non-classical MHC-like molecules CD1c and CD1d, and costimulatory molecules CD40, 

CD80, and CD86 (100-102). Winau et al. demonstrated that aHSCs presented microbial lipids and 

activated NKT cells in vivo in a CD1d-dependent manner. Furthermore, aHSCs processed the 

entire ovalbumin protein and presented/cross-presented peptides to CD4+ and CD8+ T cells 

respectively, in co-culture systems inducing expansion of antigen-specific T cell clones (101).   

Beyond their capacity to remodel the ECM through the deposition of fibers, aHSCs are critical 

players in the wound healing response to hepatocellular injury through the production and 

secretion of a large repertoire of growth factors that influence tissue cell proliferation and 

consequently, repair. aHSCs have been shown to secrete TGFα/β, epidermal growth factor (EGF), 

stem cell factor (SCF), insulin-like growth factor (IGF), connective tissue growth factor (CTGF), 

fibroblast growth factor (FGF), and macrophage colony-stimulating factor (M-CSF). All these 

factors are upregulated during the wound healing response to hepatic injury and have powerful 

mitogenic activity on specific hepatic resident populations leading to the effective replacement of 

dead and damaged tissue cells and restoration of tissue homeostasis (103-109). 

scRNA-seq combined with in situ RNA hybridization (RNAscope) and immunofluorescence 

staining on hepatic mesenchymal cells from mice, uncovered that HSCs are spatially and 

functionally zonated (Figure 10). Two topographically distinct subpopulations of HSCs were 

delineated: portal vein-associated HSCs (PaHSCs) and central vein-associated HSCs (CaHSCs). 

These subpopulations exhibited two opposed signatures with PaHSCs expressing genes including 

and associated with Ngfr and integrin beta chain beta 3 (Itgb3), and CaHSCs expressing genes 

including and associated with a disintegrin and metalloproteinase with thrombospondin motifs 2 

(Adamtsl2) and Rspo3 (9).  Based on the sequencing data, the best markers selected for imaging 

were NGFR and Adamtsl2 (RNAscope) for PaHSCs and CaHSCs respectively. Imaging the 

healthy liver with these markers revealed the enrichment of NGFR+ cells around portal tracts and 

the enrichment of Adamts12+ cells around central veins (Figure 10). The healthy human liver 

showed similar zonated distribution of NGFR and Adamts12 in HSCs (9). Interestingly, certain 

zonated markers expressed by HSCs are also genes with zonated expression within the LSECs 
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(e.g., high expression of Itgb3) in peri-portal LSECs versus high expression of Rspo3 in peri-

central LSECs) suggesting spatial modulation of transcriptional programs (9). 

 

Figure 10. HSC zonation across the healthy liver lobule. Representative immunofluorescence 

and RNAscope images of healthy murine livers: NGFR/Adamtsl2 (RNAscope) (red), E-

cadherin/Cyp2e1 (immunofluorescence) (green), DAPI (blue). Scale bar, 100 mm. The yellow 

arrows indicate Adamtsl2+ cells. Caption and image adapted from reference (9). 

Interestingly, CaHSCs were identified as the dominant pathogenic collagen-producing subset that 

is expanded upon chronic central vein injury with CCl4 (9). Whether this pathogenic role of 

CaHSCs is intrinsic to this subset or is simply the consequence of the location of the CCl4 injury 

(central vein injury) remains to be elucidated (9). 

HSCs from healthy human livers were recently profiled using scRNA-seq and snRNA-seq (45). 

Two clusters were identified. The first cluster expressed high levels of markers of quiescent HSCs 

including hepatocyte growth factor (HGF), parathyroid hormone 1 receptor (PTH1R), reelin 

(RELN), vasoactive intestinal peptide receptor 1 (VIPR1), and retinol-binding protein 1 (RBP1). 

The second cluster was enriched for pathways of inflammation (e.g., interferon lambda receptor 1 

(IFNLR1), lipopolysaccharide-binding protein (LBP), IL4R, IL6R, CXCL2, and CXCL12), 

pathways of antigen presentation (e.g., HLA DMB, HLA DMA, CD74, and CAP-Gly domain-

containing linker protein 1 (CLIP1)), pathways of retinol metabolism (e.g., cytochrome P450 

family 2 subfamily C member 9 (CYP2C9), and aldehyde dehydrogenase 1 family member 

(A2ALDH1A2)), and pathways associated with angiogenesis (e.g., VEGFA and VEGFB). Thus, 

this subset was classified as activated HSCs (45). In this study, spatial transcriptomics showed that 

the transcriptional signatures of these two HSC clusters were dispersed throughout the healthy 

liver tissue, and no HSC zonation was reported (45). However, this result does not necessarily 
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contradict the previously reported zonation of human HSCs based on the topographically separated 

expression of Ngfr and Adamtsl2 along the porto-central sinusoidal axis (9). The apparent conflict 

could be the consequence of the different profiling techniques used. While the first study used 

spatial transcriptomic, which relies on a combination of microscopy and RNA sequencing, the 

second study profiled HSCs by RNA in situ hybridization (RNAscope) and immunofluorescence 

that rely on binding of probes and antibodies to RNA or antigens respectively, and subsequent 

signal amplification (9, 45).  

In summary, HSCs are the main hepatic population involved in the synthesis, secretion, and 

organization of ECM components both in health and disease. HSCs exhibit spatial zonation and 

are important partners of immune cells due to their capacity to sense damage, produce cytokines, 

chemokines, and growth factors, and act as unconventional APCs. How the spatial zonation of 

HSCs may impact the activation and effector functions of resident and infiltrating immune cells 

remains to be established. 

1.d.3. Portal Fibroblasts 

 

Portal fibroblasts (PFs) are the resident fibroblasts of the portal tract (110). They are located 

underneath the epithelial layer around the portal vein and are proposed to form a support system 

that maintains the structural integrity of portal tracts (111). PFs were first distinguished from HSC 

as an alternate source of myofibroblasts in the bile duct ligation (BDL) model of biliary fibrosis. 

Activated PFs were identified as αSMA+ Desmin- cells proliferating around injured portal tracts. 

Interestingly, these PFs were associated with collagen bundles, suggesting their potential 

involvement in matrix deposition (112).  

Difficulties in labeling and isolating PFs have determined that their role in health and disease 

remains poorly defined and controversial. There is no single marker of PFs. They are rather defined 

by a combination of several markers including elastin, Thy1, Fibulin 2, and ectonucleotidase 

NTPDase 2, and the lack of HSC markers (e.g., Desmin) (110, 113).  

PFs have been shown to give rise to myofibroblasts and proliferate in response to biliary injury 

(111, 114-117). However, their relative contribution to the deposition of fibrillar collagens is still 

controversial. Early immunofluorescence studies found that a periportal population of 

myofibroblasts lacking markers of HSCs, expanded very early upon BDL. This population was 
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assumed to be PFs and exhibited different kinetics relative to HSCs (117). In a similar study, 

Desmoulière et al. showed that the deposition of ECM components (e.g., laminin, fibronectin 

EIIIA, collagen I and IV, procollagen III, elastin, tenascin) in the portal area post-BDL preceded 

myofibroblastic differentiation and therefore could not be attributed to HSCs (118). Furthermore, 

in vitro experiments with freshly isolated PFs showed that they secrete type I and III fibrillar 

collagens (119-121). Collectively, these studies strongly pointed at PFs as early contributors to 

matrix deposition in models of cholestatic disease, but definitive confirmation could not be reached 

due to the lack of specific markers. What these studies did prove though was the existence of a 

non-stellate cell population of portal myofibroblasts that expanded during biliary injury (122).  

 

 

 

 

 

 

 

Figure 11: PFs secret collagens in response to biliary injury. Immunofluorescence showing 

colocalization of collagen 1a1 (green), and the specific PF marker Thy1 (red) in liver sections 

from WT (left column), and fibrotic MDR2 KO mice (3 right columns). DAPI is blue. Scale bar, 

100 μm. * indicates portal tracts. Caption and image adapted from reference (123). 

Conversely, cell fate mapping studies by Mederacke et al. using the LRAT YFP mice found that 

HSCs are the main source of ECM fibers in biliary injury models. According to this study, only a 

small population of myofibroblasts, representing about 10 % of the total, could be potentially 

derived from PFs (88). Since this study investigated relatively late time points upon BDL, it was 

suggested that the possibility of PFs contributing to fiber deposition at earlier time points could 

not be ruled out (122). This hypothesis was tested in two recent studies using different models of 

cholestatic disease (123, 124). In the first study, the authors used BDL on Col1a1 GFP mice and 

reported that PFs expressed Col1a1 (GFP+) in the uninjured liver and proliferate upon BDL but 

with a limited number of PFs becoming αSMA+ myofibroblasts (124). However, the second study 
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using the MDR2 KO mice showed similar contributions from PFs and HSCs to the pool of 

myofibroblasts in response to biliary injury. Colocalization of Col1a1 and the PF marker Thy1 

around fibrotic portal tracts in the livers of MDR2 KO strongly suggested a major role of PFs in 

collagen deposition during biliary injury (Figure 11) (123). Taken together, these studies have 

confirmed that PFs are expanded during biliary injury. However, different injury models and 

mouse strains have provided conflicting results and there is still no consensus on the role of PFs 

as major contributors to fibrosis in human disease. Further studies are warranted to settle this 

important question.   

Single-cell technologies have been recently used to profile murine and human PFs (9, 13, 45). The 

marker genes identified for murine PFs were Cd34, C-type lectin domain family 3-member B 

(Clec3b), gelsolin (Gsn), dermatopontin (Dpt), microfibril-associated protein 4 (Mfap4), 

ectonucleoside triphosphate diphosphohydrolase 2 (Entpd2), collagen type XV alpha 1 chain 

(Col15a1), and fibulin 2 (Fbln2). Gene Ontology enrichment terms associated with murine PFs 

included ECM organization and connective tissue development in line with their postulated role 

as cells in charge of the maintenance of the structural integrity of portal tracts. Imaging showed 

that CD34+ PFs were mostly located in the portal niche, adjacent to biliary epithelial cells but 

absent in the sinusoidal areas. In addition, a few PFs were also found in the second layer of central 

veins (9). Concerning human PFs, two clusters were annotated by scRNA-seq and snRNA-seq. 

The most abundant cluster exhibited high expression of markers of lipid metabolism (aldehyde 

oxidase 1 (AOX1) and phosphodiesterase 3b (PDE3b)), inflammatory mediators (e.g., IL18R1 and 

IL15RA). The second subset of human FBs, presented enriched expression of collagen-associated 

genes (e.g., COL1A1, COL3A1, COL1A2, and actin beta (ACTB)), matrix remodeling genes (e.g., 

matrix metalloproteinases 23b (MMP23b), MMP14, tissue inhibitor of metalloproteinases 1 

(TIMP1) and TIMP2), inflammatory mediators (e.g., CSF1, IL32, and CCL2), and fibrosis-

associated genes (e.g., AE Binding Protein 1 (AEBP1), IL33, and TGFBR2) (45). 

In summary, PFs are a heterogeneous population that protects and provides mechanical support to 

bile ducts. Activated PFs play important roles in cholestatic liver disease and are early contributors 

to fibrosis. However, their contribution during advanced fibrosis is still controversial and 

dependent on the injury model and the mouse strain. Single-cell technologies are better at defining 
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the phenotype of this elusive hepatic population and will assist the development of better methods 

for their isolation and study. 

1.e. Liver Resident Immune Cells 

 

The liver is an immunological barrier that protects the organism by removing gut-derived 

microbial products, pathogens, food antigens, and waste products from the blood. Several unique 

immunomodulatory mechanisms function in the liver to prevent unwanted immune activation in 

response to innocuous antigens, and yet deliver immunity to infection. This delicate balance 

between tolerance and immunity is the product of the coordinated action of a large network of 

resident immune cells adapted to the hepatic tissue (125, 126). The liver harbors the largest 

macrophage population of the body, the KCs, and unusually large populations of other innate cells 

and innate-like lymphocytes including DCs, NK and NKT cells, mucosal-associated invariant T 

cells (MAIT), and γδ T cells. These hepatic resident immune cells occupy specific niches and 

cooperate with other non-hematopoietic neighboring cells in a spatially regulated manner to fulfill 

the protective function of the liver (1). 

Immune profiling of intrahepatic leukocytes in mice versus humans has revealed considerable 

differences in the composition of the immune compartment (Figure 3) (29). The divergence 

between mice and humans in terms of the type and frequency of intrahepatic immune cells is the 

result of the interaction of genetic differences with environmental variables (e.g., diet, pathogens) 

throughout their evolutionary history. Despite the phylogenetic relatedness between mice and 

humans, mice often respond to injuries and therapeutic interventions in ways that differ from 

humans (127). Therefore, it is not possible to directly extrapolate to humans the observations made 

in mouse models.  

1.e.1. Liver Macrophages 

Hepatic macrophages are myeloid cells that constitute the largest macrophage population in the 

body. Liver macrophages perform metabolic and immune tasks that are crucial for organ and 

systemic homeostasis. Not surprisingly, dysregulation of macrophage numbers and effector 

functions is linked to the pathogenesis of multiple liver diseases (128).  
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Recent data obtained by newly developed multiomic techniques have revealed that the hepatic 

macrophage compartment is more heterogeneous than previously thought. At least three 

subpopulations of macrophages have been identified in the healthy liver of mice: KCs, liver 

capsular macrophages (LCMs), and monocyte-derived macrophages (MoMFs). This diversity can 

be expanded during inflammation as demonstrated in acute injury models where GATA6+ 

peritoneal macrophages, non-classical monocyte/macrophages, and a spectrum of MoMFs 

temporarily infiltrate the liver (13, 128-132). The few studies that have compared the 

transcriptional profiles of KCs, LCMs, and MoMFs demonstrated that these are distinct 

subpopulations but have also shown a great degree of transcriptional convergence between 

MoMFs and KCs in certain but not all experimental conditions (85, 129, 131, 133). Compared to 

mice, the composition of the macrophage compartment in the healthy human liver is less known 

but at least two subpopulations or resident macrophages have been identified: CD68+ MARCO+ 

(macrophage receptor with collagenous structure) and CD68+ MARCO- macrophages (13). 

In recent years, multiple reports on macrophages co-expressing markers of M1 and M2 

phenotypes, and in varied degrees and combinations, have exposed the limitations of the classical 

paradigm of M1 versus M2 polarization states when applied to the liver (134). Unbiased techniques 

such as scRNA-seq have revealed that rather than purely pro-inflammatory or anti-inflammatory 

phenotypes, hepatic macrophages can adopt a spectrum of functional states in response to the 

varied and changing environmental cues present in the tissue (135). Although the subpopulations 

of hepatic macrophages display great plasticity and share multiple phenotypic markers and 

functions, they exhibit distinctive ontogenic markers and spatial location, and sometimes non-

overlapping roles during homeostasis and in response to injury (128).  

In the subsequent sections, we will discuss the unique characteristics and functions of the different 

hepatic macrophage subsets as well as their plasticity and phenotypic overlap. In addition, we will 

review the information available on the spatial and temporal behavior of liver macrophages during 

homeostasis and in response to injury, and we will precise the gaps of knowledge that still exist in 

our understanding of how hepatic macrophage are organized in the tissue, how they relate to 

neighboring cells, and how this interaction impacts tissue physiology and pathology.  
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1.e.1.a. Kupffer Cells  

 

The most studied hepatic macrophage subpopulation is the KCs. KCs were first described by Karl 

Wilhelm von Kupffer in 1876 who assimilated them to the hepatic endothelium (136). 

Subsequently, Tadeusz Browicz correctly identified them as macrophages (137). With more than 

a century of research, a wealth of knowledge has accumulated on KCs, but the lack of awareness 

of macrophage heterogeneity in the liver, and the absence of specific KC markers in most of these 

studies recommend being cautious while considering these data.  

KCs are the largest population of tissue-resident macrophages. Fate-mapping studies have shown 

that KCs originate from yolk-sac progenitors during embryonic development and are self-renewing 

(138-141). KCs are in the sinusoids frequently at bifurcation points, but they project processes 

across the endothelium and reach the perisinusoidal space of Disse where they can directly contact 

hepatocytes and HSCs (Figure 9) (85, 142).  

Traditionally, KCs have been considered sessile cells that lack motility. Pioneering work using 

intravital imaging revealed that steady-state KCs did not change their shape or position in the 

sinusoids during several hours of direct observation (143). However, this view was challenged by 

early observations arguing that cells fitting the location and profile of KCs can migrate along 

sinusoidal walls (144). Interestingly, the attribution of the term sessile to KCs derived from early 

experiments using a bone marrow chimera infectious model where the observation was made that 

KCs did not migrate to the influenza-induced inflammatory foci composed of CD8+ T cells (130). 

These early observations made in specific tissue contexts cemented the notion of KCs as stationary 

cells. However, studies monitoring the spatial behavior of KCs in response to different types of 

injury are lacking (130). Hence, the potential motility of KCs during immune responses cannot be 

dismissed with the current evidence (143, 145-147).  

Functionally, KCs exhibit an M2-like anti-inflammatory phenotype in the healthy liver. The 

analysis of KCs by scanning electron microscopy has shown that they have a stellar morphology 

and possess multiple microvilli. Bonnardel et al., using conditional depletion of KCs, RNA 

sequencing, and intravital imaging recently showed that LSECs, HSCs, and hepatocytes are the 

major interacting partners of KCs, compose the KC niche, and provide signals determining the KC 

identity (85).  
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KCs are enriched in the periportal and in mid-central zones (7, 148, 149). The morphological and 

functional properties of KCs are zonated along the porto-central sinusoidal axis. KCs are larger, 

more phagocytic, less responsive to inflammatory triggers, and more abundant in the periportal 

than in the centrilobular regions (Figure 12) (149-151). However, a recent study that performed 

spatial transcriptomics found that while KC location was zonated in the murine liver, there was no 

zonation pattern in the gene expression profiles of KCs (152).  

Interestingly, the spatial polarization of KCs is established in mice at the time of weaning and is 

dependent on the commensal microbiota as demonstrated using specific pathogen-free (SPF) 

versus germ-free (GF) mice. Antibiotic treatment of SPF mice abolished KC zonation while 

cohousing of GF mice with SPF induced it demonstrating that spatial polarization of KCs is a 

dynamic process dependent on the gut microbiota (7). Moreover, zonated gradients of CXCL9 

along the porto-central axis expressed by LSECs in response to microbial products were shown to 

be responsible for the asymmetric distribution of KCs. Thus, LSECs have a role in shaping the 

positioning of KCs (7). Furthermore, disruption of TLR signaling in LSECs eliminated the 

zonation of KCs in SPF mice, while LPS treatment induced it in GF mice (7). These results 

suggested that sensing microbial products by LSECs through their TLRs, leads to asymmetric 

expression of chemokines. Since alterations in the composition of the gut microbiota can result in 

differences in the type and quantity of TLR ligands that reach the liver, the microbiota diversity 

may influence the distribution of KCs in the hepatic sinusoids. 

The functional benefit of KC zonation was brilliantly demonstrated in a model of Listeria 

monocytogenes (Lm) infection where KC zonation was replaced by a homogeneous distribution 

of KCs along the porto-central sinusoidal axis, leading to more bacteria passing to the general 

circulation and reaching the spleen (7). Therefore, the specific localization of immune cells in the 

liver is linked to host protection. Further research is warranted to unveil the role of KC zonation 

in other liver pathologies.   
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Figure 12: KCs exhibit zonated distribution in the healthy liver. Representative 

immunofluorescence staining showing the polarized distribution of KCs in the murine healthy 

liver. KCs (F4/80, red) are enriched around portal tracts (*, green) compared to central veins (*, 

yellow). Caption and image adapted from reference (7). 

Traditionally, murine KCs have been identified as CD45+ CD11bint F4/80+ CX3CR1- cells by flow 

cytometry, and as F4/80+ cells by imaging, but none of these markers is KC-specific. More 

recently, the C-type lectin domain family 4-member f (CLEC4F), also known as the Kupffer cell 

receptor, has been identified as a unique marker of murine KCs (152-155). CLEC4F is a galactose- 

and fucose-binding receptor that is involved in glycolipid presentation to NKT cells and 

phagocytosis of desialylated platelets in mice upon bacterial infection (155-157). CLEC4F is co-

expressed with F4/80 on KCs in the liver but is absent in macrophages in the lung, kidney, brain, 

thymus, spleen, bone marrow, and blood monocytes (155, 158). Therefore, CLEC4F is sufficient 

to identify KCs in tissue-based studies, and the combination of CD45+ CD11bint F4/80+ CLEC4F+ 

can reliably identify murine KCs by flow cytometry (85). Thus, future research using the CLEC4F 

marker will allow a more precise delineation of the KC’s role in health and disease. Since the 

human ortholog gene for murine CLEC4f does not encode a full-length protein and is not expressed 

in the liver, CLEC4F cannot be used as a marker for human KCs (159). 
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In addition, RNA-seq studies have revealed markers that can be used to distinguish yolk sac-

derived murine KCs (YS-KCs) from monocyte-derived macrophages including MARCO, T cell 

immunoglobulin and mucin domain containing 4 (Timd4), and stabilin 2 (Stab2) (129, 133, 148).  

Recently, a study combining unbiased single-cell transcriptomic, translatomic, and proteomic 

approaches revealed that embryonically-derived Timd4+CLEC4F+ KCs can be further subdivided 

into two subsets in the murine healthy liver: CD206lowCD107b–ESAM- or KC1, and CD206hi 

CD107b+ESAM+ or KC2 (160, 161). KC1s constitute 70 to 80 % of all KCs and KC2s represent 

20 to 30%. KC1s and KC2s shared the same morphology by cytospin protocol and had overlapping 

distribution patterns in situ as shown by measuring the average distance of KC1s and KC2s to the 

closest portal triad. On the other hand, pathway analysis revealed a stronger immune signature in 

KC1s compared to KC2s. In addition, KC2s exhibited increased expression of genes and proteins 

involved in metabolic functions. High-fat diet expanded the KC2 subpopulation and depletion of 

KC2 cells led to reduced weight gain, reduced steatosis, and improved glucose tolerance 

suggesting the involvement of KC2s in the pathogenesis of the non-alcoholic fatty liver disease 

(NAFLD) (160). It is worth noting that the existence of the KC2 subset has been recently disputed 

by a study that profiled KCs in the liver of healthy mice using a combination of scRNA-seq, 

snRNA-seq, spatial transcriptomics, and cellular indexing of transcriptomes and epitopes by 

sequencing (CITE-Seq) (152). This study demonstrated that cells fitting the profile of KC2s are 

artifacts generated by the profiling of LSEC-KC doublets.  

Regarding human KCs, there is agreement on CD68 as a reliable marker of tissue macrophages 

(162).  scRNA-seq studies using healthy livers from neurologically deceased donors revealed two 

populations of CD68+ KCs at steady state that were classified as tolerogenic MARCO+ KCs and 

inflammatory MARCO- KCs (13). Pathway analysis revealed that CD68+ MARCO- KCs were 

enriched for pathways involved in inflammation with the expression of lysozyme (LYZ), cystatin 

A (CSTA), and CD74. On the other side, CD68+ MARCO+ KCs exhibited higher expression of 

markers associated with tolerogenic and immunosuppressive functions (e.g., V-set and 

immunoglobulin domain containing 4 (VSIG4), heme oxygenase 1 (HMOX1), and CD163). The 

spatial mapping of MARCO+ KCs revealed that they are concentrated in the periportal area and 

comparison analysis showed that they are transcriptionally similar to long-lived, embryonically 

derived, and tolerogenic murine KCs (13, 45, 133, 154). On the other hand, human CD68+ 
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MARCO- KCs have a transcriptional profile like murine MoMFs with low expression of CD163 

and high expression of phospholipase B domain containing 1 (PLBD1) (13, 154). Unlike 

tolerogenic MARCO+ KCs, spatial transcriptomics revealed the enrichment of inflammatory 

MARCO- KCs in the pericentral region indicating that the two major subpopulations of 

macrophages in the human liver exhibit different spatial profiles (45).  

During homeostasis, KCs perform multiple tasks, including phagocytosis of particulate material, 

engulfment of opsonized pathogens, aged cells, and platelets (163-165). In addition, they are 

involved in iron and lipid metabolism and the removal of toxins (e.g., LPS) (166-168). 

Interestingly, in vitro stimulation of human KCs with LPS leads to the production and release of 

anti-inflammatory IL-10, a phenomenon that has been called endotoxin tolerance and proposed as 

an adaptive mechanism to persistent and physiological exposure to gut-derived LPS (169). 

Moreover, KCs are active enforcers of T cell tolerance at the steady state, which may play a role 

in oral tolerance to food-derived and commensal bacteria-derived antigens. Notably, KCs express 

MHC class II, costimulatory molecules, and PD-L1, and present antigens to circulating naïve CD4+ 

T and CD8+ T cells. Priming of naïve CD4+ T cells by KCs during homeostasis results in the 

generation of regulatory T cells. On the other hand, antigen presentation to CD8+ T cells by KCs 

at the steady state leads to deletional tolerance (170-173). KCs have also been shown to reduce 

inflammation in several injury models. For instance, KCs reduced ConA-induced tissue damage 

through a mechanism involving IL-10 (174). In addition, PD-L1+ CD80- KCs captured, processed, 

and presented antigens to T cells in vivo leading to the development of IL-10-producing FoxP3+ 

Tregs (171). VSIG4 expression by KCs was also linked to tolerance induction in T and NKT cells 

in the model of ConA-induced hepatitis (175). Moreover, expression of indoleamine 2,3-

dioxygenase (IDO) and Fas ligand by KCs have been shown to mediate immunosuppression of T 

cells in the context of allograft acceptance in liver transplantation (172, 176, 177).  

Even though KCs have a rather immunosuppressive profile at the steady state, they are strategically 

positioned to detect incoming threats from the portal and general circulation and rapidly and 

vigorously respond to them (128). In the inflammatory context, KCs switch from a tolerogenic to 

a pro-inflammatory phenotype. Not surprisingly, KCs express a large repertoire of PRRs including 

TLRs, NOD-like receptors, and RIG-I-like receptors. PRR signaling mediates the release of 

inflammatory chemokines and cytokines that promotes the recruitment and activation of other 
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immune cells leading to the removal of invading pathogens (164, 178, 179). For instance, activated 

KCs coordinate the influx of monocytes and neutrophils to the injury site through the secretion of 

CCL2, CXCL1, and CXCL2. Accordingly, the depletion of KCs reduces neutrophil infiltration in 

a model of sterile injury (180, 181). Multiple signals can induce KC activation including reactive 

oxygen species (ROS), DAMPs released by dying hepatocytes, opsonized pathogens, and PAMPs 

like LPS (182). For instance, LPS-mediated activation of KCs leads to the synthesis and release of 

TNF-α, IL-1β, IL-6, IL-12, IL-18, and IFN-γ. Notably, in vitro work showed that the shift from 

endotoxin tolerance to activation of KCs was dependent on the dose of LPS (183). Similarly, 

during inflammation due to toxic injury with CCl4 or methionine- and choline-deficient diet, KCs 

induced IFNγ-producing CD4+ T cells (171).  

The functional role of KCs during the wound-healing response to acute liver injury has been 

determined using clodronate-loaded liposomes that selectively induce apoptosis in KCs (184). 

Consistent with the notion of KCs as tissue-resident sentinels, the depletion of KCs reduced 

neutrophil recruitment in the model of sterile injury with a thermal probe (181). In addition, KC 

depletion in models of acute toxic injury leads to delayed repair (184-187). For instance, studies 

using the toxins N-acetyl-p-aminophenol (APAP) and thioacetamide (TAA) have found that 

ablation of KCs rather than exacerbating liver injury seems to extend the period where tissue 

damage markers like ALT and percent of the necrotic area remain elevated, suggesting deficits in 

pro-repair functions (185, 186). However, KC depletion before CCl4 injury led to aggravated 

inflammation and increased tissue damage. In one study, the lack of KCs caused increased myeloid 

cell infiltration and higher levels of pro-inflammatory TNFα in response to CCl4-induced acute 

liver injury. Pre-treatment of mice with a neutralizing anti-TNFα Ab significantly decreased the 

serum ALT levels after CCl4 administration suggesting that KCs may play a protective role by 

preventing TNFα-induced tissue damage (187). In addition, the depletion of KCs significantly 

reduced hepatic expression of the major monocyte chemokine CCL2 upon CCl4 injury. Further 

characterization of KCs isolated from CCl4-treated mice revealed that they produced large amounts 

of CCL2 ex vivo compared to hepatic non-KC myeloid cells. Since CCL2 and its receptor CCR2 

are required for monocyte infiltration upon acute liver injury, depletion of CCL2-producing KCs 

may reduce the accumulation of inflammatory monocytes and their pro-repair MoMF descendants 

in the injury site and thereby delay the healing process (133, 186).  
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KCs are also involved in vessel protection and repair. In the APAP model, an overdose of N-

acetyl-p-aminophenol leads to centrilobular necrosis, inflammation, and repair (188). In this 

model, KC depletion resulted in increased hepatic vascular permeability, red blood cell 

accumulation, and activation of LSECs (186). Furthermore, isolated KCs upregulated the 

expression of angiogenic genes in response to APAP. Therefore, KCs play a hepatoprotective role 

through the prevention of excessive activation of the sinusoidal endothelium in response to toxic 

injury, and the promotion of re-vascularization (189). Finally, the pro-repair functions of KCs also 

involve the restoration of the ECM upon toxic injury. In the APAP model, KCs phagocytose fibrin 

which is a major component of the provisional ECM generated during the repair. This is a 

necessary step for the regeneration of the normal ECM (185, 190).  

KCs are key contributors to host defense against bloodborne bacteria. A study using intravital 

imaging revealed that KCs cooperate with platelets for the capture and elimination of gut-derived 

intracellular bacteria Bacillus cereus and Staphylococcus aureus (191). In addition, periportal KCs 

have been shown to capture gut-derived intracellular bacteria reaching the sinusoids and 

preventing their passage to the general circulation via the central vein (7). Other than bacteria 

capture, necroptotic death of KCs protects against intracellular bacteria. A recent study showed 

that in mice infected with Listeria monocytogenes, necroptotic-infected KCs orchestrated type 1 

immune response through the recruitment of IFN-γ-producing inflammatory monocytes and 

MoMFs with a microbicidal activity that was crucial for pathogen control and host protection at 

early stages of the response. Concomitantly, IL-1β from dying KCs induced IL-33 release by 

hepatocytes that, in cooperation with basophil-derived IL-4, directed the phenotypic switch from 

inflammatory monocytes into MoMFs. These observations were replicated in Salmonella enterica 

suggesting that necroptotic death of KCs may have evolved as a mechanism to indirectly provide 

immunity against intracellular bacteria and simultaneously promote repair upon infection 

resolution (192).  

In summary, KCs are key effector cells for the maintenance of tissue homeostasis through the 

removal of dietary and microbial-derived products, and the induction of T-cell tolerance. However, 

in the presence of pathogens or sterile injury, KCs sense the damage and trigger an immune 

response tailored to the type of threat. KCs are spatially zonated and their spatial distribution 
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influences their capacity to phagocytose bacteria. How the location of KCs along the porto-central 

sinusoidal axis impacts other KC effector functions has not been established yet. 

1.e.1.b. Liver Capsular Macrophages (LCMs) 

 

Besides the KCs that occupy the sinusoidal compartment, a population of LCMs forms a network 

in the hepatic capsule that prevents the spreading of pathogens from the peritoneal cavity into the 

liver (Figure 13). Unlike KCs that are embryonically derived, LCMs originated from circulating 

monocytes. Even though LCMs exhibit dendritic morphology, mass cytometry or cytometry by 

time of flight (CyTOF) revealed that they express very low levels of CD11c and do not express 

CD103. Instead, LCMs express macrophage markers like F4/80, CD64, CSF-1R, and CD14,  

(131). LCMs do not express the canonical KC markers CLEC4F and Timd4, nor the monocytic 

marker Ly6C, indicating they are a phenotypically different subpopulation of hepatic 

macrophages. LCMs did not express the peritoneal macrophage markers integrin alpha M chain 

(Itgam 1) and fibronectin-1 (Fn1). In addition, profiling of blood mononuclear cells showed that 

LCMs are not present in the periphery (133). Further emphasizing the unique profile of LCMs 

compared to KCs, transcriptomic data identified a distinctive macrophage program enriched for 

cytokine-cytokine receptor interactions, hematopoietic cell lineage, G-coupled protein receptor 

signaling pathway, and signal transduction (131).  

Interestingly, the LCM network develops postnatally and is temporarily associated with the 

weaning of the mice and the establishment of the microbiota. In vivo blockade of CSF-1R signaling 

resulted in the depletion of LCMs suggesting their dependence on colony-stimulating factors 

(CSFs).  

Functionally, LCM sense invading bacteria and produce neutrophil chemokines. LCM depletion 

reduced neutrophil recruitment and increased the dissemination of the pathogens Mycobacterium 

bovis bacillus and Listeria monocytogenes from the peritoneal cavity into the liver (131). 
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Figure 13: High resolution images of LCMs. (A) LCMs (GFP+ cells) in the liver capsule of a 

CD207-EGFP (enhanced green fluorescent protein) mouse. LCMs are green and collagen is blue. 

Bar, 50 μm. (B) Electron microscopy image of WT mouse liver capsule, depicting an LCM 

interacting with collagen fibers (col). Abbreviations: M, mesothelial cells; H, hepatocytes. Bar, 5 

μm. Caption and image adapted from reference (131). 

In summary, LCMs occupy a separate niche compared to KCs and MoMFs, exhibit a distinctive 

morphology, and perform complementary sentinel and protective functions during the steady state 

and in response to bacterial invasion. Further investigation is required to define the role of LCMs 

in other acute and chronic liver pathologies.  

 

1.e.1.c. Monocyte-Derived Macrophages (MoMFs) 

 

A third population of liver macrophages is the MoMFs. MoMFs have been described as the 

“emergency response team” that is recruited to the liver upon injury. However, several reports 

have documented the existence of a small population of MoMFs in the livers of uninjured mice 

(133, 152, 193). In contrast, in the healthy human liver, MoMFs are present in high numbers as 

determined by scRNA-seq (13). Indeed, a study showed that 4 out of 5 donors had larger 

populations of CD68+ MARCO- MoMF than CD68+ MARCO+ KC. However, CD68+ MARCO- 

MoMFs may be overrepresented in the scRNA-seq data set probably due to inefficient isolation of 



33 
 

CD68+ MARCO+ KCs as suggested by MARCO IHC staining in the same study showing high 

density of MARCO+ macrophages around portal tracts (13).  

During inflammation due to pathogen invasion or toxic injury, MoMFs are massively recruited to 

the injured liver and significantly contribute to the expansion of the myeloid compartment during 

inflammation and repair (133, 193-196). MoMFs have been linked to self-resolving and chronic 

hepatic inflammation with both protective and pathogenic roles assigned to them depending on the 

specific experimental model or human liver disease (128, 135).  

In mice, hepatic MoMFs originate from bone marrow-derived circulating Ly6Chi CCR2+ 

CX3CR1low inflammatory monocytes (133, 134, 193). Upon injury or infection, activated KCs, 

HSCs, and LSECs release monocyte/macrophage chemokines that induce the recruitment of 

inflammatory monocytes to the injury site via CCR2 and CCR8 (182, 197-200). Recruited 

inflammatory monocytes differentiate into MoMFs at the injury site in a process that involves the 

downregulation of Ly6C and upregulation of CX3CR1 (133, 134).  

Remarkable plasticity and heterogeneity characterize the population of infiltrating monocytes and 

their descendants during hepatic inflammation. In sterile and toxic models of hepatic injury, 

recently infiltrated MoMFs exhibit a pro-inflammatory and pro-fibrogenic profile characterized by 

elevated expression of TNFα, IL-1β, and TGFβ, and reduced expression of anti-inflammatory IL-

10. However, with the progression of the wound healing response, and under the influence of 

environmental cues and cytokine signaling, MoMFs gradually adopt a pro-restorative phenotype. 

This phenotypic switch takes place at the injury site and is dependent on IL-4, IL-10, CX3CL1, 

neutrophil-derived ROS, and phagocytosis (94, 134, 193, 201, 202). The plasticity of MoMFs is 

especially illustrated by their ability to infiltrate the liver upon ablation of KCs and differentiate 

into long-lived self-renewing, fully differentiated KCs in the KC-DTR mice (mouse in which KCs 

expressed the human diphtheria toxin receptor) (154). These repopulating cells have been called 

monocyte-derived KCs (MoKCs) due to their transcriptional similarities to the original embryonic 

KCs they replaced (154).  

In the uninjured murine liver, the embryonic, yolk sac-derived KC pool self-maintain by in situ 

proliferation with no contribution from monocytes (141). However, in several pathological 

conditions and experimental models that lead to KC death, the resident macrophage pool can be 

replenished by either proliferation of remaining KCs or by MoKCs, also called bone marrow-
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derived KCs (BM-KCs) (133, 154, 192, 203). Currently, conditions that promote either one of 

these replenishment pathways are incompletely understood (85, 203). For example, toxic liver 

injury with acetaminophen (APAP) leads to partial depletion of KCs that recover exclusively 

through the proliferation of remaining KCs when damage subsides (133). In this model, 

transcriptome microarray analysis comparing KCs to infiltrating MoMFs revealed more than 800 

differentially expressed genes between these two subpopulations of hepatic macrophages (133). 

Among these were included multiple genes associated with the wound healing response (e.g., 

scavenger receptors, C-type lectins, complement receptors, and ECM-remodeling enzymes) 

strongly suggesting a division of labor between KCs and MoMFs (133). By contrast, KCs 

depletion due to radiation-induced injury or selective KC depletion using diphtheria toxin led to 

the engraftment of monocytes that differentiated into MoKCs or BM-KCs (129, 154). BM-KCs 

expressed KC-associated transcription factors and KC core genes (e.g., CLEC4F), adopted fixed 

positions in the sinusoids, morphologically changed to resemble the original embryonic KCs with 

stellar shape and long processes, and acquired the capacity to self-maintain just as their embryonic 

counterparts (85, 129, 154). Interestingly, BM-KCs and the original embryonic KCs exhibited 

overlapping and distinct functional properties. For instance, BM-KCs and embryonic KCs had 

comparable clearance levels of affected red blood cells and similar responses to Leishmania 

infection in terms of uptake and killing of these parasites. However, BM-KCs were more efficient 

at phagocytosing bacteria (Listeria monocytogenes and Neisseria meningitidis) than embryonic 

KCs (129). Moreover, BM-KCs exhibited a more pro-inflammatory phenotype and promoted 

tissue damage compared to the original embryonic KCs in murine non-alcoholic steatohepatitis 

(NASH) models (204). In summary, depending on the inflammatory context, infiltrating 

inflammatory monocytes can differentiate into transitory MoMFs that do not integrate into the KC 

niche, or can give rise to self-renewing BM-KCs which transcriptionally, phenotypically, and 

functionally resemble but are not identical to embryonic KCs.  

The role of MoMFs has been studied in the model of acetaminophen-induced liver injury (AILI) 

(133, 194). In this model, MoMFs were the most abundant myeloid population during early repair 

but contracted to almost disappear by the end of the wound healing response (133). Importantly, 

antibody-mediated depletion of CCR2+ monocytes and thereby of their MoMF descendants, 

resulted in increased bridging necrosis and ballooning degeneration during tissue repair 

demonstrating that pro-repair functions of MoMFs are crucial for proper healing upon AILI (133). 
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In this regard, microarray-based transcriptional profiling comparing monocytes and their MoMFs 

descendants during the repair phase of AILI, revealed significant upregulation of bridge molecules 

and receptors in MoMFs (e.g., proto-oncogene tyrosine-protein kinase MER (Mertk), AXL 

receptor tyrosine kinase (Axl), growth arrest-specific 6 (Gas6), milk fat globule-EGF factor 8 gene 

(Mfge8), and complement C1q subcomponent a, b and c (C1qa/b/c)). These bridge molecules and 

receptors are involved in the uptake of apoptotic cells strongly suggesting the involvement of 

MoMFs in the clearance of debris and dead hepatocytes during the repair phase of AILI (132, 187). 

Few studies, and in a limited number of models, have addressed the spatial properties and 

interacting partners of MoMFs during liver injury. In the AILI model, MoMFs accumulated around 

injured central veins during necroinflammation and early repair in a CCR2-dependent manner 

(Figure 14) (133, 194). Another study dissected the spatio-temporal trajectory of MoMFs in the 

model of focal thermal injury (193). In this model, a tiny 0.02 mm3 sterile necrotic lesion is 

generated with a thermal probe in the liver. As early as 1 h post-injury, inflammatory monocytes 

started to accumulate in a CCR2-dependent manner forming a packed ring around the lesion 

(Figure 15). Subsequently, between 8 and 48 h post-injury, these monocytes transitioned from 

Ly6ChiCX3CR1low into Ly6CintCX3CR1+ MoMFs in the perimeter of the lesion before entering to 

the deepest regions of the necrotic tissue. MoMF differentiation was IL-4- and IL-10-dependent 

and was crucial for debris clearing and collagen redeposition (193). Subsequent studies showed 

that iNKT cells are the source of IL-4 that directs phenotypic switching of MoMFs in this model 

(205). In addition, in a model of fibrosis regression, Ramachandran et al. found that CD11bhi 

F4/80int Ly6Cint macrophages (MoMFs) were expanded at the time of maximal scar resolution and 

were the main producers of matrix-degrading metalloproteinase enzymes (MMPs), and their 

selective depletion caused persistent fibrosis (134). Collectively, these studies firmly established 

that MoMFs are generated at the injury site from recruited inflammatory monocytes where they 

perform crucial effector functions for the resolution of inflammation and the restoration of tissue 

homeostasis.  
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Figure 14: MoMFs are recruited to the injury site during acetaminophen-induced liver injury. 

Immunofluorescence staining on a liver section at 48 h after injury. MoMFs are shown in green 

in the CX3CR1GFP/+ reporter mice. Neutrophils (Ly6G) are shown in red. Scale bar, 20 μm. * 

indicates central vein. Caption and image adapted from reference (194). 

                                  

Figure 15: CCR2+CX3CR1+ monocyte-derived macrophages surround and enter the site of 

hepatic sterile injury. (a-c) Representative images taken 8 to 72 h after focal injury to the liver of 

CCR2RFP/+/CX3CR1GFP/+ mice. (a) GFP, (b) RFP, and (c) overlay. Bars, 200 μm. Caption and 

image adapted from reference (193). 
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In addition, hepatic MoMFs provide protective immunity against pathogen invasion. During 

murine and human schistosomiasis, inflammatory monocytes are recruited to the site of egg 

deposition. The Th2 environment induced by Schistosoma eggs is rich in IL-4 and IL-13 that 

induce alternative activation of monocytes giving rise to alternatively activated macrophages 

(AAMs). AAMs exert important roles in granuloma formation and limit tissue damage caused by 

Schistosoma eggs (206). AAMs secrete IL-10 and TGF-β that prevent Th1-mediated collateral 

tissue damage, and promote repair, but over-solicitation of these pathways in chronic 

schistosomiasis leads to fibrosis development (207-209). 

Despite the above-mentioned protective properties, several studies have linked MoMFs to the 

pathogenesis of liver diseases. For instance, in a model of high-fat diet and alcohol feeding, 

inflammatory MoMFs accumulated in a NOTCH1-dependent manner and were linked to increased 

hepatocellular death (210). In another study, the human counterparts of murine Ly6C+ 

inflammatory MoMFs, defined as CD14hi CD16- monocytes, were found to be involved in the 

progression of alcoholic liver disease (ALD) and NASH, primary biliary cholangitis (PBC), and 

sclerosing cholangitis (PBS) through the secretion of proinflammatory cytokines and chemokines 

TNFα, IL-1β, CCL1, and CCL2 (182, 211).  

Collectively, these reports suggest that MoMFs are diverse, and the outcome of their activity is 

context-dependent. Since MoMFs constitute one of the most abundant immune populations in the 

inflamed liver and exhibit great functional plasticity, a deeper understanding of their biology in 

different disease contexts holds the potential to contribute to the development of new drugs and 

interventions. 

1.e.2. Hepatic Dendritic Cells 

 

Dendritic cells (DCs) are the most potent antigen-presenting cells (APCs) in the body. Their main 

function is antigen uptake and processing, migration to draining lymph nodes, and presentation of 

antigenic peptides to T cells to induce T cell-mediated immunity. DCs are tissue-resident 

hematopoietic cells derived from common bone marrow macrophage/dendritic cell progenitors 

(212). They comprise a heterogeneous population of sentinel cells linking the innate and adaptive 

arms of the immune system (213). The signals provided by DCs to T cells depend on their 

maturation state, the DC subset, the cytokine microenvironment, and importantly, the tissue (214).  
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During the steady state, DCs are immature and highly endocytic (215). Antigen uptake in the 

context of inflammatory signals like PAMPs, DAMPs, or cytokines, leads to DC activation and 

maturation and concomitant migration to draining lymph nodes (LNs) where they encounter and 

present antigens to T cells. Different inflammatory signals induce specific activation patterns 

leading to DCs with distinctive cytokine profiles that instruct the differentiation of responding T 

cells towards the appropriate effector function to eliminate the threat. Conversely, the presentation 

of self or foreign harmless antigens under steady-state conditions, in the absence of costimulatory 

signals, activating cytokines, or PAMP/DAMP sensing, leads to the deletion of autoreactive T cell 

clones and the development of T regs. Therefore, the interactions between DCs and T cells dictate 

both T cell immunity and tolerance (216-220). 

As a tissue in contact with gut-derived blood, enriched in commensal and food antigens, the liver 

harbors a population of liver-adapted DCs that plays a critical role in preventing undesired adaptive 

responses against self or innocuous antigens while still being able to prime T cells against invading 

pathogens (221, 222). In rats and mice, DCs are preferentially located in the periportal and 

interstitially between hepatocytes (223, 224). In addition, a recent report documented a 

subpopulation of subcapsular DCs that forms a network below the mesothelial layer that surrounds 

the murine liver (148).  

Functionally, hepatic DCs are rather tolerogenic compared to other DC subpopulations. The 

tolerogenic microenvironment of the liver has been invoked to explain the slow maturation process 

of hepatic DCs and their rather immunosuppressive phenotype. IL-10 and TGFβ produced at 

steady state by LSECs, KCs and HSCs lead to the development of regulatory hepatic DCs 

exhibiting reduced expression of MHC II and the costimulatory ligands CD80 and CD86 (225).  

In addition, HGF may be involved in the induction of tolerogenic DCs in the liver tissue (226). In 

this regard, in vitro-generated DCs, from HGF-treated monocytes, upregulated IL-10 and induced 

the differentiation of allogeneic T cells into IL10-producing Tregs (226). The fact that HGF can 

be produced by KCs, HSCs, and LSECs further supports the possibility of this factor playing a 

role in the induction of tolerogenic DCs (227). In a comparative study, hepatic DCs exhibited a 

relatively immature phenotype compared to splenic DCs, were more endocytic, and exhibited a 

reduced capacity for allogeneic T-cell activation suggesting a more tolerogenic phenotype (222). 
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Mechanistically, hepatic cDCs were shown to induce allogeneic T-cell apoptosis in a FasL-

mediated manner (228).  

Hepatic DCs can be divided into two major groups: plasmacytoid DCs (pDCs) and conventional 

DCs (cDCs). Characterization of hepatic DCs by flow cytometry defined a subset of plasmacytoid 

DCs or pDCs (CD11cint B220+, CD11b-), and two subsets of circulating DCs or cDCs (CD11c+ 

CD11b+ B220-).  cDCs can either be immature (CD11cint CD40lo CD80lo CD86lo MHC class IIlo) 

or mature (CD11chi CD40hi CD80hi CD86hi MHC class IIhi) with the former being more frequent 

than the latter (229). The functional characterization of these DC subsets showed that B220+ but 

not B220– DCs produced type I interferon in response to in vitro murine cytomegalovirus (MCMV) 

infection. Similarly, only the B220+ subset expanded in response to MCMV infection suggesting 

that this is a subset specialized in fighting viruses (229). In another study, the profiling of 

extravascular sub-mesothelial CX3CR1+ DCs revealed that they expressed high levels of antigen-

processing and presentation-related genes suggesting a potential role in the priming of T cells 

against pathogens accessing the liver from the peritoneal cavity (148). 

Despite their modulatory profile, in the presence of inflammatory signals, hepatic DCs can induce 

innate and adaptive immune responses. For instance, upon TLR ligation, hepatic DCs produced 

more proinflammatory cytokines than splenic DCs (222). Hepatic DCs pulsed in vitro with 

hepatitis B surface antigen (HBsAg) or keyhole limpet haemocyanin (KLH) upregulated MHC II 

and costimulatory molecules and induced pro-inflammatory IL-12 and IFN-γ secretion by 

allogeneic memory T cells (230). However, the reduced APC and costimulatory activity of hepatic 

DCs in patients with chronic HBV and HCV, as well as in hepatocellular carcinoma patients, 

diminished T cell-mediated immunosurveillance and led to disease progression (231-235).   

The role of hepatic DCs in the modulation of fibrosis was examined in a model of CCl4-induced 

fibrosis regression. Depletion of hepatic DCs upon cessation of CCl4, delayed fibrosis regression, 

and clearance of activated HSCs. Conversely, adoptive transfer or expansion of DCs accelerated 

the resolution of fibrosis. Interestingly, this effect was dependent on DC-derived MMP9 

suggesting that hepatic DCs are directly involved in the remodeling of the ECM during fibrosis 

regression (236). Even though hepatic DCs are expanded in NASH and express a more mature and 

pro-inflammatory phenotype than DCs in the healthy liver, their depletion led to increased 
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production of inflammatory cytokines (TNF-α, IL-6, and IL-1β) and chemokines (MIP-1α and G-

CSF) and decreased secretion of modulatory IL-10 by other non-parenchymal cells (237).  

In summary, hepatic DCs have been associated with both protective and pathogenic roles in liver 

diseases. They are enforcers of T cell tolerance under homeostatic conditions but can get rapidly 

activated in the presence of antigens and inflammatory stimuli. The outcome of DC activation is 

context-dependent and not fully understood. The spatial profiling of the different hepatic DC 

populations has not been done. More precise delineation of the specific functions of the different 

DC subsets in health and disease will be the key to the development of targeted interventions that 

prevent unwanted DC responses while keeping in place the beneficial ones. 

1.e.3. Hepatic Resident Lymphocytes 

 

The liver acts as a filter of gut-derived blood enriched in commensal- and food-derived antigens. 

In addition, blood from the systemic circulation carrying aged cells, and occasionally cancer cells, 

pathogens, and toxins enter the liver through the hepatic artery and is filtered in the sinusoids by 

LSECs, KCs, and DCs (1, 238). Complex and diverse immunological mechanisms have evolved 

to properly cope with this heavy antigenic influx and to balance tolerance to harmless antigens 

versus response to harmful ones (238). These diverse immunological functions of the liver are 

supported by unusually large populations of resident innate, unconventional (innate-like), and 

conventional (adaptive) lymphocytes (1, 13, 239). These groups of resident lymphocytes exhibit 

different activation requirements, kinetics, and location, and therefore represent complementary 

modalities of immune responses (240, 241).  

Studies in the last decade have dissected the lymphocyte compartment in non-lymphoid organs 

revealing great internal phenotypic and functional heterogeneity and non-overlapping 

characteristics of tissue-resident lymphocytes compared to recirculating subsets (239, 241). In the 

liver, resident lymphocytes encompass the full spectrum from innate to adaptive. Innate 

lymphocytes include innate lymphoid cells (ILCs), natural killer cells (NK cells), and tissue-

inducer cells (LTi). Hepatic unconventional lymphocytes comprise invariant NKT cells (iNKT), 

mucosal-associated invariant T cells (MAIT), and γδ T cells. Finally, tissue-resident memory T 

cells (TRM) are adaptive lymphocytes that can gradually colonize the liver in response to repeated 

exposure to hepatotropic pathogens (1, 242-261).  
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Tissue-resident lymphocytes share multiple features that distinguish them from recirculating 

lymphocytes. The transcription factors Hobit and Blimp1 are the transcriptional regulators of a 

universal program of tissue retention present in most tissue-resident lymphocytes (262). For 

instance, tissue-resident lymphocytes lack expression of lymph node homing molecules (e.g., 

CCR7 and CD62L) and tissue egressing S1P receptors and rather express high levels of chemokine 

receptors that mediate migration and establishment in non-lymphoid organs (e.g., CXCR3, 

CXCR6) (239, 241). Tissue residency is further facilitated by the expression of adhesion molecules 

like CD103, CD69, CD49a, and CD44. In addition, the expression of cytokine receptors and pre-

storage of effector molecules allow tissue-resident lymphocytes to sense and rapidly respond to 

incoming threads (239, 241). In this section, we will introduce the main populations of liver-

resident lymphocytes, and discuss their phenotype, distribution, and functions during health and 

disease.  

1.e.3.a Hepatic Innate Lymphoid Cells 

 

Innate lymphoid cells (ILCs) are a heterogeneous population of Non-B Non-T lymphocytes that 

do not express rearranged antigen-specific receptors. ILCs are largely tissue-resident and are 

enriched in barrier tissues including the liver (263). All ILCs develop in the bone marrow but can 

acquire tissue-specific transcriptional signatures (264). ILCs integrate signals from alarmins, and 

cytokines released during pathogen invasion or tissue damage and orchestrate antimicrobial 

responses and tissue repair (265). ILCs are also involved in non-immune tasks that are important 

for the maintenance of tissue homeostasis like thermal regulation, circadian rhythms, and tissue 

remodeling (265). 

ILCs are classified into five groups according to the expression of phenotypic markers, signature 

cytokines, and transcription factors. These groups are NK cells, LTi cells, ILC1s, ILC2s, and 

ILC3s (264). All these ILC subsets are present in the murine and human liver (266-269). Except 

for NK cells, all other ILCs are non-cytotoxic. Functionally, ILC1s, tissue-resident NK cells, 

ILC2s and ILC3s are the innate counterparts of adaptive T helper 1 (Th1), TRM cells, T helper 2 

(Th2), and T helper 17 (Th17) cells respectively. Each group of ILCs and its respective equivalent 

T cell subset share the type of pathogens they target, the signature cytokines they produce, and the 

transcription factors they depend on for their differentiation and lineage commitment (264, 270-
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272). ILC1s and Th1 cells respond to intracellular pathogens, produce the signature cytokine IFNγ, 

and depend for their differentiation on the expression of T-box transcription factor TBX21 (T-bet). 

For instance, ILC1s protect the intracellular protozoan parasite Toxoplasma gondii and the 

intracellular bacteria Salmonella enterica (273, 274). Tissue-resident NK cells (tr-NK) and TRM 

cells are both cytotoxic, depend on T-bet and Eomes for development, and both target tumor and 

virally infected cells which they kill using perforin and granzymes (241). ILC2s and Th2 cells 

express GATA Binding Protein 3 (GATA3) and the type 2 signature cytokines IL-4, IL-5, and IL-

13 and specialize in the protection against helminths and venoms. In this regard, it has been shown 

that ILC2s mediate the expulsion of the worms Nippostrongylus brasiliensis and Heligmosomoides 

polygyrus (275, 276). Both ILC2s and Th2 cells produce amphiregulin to promote epithelial cell 

proliferation required for the repair of the massive tissue damage caused by large parasites (239, 

277, 278). Finally, ILC3s and Th17 cells express RAR-related orphan receptor gamma-t (RORγt), 

produce IL-17 and IL-22, and protect against extracellular bacteria and fungi mainly in barrier 

tissues (279). For example, mice lacking IL-22-producing ILC3s exhibited more bacteria 

translocation and were more susceptible to intestinal infection with Citrobacter rodentium (280). 

Similarly, the role of ILC3s in protecting against fungi is well illustrated in humans with certain 

mutations in RORC leading to reduced ILC3s and repeated Candida albicans infections (281). 

Despite their apparent functional redundancy, ILCs and adaptive T cells perform complementary 

and non-redundant functions due to differences in the location and kinetics of the response. While 

naive Th cells are in secondary lymphoid organs and take several days to mature and mount a 

response in peripheral tissues, ILCs are tissue residents and respond almost immediately to 

pathogen invasion and/or tissue damage. Upon injury or pathogen invasion, ILCs are activated by 

neighboring resident myeloid and stromal cells, leading to the rapid release of pre-stored cytokines 

(264). Therefore, by rapidly responding to pathogens or damage and selectively producing specific 

and polarizing cytokines and chemokines, ILCs limit pathogen spreading and influence the specific 

type of adaptive response that is triggered (282). 

A challenging aspect of ILC research is the lack of specific markers. Instead, ILCs are defined by 

the absence of adaptive lymphocyte lineage markers and the expression of several NK receptors. 

In addition, the expression of ILC-associated markers can be tissue-dependent and can change 

upon activation (264).  



43 
 

Except for NK cells, the study of hepatic ILCs is relatively recent and few reports are available 

(239, 265-267, 283-286). Since NK cells are the most studied ILC population in the liver, we will 

dedicate a separate section to them. In the murine healthy liver, ILCs represent 2% of total 

leukocytes. Within the hepatic ILCs, NK cells represent more than 80% followed by ILC1s, and 

the ILC2 and ILC3 subpopulations are relatively rarer (287, 288). The fact that the majority of 

hepatic ILCs are antiviral NK cells suggests that murine hepatic ILCs may primarily protect the 

host by fighting hepatotropic viruses and probably virally infected cancer cells. Similarly, the 

profiling of human ILCs showed that all ILC subsets are present in the human liver, with ILC1s 

as the most abundant subpopulation according to one study and NKp44- ILC3s according to 

another (266, 289). A comparative study found that the human liver has a different ILC subset 

composition compared to the gut and tonsil, suggesting specialized roles for hepatic ILCs. While 

ILC1s and ILC2s were more frequent in the adult liver than in the gut, hepatic NKp44+ ILC3s were 

almost absent. However, NKp44- ILC3s were very frequent. In addition, human hepatic ILCs 

expressed tissue-retention markers like CD69 and lacked lymph node homing receptor CD62L, 

but lacked other molecules expressed by TRM cells like CD49a and CD103, indicating that these 

receptors are not important for tissue residency in the human liver (266).  

The spatial organization of hepatic ILCs is still unknown. The fact that ILCs are phenotypically 

defined by the simultaneous lack of expression of adaptive lymphocyte lineage markers plus the 

expression of several ILC markers has made the visualization and mapping of ILCs difficult. 

However, imaging of ILC1s defined as NKp46+CD49a+ by immunofluorescence showed that they 

are present in the periportal areas of the healthy liver. This observation is based on the visualization 

of a single field of view with one portal track showing five NKp46+CD49a+ cells and therefore has 

limited value (290). Therefore, the distribution of ILCs in the liver and how it relates to their 

sentinel function is still to be determined. Since ILCs are defined by the simultaneous expression 

of multiple markers, the new high-parameter imaging technologies like the CO-Detection by 

indEXing (CODEX) would be the tool of choice for ILC spatial profiling in the liver and other 

organs (291).  

The study of hepatic ILCs has linked this heterogeneous population to both protective and 

pathogenic roles (267). Phenotypically, hepatic murine ILC1s are CD45+ Lin- CD62L- Eomes- 

Tbet+ Hobit+ CD49b- CD49a+ TRAIL+ CD69+ NK1.1+ NKp46+ CD127+ IL1Rβ+ Sca-1+ CD90+ 
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CD200R1+ and CXCR6+. ILC1's main effector molecules are TRAIL, IFN-γ, TNF-α, GM-CSF, 

and GZM B (29, 264). ILC1s in the liver have also been called liver-resident NK cells (lr-NK) 

(253, 256). In an infectious model with MCMV, IL-12 released by cDC1s induced early activation 

of ILC1s and subsequent release of IFN-γ before activation of NK cells (292). Thus, ILC1 

protected the mice early during viral infection and limited viral replication and spreading. One 

study found that ILC1s in the murine liver is derived from a resident population of fetal progenitor 

Lin-Sca-1+Mac-1+ hematopoietic stem cells that give rise to hepatic ILC1s in response to IFN-γ. 

Thus, type 1 response characterized by IFN-γ secretion can expand the population of hepatic ILC1s 

(293). However, in a recent report, hepatic ILC1s were shown to be heterogeneous regarding origin 

and function and were distinguished according to the expression of Ly49E. Fate mapping 

experiments showed that Ly49E+ ILC1s are embryonically derived and cytotoxic, but Ly49E- 

ILC1s are bone marrow-derived and exhibit immunological memory (294). Another study found 

that hepatic ILC1s proliferated in an IL-12- and IL-18-dependent manner following infection with 

MCMV. MCMV-experienced ILC1s upregulated expression of the IL-18R, a marker of CD8+ T 

memory cells (295). Furthermore, IL-18R+ ILC1s exhibited enhanced responses to pathogen 

rechallenge in vivo, suggesting the development of immunological memory in this subset. In 

addition, hepatic ILC1s were shown to protect mice during acute liver injury with CCl4. In this 

model, ILC1s upregulated the T cell activation markers CD25 and CD69 and produced IFN-γ 

which promoted hepatocyte survival through upregulation of the inhibitor of apoptosis Bcl-xL 

(296). Accordingly, CCl4 treatment in Hobbit-deficient mice, which have reduced hepatic ILC1s, 

led to exacerbated injury compared to their wild-type counterparts. Interestingly, the upregulation 

of the activation of the markers CD25 and CD69 on ILC1s was dependent on signaling through 

the IL-7R, suggesting the role of cytokines in ILC1 activation (296). However, it has been 

proposed that ILC1s play a pathogenic role during chronic hepatitis B (CHB). In this regard, the 

number of ILC1s was increased in CHB and correlated with tissue damage and IFN-γ secretion. 

However, this study found no causal link between ILC1s and CHB progression (297).  

Hepatic murine ILC2s are CD45+ Lin- CD62L- KLRG1+ ST2+ Sca-1+ CD49b- CD49a+ TRAIL+ 

IL-25R+ CD69+ NK1.1- GATA-3+ CD127+ c-Kit+ Sca-1+ ICOS+ MHC II+ and IL-33R+. The main 

ILC2-effector molecules are IL-4, IL-5, IL-9, IL-13 and amphiregulin. In the liver, ILC2s 

exacerbated concanavalin A-induced (ConA) immune-related hepatitis (288, 298). Treatment of 

mice with Con A increased the secretion of the alarmin IL-33 that mediated activation and 
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expansion of hepatic ILC2s (288, 298). Activated ILC2s exhibited increased expression of GATA-

3 and the type 2 cytokines IL-5, IL-9, and IL-13 in response to epithelial stress markers like the 

alarmins IL-25 and IL-33. In addition, eosinophils that are important mediators of tissue injury in 

this model were decreased upon ILC2 depletion, leading to reduced tissue damage (298, 299). 

Furthermore, IL-33-activated ILC2s upregulated MHC II and co-stimulatory molecules CD80 and 

CD86 and mediated the activation, expansion, and differentiation of naïve antigen-specific CD4+ 

T cells demonstrating that ILC2s can act as APCs in vitro. CD4+ T cells activated by ILC2s 

secreted IL-13 but not IFN-γ, indicating that ILCs can induce the differentiation of CD4+ T cells 

into Th2 cells (288). In turn, the coculture of ILC2s with activated CD4+ T cells led to increased 

expression of the activation marker CD25 and the type 2 cytokines IL-4, IL-5, and IL-13 by ILC2s, 

suggesting that CD4+ T cells may mediate the in vivo activation of ILC2s. Blockade of T cell-

derived IL-2 in the co-cultures significantly reduced the activation of ILC2s and their expression 

of type 2 cytokines (288). These results suggest direct interaction and functional interdependence 

between ILC2s and CD4+ T cells in response to Con A injury but studies in the tissue validating 

this hypothesis are lacking. ILC2s were also implicated in the pathogenesis of liver fibrosis 

induced by the hepatotoxin CCl4 (269). In this model IL-33 produced during hepatic injury induced 

the activation and expansion of ILC2s that in turn secreted the pro-fibrogenic cytokine IL-13, 

resulting in enhanced HSC activation and collagen deposition (269). In agreement with these 

observations, the frequency of hepatic ILC2s was found to correlate with the severity of disease in 

a cohort including PBC, PSC, ALD, NASH, and autoimmune hepatitis (AIH) (289). Another study 

found an increased frequency of ILC2s in severe vs. mild fibrosis (266). In addition, the expression 

of IL-33, a potent ILC2 activator, is upregulated during liver cirrhosis in humans (269). Altogether, 

these results suggest that chronic IL-33-mediated activation and expansion of ILC2s aggravates 

type 2 inflammation, tissue damage, and fibrosis. The role of ILC2s in protozoan infection was 

studied in an infection model with Entamoeba histolytica (Eh) that spreads to the liver and induces 

amebic liver abscesses (ALA) (300). Hepatic ILC2s exacerbated the pathogenesis of ALA 

increasing the number of abscesses and inducing eosinophilia and neutrophilia. Mechanistically, 

ILC2s expanded in response to Eh-induced IL-33 and produced IL-5. ALA formation was 

dependent on ILC2s as demonstrated by a reduced number of ALA upon ILC2 depletion in Eh-

infected mice (300).  
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ILC3s are specialized effector cells in the protection of epithelial surfaces. Hepatic ILC3s are 

CD45+ Lin- RORγt+ CD4- CD127+ NK1.1+ and NKp46+/- and their main effector cytokines are IL-

17 A/F, IL-22, GM-CSF and IFN-γ. There are two subsets of hepatic ILC3s according to the 

expression of the natural cytotoxicity receptor (NCR) (285). Despite the important roles ILC3 

exhibits in gut homeostasis, there is a paucity of studies on the liver (264).  

A study found that ILC3s in the human liver were either NKp44+ or NKp44- with an increased 

prevalence of NKp44- ILC3s (266). Human intrahepatic ILC3s were Helios+ and AHR- but still 

produced significant amounts of IL-22 when stimulated ex vivo (266). The physiological role of 

hepatic ILC3s may be the containment of bacterial dissemination coming from the portal 

circulation. In this regard, a study where ILCs were depleted using antibodies in RAG1-/- mice 

lacking adaptive lymphocytes, showed the spreading of lymphoid tissue-resident Alcaligenes spp. 

to the liver at the steady state. Infection of the hepatic tissue resulted in inflammation, increased 

neutrophil infiltration, and elevated levels of LPS and pro-inflammatory cytokines. Blocking of 

IL-22 without ILC depletion mirrored this phenotype, and IL-22 supplementation in the context of 

ILC depletion prevented it, indicating that ILC3-derived IL-22 is critical for keeping the 

commensals in their place and protecting the sterile environment of the liver (301). Interestingly, 

a report showed that ILC3s are expanded in the early stages of hepatic infection with adenovirus 

and with lymphocytic choriomeningitis virus (LCMV). ILC3s were a major source of IL-17A/F 

during early adenoviral infection that mediated the activation of APCs, priming, and effector 

functions of T cells (283, 284). Furthermore, mice lacking IL-17F but not IL-17A, exhibited 

reduced numbers of infiltrating T cells, reduced IFN-γ production, and degranulation, and 

developed a reduced injury. However, the lack of IL-17 A or IL-17F signaling did not impact viral 

clearance (284).  These results are intriguing and demonstrate that hepatic ILC3s get activated in 

the context of viral infections, but rather than contributing to viral clearance, enhance inflammation 

and injury (284). In the same line of evidence, the frequency of IL-17A- and IL-22-producing 

ILC3s is increased in CHB, and in HBV-related liver cirrhosis (286). The role of hepatic ILC3s 

was also studied in hepatocellular carcinoma (HCC). In a syngeneic mouse model of HCC, NKp46- 

ILC3s proliferated in response to intrahepatic IL-23 and promoted HCC development through 

secretion of IL-17 and inhibition of CD8+ T cell-mediated anti-tumor immunity (302). In summary, 

ILC3s may be bad actors during chronic liver diseases through the secretion of the signature type 

3 cytokine IL-17.  
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Finally, LTi cells in the murine liver are CD45+ Lin- RORγt+ CD4+ IL-23R+ CCR6+ and AhR+ and 

their main effector molecules are lymphotoxin and IL-22 (29). LTi cells are essential for the 

formation of lymph nodes (303). The location and role of the hepatic LTi population are still 

unknown. However, one study found significant enrichment of neuropilin 1-expressing ILCs 

(NRP1) in fetal versus adult human liver, suggesting that these are the equivalent of murine NRP1+ 

LTi cells and are involved in the significant lymphoid organogenesis during fetal development 

(266).  

In summary, the study of hepatic ILCs has revealed that they are involved in the early stages of 

response to pathogens, they are activated by alarmins released by sentinel cells and can rapidly 

secrete pre-stored cytokines that polarize the adaptive response that is triggered. However, 

dysregulation of ILC responses can exacerbate tissue damage, increase inflammation, and promote 

fibrosis and HCC development.  

1.e.3.b Hepatic NK Cells 

 

NK cells were discovered in the 1960s. Early studies defined NK cells as large granular 

lymphocytes possessing cytotoxic activity that was not dependent on prior antigen exposure (304-

306). NK cells are derived from hematopoietic progenitors and develop mostly in the bone 

marrow, but also secondary lymphoid tissue like the spleen, tonsils, and lymph nodes (307). These 

innate lymphocytes play a key role in immune responses to viral infections and malignancies. NK 

cell activation depends on a wide array of germline-encoded inhibitory and activating receptors 

that do not require gene segment rearrangement (308). Varied expression patterns of inhibitory 

and activating receptors on NK cells define functionally diverse subsets (308). While activating 

receptors, like NKG2D, recognize ligands expressed by stressed, infected, or malignant cells, the 

inhibitory receptors recognize constitutively expressed self-molecules (e.g., MHC I and MHC I-

like molecules). Missing self or lack of inhibitory signals allows activating signals to prevail. 

Therefore, the balance between antagonistic inhibitory and activating signals ultimately 

determines the NK cell activation status (309-311).  

NK cells deliver protective immunity against viruses and neoplastic cells through the direct lysis 

of target cells and indirectly through the release of inflammatory cytokines and chemokines. 

Mechanistically, the binding of death receptors TRAIL-R and FAS on target cells by their ligands 
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on NK cells deliver signals that induce apoptosis in target cells. NK cells release cytotoxic granules 

containing pore-forming molecules like perforin, apoptosis-inducing granzyme B (GZM B), and 

granulysin that reach and kill target cells (304, 312). In addition, NK cells release anti-

inflammatory (e.g., IL-10), and pro-inflammatory cytokines (e.g., TNFα and IFN-γ), and 

chemokines (e.g., CCL2, CCL4, CCL5) that promote the recruitment, activation, and effector 

functions of other effector cells (313, 314). Furthermore, subsets of NK cells express the Fc 

receptor CD16, enabling them to bind antibody-coated target cells and kill them through antibody-

dependent cell cytotoxicity (ADCC) (315). 

Immunological memory is a recently discovered property of subsets of NK cells, especially those 

bearing the activating receptor Ly49H that recognizes the MCMV protein m157 (316, 317). 

Although traditionally seen as innate lymphocytes, NK cells are more and more recognized as 

effector cells that can respond to certain viruses and haptens in an antigen-specific manner, can 

expand preserving antigen specificity, and generate memory-like cells able to rapidly respond upon 

reactivation (256, 316-318). Moreover, memory NK cells can be adoptively transferred, proliferate 

and mediate protection in recipient mice (316-320).  Whether NK cell memory is a phenomenon 

restricted to a few subsets of NK cells recognizing a limited number of viral proteins, remains to 

be elucidated. 

To optimally perform its function, the liver requires a tolerogenic immune environment that 

prevents unwanted activation in response to foreign but harmless antigens and still can provide 

immunity to pathogens. Not surprisingly, hepatotropic viruses like HBV and HCV have evolved 

mechanisms to take advantage of hepatic tolerance to persist and establish a chronic infection. This 

evolutionary constraint may explain why the liver harbors the largest tissue-resident NK cell 

population of the body with unique immunomodulatory properties (1, 253). At present, we know 

that the murine liver houses at least two subpopulations of NK cells: circulating conventional NK 

cells (cNK) and liver-resident NK cells (lr-NK). By flow cytometry murine hepatic cNK and lr-

NK cells are identified as CD49a- DX5+ and CD49a+ DX5- respectively (253, 256). lr-NK cells 

reside in the sinusoids, possess memory potential, and seem to originate from hepatic 

hematopoietic progenitor/stem cells (274). Conversely, hepatic cNK cells are bone marrow-

derived, and since they don’t express the chemokine receptors involved in sinusoidal retention, 

they can freely flow in and out of the liver (256). Murine lr-NK and cNK cells also rely on different 
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transcription factors for their development. While lr-NK cell development depends on T-bet, 

Hobit, and AhR, cNK cells are T-bet-dependent and require Eomes for their maintenance (244, 

253, 260, 262).  

lr-NK cells exhibited a distinctive transcriptional profile compared to cNK cells. Gene expression 

microarray analysis revealed that lr-NK cells differentially expressed inhibitory and activating 

receptors, cytokines, chemokines, adhesion molecules, cytokine receptors, cytotoxic effectors, and 

transcription factors. lr-NK cells had increased expression of the chemokine receptors CXCR3 and 

CXCR6, as well as the activation and tissue-retention marker CD69. Regulatory genes such as 

Lag-3, Helios, and Egr-2 were also upregulated in lr-NK cells while inflammatory transcription 

factors and cytokines were decreased (e.g., Eomes, Il-1β, Il-6, and Ifn-γ). Functional assays 

revealed a decreased degranulation potential compared to cNK cells. Overall, the transcriptional 

profile of lr-NK cells was more tolerogenic compared to hepatic recirculating cNKs (253, 256). 

While transcriptional and functional profiling of hepatic NK cells has provided great insight into 

their involvement in tissue homeostasis and immunopathology, studies determining their spatial 

distribution during the steady state and in response to injury are lagging.  

Recent studies have dissected the human hepatic NK cell compartment (243, 252, 257, 321). Two 

subsets of NK cells were identified in the healthy human liver: liver-resident NK cells (lr-NK) and 

bone marrow-derived conventional NK cells (cNK) (257, 321). lr-NK cells are highly enriched in 

the liver and virtually absent in the periphery, reside in the sinusoids, and are CD56bright CD69+ 

CXCR6+ CCR5+ CCR7-. lr-NK cells express low levels of CD16, CD57, and perforin suggesting 

that they are immature, poorly cytotoxic, and cannot perform ADCC (253, 257, 321). Unlike their 

murine counterpart, human lr-NK cells express high levels of Eomes and low levels of T-bet. Just 

as murine lr-NK cells, human lr-NK cells retained their phenotype after expansion suggesting 

potential involvement in memory responses (252). While the tissue residency of specific immune 

cell subsets is directly tested using parabiosis and adoptive transfer in mouse models, in humans it 

can only be indirectly inferred. Tissue residency of human lr-NK cells was proposed due to the 

high expression of CD69, their enrichment in the liver, and their absence in the periphery, and that 

they are transcriptional and phenotypically similar to murine lr-NK cells (253, 257, 321). In 

addition, the hepatic sinusoids harbor cell populations that express ligands for CXCR6 and CCR5 

and may mediate retention of lr-NK cells (e.g., CCL3, CCL5, and CXCL16) (321, 322). By 
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contrast, cNK cells found in the human healthy liver are similar to circulating NK cells (321). They 

are CD56dim and lack expression of CD69, CCR5, and CXCR6 and highly express the secondary 

lymphoid organ homing receptors CCR7 and L-selectin (321).  

NK cells play a major role in antiviral immunity. In acute models of viral infection with murine 

hepatitis virus (MHV), MCMV, and vaccinia virus, depletion of NK cells led to increased hepatic 

viral titers (up to 500-fold) and exacerbated hepatitis leading to more and larger inflammatory foci 

than controls. In addition, NK cells induced HBV-specific CD8+ T cell-mediated immunity in a 

mouse model mimicking acute HBV infection by hydrodynamic injection of an HBV plasmid. In 

this model, NK cell depletion led to increased HBV persistence along with the reduced frequency 

of HBV-specific CD8+ T cells. By contrast, the adoptive transfer of NK cells restored donor CD8+ 

T cell-mediated HBV clearance (323). However, NK cell depletion had no impact on the response 

to acute nor to chronic infection with LCMV, indicating that NK cell-mediated protection against 

viral infection is dependent on the type of virus (324). In addition, while NK cells promoted HBV 

particle clearance in mouse models, the study of acute HBV infection in humans revealed that IFN-

γ production by circulating NK cells was reduced at peak viremia. Furthermore, peak viremia 

coincided with peak IL-10 serum levels, suggesting that increased immunosuppressive cytokines 

during the early stages of HBV infection may prevent full activation and antiviral effector 

functions of hepatic NK cells (325).  

Unlike in the acute setting, most studies have found that NK cell antiviral activity is compromised 

during chronic viral infection. NK cells are enriched in the liver of patients with CHB and exhibit 

altered expression of inhibitory and activating receptors which has been linked to functional 

impairment of NK cells (326). Several studies reported increased expression of the inhibitory 

receptor NKG2A in circulating NK cells from active versus inactive CHB patients (327, 328). This 

phenotype was replicated in vivo in an HBV-carrier mouse model. In the mice, NKG2A was 

induced by Treg-derived IL-10 during HBV “infection”. Serum levels of HBV antigen (HBsAg) 

and viral titers were significantly decreased in anti-NKG2A–treated mice compared to controls 

(327). Conversely, the downregulation of the activating receptors NKG2D and 2B4 on circulating 

NK cells from chronic HBV patients contributed to HBV persistence. Reduced NKG2D and 2B4 

expression was linked to diminished NK cell-mediated cytotoxicity and IFN-γ expression in vitro 

assays (329).  
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Altered expression of inhibitory and activating receptors on NK cells has also been linked to 

functional changes during chronic HCV infection. However herein, studies have reported 

increased expression of activating receptors on NK cells from chronic HCV patients including 

NKp44, NKp46, NKG2D, and NKp30, which may enhance NK cell cytotoxicity (330-332). Other 

groups have found no modulation or even decreased expression of activating NK receptors during 

chronic HCV (333-335). Differences in cohort composition and sampling may partially explain 

these divergent results. In addition, the frequency of peripheral NK cells was reduced during acute 

HCV compared to controls. However, peripheral NK cells from acute HCV patients were more 

cytotoxic and produced higher levels of IFN-γ (331, 335). Comparative studies found that NK cells 

were more activated in the liver than in the blood of chronic HCV patients (330).  

Despite their protective effects in antiviral immunity in the acute setting, activated NK cells may 

cause immune-mediated pathology through cytotoxicity and the production of pro-inflammatory 

cytokines. This is the case of mild hepatitis induced by the administration of 

polyinosinic/polycytidylic acid that activates NK cells (336).  Activation of hepatic NK cells has 

also been shown to contribute to fulminant hepatic failure (FHF). In a model of FHF induced by 

murine hepatitis virus strain 3 (MHV-3), hepatic NK cells upregulated CD69 produced more TNFα 

and IFN-γ, and killed MHV-3-infected hepatocytes in a FasL- and NKG2D-dependent manner. 

Consistent with the pathogenic role of NK cells in this model, NK cell depletion increased survival 

by 20% (337). Similarly, severe necroinflammatory damage was caused by NK cell-mediated 

Fas/Fas ligand interactions in a humanized mouse model of HBV infection demonstrating the 

pathogenic potential of NK cells during acute severe/fulminant hepatitis B (338). 

As in acute injury models, NK cells have also been associated with collateral tissue damage during 

CHB and chronic HCV infection. The profiling of NK cells in blood samples and liver biopsies 

from chronic HBV patients showed that activated NK cells were associated with accelerated liver 

damage as assessed by serum ALT levels and the liver histological activity index (HAI). 

Interestingly, an increased frequency of hepatic NK cells was associated with a reduced frequency 

of NK cells in the blood, suggesting active recruitment from the periphery and/or hepatic retention 

of circulating NK cells in the liver tissue (339). In addition, the degranulation activity of blood NK 

cells during chronic HCV correlated with ALT levels, and hepatic NK cells were localized within 

the necrotic area suggesting NK cell-mediated tissue damage (331, 340).   
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NK cell genetic deficiency has been associated with an increased incidence of various types of 

cancers in patients and animal models (341-345). In addition, numerous studies reported impaired 

function of NK cells in cancer patients. NK cells are enriched in the healthy liver and reduced in 

both the circulation and inside the tumor in HCC (346-349). NK cells gradually become 

dysfunctional with HCC progression, displaying a reduced expression of TNFα, IFN-γ, and a 

diminished cytolytic potential (346, 349). Cell-cell interactions in the tumor microenvironment 

have been proposed to explain NK cell dysfunction in HCC. In vitro assays showed that pre-

incubation of NK cells with autologous Tregs reduced IFN-γ secretion and lysis of target cells 

(346). In addition, the incubation of NK cells with tumor-associated monocytes triggered the 

transient activation of NK cells and their subsequent exhaustion and death (349). Similarly, 

myeloid-derived suppressor cells (MDSCs) from HCC patients inhibited autologous NK cell 

cytotoxicity and cytokine secretion in co-culture systems (350). Finally, PGE2 and IDO derived 

from HCC-associated fibroblasts suppressed the activation and cytotoxic activity of NK cells 

(351). Altogether, these studies revealed the negative effect that non-parenchymal cells enriched 

in HCC potentially have on NK cell function. 

In summary, hepatic NK cells can exert potent antiviral and anti-tumoral functions but hold the 

potential for involvement in the pathogenesis of liver injury when they become dysfunctional or 

get activated in the wrong setting. The recent dissection and characterization of the different 

subpopulations of hepatic NK cells open a new era of targeted interventions where specific effector 

functions can be modulated in individual NK cell subsets, enhancing their protective activity while 

preventing their pathogenic potential. 

1.e.3.c Hepatic NKT Cells 

 

Natural killer T cells (NKT) are large granular innate-like lymphocytes that coexpress the T cell 

receptor (TCR) and natural killer receptors (352, 353). NKT cells are critical effector cells against 

viral, bacterial, and parasitic infections. The TCR of NKT cells recognizes endogenous and 

microbial glycolipid antigens presented by the MHC I-like molecule CD1d (354). The 

identification of specific glycolipids recognized by NKT cells has been challenging and is still 

ongoing. However, glycolipids derived from some Gram-negative bacteria (e.g., Sphingomonas 

sp.) and the spirochete Borrelia burgdorferi have been identified (355, 356). Two subsets of NKT 
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cells have been defined based on different usage of TCR gene segments: type I NKT cells also 

known as iNKT cells that express a semi-invariant TCR (Vα14-Jα18 paired with Vβ8.2, Vβ7 or 

Vβ2 in mice, and Vα24-Jα18 paired with Vβ11 in human), and type II NKT cells, which are less 

abundant, and express a more diverse repertoire of TCRs (357).   

Tissue-resident NKT cells exhibit an effector memory phenotype. Thus, upon activation, they can 

rapidly release large amounts of cytokines (261). NKT cells can be activated in a TCR-dependent 

and a cytokine-driven (TCR-independent) manner. Therefore, in addition to microbial glycolipid 

antigens, inflammatory mediators can also activate NKT cells in the absence of cognate antigen 

recognition. The fact that NKT cells can get rapidly activated and express type 1 (IL-12 and IFN-

γ), type 2 (IL-4, IL-5, and IL-13) and type 3 (IL-17) cytokines, at early times upon pathogen 

invasion, make NKT cells very effective actors in the initiation and polarization of the immune 

response (358-362). The specific cytokine profile of activated NKT cells depends on the type of 

antigen presented (short vs. long chain glycolipids), the type of APC involved (e.g., DCs vs. 

hepatocytes), and the type of injury (205, 363, 364).  

NKT cells possess a varied repertoire of effector mechanisms they can use to directly eliminate 

target cells. NKT mostly kills targets through cell-mediated cytotoxicity including secretion of the 

pore-forming protein perforin and GZM B, and through contact-dependent FAS ligand-induced 

apoptosis (365).  

Given the barrier function of the liver against pathogens and microbial products present in the 

portal blood, it is not surprising that in both mice and humans, particularly large populations of 

NKT cells take residency in hepatic tissue. The frequency of NKT cells in the liver is 20 to 100 

folds higher than that in any other organ (261). The hepatic tissue houses several cell types that 

constitutively express CD1d and can present glycolipid antigens to NKT cells. This includes 

LSECs, KCs, HSCs, and hepatocytes (242, 366-368). Using flow cytometry, murine NKT cells 

are identified as CD3int NK1.1+ but a more specific identification requires the use of tetramers of 

CD1d loaded with α-GalCer. In humans, NKT cells are defined as CD3+ CD161+ CD56+ CD69+ 

CD16+ cells (369).  

NKT cells are in the sinusoids but are enriched in the periportal region that expresses high levels 

of CD1d (Figure 16). Since portal tracts are the site of entry to the liver for most pathogens, 

strategic positioning of NKT cells in this region may be advantageous (7). In addition, intravital 
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microscopy has shown that NKT cells randomly move inside the sinusoids at steady state in a 

patrolling behavior. Activation of NKT cells due to TCR stimulation or exposure to inflammatory 

cytokines such as IL-12 and IL-18 leads to NKT cell arrest (366, 370). The arrest of NKT cells 

may be caused by the establishment of stable interactions during antigen presentation between 

NKT cells and CD1d-expressing sinusoidal and perisinusoidal cells (242).  

Hepatic NKT cells protect against bacterial invasion. For instance, in response to Borrelia 

burgdorferi infection, a pathogen that expresses CD1d ligands, iNKT cells formed intimate 

clusters with CD1d+ KCs and produced IFN-γ. In this model, KCs engulfed B. burgdorferi and 

presented CD1d ligands to iNKT cells, leading to their activation and release of INFγ. Infection of 

iNKT-deficient mice with B. burgdorferi led to pathogen spread in the joints, bladder, heart, and 

liver, suggesting a role for hepatic iNKT cells in bacterial contention in the sinusoids. Similarly, 

the depletion of KCs leads to pathogen dissemination (249, 250, 254, 371). Conversely, in 

Salmonella-induced liver injury, NKT cells exacerbated tissue damage and their removal did not 

affect bacterial growth. However, the CD1d-mediated presentation of Salmonella-derived 

glycolipids was not addressed in this study (372).  

                                                            

Figure 16: NKT cells (CXCR6-GFP in green) are enriched around CD1d positive periportal 

areas. Multiplex immunofluorescence of healthy murine liver section. E-cadherin (blue) and CD1d 

(red) are preferentially expressed in periportal hepatocytes. NKT cells are labeled in green 

(CXCR6-GFP in green).  Cyan * indicates portal tracts. Yellow * indicates central veins. Caption 

and image adapted from reference (7).  
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Similarly, iNKT cells have been shown to protect against hepatotropic virus infection. It is 

important to keep in mind that, unlike bacteria, the lipids associated with viral particles are all 

host-derived (356). In one study using HCV-infected human hepatocyte chimeric mice 

transplanted with human peripheral blood mononuclear cells (PBMCs) and treated with IFN-α, 

iNKT cells expressed IFN-γ and reduced the viral titers (373). Accordingly, the human counterpart 

of murine iNKT cells exhibited an activated phenotype in the liver of HCV patients (374). In 

addition, co-culture of CD56+ T cells with HCV-infected human hepatocytes inhibited HCV 

replication through IFN-γ secretion (375). Moreover, multiple studies have shown that NKT cells 

are partially depleted during chronic HCV infection (374, 376, 377). Collectively, these 

observations suggest that hepatic NKT cells may play a role in protection against HCV infection, 

particularly at early stages, and with disease progression, their gradual depletion may facilitate 

viral persistence (369).  

Regarding the role of NKT cells in HBV infection, a report using primary human and mouse 

hepatocytes and models of transgenic and adenoviral HBV expression showed that HBV-

expressing hepatocytes presented HBV-induced phospholipids in the context of CD1d to NKT 

cells leading to their activation and subsequent reduction of viral titers (378). In agreement with 

this, a study showed a reduced frequency of peripheral iNKT cells in CHB patients, which 

increased to normal levels with viral control (379). However, NKT cells were shown to contribute 

to hepatic injury during HBV infection in a transgenic mouse model of primary HBV infection. In 

this case, the immune-induced damage was dependent on the interaction between NKG2D and its 

ligand (380).  

Another important aspect of NKT cell biology is their involvement in tissue repair through the 

secretion of Th2 cytokines. iNKT cells stimulated healing in a model of sterile focal thermal injury 

in the liver. In vivo imaging showed that iNKT cells arrived early at the injury site, made a 

turnaround, and a few hours later came back and accumulated at the perimeter of the injury site in 

a CD1d-dependent manner. The arrest of iNKT cells at the border of the lesion was dependent on 

IL-12 and IL-18 and their activation led to the secretion of IL-4 associated with the phenotypic 

switch of inflammatory CCR2hi CX3CR1low monocytes into reparative CCR2low CX3CR1hi 

MoMFs. In addition, CD1d blockade prevented the early accumulation of iNKT cells around the 

injured area. Moreover, the reduction of the wound size was significantly delayed in the CD1d -/- 



56 
 

mice because of reduced IL4-dependent hepatocyte proliferation. Therefore, iNKT cells were 

essential to promote the resolution of inflammation and tissue repair (193, 205). 

Disease progression in models of NAFLD is associated with increased expression of CD1d and 

accumulation of NKT cells. Furthermore, iNKT cell-deficient mice had less fibrosis and 

inflammation compared to their WT counterparts (381-383). In the same line, human studies 

showed that increased frequency of iNKT cells was associated with more advanced cirrhosis and 

NAFLD (384). Mechanistically, several reports have linked the pro-fibrogenic activity of hepatic 

iNKT cells to persistent IL-13 secretion in the inflamed and fatty liver (385, 386).  

NKT cells play dual roles in models of AIH. A proinflammatory role has been documented in the 

models of Con A and glycolipid α-GalCer-induced hepatitis. In both models, hepatocellular injury 

is mediated by NKT cells through perforin/GZM B secretion, and Fas L-dependent cytotoxicity 

(387-389). Accordingly, mice lacking NKT cells expressing the invariant Vα14-Jα18 TCR were 

protected against Con A- and α-GalCer induced hepatitis (390). By contrast, the anti-inflammatory 

activity of IL-17-producing NKT cells has also been reported. IL-17 neutralization before α-

GalCer injection significantly exacerbated hepatitis and administration of IL-17 attenuated hepatic 

inflammation. Unexpectedly, IL-17 neutralization increased hepatic recruitment of neutrophils and 

proinflammatory monocytes producing IL-12 and TNF-α suggesting an anti-inflammatory effect 

of NKT cell-derived IL-17 in this model of hepatitis (391). It is important to mention at this point 

that multiple other reports have documented the pro-inflammatory nature of IL-17 in autoimmune 

and inflammatory disorders. The presence in the liver of several subsets of IL-17-producing 

resident T cells (e.g., MAIT cells, γδ T cells, Th17 cells) adds another layer of complexity to the 

definitive understanding of the allegedly anti-inflammatory properties of IL-17 in models of 

autoimmunity. Therefore, the potential regulatory properties of IL-17 in the liver warrants further 

investigation.  

In summary, the liver harbors a large and heterogeneous population of NKT cells that can rapidly 

respond to damage or pathogen invasion through the direct killing of infected cells, and secretion 

of large amounts of either type 1, type 2, or type 3 cytokines. This functional versatility underlies 

the capacity of hepatic NKT cells to modulate downstream innate and adaptive immune responses 

and orchestrate the balance between pro- and anti-inflammatory mediators during acute and 

chronic liver injury. The roles of NKT cells vary in different liver diseases and disease states (261). 
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A deeper understanding of the multiple factors that determine the protective versus pathogenic 

effects of NKT cell activation will facilitate the development of interventions harnessing the great 

therapeutic potential of NKT cells as versatile effectors of immunity in the liver. 

1.e.3.d Hepatic MAIT Cells 

 

Mucosal-associated invariant T (MAIT) cells are unconventional T cells that express semi-

invariant αβ TCR which recognizes biosynthetic products of the riboflavin synthesis pathway 

presented in the context of the MHC class I-related molecule MR1 (Figure 17). MAIT cells are 

highly conserved in mammals suggesting that they perform important immunological functions 

(392). MAIT cells were first described in 1999 by Tilloy et al., as T cells bearing a canonical TCR 

α chain containing Vα7.2–Jα33/12/20 in humans and Vα19–Jα33 in mice, paired with β-chains 

Vβ2/Vβ13 in humans and Vβ6/Vβ8 in mice (393). They recognize antigens that are derived from 

biosynthetic pathways unique to bacteria and yeast and absent in mammals (394, 395).  

MAIT cells can be CD4+, CD8+, or double negative (DN) depending on the tissue and the species. 

They exhibit an effector memory phenotype (CD45RA- CD45RO+ CD95hi CD62Llow CD44hi) 

which allows them to rapidly respond to antigen encounters with the release of cytokines and 

chemokines (396, 397). MAIT cells express the transcription factor RORγt and produce the type 

3 signature cytokine IL-17 upon stimulation (398). Unlike conventional T cells (Tconv), MAIT 

cells sharing the same TCR specificity are abundant in barrier tissues and therefore do not require 

clonal expansion upon antigen encounter to the same degree Tconv does. This makes MAIT cells 

important determinants of early response to pathogen invasion (392). Since MAIT cells lack 

expression of lymph node homing molecules CCR7 and CD62L, they are rarely found in secondary 

lymphoid organs. However, they are abundant in barrier tissues like the mucosa, the skin, the liver, 

the lungs, and the urinary tract (399).   

MAIT cells are critical effectors of anti-microbial immunity when activated in a TCR-dependent 

manner. TCR-mediated activation requires both antigen recognition in the context of MR1, and 

co-stimulatory signals from CD28, TLRs, or cytokines (e.g., IL-1β, IL-7, IL-23, TNFα, and type I 

IFNs) (259, 398, 400-403). Studies showed that TCR engagement using synthetic antigens alone, 

in the absence of co-stimulatory signals or PAMPs, did not result in MAIT cell activation (398). 

Therefore, MAIT cells require, in addition to TCR binding, second and third signals for full 
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activation, upon which MAIT cells expand and produce inflammatory chemokines and cytokines 

and eliminate invading pathogens. This activation pathway is important for immunity to pathogens 

expressing the riboflavin pathway, including some species of bacteria (Escherichia, Lactobacillus, 

Staphylococcus, Shigella flexneri, Salmonella, K. pneumoniae), mycobacteria (Mycobacterium 

bovis), and fungi (Saccharomyces, Candida, and Aspergillus) (404-410). However, other 

pathogens that do not produce MR1 ligands can also be the target of MAIT cells through cytokine-

driven TCR-independent activation. This is typically the pathway used for MAIT cells to sense 

and responds to viruses as observed during infection with dengue virus, HCV, and influenza virus 

(411). TCR-independent activation can be triggered by IL-7, IL-12, IL-15, IL-17, or type I IFN 

signaling (411-416). Upon activation, MAIT cells can produce large amounts of type 1 (e.g., IFN-

γ and TNFα), type 2 (e.g., IL-4, IL-5, and IL-10), and type 3 (e.g., IL-17) cytokines, and can also 

degranulate and kill infected cells through pore-forming and apoptosis-inducing effector 

molecules (e.g., perforin and GZM B) (259, 396, 405, 407, 417). 

The liver acts as an immunological barrier to gut-derived pathogens when intestinal mucosal 

defenses are breached due to inflammation and a leaky gut. This way the liver prevents the passage 

of enteric commensals and pathogens to the general circulation. Hepatic MAIT cells comprise 

about 50% of all hepatic T cells in humans and play a major role in microbial clearance in this 

situation (396, 418).  
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Figure 17:  The phenotype of human MAIT cells and their mechanisms of activation. Mature 

MAIT cells in peripheral blood express the chemokine receptors CCR2, CCR5, CCR6, CXCR6, 

the C-type lectin-like receptor CD161, the dipeptidase CD26, and a CD45RO+CCR7− effector 

memory phenotype, with the majority of human MAIT cells expressing the CD8 coreceptor. MAIT 

cells also express the transcription factors RAR-related orphan receptor γt (RORγt), T-bet, and 

promyelocytic leukemia zinc-finger (PLZF) at rest. During bacterial infection, derivatives of the 

riboflavin biosynthesis pathway are captured by MR1 and presented on the surface of antigen-

presenting cells (APCs). Alternatively, viruses can also rapidly activate MAIT cells in an MR1-

independent manner owing to the induction of IL-18, IL-12, and IFNα. Activated MAIT cells 

express IFNγ, TNFα, GZM B, perforin, and IL-17. Caption and image adapted from reference 

(399). 

Few studies have analyzed the role of MAIT cells in the liver during homeostasis and disease. A 

landmark study by Jeffery et al. revealed the profile of human hepatic and circulating MAIT cells 

in the healthy liver and a spectrum of autoimmune, toxic, and metabolic diseases, affecting both 

the biliary epithelium and hepatocytes, including PSC, PBC, ALD, NASH, and acute liver failure 

(248). Overall, this study showed that MAIT cells are enriched in the liver compared to blood in 

both healthy and diseased livers with hepatic MAIT cells expressing higher levels of the activation 

marker CD69. In addition, the frequency of hepatic and circulating MAIT cells is reduced during 

chronic hepatitis compared to controls.  
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Human hepatic MAIT cells were shown to preferentially reside in the peri-biliary areas of the 

portal tracts in both the healthy and the inflamed liver and were associated with 

immunosurveillance of biliary epithelial cells (BECs) (289). BECs cells express MR1 and were 

able to activate MAIT cells in in vitro assays in a TCR-dependent manner. In agreement with their 

location, hepatic MAIT cells expressed the homing receptors for the biliary epithelium CXCR6, 

CCR6, and integrin αEβ7  (248, 322, 419, 420).  

As mentioned above, human MAIT cells are either CD4+, CD8+, or DN and these subsets evolve 

differently during chronic hepatitis. In inflamed livers, the frequency of CD8+ and DN MAIT cells 

out of total T cells was reduced, and the frequency of CD4+ MAIT cells was unaltered. MAIT cells 

expressed the receptors for IL-12, IL-18, and IL-23 at similar levels in control and chronic 

hepatitis. Ex vivo assessment showed that intrahepatic MAIT cells from chronic hepatitis livers 

produced mostly TNFα and IFN-γ, with a proportion of cells expressing IL-17 and almost 

undetectable levels of type 2 cytokines. In agreement with the observed cytokine profile, hepatic 

MAIT cells co-expressed the transcription factors T-bet and RORγt (248, 259). 

A recent study characterized the profile of MAIT cells in NAFLD patients and revealed decreased 

frequency in the blood compared to healthy controls, and an inverse correlation with the severity 

of NAFLD. Circulating MAIT cells exhibited a more activated phenotype during NAFLD (higher 

CD69 and PD-1) and expressed higher levels of the biliary epithelium homing receptor CXCR6 

compared to healthy controls. However, a lower percentage of circulating MAIT cells were shown 

to produce pro-inflammatory TNFα and IFN-γ compared to controls while serum levels of IL-4 

were increased in NAFLD patients, suggesting a shift from type 1 to type 2 cytokines in MAIT 

cells in this disease. Multiplex immunofluorescence showed that during NAFLD, MAIT cells 

could be found in the proximity of degenerated hepatocytes with fat deposits. Moreover, the tissue 

density of MAIT cells positively correlated with NAFLD activity score (NAS). The simultaneous 

reduction of MAIT cells in the periphery and their increased tissue density during NAFLD suggest 

that MAIT cells may be more actively recruited from the circulation or retained in the liver with 

disease progression. However, the analysis of MAIT cells in a NASH model of methionine-

choline-deficient (MCD) diet revealed that MR1 deficient mice, lacking TCR-dependent activation 

of MAIT cells, had exacerbated disease (ALT, triglyceride, and NAS) compared to wild-type 

counterparts suggesting a protective role of MAIT cells in NASH (421). Interestingly, livers of 
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MR1 deficient mice were enriched with classically activated macrophages suggesting that the lack 

of MAIT cell activation further promotes type 1 inflammation during NASH.   

The profile of MAIT cells during ALD was recently addressed by Riva et al. (422). Bacterial 

infections due to leaky gut are a frequent complication in ALD (423). In this study, authors 

reported a reduced frequency of circulating MAIT cells in ALD compared to healthy controls 

(422). In addition, circulating ALD MAIT cells expressed higher levels of the activation markers 

CD69 and HLA-DR, but expressed similar levels of pro-inflammatory TNFα and IFN-γ compared 

to controls. Moreover, upon in vitro challenge with E. coli, ALD-derived MAIT cells produced 

less GZM B. Furthermore, circulating MAIT cells from ALD patients expressed lower levels of 

IL-17 and RORγt compared to controls suggesting that the anti-microbial program orchestrated by 

RORγt and IL-17 is compromised in these patients. By contrast, ALD livers displayed increased 

expression of MR1, and ligands for MAIT cell homing receptors, suggesting a potential relocation 

or selective retention of circulating MAIT cells in ALD livers versus control. However, no 

differences in the density of hepatic MAIT cells were observed between ALD and controls (422). 

Altogether, this study demonstrated reduced frequency and increased functional impairments in 

MAIT cells during ALD.  

MAIT cells constitute most of the T cells in the human liver and are likely major players in hepatic 

immunity. Microbial translocation from the gut is a common occurrence during chronic hepatic 

disease and hepatic MAIT cells are specialized antimicrobial effector cells in this matter. Studies 

in the next few years will define how the various subsets of MAIT cells differentially protect the 

liver during homeostasis and contribute to the pathogenesis of distinct liver diseases. Hopefully, a 

deeper understanding of MAIT cell biology will lead to harnessing their potent antimicrobial 

activity for therapeutic purposes.  

1.e.3.e Hepatic γδ T Cells 

 

γδ T cells are innate-like, non-conventional T cells characterized by the expression of a γδ TCR 

(424). γδ T cells occupy different spatial, and functional niches relative to conventional αβ T cells. 

γδ T cells are rare in secondary lymphoid organs but abundant in barrier tissues like the skin, the 

intestine, the lung, the liver, and the uterus. Tissue-resident γδ T cells exhibit limited TCR 

diversity, ensuring that in the same tissue location, multiple γδ T cells recognize the same antigen 
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and efficiently respond to pathogen invasion with no need for extensive prior clonal expansion like 

αβ T cells. This suggests that, unlike the αβ TCR repertoire, γδ TCRs recognize a limited number 

of conserved antigens from pathogens or self-molecules. Moreover, unlike αβ T cells, γδ T cells 

require neither priming nor recruitment to the site of infection (425). In addition, γδ T cells 

recognize antigens presented not only by MHC but also by MHC-related molecules (e.g., CD1d) 

(426-430). This includes conserved exogenous and self-lipid antigens like sulfatide, 

phosphatidylcholine, phosphatidylethanolamine, and phosphatidylglycerol (431-433). γδ T cells 

have different activation requirements and respond earlier than αβ T cells to invading pathogens 

and therefore may be involved in establishing and modulating the early immune response (434, 

435).  

During development, γδ T cells acquire a pre-activated phenotype that allows rapid induction of 

effector functions upon stimulation (436). Activation of γδ T cells is dependent on TCR 

engagement, signaling through TLRs, and natural killer receptors (NKRs). Depending on the 

subset, the nature of the stimuli, and the inflammatory context, activated γδ T cells can produce 

type 1, type 2, or type 3 cytokines, and display cytotoxic effector functions (437). γδ T cells kill 

target cells through the expression of ligands for death-inducing receptors like Fas L and TRAIL 

and the release of granules containing perforin and granzymes (438-440). The analysis of γδ T 

cell-deficient mice has revealed a broad array of functions including immunity against 

extracellular and intracellular pathogens (e.g., bacteria, viruses, parasites), tissue repair, and tumor 

immunosurveillance (436).  

As previously mentioned, the liver is an organ with abundant innate and innate-like immune cells. 

This is also valid for γδ T cells that make up between 15 to 25% of intrahepatic T cells in humans 

and about 5% in mice suggesting their important role in liver homeostasis and in response to injury 

(441, 442). In the last decade, the notion of two functionally different subsets of γδ T cells, one 

antigen-experienced and IFN-γ-producing, and other antigen-naive and IL-17A-producing, has 

dominated the view on the heterogeneity of γδ T cells (246, 443). However, a recent study using 

scRNA-seq and t-distributed stochastic neighbor embedding (t-SNE) analysis revealed that murine 

hepatic γδ T cells can be divided into 6 subpopulations in the healthy liver (247). These subsets 

were more diverse than previously anticipated. Two of these clusters expressed high levels of Ifng, 

Tbx21, CD27, Il2rb, and NK1.1 suggesting that they are type 1 IFN-γ-producing γδ T cells and 
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exhibited cytotoxic potential. Another cluster co-expressed IFN-γ and IL-4 suggesting potential 

involvement in type 2 immunity and tissue repair. There was another cluster enriched in several 

genes associated with the IL-17 program, such as Il17a, Il17f, Il7r, Blk, Maf, Rorc, and Ccr6 which 

may be involved in antimicrobial immunity and neutrophil mobilization. Interestingly, this study 

identified a cluster of tissue-resident immature γδ T cells expressing progenitor genes 

developmentally linked to the more mature IFN-γ producing γδ T cell subsets (247).  

Neonatal mice have low levels of IL-17-producing hepatic γδ T cells, but this population becomes 

the dominant one after weaning and colonization of the gut by the microbiota. Moreover, hepatic 

γδ T cells were in a more active and mature state (CD44hi CD62L- CD24low) compared to 

circulating γδ T cells and those residents in other tissues. Interestingly, the liver residency of 

hepatic γδ T cells was absent in IL-17A KO mice indicating that IL-17 expression is critical for 

homing and/or retention of γδ T cells in the liver. The establishment of IL-17-producing γδ T cells 

in the liver was dependent on signals derived from the commensal microbes since antibiotic 

treatment blocked the colonization of the liver by these cells (251).  

A study by Kenna et al., profiling human γδ T cells, found that they can be divided into three 

groups according to their δ chain expression: Vδ1+ chains, Vδ2+ chains, and Vδ3+ chains. These 

subsets are unevenly distributed in the blood and the hepatic tissue. Overall, γδ T cells were 

enriched in the liver compared to the blood (6.6% vs. 0.9% of total T cells), and most of them were 

DN γδ T cells (85%). The majority of hepatic γδ T cells expressed the Vδ2 chain (median 56 %), 

21% expressed the Vδ3 chain, and about 10 % expressed the Vδ1 chain (444). This relative 

distribution of γδ T cell subsets has been recently contested as discussed below (445). Interestingly, 

different antigens have been associated with these three subsets of γδ T cells. For instance, Vδ1+ 

γδ T cells recognize stress molecules like MICA and MICB that are upregulated in virally infected 

and malignant cells (427, 446). By contrast, Vδ2+ γδ T cells recognize non-peptide antigens 

(phosphoesters, alkylamines, and nucleotide conjugates) constitutively expressed by intracellular 

pathogens (447-449). Finally, Vδ3+ γδ T cells, enriched in the liver and absent in the blood, 

recognize unknown ligands abundant during viral infections such as cytomegalovirus (CMV) and 

human immunodeficiency virus (HIV) (440).   

A recent study by Hunter et al., uncovered the tissue density, location, and TCR diversity of γδ T 

cells in the human liver (445). Immunohistochemistry with a pan-γδ TCR antibody revealed that 
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healthy livers have similar γδ T cell density compared to diseased livers including several 

etiologies like viral hepatitis, NASH, ALD, PSC, and PBC. Hepatic γδ T cells were observed in 

the portal and parenchymal areas, but they were significantly enriched in the parenchyma. The 

majority of hepatic γδ T cells were Vδ2-. The TCR sequencing data showed hepatic enrichment 

for the Vδ1+ γδ T cell subset over Vδ2+ and Vδ3+ and confirmed the increased presence of the 

Vδ3+ γδ T cell subset in the liver compared to the blood in both healthy donors and patients. 

Overall, the TCR sequencing data was consistent with the notion that the expanded few clonotypes 

that dominated the repertoire of human intrahepatic γδ T cells were the product of infection-

directed expansion (445).  

The role of hepatic γδ T cells in antiviral immunity is dependent on the virus and the disease 

context (e.g., acute vs. chronic). γδ T cells were critical for hepatic protection upon lethal MCMV 

infection. A protective antiviral effect of γδ T cells was uncovered using total T cell-deficient, αβ 

T cell-deficient, and γδ T cell-deficient mice, infected with MCMV. γδ T cell conferred protection 

through the secretion of IFN-γ and recruitment of NK cells (450). However, in another report, γδ 

T cells exacerbated injury and compromised survival in acute hepatic infection with mouse 

hepatitis virus strain 3 (MHV-3). In this model, hepatic γδ T cells expanded upon infection 

exhibited a hyperactivated phenotype and released large quantities of TNFα, IFN-γ, IL-2, and IL-

17. In vitro assays showed that γδ T cells killed MHV-3 infected hepatocytes in a contact-

independent manner, and adoptive transfer of γδ T cells into MHV-3 infected mice decreased 

survival (451). In another study, γδ T cell deficiency prevented hepatic NK cell accumulation in a 

model of Poly I:C administration. This effect was not observed following adenovirus 

administration in γδ T cell-deficient mice suggesting that γδ T cell promotion of NK cell 

infiltration is virus-specific (452). While these studies prove the antiviral potential of γδ T cells, 

they also show that their hyperactivation can lead to immunopathology. 

γδ T cells are reported to be depleted in patients with HBV-associated liver disease, but their role 

in the pathogenesis of chronic HBV is still insufficiently characterized. In chronic HBV patients 

during the immune-active phase, the frequency of intrahepatic as well as peripheral Vδ2+ γδ T 

cells, inversely correlated with disease severity as measured by the liver histological activity index 

and ALT, suggesting that the Vδ2+ subset may play a protective role in decreasing tissue damage. 

Circulating Vδ2+ γδ T cells exhibited reduced proliferative capacity in immune-active HBV 
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patients compared to healthy controls but expressed significantly higher levels of activation 

markers CD69, CD38, and HLA-DR. In addition, Vδ2+ γδ T cells were enriched in effector 

memory and reduced in central memory (453, 454). By contrast, in HBV-associated acute-on-

chronic liver failure (ACLF), circulating γδ T cells expressed higher levels of TNFα and IL-17, 

and increased expression of GZM B and the degranulation marker CD107a compared to chronic 

HBV and healthy controls, suggesting a more inflammatory and cytotoxic potential. Furthermore, 

tissue damage markers positively correlated with TNFα+ and CD107a+ γδ T cells. Together, these 

reports suggest that while Vδ2+ γδ T may contribute to viral control and prevent tissue damage in 

chronic HBV, they may be pathogenic in more inflammatory contexts like HBV-related ACLF 

(455).  

Unlike chronic HBV infection, levels of circulating γδ T cells were reported to be similar in chronic 

HCV compared to healthy controls. However, circulating Vδ2+ γδ T cells expressed significantly 

higher levels of the activation markers CD38 and CD69 in chronic HCV compared to healthy 

controls, and total numbers correlated with serum ALT levels. Like in chronic HBV, Vδ2+ γδ T 

cells from HCV-infected patients were enriched for terminally differentiated effector cells 

(CD45RA+ CD27-) compared to controls. In addition, while hepatic Vδ2+ γδ T cells exhibited an 

impaired capacity to produce IFN-γ compared to the circulating counterparts in chronic HCV 

patients, the markers of cytotoxicity were upregulated demonstrating a bias towards cytotoxicity 

as the dominant antiviral mechanisms of hepatic Vδ2+ γδ T cells (456). Another study, in this case 

on the Vδ1+ subset, found that Vδ1+ γδ T was highly enriched in the liver compared to the blood 

in chronic HCV patients. In addition, this subset displayed a memory/effector phenotype (CD62L- 

CD45RO+ CD95+) and produced increased amounts of IFN-γ with disease progression. 

Furthermore, the frequency of IFN-γ -producing Vδ1+ γδ T cells was associated with a higher 

degree of liver necroinflammation suggesting involvement in inflammation-mediated tissue 

damage (457). Taken together, the available data from patients show that the numbers, phenotype, 

and function of γδ T cells are altered during chronic HCV. However, the lack of satisfactory animal 

models and the nature of the existing evidence from human samples are insufficient to assign 

definitive protective or pathological roles to hepatic γδ T cells in chronic HCV.  

Hepatic γδ T cells have been shown to protect against intracellular bacteria through the prevention 

of immune-mediated tissue damage. In a Listeria monocytogenes (Lm) infectious model, γδ T cell-
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deficient mice (TCRδ-/-) developed exacerbated disease, characterized by accumulation of 

inflammatory macrophages, compared to their wild-type counterparts. Co-culture experiments 

showed that γδ T cells killed inflammatory macrophages in a Fas L-dependent manner suggesting 

that cytotoxic hepatic γδ T cells could be protective through the reduction of collateral damage 

caused by inflammatory macrophages during Lm infection (458). Still, in Lm-infected TCRδ-/- 

mice, TNFα-producing CD8+ T cells were shown to accumulate in the livers causing hepatic 

lesions. Interestingly, the ability of γδ T cells to protect against TNFα-producing CD8+ T cells, 

was dependent on their capacity to produce IL-10 since the reconstitution of TCRδ-/- infected mice 

with γδ T cells from IL-10-deficient animals failed to prevent liver necrosis. Moreover, in vitro 

cocultures of IL-10-producing γδ T cells with CD8+ T cells reduced TNFα production by CD8+ T 

cells, and this inhibition was abolished with IL-10 neutralizing antibodies (459). Another study 

found that hepatic γδ T cells were the main early producers of IL-17 upon Lm infection. γδ T cell-

derived IL-17 reduced the bacterial burden in the livers of Lm-infected mice, induced recruitment 

of neutrophils, and prevented Lm-associated tissue damage demonstrating direct anti-bacterial 

activity by hepatic γδ T cells (460).  

In the case of immunity to parasites, hepatic γδ T cells have been suggested to play both protective 

and deleterious roles. In a model of the rodent malaria parasite Plasmodium yoelii (Py), hepatic γδ 

T was found to prevent the intrahepatic stages of the Py life cycle indicating that they can mediate 

protective immunity against parasites (461). Conversely, hepatic γδ T cells may induce 

immunopathology in Schistosoma japonicum (Sj) infection. In this model, hepatic γδ T cells were 

the main cellular source of IL-17, the blockage of which reduced hepatic granulomatous 

inflammation and periportal fibrosis. In addition, IL-17 inhibited the production of soluble egg 

antigen-specific antibodies. However, this study didn’t examine the role of hepatic γδ T cells in 

models of adoptive transfer of γδ T cells upon Sj infection, or in a TCRδ-/- infected mice, and 

consequently, the pathogenic role of these cells could not be definitively established (462). 

Similarly, hepatic IL-17-producing γδ T cells promoted neutrophil recruitment to granulomas 

induced by Sj infection and aggravated fibrosis (463).  

The involvement of hepatic γδ T cells in autoimmune liver diseases has been known for more than 

two decades but remains poorly defined (464). Early studies found that the total numbers of 

circulating γδ T cells were increased in PSC and AIH patients compared to healthy controls and 
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their livers were highly infiltrated in the periportal areas suggesting a possible role in the 

pathogenesis of these autoimmune diseases (465). In addition, patients with AIH had an inverted 

Vδ1/Vδ2 ratio in circulating γδ T cells and higher IFN-γ and GZM B production compared to 

controls. A positive correlation between GZM B and bilirubin levels suggested the potential 

contribution of hepatic γδ T cells to hepatocellular damage in AIH (466). Moreover, in PBC 

patients, the Vδ1+ subset of γδ T cells was enriched while the Vδ2+ subset was decreased relative 

to healthy controls in both the blood and liver. Immunofluorescence analysis of tissue sections 

from PBC patients showed that Vδ1+ γδ T cells were scattered in the parenchyma and the portal 

area and no correlations were observed between the proportion of Vδ1+ γδ T cells and serum 

markers of tissue damage like ALT and AST. However, circulating Vδ1+ γδ T cells from PBC 

patients were highly activated (HLA‐DR+, CD69+, and CD38+) (467). Collectively, these 

observations in patients indicate that γδ T cells are altered in several autoimmune liver diseases, 

but their function is still to be established. Recently, a pro-fibrogenic role was assigned to hepatic 

γδ T cells in a mouse model of PSC. In Mdr2 KO mice, a model of PSC, disease progression led 

to IL-17 production by hepatic γδ T cells and progressive fibrosis. Antibody-mediated depletion 

of γδ T cells in this model reduced secretion of IL-17 and related IL-23, decreased neutrophil and 

monocyte infiltration, and reduced expression of fibrosis-associated genes suggesting that IL-17-

producing γδ T cells exacerbate inflammation and fibrosis in PSC. Importantly, intrahepatic γδ T 

cells from human PSC patients undergoing orthotopic liver transplant expressed IL-17 upon 

stimulation (468).   

Although inflammatory Th17 cells are expanded during NAFLD and assumed to be the main IL-

17 producers, IL-17-producing γδ T cells are much more abundant in both the healthy and the 

inflamed liver. A study showed that IL-17-producing γδ T cells were significantly increased in the 

liver in a high-fat diet (HFD) model compared to chow diet control mice. In addition, livers from 

TCRδ-/- mice subjected to HFD exhibited reduced steatosis, decreased number of inflammatory 

foci and ALT, and had better scores for glucose and insulin tolerance tests compared to their wild-

type counterparts demonstrating a pathogenic role of γδ T cells in NAFLD. Adoptive transfer 

experiments demonstrated that this pathogenic effect was mediated by γδ T cell-derived IL-17 

(251). Even though evidence has accumulated on the role of IL-17 in the pathogenesis of human 

NAFLD, a definitive link with hepatic γδ T cells remains to be established (259, 469-471). The 
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data from mouse models strongly suggest that IL-17-producing γδ T cells are major players in 

human NAFLD progression and warrant further investigation.  

In summary, the study of hepatic γδ T cells has revealed their sentinel function during homeostasis 

and their capacity to protect against a broad range of pathogens including bacteria, viruses, and 

parasites, as well as their ability to participate in type 1, type 2, and type 3 immune responses. 

Their capacity to recognize both self and foreign unconventional antigens suggest that they have 

equally important roles during homeostasis and inflammation. In most chronic conditions hepatic 

γδ T cells exhibit alterations in numbers and function. Delineating the roles of the different γδ T 

cell subpopulations in the pathogenesis of liver diseases will facilitate taking advantage of their 

broad functional repertoire for the design and customization of γδ T cell-based therapies.  

1.e.3.f Hepatic tissue-resident memory T cells 

 

The profiling of T cells in non-lymphoid tissue in models of parabiosis, tissue transplantation, and 

blockade of T cell recirculation has revealed the existence of non-circulating memory T cells called 

tissue-resident memory T cells or TRM (239). TRM are pathogen-specific memory T cells that reside 

in non-lymphoid organs. TRM are phenotypically and functionally different from central memory 

(TCM) and effector memory T cells (TEM). While TCM express homing receptors for secondary 

lymphoid organs (SLOs) (e.g., CCR7 and CD62L), and recirculate between SLOs and the blood, 

the TEM and TRM do not express SLO homing receptors and exhibit different recirculation patterns 

(TEM) or do not recirculate at all (TRM). In addition, TRM differs from TEM in the expression of 

tissue retention markers (e.g., CD69, CD49a, and CD103) (472). Therefore, differential expression 

of chemokine receptors and tissue retention markers underlie the regionalization of T cell-

mediated immunosurveillance (258).  

TRM are not originally found in healthy/uninjured tissue, but they progressively accumulate and 

get established in barrier tissues in response to repeated exposure to pathogens. Thus, TRM cells 

are typically enriched in chronically inflamed tissue. TRM cells have been reported in multiple 

organs including the skin, the gut, the lungs, the urogenital tract, and the liver. TRM comprise both 

CD4+ and CD8+ T cells but most TRM described so far are CD8+ T cells (473-476).  

After activation in secondary lymphoid organs, a subset of antigen-experienced T cells 

differentiates into TRM in the tissue of pathogen encounter and remains in that tissue (477). Newly 
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generated TRM are retained in the tissue due to reduced expression of lymph node homing receptors 

(e.g., CD62L, CCR7, and S1PR1) and high expression of tissue adhesion molecules (e.g., CD69, 

CD103, and CD49a) (473, 478). The role of TRM is to seed the tissues after primary infection with 

clonally expanded T cells with TCR-specificities for those antigens that have been previously 

encountered in that location and thereby reinforce the barrier functions of the tissue against 

reinfection (476, 479). The percentage of hepatic TRM out of total memory T cells in a model of 

LCMV infection was higher than 60 % and this was also the case for most organs examined 90 

days after viral challenge. Therefore, most memory T cells in the tissue are TRM  (258). The 

persistence of TRM cells in the tissue is dependent on tissue-specific factors (e.g., survival like IL-

15) and can vary from months to years (241). Interestingly, TRM-like cells accumulate in several 

tumors and correlate with better clinical outcomes and patient survival (480). These intratumoral 

TRM-like cells express immune checkpoint inhibitors (e.g., PD-1, CTLA-4, and Tim-3), exhibit 

cytotoxicity, and secrete a variety of tumor-fighting cytokines (480).  

TRM in different organs exhibit a different phenotype that is dictated by the tissue of residency but 

in general, most TRM can be identified as CD69+ CD103+ CD49a+ CD44+ T cells.  However, bona 

fide TRM lacking the expression of some of these markers has also been identified (480). In addition 

to phenotypic markers, TRM display functional heterogeneity and express type 1, type 2, and type 

3 cytokines (473, 481, 482). This functional versatility allows TRM cells to protect against 

secondary infections with virtually all types of pathogens at the entry site (241). However, chronic 

activation of TRM can also exacerbate autoimmune and inflammatory diseases as observed in 

vitiligo, psoriasis, inflammatory bowel disease, type I diabetes, Sjogren’s syndrome, lupus 

nephritis, multiple sclerosis, and others (483, 484).  

The liver is constantly exposed to a heavy antigenic influx. Multiple pathogens have evolved 

strategies to exploit the tolerogenic liver microenvironment to establish chronic infections in the 

hepatic tissue (1). Therefore, it is not surprising the elevated density and variety of phagocytes, 

conventional and unconventional APCs, and lymphocytes that populate the liver. As expected, 

TRM have been shown to accumulate in the liver after systemic infection and vaccination (239, 255, 

485).  

TRM control hepatotropic viral infections. For instance, in mice, systemic infection with LCMV 

led to the accumulation of LCMV-specific TRM in the liver that persisted for at least 120 days 
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(258).  Similarly, the profiling of TRM in human hepatic tissue showed expansion of 

CD8+CD69+CD103+T- betloEomesloBlimp-1hiHobitlo PD-1hi HBV-specific TRM cells upon HBV 

infection (255). Interestingly, enrichment of these HBV-specific TRM cells was found in HBV 

controllers. These hepatic TRM cells expressed high levels of the survival factor IL-2 and low GZM 

B. Although this specific TRM population was also present in the healthy human liver, it cannot be 

concluded that they are part of the naïve repertoire because previous exposure to HBV or HBV 

vaccination could explain this observation. In addition, in vitro, sequential stimulation of PBMCs 

with IL-15 and TGFβ induced de novo CD8+ TRM expressing both CD69 and CD103 at a similar 

frequency to that found in the healthy liver (255). Profiling of intrahepatic T cells by CyTOF 

showed that TRM cells were enriched in HBV-associated HCC compared to non-viral HCCs (486). 

Moreover, the frequency of TRM cells in this study correlated with good prognosis paralleling 

observations in other solid tumors (480). 

Hepatic CD69+ KLRG1lo CXCR6+ TRM T cells also accumulated upon vaccination with radiation-

attenuated sporozoites (RAS) from Plasmodium berghei and persisted in the tissue for at least 100 

days, conferring a front-line defense against malaria liver-stage infection (487). Intravital 

multiphoton microscopy showed that this TRM population was intrasinusoidal, and exhibited an 

amoeboid morphology and a migratory behavior consistent with patrolling activity (487). No 

preferential location of TRM cells was observed along the sinusoidal portal-central axis in this 

study.  

Another recent report showed that hepatic TRM cells from explanted liver samples exhibited an 

increased rate of basal autophagy compared to paired T cells from PBMCs. This adaptation led to 

increased proliferation and effector functions of hepatic TRM cells including cytotoxic activity and 

cytokine production which was linked to better function in the tolerogenic liver environment (488). 

Thus, as observed in other organs, hepatic TRM cells adopt tissue-specific traits to maximize in situ 

immunity (489).  

In summary, TRM are principal effector cells in response to reinfection in the liver and other organs. 

The few reports available in the liver link TRM cells with rather positive disease outcomes in viral 

infections and cancer. However, TRM cells hold the potential to perpetuate inflammation and the 

resultant tissue damage. Therefore, examination of the role of hepatic TRM in non-viral non-cancer 
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diseases is an important previous step to fully assess the potential of hepatic TRM cells as 

therapeutic targets in the future.  

1.f. The emerging atlas of the hepatic tissue 

 

The liver is a vital organ in charge of varied essential functions including metabolic homeostasis, 

biosynthesis of blood factors, removal of toxins from systemic and gut-derived blood, and the 

induction of peripheral tolerance to harmless antigens. These physiological processes require and 

involve different cellular and molecular microenvironments and cell populations. Therefore, the 

liver is a highly organized tissue where the location of parenchymal and non-parenchymal cells, 

and the interacting networks they form, have evolved to support the formation of several 

specialized topographical niches.  

In this introduction, we have covered the studies that have revealed zonation patterns for 

hepatocytes, LSECs, and HSCs. Their unique locations are associated with specific transcriptional 

programs and functions. Similarly, we have presented the evidence of distinctive spatial profiles 

of several liver resident immune populations during homeostasis (e.g., KCs, LCMs, and NKT 

cells) and upon injury (e.g., MoMFs). The functional consequences of these topographical 

distributions are starting to be revealed with the improvement of existing spatial technologies (e.g., 

intravital microscopy, multiplex immunofluorescence), and the emergence of new ones (e.g., 

spatial transcriptomics).   

The mapping of the cellular networks, and the spatially resolved expression patterns at the single-

cell level, will be critical to understanding the homeostatic functions of the liver, and the highly 

dynamic immune responses to hepatic insults. In the subsequent sections, we will introduce a 

strategy for higher visualization, quantification, and mapping of immune cells in liver tissue 

sections (chapter 3). Next, we will present the results of applying the principles of this strategy to 

the spatio-temporal profiling of hepatic macrophages upon CCl4 acute injury.  
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Chapter 2: Rationale, Hypothesis, and Objectives 

 

2.a.1. Rationale 

 

The liver is populated by a large network of innate and innate-like immune cells. The spatial 

organization of immune populations and their interactions with neighboring tissue cells protect the 

liver against blood-borne pathogens and support its function as a filter of gut-derived microbes 

and toxins and as a major enforcer of systemic tolerance to food and commensal-derived antigens. 

Therefore, the development of methodologies allowing the spatial characterization of immune 

cells in the tissue environment is required for a deeper understanding of liver physiology and 

pathology.  

In recent years a technological revolution has taken place in the imaging and image analysis field. 

New multiplex imaging tools have been developed in conjunction with more powerful 

microscopes, and software solutions (291, 490-495). However, accessibility to these advanced 

technologies remains restricted to a few laboratories. Specifically, the study of the organization of 

the hepatic immune cell network has been hampered by the limited multiplexing capability of 

imaging systems due to the reduced availability and specificity of antibodies, a reduced number of 

fluorophores suited for imaging, and a limited number of lasers and filters in microscopes. Other 

limitations include subjectivity and reduced speed of manual counting, and lack of proper 

representation of the tissue heterogeneity when analyzing fragmented fields of view (FOV). 

Therefore, the first objective of this thesis was to generate and validate an accessible strategy for 

increased visualization and unbiased analysis of immune cells in the hepatic tissue.  

To overcome limitations associated with inefficient labeling of clinical specimens, we integrated 

into our immunofluorescence staining protocol several solutions for reducing the autofluorescence 

and unspecific binding of antibodies (482). To expand the number of markers that can be 

simultaneously visualized, we combined serial and sequential labeling with digital tissue 

alignment resulting in the generation of virtual slides allowing the integration of information 

derived from different images and imaging techniques. In addition, analysis of whole tissue 

sections, instead of selected FOV, provided a more objective representation of the tissue 

microenvironment. Also, to reduce the intrinsic subjectivity of manual counting by visual 
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inspection, we generated protocols for the automated classification of pixels. Furthermore, by 

incorporating automated counting into our strategy, larger tissue areas were processed in a shorter 

time (482). 

Hepatic macrophages are heterogeneous and are major effector immune cells during homeostasis 

and in response to injury. Historically, studies on liver macrophages have relied on pan-

macrophage markers that cannot discriminate among the different subpopulations (e.g., F4/80 and 

CD68).  More recently, RNA-seq and mass cytometry have revealed the phenotypic heterogeneity 

and functional plasticity of hepatic macrophages and identified markers unique to each 

macrophage subset (129, 131-134, 141, 152). However, the distinctive or potentially overlapping 

spatial and temporal behavior of subpopulations of hepatic macrophages in response to injury is 

poorly understood. Therefore, the second objective was to use the above-mentioned strategy to 

dissect the dynamics of the major subpopulations of hepatic macrophages in response to acute liver 

injury.  

We selected the CCl4-induced acute injury model in mice because it recapitulates immunological, 

histological, and pathological features of human toxic liver injury (496). In addition, the immune 

response to CCl4-toxicity is self-limiting, involves considerable tissue reorganization of immune 

cells, and leads to total healing. Therefore, this is an excellent model to examine the spatio-

temporal behavior of hepatic macrophages during different stages of the wound healing response.  

In summary, the spatial behavior and interacting partners of immune cells are distinctive features 

that underlie their capacity to perform their specific effector functions during homeostasis and in 

response to injury. In this thesis, we developed a strategy allowing the spatial profiling of immune 

cells and applied it to better understand the unique roles of KCs and MoMFs in response to acute 

liver injury. 

2.a.2. Hypothesis 

 

Our general hypothesis is that immune cells occupy strategic and distinct positions in the hepatic 

tissue and their locations and interacting partners evolve during the immune response in a cell 

type-specific manner. Furthermore, the spatial behavior of individual immune cell populations 

during an immune response is distinctive and underlies its ability to perform its specific effector 
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functions. In this study, we focused our attention on liver resident KCs and infiltrating MoMFs 

during the response to CCl4-induced acute liver injury. We hypothesize that each of these hepatic 

macrophage subpopulations exhibits unique spatial and temporal features that are adapted to their 

characteristic role during the wound-healing response to acute liver injury. We also propose that 

KCs and MoMFs differentially relate to neighboring cells during the wound-healing response to 

CCl4 toxicity. 

2.a.3. Objectives 

 

Based on the above rationale and to verify our hypothesis, the objectives of this thesis are as 

follows: 

1. Optimize imaging methods for the visualization of immune cells in the hepatic tissue. 

2. Create protocols for the automated quantification and mapping of cells of interest in images 

from whole tissue sections. 

3. Develop a strategy allowing increased multiplexing capabilities and the spatial resolution 

of immune cells in the hepatic tissue. 

4. Validate the strategy by applying it to a concrete example. 

5. Characterize spatially and temporally the KCs and MoMFs in response to acute liver injury 

to gain insight into their unique contributions to inflammation and repair. 

6. Determine the origin of hepatic macrophages repopulating the liver upon acute injury. 

7. Dissect spatially and temporally the individual contribution of KCs vs. MoMFs to hepatic 

stellate cell activation, critically implicated in liver repair and healing. 
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of data. He drafted the article and participated in its critical revision for important intellectual 

content. 

Abstract: 

The immune landscape of the tumor microenvironment (TME) is a determining factor in cancer 

progression and response to therapy. Specifically, the density and the location of immune cells in 

the TME have important diagnostic and prognostic values. Multiomic profiling of the TME has 

exponentially increased our understanding of the numerous cellular and molecular networks 

regulating tumor initiation and progression. However, these techniques do not provide information 

about the spatial organization of cells or cell-cell interactions. Affordable, accessible, and easy-to-

execute multiplexing techniques that allow spatial resolution of immune cells in tissue sections are 

needed to complement single-cell-based high-throughput technologies. Here, we describe a 

strategy that integrates serial imaging, sequential labeling, and image alignment to generate virtual 

multiparameter slides of whole tissue sections. Virtual slides are subsequently analyzed in an 

automated fashion using user-defined protocols that enable the identification, quantification, and 

mapping of cell populations of interest. The image analysis is done, in this case using the analysis 

modules Tissuealign, Author, and HISTOmap. We present an example where we applied this 

strategy successfully to one clinical specimen, maximizing the information that can be obtained 

from limited tissue samples and providing an unbiased view of the TME in the entire tissue section. 

The video component of this article can be found at: 

https://www.jove.com/v/60740/visualization-quantification-mapping-immune-cell-populations-

tumor 

Or control-click to follow link https://www.jove.com/video/60740/ 

 

 

https://www.jove.com/video/60740/
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Introduction: 

 

Cancer development is the result of a multistep process involving reciprocal interactions between 

malignant cells and the TME. Other than tumor cells, the TME is composed of non-malignant 

cells, stromal cells, immune cell populations, and extracellular matrix (ECM)1. The spatial 

organization of the different cellular and structural components of the tumor tissue and the 

dynamic exchange between cancer and neighboring non-cancer cells ultimately modulate tumor 

progression and response to therapy2,3,4. It has been shown that the immune response in cancer is 

spatiotemporally regulated5,6. Different immune cell populations infiltrating the neoplastic lesion 

and the adjacent tissue exhibit distinctive spatial distribution patterns and varied activation and 

differentiation states associated with different functions (e.g., pro- versus antitumor). These 

different immune populations and their parameters coevolve over time with the tumor and the 

stromal compartments. 

The emergence of technologies allowing single-cell multiomic profiling has exponentially 

increased our understanding of the numerous cellular and molecular networks regulating 

carcinogenesis and tumor progression. However, most single-cell-based high-throughput 

analytical tools require tissue disruption and single-cell isolation, resulting in a loss of information 

about the spatial organization of cells and cell-cell interactions7. Because the location and 

arrangement of specific immune cells in the TME have diagnostic and prognostic value, 

technologies allowing spatial resolution are an essential complement of single-cell-based immune 

profiling techniques. 

Traditionally, imaging techniques like immunohistochemistry (IHC) and multiplex 

immunofluorescence (mIF) have been restricted to a small number of biomarkers that can be 

visualized simultaneously. This limitation has hampered the study of the spatiotemporal dynamics 

of tumor-infiltrating immune cells, which are typically defined by several phenotypic markers. 

Recent advances in imaging and analytical tools have expanded the possibilities of multiplexing. 

New antibody-based labeling technologies like histo-cytometry and imaging mass cytometry have 

been used to spatially separate up to 12 and 32 biomarkers, respectively8,9. Mass spectrometry 

imaging, a technique not requiring labeling, has the potential to image thousands of biomarkers 
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simultaneously in a single tissue section10,11. Although these techniques have already shown great 

potential for dissecting the tissue immune landscape in cancer, they use highly sophisticated and 

expensive equipment and software and are not readily accessible to the majority of researchers. 

Alternatively, the multiplexing capability of traditional IHC and mIF has been expanded using 

serial imaging, sequential rounds of labeling, and spectral imaging7,12,13,14,15,16. These techniques 

generate multiple images from the same or from serial tissue sections that can be consolidated into 

virtual multiparameter slides using image analysis software. As a result, the number of markers 

that can be visualized and analyzed simultaneously increases. 

Here, we propose a strategy for the rational design of tissue multiplex assays using commercially 

available reagents, affordable microscopy equipment, and user-friendly software (Figure 1). This 

methodology integrates serial imaging, sequential multiplex labeling, whole tissue imaging, and 

tissue alignment to generate virtual multiparameter slides that can be used for automated 

quantification and mapping of immune cells in tissue sections. Using this strategy, we created one 

virtual slide comprising 11 biomarkers plus two frequently used histological stains: hematoxylin 

and eosin (H&E) and picrosirius red (PSR). Multiple immune cell populations were identified, 

located, and quantified in different tissue compartments and their spatial distribution was resolved 

using tissue heatmaps. This strategy maximizes the information that can be gained from limited 

clinical specimens and applies to formalin-fixed paraffin-embedded (FFPE) archived tissue 

samples, including whole tissue, core needle biopsies, and tissue microarrays. We propose this 

methodology as a useful guide for designing custom assays for the identification, quantification, 

and mapping of immune cell populations in the TME. 

Protocol 

Three serial FFPE sections from resected hepatitis B virus (HBV)-associated human hepatocellular 

carcinoma were obtained from the Centre hospitalier de l'Université de Montréal (CHUM) 

Hepatopancreatobiliary Cancer Clinical Database and Biological Specimen Repository (HBP 

Biobank). Patients participating in this tissue bank provided informed consent. This study was 
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approved by the institutional ethics committee (Protocol number 09.237) and performed following 

the Declaration of Helsinki. 

1. Hematoxylin and eosin (H&E) staining protocol 

NOTE: The H&E staining was performed by the molecular pathology core facility of the Centre 

de Recherches du Centre hospitalier de l'Université de Montréal (CRCHUM) using the Shandon 

multiprogram robotic slide stainer using the following program. 

1. For deparaffinization, immerse slides 3x for 2.5 min each in xylene substitute. 

CAUTION: Xylene substitutes are flammable, skin irritants, and harmful if inhaled. 

2. For rehydration, immerse slides in 100% ethanol 3x for 2.5 min each. Wash for 1 min in 

double distilled water (ddH2O) to rehydrate. 

3. Incubate for 1 min in hematoxylin. Wash 3x for 1 min each in ddH2O. 

4. Incubate for 5 s with eosin. Wash 30 s with 95% ethanol. Wash 2x for 1 min with 100% 

ethanol. 

CAUTION: Ethanol is flammable and an eye irritant. Eosin is an eye irritant. 

5. For dehydration, immerse 3x for 1.5 min each in the xylene substitute. Mount slides 

manually. 

NOTE: The estimated time for executing this part of the protocol is 30 min. 

2. Multiplex immunofluorescence staining protocol for FFPE sections 

NOTE: This protocol was adapted from Robertson et al.17. 

1. Deparaffinization and rehydration 

NOTE: Before antibody-mediated labeling of FFPE sections by IHC or mIF, the paraffin should 

be removed. Failure to efficiently remove the paraffin results in suboptimal staining. 

1. Place 4 μm FFPE tissue section slides into glass slide holders. Under the fume hood, 

immerse the slides in a Coplin jar containing 37°C prewarmed xylene for 10 min. 
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CAUTION: Xylene is flammable, a skin irritant, and harmful if inhaled. 

2. Manually agitate the slides for 10 s every 2 min. Repeat 1x in fresh xylene for another 5 

min. 

3. In the chemical hood, immerse the slides sequentially for 5 min in each of the following 

solutions: 1) xylene: ethanol (1:1 v/v); 2) 100% ethanol; 3) 70% ethanol; 4) 50% ethanol; 

5) 30% ethanol; 6) phosphate-buffered saline (PBS). 

NOTE: Keep the slides in PBS until ready to perform the antigen retrieval. Keep the 

dewaxed sections always hydrated. Drying out will cause nonspecific antibody binding and 

therefore high background staining. 

2. Heat-induced antigen retrieval 

NOTE: Antigens can be masked upon formalin-fixation, preventing antibody binding and 

consequently visualization. The use of antigen unmasking buffers and procedures partially re-

establish the native conformation of epitopes and thereby restore antibody recognition. The type 

of antigen retrieval buffer and duration should be optimized for the specific assay conditions (e.g., 

target, antibody, tissue, etc.). 

1. Immerse dewaxed slides in a Coplin jar containing the antigen retrieval solution (recipe in 

Table of Materials). 

2. Place the closed Coplin jar into an electric pressure cooker with tap water. The water level 

should not exceed half the height of the jar so that the water does not mix with the antigen 

retrieval solution. 

3. Close the lid and the pressure valve of the cooker. Select high pressure for 10 min and start. 

When done, unplug the cooker, release the pressure, open the lid, and keep the jar inside 

the cooker for 30 min, allowing the slides to cool. 

3. Blocking of nonspecific binding 

1. Transfer the rack with the slides to a Coplin jar filled with PBS. Rinse off the antigen 

retrieval buffer with PBS 2x for 5 min each. 
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2. Encircle the tissue sections with a PAP pen to create a hydrophobic barrier. Immerse the 

slides in a Coplin jar containing 0.1 M glycine in PBS. Incubate for 15 min at room 

temperature (RT). 

NOTE: Glycine saturates the aldehyde groups generated during antigen retrieval. These 

groups could bind primary and secondary antibodies unspecifically. 

3. Rinse off the glycine solution by washing 2x with PBS for 5 min. Place the slides into a 

humidity chamber and add enough blocking solution to cover all the tissue sections. Avoid 

overflowing the hydrophobic barrier. Incubate for 30 min at RT. 

NOTE: The recipe for the blocking solution can be found in the Table of Materials. The 

blocking solution should contain a protein (e.g., BSA) to block nonspecific binding sites. 

It can also incorporate detergents like Triton X-100 or Tween 20 that reduce hydrophobic 

interactions between antibodies and tissue targets, thereby making antigen recognition 

more selective. The addition of 10% total serum from the species where the tissue comes 

from would block Fc receptors and thus reduce nonspecific antibody binding. Finally, the 

addition of 10% of serum from the species the secondary antibodies were raised in would 

minimize direct nonspecific attachment of secondary antibodies to the tissue section. 

4. Immunofluorescence labeling 

1. Rinse with PBS-Tween (0.1% v/v) 2x for 5 min each and place the slides back in the 

humidity chamber. 

2. Add the cocktail of primary antibodies resuspended in the blocking solution. Incubate 

overnight at 4 °C. Primary and secondary antibodies used for this study are listed in Table 

of Materials. 

NOTE: The cocktail of primary antibodies should contain either antibodies raised in 

different species, or from the same species but of different isotypes. For a list of the 

primary-secondary antibody pairs used in this study consult Table 2. Details of all 

antibodies used are in the Table of Materials and Table 2. 

3. Rinse with PBS-Tween (0.1% v/v) 3x for 5 min and place the slides back into the humidity 

chamber. In the dark, add the cocktail of secondary antibodies and incubate for 1 h at RT. 
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NOTE: When the primary antibodies are from different species, the secondary antibodies 

should be selected so that each of them only binds to one of the primary antibodies and not 

to one another. This is commonly achieved by using secondary antibodies all raised in the 

same species as long as this species differs from the species where the primary antibodies 

were generated. In cases where the primary antibodies were raised in the same species but 

have different isotypes, isotype-specific secondary antibodies should be used. 

4. Rinse with PBS-Tween (0.1% v/v) 3x for 5 min each. Rinse with ddH2O. Remove excess 

liquid and mount in mounting media with DAPI. The volume used depends on the size of 

the section. Usually, 40 μL is enough to cover the surface of a regular microscopy slide. 

5. Place the cover slide onto the section and gently squeeze out the excess mounting media 

avoiding bubble formation. Let the slides dry for 20 min at RT in the dark and store at 4 

°C until ready for acquisition. 

6. Acquire images for all the channels using the whole slide scanner (see Table of Materials). 

NOTE: The antibodies were validated using human hepatocellular carcinoma tissue as a 

positive control. For each primary antibody, three serial sections were stained with either 

primary antibody, isotype control, or only blocking solution respectively with no variation 

in the rest of the staining protocol. The acquired images were compared to establish the 

specificity of the staining. The staining was considered specific when the signal in the 

section incubated with the primary antibody had the expected pattern and was easily 

distinguishable from the background. Primary antibodies giving a high background signal 

or labeling tissue components in the isotype and no primary antibody sections were 

considered nonspecific. The estimated time for completing this part of the protocol is 2 

days. Required controls include (1) Isotype control to establish the contribution of 

nonspecific binding of the primary antibody to the background signal. One section is 

stained in the same way as the other sample tissues except that it is incubated with an 

antibody with the same isotype and origin of the primary antibody but specific for a target 

that is absent in the tissue section. If the appropriate isotype control antibody is not 

available, it can be replaced by total IgG from the same species where the primary antibody 

was raised in; (2) No primary antibody control (i.e., negative control) to establish the 

specificity of the staining and to estimate the contribution of nonspecific binding of 

secondary antibodies to the background signal. In this case, the control section is stained 
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in the same way as the other sections except that no primary antibody is added; (3) Positive 

control to establish that the staining works. In this case, the staining is performed on a tissue 

section that is known to express the marker recognized by the primary antibody. 
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3. Picro-sirius red (PSR)/fast green staining protocol 

NOTE: The goal of this staining is to visualize fibrillar collagens I and III in the FFPE tissue 

sections. This protocol was adapted from Segnani et al.18. All steps are performed in a chemical 

hood. 

1. Perform the deparaffinization and rehydration of tissue sections similar to the multiplex 

immunofluorescence staining protocol for the FFPE sections (section 2.1). 

NOTE: If the section to be stained has previously been used for immunofluorescence 

labeling and the paraffin has already been removed, the deparaffinization-rehydration steps 

are useful to remove the mounting media. DAPI is not removed using this procedure, but 

it does not perceivably interfere with the PSR staining. 

2. Immerse the slides in a jar containing the picro-sirius red/fast green solution (recipe in the 

table of Materials) and incubate for 30 min at RT (more than 30 min results in nonspecific 

staining of the nuclei of hepatocytes). 

3. Wash slides quickly in ddH2O (5 dips). Then, wash quickly in ethanol 100% (5 dips). 

Wash for 30 s in xylene-100% ethanol (1:1 v/v). Wash for 30 s in xylene. Mount with 

mounting media (see Table of Materials) before xylene has evaporated (this helps with the 

mounting). 

NOTE: The estimated time for executing this part of the protocol is 1 h. 

4. Elution of antibodies from tissue sections 

NOTE: To reuse tissue sections in sequential labeling assays, the complete removal of primary 

and secondary antibodies is required. Bound antibodies were stripped as previously described13 

Preheat a water bath to 56 °C. Put the sections inside a jar containing stripping buffer (recipe in 

Table of Materials), close the lid, and seal it with paraffin film tape to prevent leaking during 

shaking. 

1. Put the jar inside the water bath and incubate for 30 min with agitation. 

2. Wash 4x for 15 min each in ddH2O at RT. Rinse with PBS-Tween (0.1% v/v). 
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3. Keep the sections hydrated in PBS-Tween or water until ready to reprobe the section with 

the second round of primary antibodies. 

NOTE: The estimated time for executing this part of the protocol is 2 h. 

4. Verify the efficiency of the antibody elution procedure. 

NOTE: Before using the protocol for antibody elution in a sequential labeling assay, the 

efficiency of the removal of primary and secondary antibodies should be verified. 

1. Perform the staining and image acquisition of a section with a given primary-

secondary antibody pair of interest as indicated in the multiplex immunofluorescence 

staining protocol for FFPE sections (sections 2.1–2.4.6). 

2. Upon image acquisition, perform elution of tissue-bound primary-secondary 

antibody complexes as indicated in sections 4.1–4.3. 

3. Incubate the section with the same secondary antibody and the same conditions 

used in step 2.4.3. 

4. Perform washing, mounting, and image acquisition steps as indicated in 2.4.4–

2.4.6. 

5. Compare side-by-side images acquired before and after the stripping to establish 

whether or not the specific signal has disappeared. 

NOTE: Comparison of images before and after antibody removal will validate the 

efficiency of the elution procedure. However, it is normal to see an increase in the 

background signal in all the channels, as well as diffusion of DAPI. This limits the number 

of rounds of stripping that can be executed on the same tissue section. Three rounds of 

stripping seem to be the maximum. 

5. Image acquisition 

1. Generate images using a whole slide scanner. 

2. Use a 20x 0.75NA objective lens and a resolution of 0.3225 μm/pixel. 
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6. Image analysis 

NOTE: The method outlined here refers to the current example. Please refer to Table 1 and the 

text to adapt to other specific samples. 

1. Perform tissue alignment using the Tissualign module of the image analysis software (VIS in 

this protocol, see Table of Materials). 

1. Open the image analysis software and click on the Tissuealign tab. 

2. Import the images to be aligned into the Slide Tray by going to File | Database and selecting 

the first image to be aligned. Go back to the Tissuealign tab and load the image by clicking 

the Load button in the Slide Tray. The image will appear in the Slide Tray and the 

workspace. 

1. NOTE: Only the stack of interest should be loaded into the slide tray. 

2. Repeat step 6.1.2 for all the images in the order to be aligned, loading them one by one. 

Once all the images of interest are loaded onto the slide tray proceed to link the images by 

pressing Next in the Workflow Steps in the ribbon. 

3. Next, drag and drop the second image on top of the first image. The first and second images 

are now linked. Repeat this step for the other images to be aligned, one by one, in an orderly 

fashion. The name of the first image will change, indicating that it has been linked to the 

other images. Simultaneously, the linked images will be displayed in the workspace on the 

right of the slide tray. 

4. At this point, align the images either using automatic alignment, semiautomatic alignment, 

or manual alignment. It is always preferable to try automatic alignment first. For automatic 

alignment press the Next button in the workflow steps (step 3) in the ribbon. 

5. Review the automatic alignment by navigating different locations of the tissue and visually 

verifying that the corresponding structures in different images are arranged in the same 

way in the two dimensions of the image. 

6. If the result of the automatic alignment is not satisfactory, improve it using pins (use a 

minimum of three pins per image) indicating homologous tissue features in the linked 

images. Once the pins are placed at homologous locations in the linked images, the user 



87 
 

has two choices: semiautomatic alignment or manual alignment. For semiautomatic 

alignment click on the button Auto-align based on the current pinpoints in the ribbon. For 

manual alignment, click the button Apply Pins on the ribbon. 

7. When satisfied with the alignment click on the Next button in the workflow steps and save 

the composite image in the database.  

8. NOTE: Aligning six slides spanning 11 markers plus the H&E and PSR images took 15 

min in the analysis presented. 

2. Perform tissue detection using the user-defined protocol Analysis Protocol Package 1 (APP 1, 

Table 1). 

1. Open the Image Analysis module of the software by clicking the Image Analysis tab in the 

ribbon. 

2. Import the composite (aligned) image by going to File | Database and selecting the image 

of interest and clicking back on the Image Analysis tab. 

3. Open the APP selection dialog by clicking on the Open APP icon and select which Analysis 

Protocol Package (APP) to use. In this case, select APP 1 for tissue detection. 

4. Once APP 1 is opened, confirm that APP1 is working properly by going to a selected tissue 

location and clicking on the Preview button. If the results are satisfactory, go to the next 

step. 

5. Click to run APP 1 and process the image using the selected APP. 

6. Export the data (e.g., images, measurements, etc.) when the analysis is done by clicking 

File/Export. 

NOTE: APP 1 creates a region of interest (ROI) delineating the tissue (ROI Tissue) and 

calculates the area of the tissue. 

7. Save the modified image with the newly created ROI by going to File | Save. 

NOTE: Detecting the tissue and creating a ROI with APP 1 in the provided example took 

5 min in the image analysis station described. The area of the tissue processed was 3.2 cm2. 

3. Perform tissue segmentation into Stroma and Parenchyma using APP 2 (Table 1). 
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NOTE: APP 2 works on the predefined ROI Tissue. APP 2 segments the tissue into the ROIs 

Stroma and Parenchyma. 

1. Open the Image Analysis module by clicking the Image Analysis tab in the ribbon. 

2. Import the image containing the ROI tissue by going to File | Database and selecting the 

image saved in step 6.2.7. Go back to the Image Analysis tab and load the image by clicking 

the Load button in the Slide Tray. The image will appear in the Slide Tray and in the 

workspace. 

3. Open APP 2 using the APP selection dialog as in 6.2.3. 

4. Preview APP 2 by processing in a selected field of view. If the results are satisfactory, run 

APP 2 on the full image by clicking the Run button. As the output of APP 2, the ROI tissue 

is segmented in the ROIs Stroma and Parenchyma, and their respective areas are 

determined. Export results as in 6.2.6. Save the modified image as in 6.2.7. 

NOTE: Segmenting the tissue in Stroma and Parenchyma using APP 2 took 4 h in the 

analysis station presented. The area of the tissue processed was 3.2 cm2. 

4. Identify and quantify FoxP3hiCD4+ cells using the user-defined protocol APP 3 (Table 1).  

NOTE: APP 3 works on the predefined ROIs Stroma and Parenchyma. 

1. Open the Image Analysis module and import the image containing the ROIs Stroma and 

Parenchyma as in 6.3.1 and 6.3.2. Open APP 3 using the APP selection dialog as in 6.2.3. 

2. Preview APP 3 processing in a selected field of view enriched in FoxP3hiCD4+ cells. If the 

results are satisfactory, run APP 3 on the full image. As the output of APP 3, all the 

individual FoxP3hiCD4+ objects will be labeled, and their tissue coordinates stored. 

Densities of FoxP3hiCD4+ objects in the ROIs Stroma and Parenchyma will be determined. 

Export the results as in 6.2.6. 

3. Perform tissue heatmapping of FoxP3hiCD4+ labeled objects. 

1. Open the user-defined protocol FoxP3hiCD4+ MAP using the APP selection dialog as 

in 6.2.3. 
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NOTE: FoxP3hiCD4+ MAP uses the coordinates of FoxP3hiCD4+ labeled objects for 

generating density heatmaps. Identifying and counting FoxP3hiCD4+ labeled objects 

using APP 3 took 25 min in the image analysis station described. The area of the tissue 

processed was 3.2 cm2. 

2. Run FoxP3hiCD4+ MAP by pressing the Run button. Export the tissue heatmap by 

clicking File | Export | Working Area. 

NOTE: Mapping FoxP3hiCD4+ labeled objects using FoxP3hiCD4+ MAP took 5 min in 

the image analysis station described. 

5. Identify and quantify CD8+, CD68+, MPO+, αSMA+, and CD34+ objects using the user-defined 

protocols APP 4, APP5, APP6, APP7, and APP 8, respectively (Table 1) as done in sections 6.4 

to 6.4.3.2 loading the APP of interest in each case. 

NOTE: APPs 4 to 8 work on the predefined ROIs Stroma and Parenchyma. 

Representative Results: 

Overview of the strategy for visualizing, quantifying, and mapping cell populations of 

interest in the TME 

To quantify cell populations of interest (COIs) in different tissue compartments (TCs) and to 

characterize their spatial organization, we designed a workflow that integrates affordable and easy-

to-use techniques and maximizes the positional information that can be obtained from precious 

FFPE clinical specimens (Figure 1). First, serial whole tissue FFPE sections were stained for 

visualization of COIs (e.g., immune cells) and TCs (e.g., stroma versus parenchyma) (Figure 1, 

step 1). The number of consecutive sections to be stained should be kept to a minimum that allows 

visualization of the cells of interest or tissue features needed for addressing the research question. 

The smaller the number of serial sections, the higher the tissue architecture resemblance and 

concordance across contiguous sections. In addition, the multiplexing capability can be expanded 

through the reuse of fluorescently stained sections through stripping and reprobing techniques19. 
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Once the staining steps were done, a whole slide scanner was used to digitize the images. Images 

acquired from serial sections were aligned and consolidated into a virtual multiplex slide in an 

automated fashion (Figure 1, section 2). Next, an ROI for the tissue was delineated with a user-

defined protocol that identified tissue-associated pixels (TAPs) (Figure 1, step 3). Subsequently, 

the ROI tissue was segmented into TCs defined as additional ROIs. (Figure 1, step 4). Next, user-

defined protocols detected and quantified COIs in different TCs (Figure 1, step 5). Finally, tissue 

heatmaps of COIs were generated based on their densities and their tissue coordinates (Figure 1, 

step 6) 

 

Figure 1: Schematic representation of the strategy for visualizing, quantifying, and mapping 

immune cells in the TME. (1) Serial whole tissue sections were stained for labeling COIs and 

TCs. Stained whole tissue sections were digitized using a whole slide scanner. (2) Images acquired 
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from serial sections were linked, aligned, and coregistered in an automated fashion using a 

Tissuealign analysis module. A composite image was generated from the high-precision alignment 

of individual images. (3) A user-defined protocol was used for the automated detection of tissue-

associated pixels (TAPs) in the composite image. (4) The tissue was segmented into TCs (e.g., 

stroma and parenchyma) defined as ROIs. (5) User-defined protocols were used for the automated 

detection and quantification of COIs in different TCs. (6) Tissue heatmaps of COIs were generated. 

Imaging COIs and TCs 

Three serial FFPE whole tissue sections of resected tumor from a subject with HBV-associated 

hepatocellular carcinoma were stained in one or more rounds of staining as in Figure 2A. Section 

I was stained with H&E to show the tissue architecture, and cell morphology, and to determine 

clinically relevant parameters such as type of malignancy, tumor grade, and overall assessment of 

immune infiltration (Figure 2C). In contiguous section II, two rounds of mIF were used for labeling 

liver parenchymal and non-parenchymal cells (Figure 2A). In the first round, normal and tumor 

vessels were visualized using CD34 staining of endothelial cells. Additionally, epithelial cells 

(hepatocytes and cholangiocytes) were identified using cytokeratin 8/18, and fibrogenic activated 

hepatic stellate cells were identified as alpha-smooth muscle actin positive (αSMA+) cells (Figure 

2C). Following image acquisition, tissue sections were stripped and reprobed with antibodies 

against macrophages (CD68), and myofibroblasts (desmin). To better characterize the tumor 

immune infiltrate, adjacent serial section III was stained using two rounds of mIF for the cellular 

markers CD3, CD4, CD8, forkhead box P3 (FoxP3), and myeloperoxidase (MPO). In all cases, 

DAPI was used as a nuclear counterstain. Finally, section III was stained with PSR stain and 

counterstained with fast green to visualize fibrillar collagen and segment the tissue into stroma and 

parenchyma (Figure 2C). 

A whole slide scanner equipped with a 20X objective lens was used to digitize stained sections 

and create virtual slides. Six images were acquired from the three serial sections (Figure 2B) and 

the virtual slides were subsequently analyzed using the VIS software according to the schematic 

representation in Figure 1. 
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Image Analysis 

The image analysis comprised five steps: 1) tissue alignment; 2) tissue detection; 3) tissue 

segmentation; 4) automated quantification of COIs; and 5) tissue heat mapping. All protocols for 

image analysis were developed using the Author module of the image analysis software and are 

referred to in the text as APP. 

Tissue alignment 

Six virtual slides from three serial sections, spanning 11 markers plus H&E and PSR stains, were 

loaded into the Tissualign module of the image analysis software. Next, the images were linked, 

aligned, and coregistered in an automated fashion, generating an 11-plex plus H&E and PSR 

virtual composite image, containing all the layers of the individual images (Figures 2A–C). 

Alignment was accurate in the case of images originating from adjacent serial sections, showing 

corresponding tissue structures positioned and arranged in a homologous fashion upon alignment 

(Figure 2C and Figure S1A). Furthermore, the alignment was precise at the individual cell level 

for images originating from the same section (Figure S1B). The time for automatic alignment 

depends on the number, size, complexity, and similarity of the images to be aligned. The alignment 

of the above-mentioned six virtual slides took 15 min in our VIS station. 

Tissue Detection 

Once the images were linked and aligned, we sought to identify the TAPs (Figure 3A). To design 

an APP for the automated detection of TAPs (APP 1, Table 1), we took advantage of two properties 

that differentiate TAPs from pixels not associated with tissue. First, the DAPI signal (blue band) 

is restricted to the nuclei, which are located exclusively in the tissue, meaning that all DAPI+ pixels 

are a subset of TAPs. Second, TAPs have higher autofluorescence signals in the green and yellow 

bands compared to pixels not associated with the tissue. Consequently, we developed APP 1 for 

tissue detection (Table 1), which detects the TAPs based on baseline signal in these channels using 

simple thresholding techniques. Thresholds for the blue, green, and yellow bands were set so that 

TAPs had background intensity values above the thresholds, while pixels not associated with the 

tissue had values below. APP 1 for tissue detection was applied to image IIA, which contains 
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layers in the blue, green, and yellow channels (Figure 3A). As outputs of APP 1, a bright green 

mask was laid down on top of the TAPs, and a ROI called "Tissue" was delineated (output, Figure 

3A). Furthermore, the area of the tissue was determined as a quantitative output variable. Because 

APP 1 does not incorporate the pixels not associated with the tissue into the ROI Tissue, they were 

excluded from the subsequent analysis based on this ROI (Figure 3A). The precision of APP 1 at 

identifying TAPs is shown in Figure 3A. 
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Figure 2: Staining of serial tissue sections and image alignment. (A) Summary of stainings done 

on three serial sections for visualization of COIs and TCs. Numbers in brackets indicate image 

designation. For sections II and III, tissues were stripped and reprobed with a second cocktail of 

antibodies. (B) Overview of six individual whole tissue images before and after tissue alignment 

(left and right, respectively). Scale bar= 3,500 μm. (C) Zoomed view of aligned images. Scale bar 

= 80 μm. 

Tissue segmentation and delineation of ROIs for TCs 

Next, we proceeded to define different compartments inside the ROI tissue by segmenting the 

tissue into stroma versus parenchyma. We used the PSR stained image (IIIC, Figure 2C), where 

the stroma can be defined as the area associated with the deposition of fibrillar collagens (red 

band), the parenchyma as the area where fibrillar collagens are absent, and the fast green 

counterstaining dye prevails (green band) (Figure 3B). We created APP 2 (Table 1) to digitally 

delimit the TCs Stroma and Parenchyma. This APP works on the predefined ROI Tissue (output, 

Figure 3A) and uses representative stroma and parenchyma areas for training the Classifier tool 

integrated into the Image Analysis module. The trained Classifier assigns the pixels to either a 

stroma or a parenchyma label (salmon and green, respectively, Figure 3B). Upon classification of 

pixels, APP 2 executed morphological operations aiming at defining the ROIs Stroma and 

Parenchyma (Figure 3B and Table 1). The performance of APP 2 at classifying pixels and 

generating the respective ROIs is shown in Figure 3B. Additionally, APP 2 quantifies the area of 

the stroma and the parenchyma. Finally, even though the segmentation is done using the PSR 

stained section, the outlined stroma and parenchyma regions can be transferred to any image 

aligned with the PSR image. 

Automated quantification of COIs 

Next, we proceeded to identify, locate, and quantify COIs in the ROIs Stroma and Parenchyma. 

APPs 3 to 8 (Table 1) were created to locate and count the following COIs: CD4+ FoxP3+, CD8+, 

CD68+, MPO+, αSMA+, and CD34+ cells, respectively. APP 3 was designed to locate and count 

CD4+FoxP3+ cells (image IIIA, Figure 2C) as surrogate markers of regulatory T cells (Tregs). This 
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protocol detects colocalization of the signal from the nuclear transcription factor FoxP3 (red band) 

and the DNA labeling dye DAPI (blue band). Given that recently activated T cells upregulate 

FoxP3, to enrich for Tregs we set thresholds for preselecting only bright FoxP3+ cells (FoxP3hi). 

Next, out of all preselected DAPI+FoxP3hi cells, only those that were surrounded by bright ring-

shaped CD4 signals (green band) were labeled and counted as FoxP3hiCD4+ cells (pink label, 

Figure 4A). The density of FoxP3hiCD4+ cells in the ROIs Stroma and Parenchyma were 

determined as quantitative output variables of APP 3 (Figure 4A). 

          

Figure 3: Automated tissue detection/segmentation and generation of respective ROIs. (A) 

Image IIA was used to identify the TAPs (left image, scale bar = 6,000 µm). A bright green mask 

was assigned to the TAPs using APP 1 (Table 1) generating a ROI called Tissue (output 1). Right, 
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the inset shows zoomed view demonstrating the precision of APP 1 at detecting TAPs. Scale bar 

= 350 µm. (B) The ROI Tissue (output 1) is segmented into stroma and parenchyma using APP 2. 

The image on the left shows a view of the ROI Tissue segmented into ROI stroma (salmon) and 

ROI parenchyma (green). Scale bar = 4,500 μm. On the right, zoomed views of the inset for ROI 

Tissue, the original PSR staining (image IIIC), and the ROIs stroma and parenchyma. Scale bar 

= 250 μm. 

Similarly, APPs 4 to 6 were designed for the detection of CD8+, CD68+, and MPO+ cells. These 

APPs share the same baseline design for detecting and quantifying COIs. Specifically, COIs are 

identified based on the signal intensity from the specific cell population biomarker, and then 

several postprocessing morphological steps are executed to delineate individual cells (Table 1). 

The individual cells or COIs are labeled, counted, and their tissue coordinates registered. APPs 4 

to 6 also determine the density of the COIs in the ROIs Stroma and Parenchyma (Figure 4B–D). 

The quality of our DAPI staining was not good enough for integrating nuclei segmentation into 

APPs 3 to 6, so we cannot ensure that all individually labeled objects are individual cells. For this 

reason, we expressed the density of cells in counts of labeled objects/mm2 (Figure 4). However, 

cell aggregates were successfully separated into individual cells in the postprocessing steps built 

into APPs 3 to 6, and extensive visual inspection showed that most labeled objects corresponded 

to single cells. 

For detecting αSMA+ and CD34+ area, we developed APPs 7 and 8, respectively (Table 1). Both 

APPs detect the specific signal based on thresholds and determine the percentage of positive area 

in the ROIs Stroma and Parenchyma (Figure 4E–F). 

One of the most interesting possibilities for generating virtual multiplex slides is the analysis of 

colocalization expression. We generated APP 10 to detect colocalization between αSMA and 

desmin, two markers co-expressed by myofibroblasts in the liver. APP 10 uses thresholds for 

finding pixels positive for αSMA, desmin, and αSMA plus desmin (Table 1). As quantitative 

output variables, APP 10 determines the αSMA+ area, the desmin+ area, and the area of colocalized 

expression of these two markers (Figure S3). 
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Figure 4: Identification and quantification of COIs in the TCs stroma and parenchyma. (A–F) 

Automated detection and quantification of CD4+FoxP3+, CD8+, CD68+, MPO+, αSMA+, and 
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CD34+ COIs in the ROIs Stroma and Parenchyma using protocols 3, 4, 5, 6, 7, and 8, respectively 

(Table 1). Shown on the left are the original images, in the middle are the processed images, and 

on the right are the quantifications. For Figures 4A–D, scale bar = 40 µm. For Figures 4E and 

F, the scale bar = 350 µm. Please click here to view a larger version of this figure. 

As an alternative to quantifying the COIs in the TCs Stroma and Parenchyma, we determined the 

density of immune cells in the different malignant nodules named 1 to 4 (Figure 5A, H, and I). 

The ROI for each nodule was manually delineated as indicated in Figure 5A. Distinctive tissue 

immune signatures characterized each nodule, further revealing the intrinsic heterogeneity of the 

TME. 

Tissue Heatmaps 

As mentioned above, APPs 3 to 8 store the tissue coordinates of every individually labeled object. 

This feature allows the automated generation of tissue maps where regions of a high density of a 

given cell population are displayed as hot spots (red), and regions with relatively low density as 

cold spots (dark blue). Intermediate density values are assigned colors according to the color scale 

shown in Figure 5. Tissue heatmaps were generated by APPs that divided the images into circles 

of 50 μm diameter and assigned a color according to the relative density of a given COI inside the 

circle. As displayed in Figure 5B–G, the positioning patterns and intensity distribution of the 

different COIs in the TME were quite varied. Furthermore, at the level of individual nodules, the 

arrangement of different populations in the tissue area was unique (Figure S2A–C). To provide an 

example of the power of this technique and to visualize the spatial organization of hot spots from 

different populations in the same nodule, the hot spots from individual cell types were manually 

extracted and mapped together onto the outline of nodule 2 (Figure S2, Figure D, and Figure E). 
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Figure 5: Tissue heatmaps of COIs in the TME. (A) Picrosirius Red staining showing the location 

of nodules 1, 2, 3, and 4. (B–G) Tissue heatmaps for CD4+FoxP3+, CD8+, CD68+, MPO+, CD34+, 

and αSMA+ COIs, respectively. Dark blue indicates relatively low density, and red indicates 

relatively high density. Intermediate density values are assigned colors according to the shown 

color scale. (H and I) Quantification of COIs in nodules 1, 2, and 3 + 4 organized per cell type 

and per nodule, respectively. 
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Supplementary Figure S1: Validation of tissue alignment. (A) CD34 staining (in red) done on 

section II (input 1) is used for generating a CD34 mask in green (output 1). The green mask (output 

1) is overlaid on the H&E image from the aligned serial section I (input 2). The merged image 

shows the perfect correspondence of vascular structures. Scale bar = 50 μm. (B) Image IIIA 

showing the merge of DAPI, CD4, and FoxP3 (input 1) was used to generate a label for 

CD4+FoxP3+ cells (output 1 in magenta). Output 1 label was transferred onto aligned image IIIB 

(input 2) and shows a perfect correspondence between the pairs FoxP3/DAPI, and CD4/CD3 in 

the merged image. Scale bar = 15 μm. 
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Supplementary Figure S2: Zoomed view of tissue heatmaps. (A–C) Tissue heatmaps for 

CD4+FoxP3+, CD8+, CD68+, and MPO+ cells in nodules 1–4. Scale bars in nodules 1, 2, and 3 + 

4 represent 1,500 μm, 700 μm, and 500 μm respectively. (D) Outline of nodule 2 with a black solid 

line. (E) Hot spots for CD4+FoxP3+, CD8+, CD68+, and MPO+ cells in nodule 2 were extracted 

and mapped together onto the nodule 2 outline defined in D. 
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Supplementary Figure S3: Colocalization Analysis. (A) On the left and middle are images of 

αSMA label in green and the desmin label in red respectively. On the right is a αSMA/desmin 

double positive area in yellow. (B) Quantification of αSMA+ area, desmin + area, and 

αSMA/desmin double positive area. Scale bar = 150 μm. 
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Table 1: General parameters used for the design of APPs employed for image analysis. The 

parameters specified in this table are adjusted to the unique characteristics of the images used in 

this analysis (e.g., background, artifacts, etc.) and may not apply to other images. Because the 

post-processing steps mentioned were defined for the specific images analyzed in this study, they 

are intentionally not detailed. The user should customize the APPs to the images to be analyzed. 

 

Table 2: Primary-Secondary Antibody Pairs for mIF. 

Discussion: 

Simple, accessible, and easy-to-execute multiplexing techniques that allow spatial resolution of 

immune cells in tissue sections are needed to map the immune landscape in cancer and other 
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immunological disorders. Here, we describe a strategy that integrates widely available labeling 

and digital analysis techniques to expand the multiplexing capability and multidimensional 

assessment of imaging assays12,13,17,19. The staining of three serial sections for different markers, 

and the reuse of sections through stripping and reprobing techniques, enabled us to visualize 11 

parameters in addition to H&E and PSR stains. Six images from these sections were aligned in an 

automated fashion using the tissue alignment module. The alignment was precise at the individual 

cell level for images originating from the same section and highly concordant for images 

originating from neighboring sections. Virtual multiplexing enabled us to determine how markers 

visualized in one section relate spatially to markers visualized in another contiguous section. While 

some of the stainings were labeled COIs, others were labeled TCs, allowing us to quantify COIs 

in the different TCs. The use of software tools for the automated quantification of COIs greatly 

simplified and accelerated the processing of images. Moreover, digital analysis was applied to 

whole tissue sections instead of selected fields of view, resulting in an unbiased representation of 

the TME. Furthermore, because the tissue coordinates of COIs were registered, it was possible to 

generate tissue heatmaps. 

There are several areas in this protocol where troubleshooting may be needed. First, poor antigen 

retrieval can affect the quality of mIF, therefore the type of antigen retrieval buffer and duration 

should be optimized for the specific assay/biomarker conditions used. Second, the type of blocking 

solution used should be adapted to the tissue/antigen/species of primary and secondary antibodies. 

In our hands, the addition of 10% total serum from the species where the tissue comes from blocked 

Fc receptors, and thus reduced nonspecific antibody binding. The addition of 10% of serum from 

the species the secondary antibodies were raised in would minimize direct nonspecific attachment 

of secondary antibodies to the tissue section. Third, validation of the specificity of the primary and 

secondary antibodies using the proper positive and negative controls is essential. Fourth, increased 

autofluorescence in some channels and diffusion of DAPI upon primary antibody stripping are 

also common. To address the enhanced autofluorescence, we used primary/secondary antibody 

pairs where the specific signal had intensity values at least 5x that of the background. Finally, 

some high-affinity antibodies cannot be eluted with regular stripping procedures. In this case, we 

recommend using such antibodies in the last round of labeling. The user may have to try different 



106 
 

staining sequences to find the optimal configuration for the antibodies of interest. The efficiency 

of stripping should be confirmed before proceeding to a second or third round of labeling. 

The main limitation and challenge of this strategy are finding the right combinations of primary 

and secondary fluorescent antibodies for the markers of interest. Finding primary antibodies raised 

in different species or with different isotypes that could be used simultaneously is limited by what 

is commercially available. Most whole slide scanners are equipped with lamps and filters that 

allow imaging a maximum of five channels, and secondary antibodies in the right species and right 

fluorophore are not always available. We partially overcame these limitations using serial stainings 

and sequential labeling. Several antibody combinations may need to be tested to arrive at the best 

combination for the markers of interest. Another limitation is the quality of the DAPI staining 

because stripping and reprobing may not always allow performing nuclei segmentation. 

The tissue align module requires minimal training and no programming skills from users. The 

software theoretically allows the alignment of an unlimited number of images. However, precise 

alignment depends on the relatedness of sections, whereas closer sections that are more 

histologically concordant are more accurately aligned. We used the Author module of VIS for 

generating the APPs. Basic knowledge of image analysis is needed for creating APPs, but this is 

equally the case when using any other image analysis software. The unique advantages of VIS as 

compared to other image analysis software include automated alignment of images from sections 

prepared using different methods (e.g., IF, histochemistry, IHC). This allows colocalization studies 

of multiple markers of interest using virtual multiplexing. Furthermore, the flexible and user-

friendly design of APPs allows user-specific customization. Automated quantification and 

mapping, and the possibility of processing whole tissue sections, saves time and reduces bias 

compared to manual counting by visual inspection. 

This strategy is a very useful research tool for tissue immunology in the context of cancer and 

autoimmunity but remains unvalidated for clinical use. With additional standardization and 

validation, it can be used in the future for multiple applications (e.g., to map the immune landscape 

in cancer to predict and monitor the response to immunotherapeutic agents). It can also be adapted 

to different inflammatory conditions (e.g., inflammatory bowel disease) to combine pathological 

evaluation with prognostic biomarkers. 
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The main critical steps in this protocol are the efficiency/specificity of the labeling and the 

robustness of the designed APPs for the intended use or biomarker. Hence, regular validation by 

visual inspection, especially upon designing a new APP, is essential. The efficient use of multiple 

rounds of stripping and reprobing or different types of stains on the same section are critical 

components and can be tissue or section specific. Verifying the efficiency of such processes before 

proceeding with large batch analysis is critical. 

In summary, we provide a strategy that maximizes the quantitative and spatial information that can 

be obtained from valuable clinical tissue samples. The resources, equipment, and knowledge 

required to implement this methodology are widely accessible. We propose this methodology as a 

useful guide for planning assays aiming at identifying, quantifying, and mapping immune cell 

populations in the TME. 
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Abstract: 

Macrophages are key regulators of inflammation and repair, but their heterogeneity and multiple 

roles in the liver are not fully understood. We aimed herein to map the intrahepatic macrophage 

populations and their function(s) during acute liver injury. We used flow cytometry, gene 

expression analysis, multiplex-immunofluorescence, 3D-reconstruction, and spatial image 

analysis to characterize the intrahepatic immune landscape in mice post-CCl4-induced acute liver 

injury during three distinct phases: necroinflammation, and early and late repair. We observed 

hepatocellular necrosis and a reduction in liver resident lymphocytes during necroinflammation 

accompanied by the infiltration of circulating myeloid cells and upregulation of inflammatory 

cytokines and pro-repair chemokines. These parameters returned to baseline levels during the 

repair phase. We identified resident CLEC4F+ Kupffer cells (KCs) and infiltrating IBA1+CLEC4F- 

monocyte-derived macrophages (MoMFs) as the main hepatic macrophage populations during this 

response to injury. While occupying most of the necrotic area, KCs and MoMFs exhibited 

distinctive kinetics, distribution, and morphology at the site of injury. The necroinflammation 

phase was characterized by low levels of KCs and a remarkable invasion of MoMFs capable of 

phagocytosing necrotic hepatocytes, while opposite kinetics/distribution were observed during 

repair. During the early repair phase, KCs originating from the yolk-sac were restored, whereas 

MoMFs diminished gradually and then dissipated during the late repair. MoMFs interacted with 

hepatic stellate cells during the necroinflammatory and early repair phases, highly likely 

modulating their activation state and influencing their fibrogenic and pro-repair functions which 

are critical for wound healing. Altogether, our study reveals novel and distinct spatial and temporal 
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distribution of KCs and MoMFs and provides insights into their complementary roles during acute 

liver injury.  

Introduction 

Hepatic macrophages are the major liver immune cells. They are a heterogeneous population of 

cells and have been assigned both beneficial and detrimental roles in human liver disease and 

experimental models (1). The hepatic macrophage compartment in mice is composed of Kupffer 

cells (KCs), monocyte-derived macrophages (MoMFs), liver capsular macrophages, and under 

certain conditions, GATA6+ peritoneal macrophages (2-4). Despite the tremendous progress made 

in determining the origin, transcriptional profile, and function of the different subpopulations of 

liver macrophages, there are significant gaps in knowledge regarding how these subsets are 

organized within the tissue and how their spatial distribution may impact crosstalk and division of 

labor in health and disease (2, 5-9).  

KCs are the main subset of hepatic macrophages under normal physiological conditions. They are 

sessile cells that reside in the sinusoids where they perform crucial tasks during homeostasis, 

including removal of lipopolysaccharides (LPS), efferocytosis of apoptotic cells, induction of T 

cell tolerance, and the control of iron and lipid metabolism and bilirubin balance (10). In addition, 

KCs are sentinel cells and first responders to tissue damage (10). They originate from embryonic 

yolk sac-derived erythro-myeloid progenitors (YS-KCs) and self-maintain throughout adult life 

independently of hematopoietic stem cells (7, 11, 12). On the other hand, inflammatory monocytes 

are absent and MoMFs are present in low numbers in the healthy liver (13). However, during acute 

liver injury, large numbers of recruited inflammatory monocytes and MoMFs take center stage 

and carry out various effector functions including clearance of debris and pathogens, activation 

and resolution of inflammation, and extracellular matrix (ECM) remodeling upon injury (1, 6, 8, 

10). Notably, infiltrating inflammatory monocytes and MoMFs transition from an inflammatory 

to a pro-repair phenotype within hours during a typical wound healing response, demonstrating 

remarkable functional plasticity (6, 8, 13). This conversion occurs at the injury site and depends 

on IL-4, IL-10, phagocytosis, and neutrophil-derived reactive oxygen species (ROS) (6, 8, 14). 

Interestingly, KCs and MoMFs, in addition to their differential functionality at various levels of 

liver disease, exhibit distinct expression of various cell surface markers. In mice, KCs are 

CD11bint, F4/80hi, and CLEC4F+ cells. MoMFs are Ly6C+ CX3CR1+ and originate from recruited 
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inflammatory monocytes (Ly6Chi CX3CR1low) (1, 6, 8, 10). Another important function of liver 

macrophages is their capacity to activate hepatic stellate cells (HSCs), which enhances their 

fibrogenic and pro-repair functions (1). However, the role of the various hepatic macrophage 

subsets in HSC activation is not fully understood.  

In this study, we undertook a spatial and temporal characterization of the liver macrophage 

compartment to better understand how the different macrophage subsets interact during steady 

state and in response to injury. We used the carbon tetrachloride (CCl4) acute injury model in mice 

as it recapitulates immunological, histological, and pathological features of human toxic liver 

injury (15). We established the dynamics of the two largest macrophage subpopulations that 

spatially overlap in the necrotic areas around central veins (CVs) in response to acute hepatic 

injury: KCs and MoMFs. Despite their proximity, these subsets exhibited major differences 

regarding their origin, time of necrotic tissue infiltration, position at the injury site, morphology, 

capacity to replenish the macrophage pool during tissue repair, and colocalization with HSCs. 

These results add spatial dimension and tissue context to the interplay between MoMFs and KCs 

and complement the large body of functional and transcriptomics studies that define these major 

macrophage subsets and their reciprocal interactions. 

Materials and Methods 

Mice 

Eight- to ten weeks old C57BL/6N male mice were obtained from Charles River Laboratories 

(Senneville, QC, Canada; strain code 027). Animals were maintained in a specific pathogen–free 

facility at the Centre de Recherche du Centre hospitalier de l’Université de Montréal (CRCHUM). 

All animal experiments were approved by the Institutional Animal Care and Use Committee 

(Protocol IP18035NSs). Mice received a single intraperitoneal injection of CCl4 (Sigma-Aldrich, 

Oakville, ON, Canada) at 1 ml/kg resuspended in corn oil (Sigma-Aldrich). Control mice received 

corn oil only. Mice were terminally euthanized with 400 mg/kg Euthanyl (sodium pentobarbital; 

CDMV, St-Hyacinthe, QC, Canada) at 0, 12, 24, 48, 72, 96, and 168 h post-injection.  

Histology 

Hematoxylin and eosin (H&E), Ki67, and IBA1 immunohistochemistry (IHC) stainings were 

performed by the molecular pathology core platform of the CRCHUM using the Shandon 
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multiprogram robotic slide stainer on 4 μm formalin-fixed paraffin-embedded (FFPE) hepatic 

whole tissue sections. Images were acquired with the whole slide scanner Olympus BX61VS. 

Quantification of the necrotic area was performed with the VIS software (Version 2018.4, 

Visiopharm, Hørsholm, Denmark) using protocols that automatically detected the tissue and 

manual delineation of the necrotic area by visual inspection. References for antibodies and H&E 

reagents are provided in Tables S1 and S2 in the Supplementary Material. 

Alanine Aminotransferase (ALT) Activity Assay 

ALT test was performed on murine plasma by the clinical laboratory at the Centre hospitalier de 

l’Université de Montréal. Briefly, mice were bled by cardiac puncture and the blood was 

anticoagulated using 10 μL of 10% K2EDTA in H2O per 1 mL of blood. The blood was centrifuged 

at 13000 rpm for 5 minutes at room temperature, and the upper phase containing the plasma was 

collected and stored at -80oC until ready for ALT activity measurement. 

Multiplex Immunofluorescence 

Multiplex immunofluorescence (mIF) for CLEC4F, IBA1, αSMA, GATA-6, and Desmin was 

performed on 4 μm FFPE tissue sections as previously described (16). mIF for IBA1, CLEC4F, 

and MARCO was done on frozen 5μm OCT-embedded and fixed liver sections. Briefly, sections 

were kept at -80oC before usage. Sections were aired for 5 minutes at room temperature (RT) and 

then immersed in a washing buffer for 10 minutes for OCT removal. Next, sections were 

transferred to another jar containing antigen retrieval buffer and subjected to high pressure for 5 

minutes inside an electric pressure cooker. The pressure was released, the jar was taken out and 

sections were left for another 20 minutes inside the antigen retrieval buffer to cool down. 

Afterward, sections were washed and then incubated with glycine solution for 10 minutes at RT, 

washed two times, and then incubated for 30 minutes with blocking solution at RT. Next, sections 

were washed and incubated overnight with the cocktail of primary antibodies in a blocking solution 

at 4oC inside a humidity chamber, to be washed again and incubated with the cocktail of secondary 

antibodies for 30 minutes at RT in the dark. Finally, washed sections were mounted in Slowfade 

Gold mounting media plus DAPI and stored in the dark at 4oC up to the acquisition time. mIF for 

IBA1, CLEC4F, CCR2 and CX3CR1 was performed on 5μm frozen sections. Briefly, sections 

were kept at -80oC before usage. They were aired for 5 minutes at room temperature (RT) and then 

immersed in tissufix for 10 minutes at RT for mild fixation. Next, sections were washed and 
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subjected to the same protocol as described above for OCT sections. All antibodies, solutions, and 

reagents used are listed in Supplementary Table S1. Whole tissue images were acquired using the 

whole slide scanner Olympus BX61VS. We performed staining on serial sections when we could 

not multiplex the primary antibodies of different markers because they were raised in the same 

species or when the purpose was to align images originated using different techniques (e.g., IHC 

and H&E).  

To mitigate any autofluorescence issues, we tried to use IF channels having the lowest 

autofluorescence in the liver and/or that have little spillover. In addition, we performed 

quantification using the VIS software that allows the establishment of thresholds of positivity for 

every individual channel, with pixel intensity values set well above the background signal and 

visual artifacts removed from the regions to be analyzed. Non-specific binding of primary 

antibodies was ruled out using a specific staining pattern for each Ab corresponding to the tissue 

or cellular location of the marker to be assessed (i.e., nuclear, cytoplasmic, around CV area, etc.). 

The specificity of the stain was confirmed using other antibodies raised in the same species as 

negative controls.  

RNA Isolation and RT-PCR Analysis 

Total RNA was isolated from murine hepatic tissue using RNeasy Mini Kit (Qiagen). cDNA was 

generated from 2 ug of total RNA using the Transcriptor Universal cDNA Master Mix (Roche Life 

Science). cDNA was amplified using the LightCycler® 480 SYBR Green I Master (Roche) in the 

LightCycler 480 instrument (Roche). All the previous procedures were performed according to the 

manufacturer’s protocols. mRNA expression was normalized to the expression of the 

housekeeping gene 28s and was determined using the 2-ΔΔCt method. Primer sequences are listed 

in Supplementary Table S2. 

Image Analysis 

Image analysis was performed using the image analysis software VIS. The AuthorTM module was 

used to design the following protocols: 1) Automated identification and quantification of tissue 

area. 2) Identification and quantification of IBA1+CLEC4F- area. 3) Identification and 

quantification of IBA1+CLEC4F+ area. 4) Quantification of αSMA+ area. 5) Quantification of the 

colocalization between αSMA+ cells and CLEC4F+ cells versus IBA1+CLEC4F- cells. 6) 
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Measurement of the distance from nuclei to the central vein. The Tissuealign module of VIS was 

used for the automated alignment of images from serial sections. The tissue heatmap function of 

VIS was used for generating heatmaps for CLEC4F+ KCs and IBA1+CLEC4F- macrophages. The 

detection of nuclei was done using the protocol 10169 – Nuclei Detection, AI (Fluorescence) from 

Visiopharm.  

Isolation of Intrahepatic Leukocytes (IHLs) 

IHLs were isolated from hepatic tissue in a two-step process: first by mechanical dissociation and 

next by enzymatic digestion. First, the liver was minced using a scalpel. The dissociated tissue was 

suspended in cold RPMI media supplemented with 10 % FBS plus benzonase (0.2 U/mL) and 

collagenase D (0.1 mg/mL) and then incubated at 37oC for 30 minutes with rotation. Upon 

incubation, the tissue was passed through a 70 μm cell strainer for further mechanical dissociation. 

The tissue suspension was washed with cold RPMI/FBS, layered on a percoll discontinuous 

gradient (80% bottom, 40 % top), and centrifuged at 1500 rpm for 25 minutes. The IHLs were 

recovered from the interphase between the 2 percoll solutions and resuspended in fresh media. The 

references of all reagents used in this protocol are listed in Supplementary Table S2. 

Flow Cytometry 

For detection of surface markers, freshly isolated IHLs were washed with FACS buffer (PBS, 1% 

FBS, 0.02% Sodium Azide) and then transferred to a 96-well plate where they were incubated with 

a cocktail of fluorescently conjugated antibodies plus aqua vivid and 10% mouse serum for 30 

minutes at 4oC in the dark. IHLs were then washed two times with FACS buffer and then fixed in 

1% formaldehyde in PBS and kept at 4oC in the dark up to acquisition time. In cases where 

intracellular staining was required, after labeling cell surface markers, IHLs were incubated with 

permeabilization/fixation buffer for 30 minutes at 4oC in the dark. Next, IHLs were washed and 

incubated with the cocktail of antibodies for intracellular targets for 30 minutes at 4oC in the dark. 

Finally, the samples were washed and fixed and kept at 4oC in the dark up to acquisition time. To 

detect spontaneous cytokine production, IHLs were incubated with 10 µg/ml of Brefeldin A 

(Sigma-Aldrich) and 6 µg/ml of monensin sodium salt (Sigma-Aldrich) for 6 h prior to staining. 

Samples were acquired on a BD LSRFortessaTM Cytometer equipped with violet (405 nm), blue 

(488 nm), yellow-green (561 nm), and red (633 nm) lasers and FACSDiva version 8.0.1 (BD 
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Biosciences, San Diego, CA). Analysis was performed using FlowJo version 10.4 for Mac (BD 

Biosciences, Ashland, OR) and FlowSOM. 

Three-dimensional reconstruction 

Sixteen μm sections from frozen liver OCT embedded sections from 48 h CCl4 treated mice were 

imaged using αSMA, CLEC4F, and IBA1 specific antibodies according to multiplex 

immunofluorescence protocol described above. Nuclei were counterstained using DAPI. The 

images or z-stacks were acquired using ×40 objective, ApoTome 2, Zeiss. Three-dimensional (3D) 

reconstruction was done using Imaris 8.1.2 software (Bitplane, Zurich, Switzerland). 

Statistical Analysis 

Statistical analysis was performed with GraphPad Prism 9 software. Data are presented as mean ± 

SEM. The number of samples for each experiment and the number of replicate experiments are 

indicated in the figure legends. Statistical significance between the two groups was determined by 

Mann-Whitney Test. When comparing more than two groups, analysis of variance (ANOVA) 

followed by Dunn’s Multiple Comparison Test was performed. A P value < 0.05 was considered 

statistically significant.  

Results 

Distinct necroinflammatory and tissue repair phases are observed during acute liver injury 

We sought to understand the wound healing response to acute liver injury in mice using the CCl4 

model, which is characterized by central vein (CV) injury and a self-limited immune response 

leading to total healing (15). Herein, 8-10 weeks old C57BL/6 male mice received a single 

intraperitoneal injection of CCl4 (1 µl/g of body weight), and livers and plasma were collected and 

analyzed at 12, 24, 48-, 72-, 96- and 168 hours post-injection (Figure 1A). Importantly, all imaging 

labeling, analysis, and quantification are done on whole tissue sections (Figure 1B) with 

quantification undertaken using automatic protocols with predefined thresholds for signal 

positivity (16). H&E staining of liver sections demonstrated the hallmark characteristics of CV-

associated injury and extensive immune cell infiltration in the necrotic tissue (Figure 1B). We 

assessed tissue damage by quantifying the percentage of necrotic area and ALT plasma levels. We 

observed that hepatocellular necrosis was ongoing at 12 h, peaked at 24 h, and persisted up to 48 
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h post-CCl4. At 72 h, both the necrotic area and ALT levels returned to normal suggesting that the 

period between 48 and 72 h was critical for the transition to tissue repair (Figures 1C, D). The 

hepatic expression of genes encoding the pro-inflammatory cytokines TNFα and IL-1β closely 

mirrored the kinetics of plasma ALT, with peak expression at 24 h and return to baseline at 72 h 

(Figure 1E). In addition, flow cytometric analysis showed a considerable influx of CD11b+ 

myeloid cells into the liver between 24 – 48 h, returning to baseline levels at 72 h (Figure 1F). 

Furthermore, the hepatic gene expression of the pro-resolving chemokine receptor-ligand pair 

CX3CR1-CX3CL1 was upregulated at 48-72 h post-CCl4 marking the transition to tissue repair 

(Figure 1G). Interestingly, the proliferation marker Ki67 was upregulated, both at the mRNA and 

protein levels, at 48 h and to a lesser extent at 72 h post-injury (Figures 1H, I and Supplementary 

Figure S1). Immunohistochemical Ki67 staining showed massive and compartmentalized 

proliferation of parenchymal (hepatocytes with large round nuclei) and non-parenchymal cells 

(small irregularly shaped nuclei) around portal tracts and CVs, respectively, at 48 h post CCl4 

(Figure 1I). Altogether, these data allowed us to delineate three distinct phases of wound repair 

during acute liver injury (Figure 1A). First, the necroinflammatory phase, characterized by tissue 

damage and immune cell infiltration, spans from 0 to 48 h post CCl4. Second, the early phase of 

tissue repair from 48 to 72 h post CCl4, is characterized by receding inflammation with the return 

to baseline levels of inflammatory cytokines and tissue damage markers, and concomitant 

upregulation of pro-resolving genes and proliferation of tissue cells. Third, the late repair phase is 

between 72 to 168 h post CCl4 where inflammation and tissue damage indicators return to 

homeostatic levels.  

CCl4-mediated acute liver injury caused partial and temporary depletion of hepatic resident 

immune populations and a massive influx of circulating myeloid cells 

Next, we characterized the intrahepatic leucocytes during the three different phases of acute injury 

using high-resolution flow cytometry. We observed that the major resident lymphocyte 

populations including T cells, B cells, and NKT cells, were significantly reduced during 

necroinflammation and only recovered during tissue repair (Figures 2A, B). Conversely, as 

demonstrated above, infiltrating CD11b+ myeloid cells significantly increased during 

necroinflammation (Figure 1F). These myeloid cells upregulated Ki67 expression suggesting that 

they underwent in situ proliferation (Figure 2C). In addition, we observed that CCl4-mediated 
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injury-induced expression of pro-inflammatory cytokines like TNFα, the pro-fibrogenic cytokine 

IL-13, and the anti-inflammatory mediators IL-10 and Arg-1 by hepatic myeloid cells, suggesting 

that they may be functionally implicated in both necroinflammation and tissue repair (Figures 2C, 

D).  

For unbiased identification of the myeloid subpopulations induced upon acute injury, we applied 

t-distributed stochastic neighbor embedding (t-SNE) analysis and FlowSOM on flow cytometry 

data for several well-established myeloid markers (17). These analyses were undertaken at 0, 24 

h, 48 h, 72 h, and 96 h post-CCl4 injury. The t-SNE heatmap density plots of the pooled data for 

each marker are presented in Figure 3A. Unsupervised clustering generated by FlowSOM 

identified six CD11b+ populations (Figures 3B-D). Population 0 may represent a subset of hepatic 

dendritic cells because they are F4/80- Ly6C- CX3CR1+ MHCIIhi, but definitive confirmation 

requires the inclusion of the CD11c marker that is absent in this analysis (11, 18). Population 1 

was classified as MoMFs as they expressed Ly6C and CX3CR1, and moderate levels of F4/80 and 

MHC II (8, 10). Population 2 was classified as inflammatory monocytes due to its high expression 

of Ly6C, low to a negative expression of CX3CR1, and no expression of the granulocytic marker 

Ly6G (6, 10, 14, 19, 20). Population 3 was classified as non-classical monocytes (NCMs) since 

they were Ly6C- Ly6G- CX3CR1hi MHCII+ F4/80+ (21, 22). Population 4 could not be classified 

with the markers included in this analysis. Population 5 expressed Ly6G and intermediate levels 

of Ly6C and was classified as neutrophils (10, 23). The kinetics of the different myeloid 

subpopulations are shown in representative t-SNE plots in Figure 3D. We also validated the 

FlowSOM population identity for the four phagocytic myeloid populations identified above using 

manual gating (Supplementary Figure S2A). Representative flow cytometry plots of the kinetics 

of myeloid populations are presented in Supplementary Figure S2B. Surprisingly, t-SNE 

FlowSOM analysis did not reveal a population with a phenotype consistent with KCs. The two 

predominant populations expressing high levels of the macrophage marker F4/80 (populations 2 

and 3) also co-expressed markers inconsistent with the KC phenotype (Ly6C and CX3CR1). It is 

important to note that we also tried gating manually on the CD45+ CD11b+ MHCII+ F4/80+ CD64+ 

population that has been previously reported to contain the KCs (10). However, this population 

consisted almost exclusively of CX3CR1+ cells, and therefore could not be KCs (Supplementary 

Figure S3). Altogether, we identified four different myeloid cell populations implicated in acute 

liver injury, which is consistent with MoMFs, inflammatory monocytes, NCMs, and neutrophils. 
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Kinetics of myeloid populations at the liver injury site reveal temporally distinct waves of 

inflammatory monocytes, NCMs, neutrophils, and MoMFs 

Next, we examined the infiltration kinetics of the four main myeloid populations identified. The 

numbers of inflammatory monocytes and neutrophils were very low in the hepatic tissue at the 

steady state (Figures 3E, F). This situation dramatically changed during the first half of the 

necroinflammatory phase, when inflammatory monocytes and a first wave of neutrophils 

extensively infiltrated the hepatic tissue (Figures 3E, F), consistent with previous reports in the 

APAP-induced acute hepatic injury model (10, 19). Interestingly, NCMs, normally associated with 

anti-inflammatory and pro-repair effector functions, also increased during this period, suggesting 

that they may be involved in preventing collateral damage associated with the inflammatory 

reaction (21, 22, 24). The second half of the necroinflammatory stage (24 to 48 h post CCl4) was 

characterized by the simultaneous decline of the above-mentioned inflammatory populations and 

the rapid increase of MoMFs, outnumbering all other phagocytic subsets and prevailing during the 

early repair phase (Figures 3E, F). We also observed increased expression of the 

monocyte/macrophage chemokines CCL2 and CCL7 and the growth factor M-CSF during 

necroinflammation and early repair, suggesting their involvement in the observed 

monocyte/macrophage recruitment and expansion (Figure 3G), as previously reported (7, 12, 27, 

28). Finally, two waves of neutrophils infiltrated the hepatic tissue at the peak of 

necroinflammation and repair stages at 24 h and 72 h, respectively (Figures 3E, F). In summary, 

whereas tissue-resident immune populations decreased during necroinflammation, circulating 

myeloid cells infiltrated the liver in an orchestrated fashion and their presence was temporally 

associated with the restoration of tissue homeostasis. 

Acute liver injury induces changes in the composition, density, and spatial distribution 

pattern of the hepatic macrophages 

To understand the functional and spatial implications of the different macrophage subsets, we 

proceeded to map the macrophage populations in situ in the CCl4-injured liver tissue. Even though 

the characterization of macrophages in acute liver injury has previously been described, the spatial 

and temporal distribution of the two major subpopulations, KCs and MoMFs, and their 

interrelation to one another during the wound-healing response are still unknown. In addition, 
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previous studies on liver macrophages have relied on F4/80 for tissue visualization, however, this 

marker does not discriminate between different macrophage subpopulations (10, 19, 25).  

We assessed liver macrophages using the KC-specific marker, uniquely expressed by KCs 

regardless of their origin (YS-KCs vs. bone marrow (BM)-KCs) (13), the C-Type Lectin Domain 

Family 4 Member F (CLEC4F), and the macrophage activation marker, the ionized calcium-

binding adapter molecule 1 (IBA1) (26-28). IBA1/CLEC4F multiplex immunofluorescence (mIF) 

of liver tissue revealed two distinct subpopulations of macrophages infiltrating the necrotic areas 

around CVs during acute liver injury: IBA1+CLEC4F+ KCs (CLEC4F+ KCs) and IBA1+CLEC4F- 

macrophages (Figure 4A and Supplementary Figure S4). Quantification of the CLEC4F+ area 

showed that KCs were partially depleted during necroinflammation and recovered during repair 

(Figure 4B) (5, 10). In accordance, qPCR data demonstrated decreased CLEC4F gene expression 

further confirming KC depletion at necroinflammation and suggesting the death of KCs at this 

phase given the massive tissue damage revealed at 24 h by ALT levels (Figure 4C).  

We further generated tissue heatmaps to provide an overview of the tissue distribution pattern and 

evolution of these subsets during acute liver injury. Tissue heatmaps of CLEC4F+ KCs showed 

shrinkage of densely populated red areas during necroinflammation, consistent with KC partial 

depletion (Figure 4D, 24 h). Conversely, during repair, starting at 48 h and extending to 96 h, 

CLEC4F+ KCs proliferated around healing CVs, as shown by the increasing red spot areas (Figure 

4D, 48 h, 72 h, and 96 h), their quantification (Figure 4B) and the upregulated Ki67 expression on 

these KCs, as shown by the multitude of Ki67+ nuclei in the area occupied by CLEC4F+ cells 

(Figure 4E). Indeed, another support of a proliferative phenotype of CLEC4F+ cells at repair, is 

that colocalization of CLEC4F and Ki67 at 48 h around CVs preceded the formation of highly 

packed clusters of KCs at 72h and 96h post CCl4 (Figures 4E, F). These aggregates of CV-

associated CLEC4F+ KCs dissipated during the late repair phase (96 h-168 h). Tissue mapping 

also demonstrated that KCs returned to their normal tissue density and distribution by 168 h post-

CCl4 (Figure 4D, 168 h). It is important to note here that we labeled KCs with the specific marker, 

CLEC4F, and we essentially observed the same staining pattern as observed in previous studies 

using F4/80 labeling where KCs are enriched around portal tracts in the steady state (29), but their 

distribution changes during necroinflammation and tissue repair as shown in Figures 4A, D. 
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In contrast, IBA1+CLEC4F- macrophages were absent in the uninjured liver and were recruited in 

large numbers upon injury (Figure 4G). Tissue heatmaps revealed that infiltrating IBA1+CLEC4F- 

macrophages were restricted to the necrotic areas around CVs during necroinflammation and early 

repair and disappeared by the late repair phase (Figures 4G, H). In summary, resident CLEC4F+ 

KCs and infiltrating IBA1+CLEC4F- macrophages exhibited different kinetics and distinctive 

distribution patterns supporting the notion of unique roles and division of labor between these two 

subsets of macrophages. Our staining strategy revealed simultaneously the distribution pattern of 

the two hepatic macrophage populations at the injury site. 

The necrotic area during acute liver injury is characterized by distinct temporal distribution 

and microanatomical localization of CLEC4F+ KCs and IBA1+CLEC4F- macrophages 

Given that most of the dynamic changes take place around necrotic CVs, we further characterized 

CLEC4F+ KCs and IBA1+CLEC4F- macrophages in this zone. At steady state, areas around non-

injured CVs were populated by resident CLEC4F+ KCs exhibiting weak to negative IBA1 

expression (Figure 5A, 0 h) while IBA1+CLEC4F- macrophages were absent in the healthy liver. 

These CLEC4F+ KCs exhibited the typical sinusoidal location, elongated processes, and scattered 

distribution of KCs. During necroinflammation (at 24 h), CLEC4F+ KCs were located primarily 

in the periphery of the necrotic area, and some of them displayed yellow labeling probably due to 

the upregulation of IBA1 expression. Concomitantly, IBA1+CLEC4F- macrophages appeared in 

this region (Figure 5A, 24 h). These two subsets of macrophages exhibited distinct cell 

morphologies: stellar-shaped in the case of CLEC4F+ KCs, and globular in the case of 

IBA1+CLEC4F- macrophages (Figure 5A, 24 h). At 48 h, CLEC4F+ KCs (yellow cells) formed 

ring-shaped structures in the periphery of clusters of IBA1+CLEC4F- macrophages (red cells) that 

filled the inner necrotic area closer to CVs (Figure 5A, 48 h). During early repair, the population 

of IBA1+CLE4F- macrophages was markedly reduced to finally disappear by 96 h to 168 h post 

CCl4. Conversely, dense aggregates of CLEC4F+ KCs moved closer to the CVs between 72 and 

96 h and then dispersed by 168 h post CCl4 (Figure 5A, 96 h, and 168 h).  

Next, we measured the relative area occupied by CLEC4F+ KCs and IBA1+CLEC4F- macrophages 

in the necrotic area (around CVs) between 48 to 96 h post CCl4 (Figure 5B-E). Our data confirm 

that IBA1+CLEC4F- macrophages predominate at the necrotic site during the transition from 

necroinflammation to tissue repair (48 h post-CCl4) and declined during late repair (72 h-96 h post 
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CCl4) (Figures 5B-E). We sought to evaluate the microanatomical localization of these 

macrophages relative to CV structures, at 48 h post CCl4, the time point where both subsets are 

mostly present. We measured the shortest distance from macrophage nuclei to the CV (>4000 

nuclei) and found that IBA1+CLEC4F- macrophages (red) were closer to CVs than CLEC4F+ KCs 

(yellow) at 48 h post CCl4 (Figures 5F-H) suggesting that the two populations occupy different 

microanatomical locations. To further define cell-cell interactions, we performed three-

dimensional (3D) reconstruction and found that stellar-shaped CLEC4F+ KCs were in intimate 

contact with globular IBA1+CLEC4F- macrophages at 48 h post CCl4, demonstrating direct contact 

and suggesting possible interdependence (Video 1, green (KCs) and yellow (MoMFs) cells). 

Moreover, globularly shaped IBA1+ macrophages infiltrated the necrotic/inflammatory area 

around CV at 24 h post-CCl4 (Supplementary Figure S5, red arrowheads). Interestingly, 

hepatocytes with big and round nuclei are visible around CVs at 0 and 24 h (Supplementary Figure 

S5, white arrowheads) but absent at 48 h post CCl4. At this time, enucleated hepatocytes around 

CVs show particulate material inside, indicating that they are necrotic (Supplementary Figure S5, 

inset, yellow arrowheads). Furthermore, digital alignment of serial H&E and IBA1 IHC images 

revealed that IBA1+ macrophages spatially overlapped with necrotic hepatocytes suggesting that 

these macrophages may be involved in dismantling the nuclei and phagocytosing dead hepatocytes 

(Supplementary Figure S5, red arrowheads, 48 h). We also investigated whether these two 

subpopulations of hepatic macrophages are present in a model of chronic liver injury. We found 

that the fibrotic liver of 12-week CCl4-treated mice was infiltrated by IBA1+CLEC4F- 

macrophages and IBA1+CLEC4F+ KCs as observed for CCl4 acute injury (Supplementary Figure 

S6). In summary, resident CLEC4F+ KCs and infiltrating IBA1+CLEC4F- macrophages occupied 

most of the necrotic area around CVs, suggesting that they may be critical players in the wound 

healing response to acute injury. These two hepatic macrophage subpopulations differed in their 

kinetics, phenotype, cell morphology, and microanatomical tissue location. 

CV-associated IBA1+CLEC4F- macrophages exhibit characteristics of MoMFs 

The kinetics of IBA1+CLEC4F- macrophages in the tissue as determined by mIF (Figure 4G), 

mirrored the kinetics of Ly6C+ CX3CR1+ MoMFs as determined by flow cytometry (Figure 3F). 

In addition, IBA1+CLEC4F- macrophages did not express the KC marker CLEC4F and were 

absent in the non-injured liver (Figures 4G, H) (5). Consequently, we hypothesized that the 
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IBA1+CLEC4F- macrophages are MoMFs specially recruited to the necrotic tissue in response to 

injury. Indeed, our additional mIF analysis of liver tissues demonstrated that IBA1+CLEC4F- cells 

recruited to the necrotic/inflammatory area around CV at 48 h post-CCl4 expressed CX3CR1 and 

the monocytic marker CCR2 (Figure 6A). Consistent with this, our flow cytometry analysis of 

intrahepatic myeloid IBA1+ cells showed that this population is expanded at 48 h post CCl4 

compared to controls and expressed the MoMF-associated markers, Ly6C and CX3CR1, as well 

as the proliferation marker Ki67 (Figure 6B) (5, 6). To rule out the possibility that these 

IBA1+CLEC4F- macrophages are of peritoneal origin, we assessed their GATA6 expression, given 

that F4/80hi GATA6+ peritoneal macrophages could infiltrate the liver and locate to the 

centrilobular area in the CCl4 model (3). Serial labeling and digital tissue alignment of GATA6 

and IBA1 staining showed that most CV-associated IBA1+ macrophages do not express GATA6 

(Figure 6C). Collectively, these observations strongly suggest that IBA1+CLEC4F- macrophages 

are MoMFs, which are recruited to the necrotic/inflammatory area around CV in response to 

injury. 

CLEC4F+ KCs of yolk sac origin replenish the hepatic macrophage pool during tissue repair 

Landmark studies have shown that, under physiological conditions, YS-KCs self-maintain 

independently of circulating progenitors (7, 12). However, in response to injury, opposing results 

have been reported as to the capacity of monocyte/MoMFs to differentiate into BM-KCs and 

replace the dead resident YS-KCs (5, 10, 11, 30). Lineage tracing experiments using the APAP-, 

highly homologous to ours herein, and the radiation-induced hepatic injury models revealed 

MARCO as a specific marker of YS-KCs and completely absent on infiltrating monocytes or 

MoMFs (5, 10). Moreover, MARCO was shown to be the marker defining one of the two major 

subpopulations of resident hepatic macrophages in humans (31). Further support of this notion is 

the finding identifying bona fide KCs across species and revealing that MARCO is expressed by 

KCs in uninjured livers of pigs, macaques, hamsters, chickens, and zebrafish (152). Thus, to 

identify the origin of CLEC4F+ KCs replenishing the KC pool during repair, we used MARCO as 

the marker of YS-KCs (5, 10, 11). YS-KCs are identified as CLEC4F+ MARCO+ while BM-KCs 

are CLEC4F+ MARCO-. Multiplexing CLEC4F with MARCO showed that CLEC4F+ KCs are 

MARCO+ at all time points examined, from the steady state (Figure 7A) until the late repair phase 

when the KC pool was replenished (Figures 7B, D). This finding suggests that virtually all KCs 
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that repopulated the hepatic tissue during repair are of yolk sac origin. Visual inspection showed 

that the small percentage of CLEC4F+ MARCO- cells (~5%) could be attributed to suboptimal 

MARCO staining since the signal was weak but present. In addition, we performed digital image 

alignment of consecutive serial sections and demonstrated that there was no spatial overlap 

between IBA1+ macrophages, in direct contact with CVs, and MARCO+ cells suggesting that 

IBA1+CLEC4F- macrophages around CVs are MARCO-, and thus are not YS-derived (Figures 

7B, C, insets), but rather monocyte-derived. In summary, these observations suggest that the 

original YS-KCs that die during necroinflammation are replaced by the proliferation of the 

remaining YS-KCs (CLEC4F+ MARCO+) around the CVs. 

IBA1+CLEC4F- macrophages are in closer contact with activated hepatic stellate cells than 

CLEC4F+ KCs  

Activated HSCs (aHSCs) are positive for alpha-smooth muscle actin (αSMA+) and are the main 

source of ECM proteins in self-resolving liver inflammation and fibrosis (33, 34). While all HSCs 

in mice are Desmin+, only aHSCs are αSMA+ (35). Several studies have supported the notion that 

both MoMFs and KCs can activate HSCs (34). Indeed, 3D reconstruction showed that αSMA+ 

aHSCs wrapped themselves around both CLEC4F+ KCs and IBA1+CLEC4F- MoMFs suggesting 

that either macrophage subpopulation could be the source of activating signals (Video 1 in 

Supplementary information). To further dissect the role of these subsets and evaluate their relative 

contribution to the activation of HSCs and the kinetics involved, we first analyzed the 

colocalization of CLEC4F+ KCs and Desmin+ HSCs. We observed that HSCs are in direct contact 

with resident CLEC4F+ KCs in the steady state (Figure 8A). Some degree of direct contact was 

observed at all time points post-CCl4 (Figure 8A). Since there are no infiltrating IBA1+CLEC4F- 

macrophages in the uninjured liver, we reasoned that the early activating signals of HSCs upon 

injury are most likely originating from colocalized CLEC4F+ KCs.  

Next, we established the kinetics of tissue repair as demonstrated by upregulation of the pro-

fibrogenic markers TGFβ, ACTA-2, and collagen between 48-72 h (Figure 8B). This was 

associated with HSC activation at 48 h post CCl4 as demonstrated by their increased expression of 

αSMA (Figure 8C). At this time point, infiltrating IBA1+ CLEC4F- macrophages colocalized with 

αSMA+ aHSCs to a larger extent than resident CLEC4F+ KCs, suggesting that this population may 

be a more significant source of HSC activating signals in the necrotic tissue (Figures 8D, E). 
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Furthermore, we characterized the inflammatory and pro-resolving profiles of intrahepatic IBA1+ 

myeloid cells by flow cytometry. Our data show that they exhibit upregulated levels of TNFα, IL-

13, IL-10, and Arg-1 at 48 h post CCl4 compared to controls, supporting their potential role in 

modulating the activation and deactivation states of colocalized HSCs (Figure 8F). Collectively, 

these data suggest that resident CLEC4F+ KCs may provide early activating signals to colocalized 

HSCs, which then become motile and migrate to the CV necrotic area where they interact with 

IBA1+CLEC4F- macrophages to acquire a fully activated phenotype. 

Discussion 

While bulk and single-cell transcriptomics have provided a wealth of knowledge on the different 

subpopulations of hepatic macrophages and their phenotypes and roles during homeostasis and 

disease, their spatial behavior and cell-cell interactions in the tissue remain to be defined. We 

examined the spatial distribution of subpopulations of liver macrophages and their temporal 

association with other immune and non-immune hepatic cells in the context of the wound-healing 

response to acute liver injury. Our study is dissecting the kinetics and tissue spatial distribution of 

hepatic macrophages, namely KCs and MoMFs in response to acute liver injury. Mapping the 

position of these two subpopulations of macrophages relative to one another was essential for the 

characterization of their neighboring yet different microanatomical niches, highly suggesting non-

overlapping functions for each population.  

 By examining the immune signatures during the response to an acute liver injury, our flow 

cytometry analysis showed that liver resident immune populations decreased during 

necroinflammation but recovered during tissue repair, including KCs, B, T, and NKT cells. 

Conversely, circulating myeloid cells including neutrophils, monocytes, and MoMFs, massively 

infiltrated the liver during necroinflammation and progressively declined during repair. We 

observed two different waves of infiltrating neutrophils during necroinflammation and repair. 

Since neutrophils do not proliferate in the liver, these two waves are likely the result of two 

independent recruitment events, probably modulating different effector functions of neutrophils at 

different phases of the wound healing response to acute liver injury (36). Indeed, while a pro-

inflammatory profile has been attributed to neutrophils via their production of reactive oxygen 

species (ROS) and cytokines such as IL-1β and TNF-α, a pro-repair function has also been 
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assigned to these cells in their response to liver damage (37-39). The exact role of neutrophils in 

the different phases of liver wound repair should be defined in future studies.  

MoMFs became the predominant phagocyte population during the transition from 

necroinflammation to early repair, in agreement with the current view that these macrophages are 

highly plastic cells and experience in situ switching from an inflammatory to a pro-restorative 

phenotype (6, 10). This observation supports the notion of MoMFs as dual effectors of 

inflammation and repair and may explain the divergent outcomes of MoMF depletion during 

necroinflammation versus repair in different injury models (6, 10, 40-42). Using mIF, we identified 

two subsets of hepatic macrophages: resident CLEC4F+ KCs and infiltrating IBA1+CLEC4F- 

macrophages, with multiple evidence indicating that the latter is a subset of MoMFs. Since 

together CLEC4F+ KCs and IBA1
+CLEC4F- MoMFs occupied most of the necrotic area, they are 

arguably the predominant macrophage subsets in the response to CCl4 toxicity, directly suggesting 

their functional relevance. By further investigating the kinetics and spatial distribution of these 

subsets, our data demonstrate that while the KC population was partially depleted during 

necroinflammation and recovered at repair, MoMFs behaved contrariwise in these disease phases. 

Previous studies have also described these macrophage populations at the injury site in liver 

disease (43-45), but at the individual level and without further characterization of their distribution 

in time and space. Characterization of MoMFs using the acute model of sterile hepatic injury 

detected the classical CCR2hi/CX3CR1- monocytes at the site of injury as early as 8 h post-injury. 

Subsequently, at 48h post-injury, these monocytes differentiated into MoMFs in a process that 

involved upregulation of CX3CR1 and downregulation of CCR2 and LyC. However, this study 

did not examine the kinetics and distribution of the other major macrophage subpopulation, KCs, 

and the model used lacked the zonated injury pattern observed in intoxication-induced acute liver 

injury (6). On the other hand, in the APAP acute injury model, Zigmond et al used flow cytometry 

to show that KCs are depleted during necroinflammation and recover during the resolution/repair 

phase by self-renewal with no contribution from circulating Ly6Chi inflammatory monocytes (10). 

Our study expanded these observations by using tissue imaging where we demonstrate the overall 

spatial behavior of KCs during the healing response to acute liver injury and showed the specific 

location of KCs around CVs where KCs proliferated during tissue repair. Furthermore, we show 

that depletion of KCs at the early response phase is followed by the invasion of MoMFs into the 

site of injury, supporting the notion that signals generated upon activation and depletion of KCs 
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initiate the recruitment of circulatory monocytes and their differentiation into what is known as 

restorative macrophage population, herein MoMFs (46, 47). Our further spatial evaluation of these 

subpopulations revealed distinct microanatomical locations, with MoMFs filling the inner necrotic 

areas and KCs surrounding them. Other papers, rather than investigating chronic models of liver 

injuries, have imaged the spatial behavior of KCs or MoMFs but at the individual level and with 

no reference to the disease stage (6, 11, 19, 32, 48). In addition, most of the tissue work done on 

acute liver injury has relied on markers that do not allow the proper differentiation of the different 

macrophage subpopulations like MoMFs, peritoneal macrophages, liver capsular macrophages 

and resident KCs (e.g., F4/80) (10, 19), while we used in our study more specific markers defined 

using multiomic technologies (e.g., CLEC4F, GATA6, MARCO) (2, 5, 10, 13). Thus, our 

observations expand knowledge as to the contribution of hepatic macrophages to liver injury by 

showing that, during repair, CLEC4F+ KCs proliferated around healed CVs from where they 

seemed to have radiated outwards and colonized the partially depleted surrounding areas. Steady 

state KCs, broadly assumed to be sessile, become thus motile during late repair to move from the 

CV-associated clusters to the surrounding sinusoidal regions and re-establish the homeostatic 

density (9, 44).  

Fate mapping approaches have revealed that resident YS-KCs persist in the tissue by self-renewal, 

independently of monocytic hematopoietic progenitors in the steady state (4, 7).  However, 

contradictory reports exist on the capacity of inflammatory monocytes/MoMFs to differentiate into 

tissue-resident macrophages (BM-KCs) in response to injury and replace the original YS-KCs (5, 

10, 11, 13, 30). Here, we demonstrated that CLEC4F+ KCs that repopulated the liver during tissue 

repair were yolk sac derived, while MoMFs were not. This suggests that even in the presence of 

significant tissue damage and KC death, the remaining original YS-KCs retained an advantage 

over other macrophage populations in terms of replenishing the KC pool. Our results support the 

emergent view that the generation of BM-KCs depends on niche availability, which is not equal 

in different injury models, and only models with extensive KC depletion make the niche available 

for engraftment of infiltrating monocytes/MoMFs (5, 10, 11, 13, 30). Indeed, the repopulation of 

KCs in the KC-Diphtheria toxin receptor (DTR) mouse model involved the contribution of 

circulatory monocytes (48). Diphtheria toxin in such a model induced a 100 % depletion of KCs 

so there are no KCs left to replenish the niche. On the other hand, following our findings, the 



130 
 

APAP liver injury model, where KCs were partially depleted, lineage tracing showed that KCs of 

yolk sac origin replenish the KC compartment independently of bone marrow-derived cells (10).  

Activation of HSCs is a major step in the repair processes during acute liver injury and fibrosis 

development under chronic injuries (49, 50). Activated HSCs assume a myofibroblast phenotype, 

upregulating expression of αSMA and releasing extracellular matrix proteins, including collagen 

(51). Previous studies have found that both KCs and MoMFs can activate HSCs, but the relative 

individual contribution and kinetics are still unknown. We took advantage of simultaneous 

visualization of CLEC4F+ KCs and IBA1+CLEC4F- MoMFs to gain insight into the individual 

contribution of these subsets to HSC activation. We demonstrated that quiescent Desmin+αSMA- 

HSCs were in direct contact with KCs in the steady state making the resident macrophages the 

most likely source of initial activating signals upon damage as previously reported (48). Indeed, 

KCs are important activators of HSCs via the release of pro-inflammatory mediators and growth 

factors (43, 52). Through their release of reactive oxygen species, and IL-6 induction KCs were 

shown to contribute to HSC activation and fibrogenic differentiation (53). KCs are also one of the 

sources of the major fibrogenic cytokine TGF-β (54, 55). Indeed, our data also demonstrated the 

upregulation of TGF-β concomitantly with an activated state of HSCs. As the response to injury 

progressed, αSMA+ aHSCs further colocalized with MoMFs as compared to KCs, in line with 

previous work showing that recruited macrophages also contribute to the activation of HSCs and, 

ultimately, fibrosis (56). These results are consistent with a division of labor between these 

macrophage subsets, where KCs provide early activating signals to colocalized HSCs that may 

induce their motility and migration into the necrotic zone. Once in this region, monocyte-derived 

macrophages are likely the major source of the remaining signals that induce the fully activated 

phenotype observed at 48 h post CCl4.  

In summary, we showed that CLEC4F+ KCs and IBA1+CLEC4F- MoMFs are the predominant 

hepatic macrophages during CCl4-mediated acute liver injury. These two subpopulations exhibited 

different origins and morphology, infiltrated the necrotic area at different times, and occupied 

neighboring but unique microanatomical locations. Newly generated KCs proliferated around CVs 

and colonized the surrounding tissue, whereas infiltrating MoMFs was transient and did not 

contribute to the replenishment of the KC pool in the liver. Lastly, while KCs colocalized with 

HSCs in steady-state conditions, MoMFs were responsible for activating HSCs during liver injury, 
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enhancing their pro-repair functions, and initiating the healing process. Future studies investigating 

the underlying mechanism(s) are warranted.  
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Figures 

 

Figure 1: CCl4-induced acute liver injury is characterized by a necroinflammatory phase 

followed, at 48 h post-injury, by an early tissue repair phase and then a late one from 72 hours 

onward. (A) Schematics of the experimental design delineating the phases of the wound healing 

response to one intraperitoneal injection of CCl4 at 1μL/g of body weight. (B) Representative H&E 

image of one whole liver section covering at least the total surface area of a transverse section of 

one entire lobe per mouse, at 24 h following CCl4 injection. The necrotic area was delineated 
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manually around CV as outlined in blue, scale bar=200 μm, * indicates CV. (C) Percentage of the 

necrotic area within the total tissue area. (D) Plasma ALT levels. (E) Relative gene expression 

levels of Tnf-α and Il-1β determined by qPCR on bulk liver tissue. The mRNA expression data 

represent fold increase relative to 0 h controls and was normalized to 28s. (F) Kinetics of 

recruitment of intrahepatic myeloid cells as determined by flow cytometry. (G) Relative gene 

expression levels of Cx3cr1 and Cx3cl1 were determined by qPCR on the bulk liver. (H) Relative 

gene expression levels of Ki67 determined by qPCR on the bulk liver. (I) Representative Ki67 

immunohistochemistry images from liver sections of 48 h CCl4-treated mouse showing Ki67 

staining around portal tracts (PT) on the left and CVs on the right, scale bar 75 μm. N=4-5 mice 

per group. Data are shown as mean ± SEM. Statistical analysis was performed using one Way 

ANOVA and Dunn’s Multiple Comparison Test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 2: Hepatic resident lymphocytes are partially depleted during the necroinflammatory 

phase and recover during the tissue repair phase of CCl4-mediated acute liver injury, while 

intrahepatic myeloid cells respond by inflammatory mediators’ release. (A) Gating strategy for 

flowcytometric analysis of intrahepatic lymphocytes, gated on live CD45+ lymphocytes. (B) 

Kinetics of the main hepatic resident lymphocyte populations following one single intraperitoneal 

injection of CCl4 at 1μL/g of body weight. (C) Representative pseudocolor plots of analysis 

spontaneous production of different immune mediators by intrahepatic myeloid cells treated for 

6h with BFA and monensin, presented as frequencies of CD11b+ Ly6G- cells. (D) Expression of 

TNFα, IL-10, IL-13, and Arg-1 normalized to the number of CD11b+ myeloid cells/gr of liver 

during the different phases of the response to CCl4-mediated acute liver injury. N=4-5 mice per 

group. Data are shown as mean ± SEM. Statistical analysis was performed using One Way ANOVA 

and Dunn’s Multiple Comparison Test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 3: The wound healing response to acute liver injury is associated with an influx of 

circulating myeloid cells. (A) t-SNE plots of total myeloid CD11b+ cells showing pooled 
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expression of myeloid-associated markers from all mice at all time points. (B) t-SNE projection of 

myeloid cell populations identified by FlowSOM. (C) Heatmap showing relative marker 

expression associated with the different myeloid populations identified by FlowSOM and their 

proposed identity. (D) Representative t-SNE plots showing the kinetics of MoMFs, inflammatory 

monocytes, NCMs, and neutrophils in response to acute liver injury. (E) Frequencies of the 

different myeloid cell populations as determined by manual gating. (F) The total number of 

myeloid cell populations per gram of liver as determined by manual gating. (G) Relative gene 

expression of Ccl2, Ccl7, and Csf1 determined by qPCR on bulk liver tissue. The mRNA expression 

data represent fold increase relative to 0 h controls and was normalized to 28s. N=4 mice per 

group. Data are shown as mean ± SEM. Statistical analysis was performed using one Way ANOVA 

and Dunn’s Multiple Comparison Test. *P < 0.05, **P < 0.01, ***P < 0.001.  
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Figure 4: KCs and MoMFs exhibit different distribution patterns and kinetics during acute liver 

injury whereby early transient depletion of CLEC4F+ KCs is followed by recruitment of 

IBA1+CLEC4F- macrophages then return to baseline conditions during repair. (A) mIF 

representative images of liver tissue at 48 h post CCl4. From left to right, CLEC4F (green), IBA1 

(red), merge/colocalization (yellow). Nuclei are stained with DAPI (blue) scale bar =250 μm; the 

inset showing merge image at high magnification, scale bar =60 μm, * indicates CV. (B) The 

density of CLEC4F+ KCs macrophages as assessed by IF and expressed as % of total tissue area. 

(C) Quantification of the Clec4f by qPCR. The mRNA expression data represent fold increase 

relative to 0 h controls and was normalized to 28s. N=4-5 mice per group (D) Representative 

CLEC4F immunofluorescence images and their respective tissue heatmaps, indicating density per 

pre-defined area unit (color assigned according to a density grade), scale bar =250 μm. Inset 

showing high magnification of original CLEC4F staining, scale bar =50 μm. (E) IF representative 

images of Ki67 (red), and CLEC4F (yellow) at 48 h, scale bar =20 μm. (F) High magnification of 

CLEC4F IF at 48 h (left) and 72 h (right) post-CCl4, scale bar 70 μm. (G) The density of 

IBA1+CLEC4F- macrophages as assessed by IF and expressed as % of total tissue area. (H) 

Representative tissue heatmaps of IBA1+CLEC4F- macrophages, scale bar =250 μm. High-density 

areas are displayed in red and low density displayed in blue, intermediate values are displayed 

according to the color scale in the figure. N=4-5 mice per group. Data are shown as mean ± SEM. 

Statistical analysis was performed using one Way ANOVA and Dunn’s Multiple Comparison Test. 

*P < 0.05, **P < 0.01, ***P < 0.001.  
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Figure 5: CLEC4F+ KCs and IBA1+CLEC4F- macrophages are in close contact in the necrotic 

area but exhibit different kinetics, microanatomical location, and morphology. (A) 

Representative mIF images of CLEC4F (green), IBA1 (red), and DAPI (blue) around injured CVs. 

The top, middle, and bottom rows show CLEC4F single channel (grayscale), IBA1 single channel 

(grayscale), and merge (CLEC4F in green, IBA1 in red, and DAPI in blue), respectively, scale bar 

=50 μm, * indicates CV. (B) Representative image of CV-associated macrophages at 48 h post 

CCl4 with CLEC4F+ KCs in yellow and IBA1+CLEC4F- macrophages in red, scale bar =80 μm. 

(C) Digitally generated labels for CLEC4F+ KCs (pink) and IBA1+CLEC4F- macrophages (cyan). 

(D) Automated outlining of R.O.I. with dotted lines for the necrotic area (blue), CLEC4F+ KCs 

(pink), IBA1+CLEC4F- macrophages (cyan), and CV (green). (E) Automated measurement of 

CLEC4F+ KCs (pink cells in D) and IBA1+CLEC4F- macrophages (cyan cells in D) to calculate 

the percentage of necrotic area occupied by each of these subpopulations. (F) Automated detection 

of nuclei inside the R.O.I.s. (G) Automated measurement of the shortest distance from each nucleus 

to CV. (H) Quantification of the distance to the CV from IBA1+ CLEC4F- nuclei vs. IBA1+ 

CLEC4F+ cells nuclei. N=4 mice per group. Data are shown as mean ± SEM, n>4000 nuclei. 

Statistical analysis was performed using Mann–Whitney U test. *P < 0.05, **P < 0.01, ***P < 

0.001.  
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Figure 6: IBA1+CLEC4F- macrophages exhibit phenotypic markers of MoMFs. (A) 

Representative mIF images of IBA1 (green), CLEC4F (magenta), and the monocytic markers 

CCR2 (red), CX3CR1 (orange), and DAPI (blue) around CVs at 0 h vs. 48 h post CCl4, scale bar= 

75 μm. IBA1, CLEC4F, and CCR2 were multiplexed on the same section (section 1), CX3CR1 was 

imaged in the contiguous section (section 2), and the * indicates CV. (B) Representative 

pseudocolor flow cytometry plots of intrahepatic IBA1+ myeloid cells at 0 h vs. 48 h post-CCl4. 

Cells were gated on CD11b+ Ly6G- cells. The numbers next to the contoured plot graphs represent 

frequencies in this gate. (C) Representative digital alignment of IF images from serial sections 

showing on the left GATA6 (yellow), as a marker of peritoneal macrophages, and on the right 

IBA1 (red). The demarcation (white line) is to facilitate the visual merge. DAPI nuclei are in blue, 

scale bar =25 μm. The perimeter of the CV is delineated in white. N=4 mice per group.  
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Figure 7: CLEC4F+ KCs of yolk sac origin replenish the hepatic macrophage pool during tissue 

repair. (A) Representative mIF images from liver sections at steady state (0 h), CLEC4F in green 

(left), MARCO in red (middle) and merge (right). Nuclei counterstained with DAPI (blue), scale 

bar 50 μm. (B) Representative mIF images from liver sections, CLEC4F in green (left), MARCO 

in red (middle), and merge (right) on serial section 1. (C) IBA1 IF (magenta) on serial section 2 

(upper panel), scale bar = 90 μm. The inset shows high magnification of the area delineated in the 

upper panel, scale bar = 30 μm, * indicates CVs. The demarcation (white lines) delineates the 

area occupied by IBA1+ cells around a CV. (D) Quantification of MARCO+ vs. MARCO- CLEC4F+ 

KCs. N=4 mice per group. Data are shown as mean ± SEM. Statistical analysis was performed 

using Mann–Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001.  
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Figure 8: IBA1+ CLEC4F- macrophages interact with aHSCs to a greater extent than CLEC4F+ 

KCs. (A) Representative mIF images from liver sections showing CLEC4F (red), Desmin (green), 

and DAPI (blue). Blue arrowheads point at colocalization between CLEC4F and Desmin, scale 

bar= 20 μm. (B) Hepatic mRNA expression of Tgfb, Acta-2, and Col1a1. The mRNA expression 

data represented fold increase relative to 0 h controls and was normalized to 28s. (C) The density 

of αSMA+ HSCs staining in liver sections expressed as % of total tissue area. (D) Representative 

mIF images of IBA1 (red), CLEC4F (yellow), αSMA (cyan), and DAPI (blue), scale bar= 100 μm, 

* indicates CVs. (E) Percentage of colocalization between αSMA+ HSCs and either 

IBA1+CLEC4F- cells or CLEC4F+ KCs. (F) Representative flow cytometry plots of IBA1+ 

intrahepatic myeloid cells isolated from the liver at 0 and 48 h post CCl4 and incubated with BFA 

and monensin for 6 h prior to staining. The populations shown were pre-gated in CD11b+ Ly6G- 

and the frequencies indicated are relative to this gate. N=4-5 mice per group. Data are shown as 

mean ± SEM. Statistical analysis was performed using Mann–Whitney U test. *P < 0.05, **P < 

0.01, ***P < 0.001.  
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Supporting Information 

Table S1. Immunofluorescence antibodies and reagents 

Immunohistochemistry 

Abs  Company Clone 

 

Catalog # 

 

State, Country 

Ki67 Invitrogen SP6 MA5-14520 Canada 

IBA1 

Fujifilm 

WAKO 

Chemicals 

Rabbit 

Polyclonal 

019-19741 USA 

Immunofluorescence 

Primary Abs     

  

CLEC4F R&D Systems 

Goat 

Polyclonal 

AF2784 Canada 

IBA1 

Fujifilm 

WAKO 

Chemicals 

Rabbit 

Polyclonal 

019-19741 USA 

MARCO Abcam 

EPR22944-

64 

ab239369 Canada 

αSMA Sigma Aldrich 1A4 

A2547-

100UL 

Canada 

CCR2 R&D Systems 475303 

MAB55382-

SP 

Canada 

CX3CR1 

Thermofisher 

Scientific 1H14L7 

702321 Canada 

Desmin Invitrogen 

Rabbit 

Polyclonal 

PA5-16705 Canada 

GATA-6 Cell Signaling D61E4 5851T Ontario, Canada 

Immunofluorescence 

Secondary Abs     

  

Donkey anti-goat A568 Invitrogen  

Donkey 

Polyclonal 

A-11057 Canada 

Donkey anti-rabbit A647 Invitrogen  

Donkey 

Polyclonal 

A-31573 Canada 

Donkey anti-rabbit A488 Invitrogen  

Donkey 

Polyclonal 

A-21206 Canada 

Donkey anti-mouse A488 Invitrogen  

Donkey 

Polyclonal 

A-21202 Canada 

Chicken anti-rat A647 Invitrogen  

Chicken 

Polyclonal 

A-21472 Canada 

Other Reagents for 

Immunofluorescence    

  

SlowFade Gold antifade 

with DAPI Invitrogen  

 S36938 Canada 

Bovine serum albumin 

(BSA) Multicell 

 800-095-EG Qc, Canada 
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Human Serum Gemini  22210 USA 

Sodium Citrate Dihydrate 

Millipore 

Sigma 

 1545801 Canada 

Triton X-100 Sigma Aldrich 

 T8787-

50ML 

Canada 

Tris-HCl BioShop  77-86-1 Canada 

Tween 20 

Fisher 

Scientific 

 BP337-500 Canada 

Tissufix Chaptec  T-50 Montreal, Canada 

Solutions for 

Immunofluorescence Composition 

 S36938  

Blocking solution for 

immunofluorescence 

 1 % BSA, 10 

% human 

serum, 10 % 

donkey serum, 

0.1 % Tween 

20 and 0.3% 

Triton in PBS  

  

Glycine solution for 

saturation of aldehyde 

groups 

Glycine 0,1 M 

in PBS 

 

  

Antigen retrieval solution Sodium 

Citrate Buffer 

(10 mM 

Sodium 

Citrate, 0.05% 

v/v Tween 20, 

pH 6.0)  

  

Washing Solution 

PBS 0.1% 

Tween  
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Table S2. Antibodies and reagents of flow cytometry and other techniques  

Flow Cytometry Abs Company Clone 

Catalog # State, 

Country 

CD45 SB645 eBioscience 30-F11 64-0451-82 Canada 

CD45 BV650 Biolegend 30-F11 103151 USA 

CD11b BV 421 BD Biosciences M1/70 562605 USA 

Ly6C PE-CF594 BD Biosciences AL-21 562728 USA 

Ly6G A488 Biolegend 1A8 127626 USA 

Gr-1 A488 

(Ly6G/Ly6C) eBioscience RB6-8C5 53-5931-82 

Canada 

IBA1/A1F1 A488 Millipore 20A12.1 MABN92-AF488 Canada 

CCR2 PE R&D Systems 475301 FAB5538P Canada 

CD64 APCe780 eBioscience X54-5/7.1 212838 Canada 

F4/80 BUV395 BD Biosciences T45-2342 565614 USA 

CX3CR1 BV785 Biolegend SA011F11 149029 USA 

MHC II (I-A/I-E) BUV 

737 BD Biosciences M5/114,15,2 748845 

USA 

Arg-1 PE eBioscience A1exF5 12-3697-82 Canada 

TNFα PE Cy7 BD Biosciences MP6-XT22 557644 USA 

IL-10 BUV 421 Biolegend JES5-16E3 505022 USA 

IL-13 PE Cy5.5 

Novus 

Biologicals 13A 

NBP1-

43239PECY55 

Canada 

CD3 BUV 395 BD Biosciences 145-2C11 563565 USA 

CD4 BUV 496 BD Biosciences GK1.5 564667 USA 

CD8 BUV 737 BD Biosciences 53-6.7 564297 USA 

CD19 APC H7 BD Biosciences 1D3 560245 USA 

NK1.1 Biolegend PK136 108718 USA 

TCRγδ BD Biosciences GL3 562892 USA 

Other Flow Cytometry 

Reagents   

  

LIVE/DEAD™ Fixable 

Aqua Dead Cell Stain 

Kit  

Thermofisher 

Scientific  

L34957 Canada 

Brilliant Stain Buffer BD Horizon  566349 USA 

BFA Sigma Aldrich  B6542 Canada 

Monensin Sodium Salt Sigma Aldrich  M5273 Canada 

Foxp3 / Transcription 

Factor Staining Buffer 

Set 

Thermofisher 

Scientific  

00-5523-00 Canada 

Reagents for RNA 

Isolation and RT-PCR   

  

 RNeasy Plus Micro-Kit 

(50)  Qiagen  74034 

USA 
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Transcriptor Universal 

cDNA Master Roche  05893151001  

Canada 

LightCycler® 480 

SYBR Green I Master  Roche  4707516001 

Canada 

H&E Reagents     

Eosin 

Leica 

Biosystems  

3801600 USA 

Hematoxylin Stain Sol., 

Gil 1. Formulation, Reg.  

Ricca Chemical 

Comp.  

3535-32 USA 

Reagents for Isolation 

of IHLs   

  

Benzonase Millipore Sigma  70664 Canada 

Collagenase D Roche  11088866001 Canada 

RPMI 1640 

Thermofisher 

Scientific  

11875093 Canada 

FBS 

Thermofisher 

Scientific  

A31607 Canada 

Percoll Sigma Aldrich  P1644 Canada 

Sodium Azide Fisher Scientific  S-227 Canada 

Normal Mouse Serum 

Thermofisher 

Scientific  

10410 Canada 

Formaldehyde Sigma Aldrich  F8775 Canada 
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Primers Forward Reverse 

TNF-a 5′-ACTCCAGGCGGTGCCTATGT-3′ 5′-GTGAGGGTCTGGGCCATAGAA-3′ 

IL-1B 5′-GGCAGGCAGTATCACTCATT-3′ 5′-GAGGATGGGCTCTTCTTCAAA-3′ 

CX3CL-1  5′-CGCGTTCTTCCAATTTGTGTA-3′ 5′-CTGTGTCGTCTCCAGGACAA-3′ 

CX3CR1 5′-ATTCTTCATCACCGTCATCAG-3′ 5′-ACTAATGGTGACACCGTGCT-3′ 

CCL2 5′-TCTGGACCCATTCCTTCTTGG-3′ 5′-TCAGCCAGATGCAGTTAACGC-3′ 

CCL7 5′-GGCCTCCTCAACCCACTTCT-3′ 

5′-CCCTGGGAAGCTGTTATCTTCA-

3′ 

M-CSF 5′-CAGCTGCTTCACCAAGGACT-3′ 5′-TCATGGAAAGTTCGGACACA-3′ 

mCLEC4F 5′-CTTCGGGGAAGCAACAACTC-3′ 5′-CAAGCAACTGCACCAGAGAAC-3′ 

28s  5′-CGAGATTCCCACTGTCCCTA-3′ 5′-GGGGCCTCCCACTTATTCTA-3′ 

Primers Company NCBI reference 

Col1a1 Qiagen (NM_007742) 

Acta2 Qiagen (NM_007392) 

TGF-β1 Qiagen (NM_011577) 

Table S3. Primers 
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Supplementary Figures: 

 

Figure S1: Ki67 levels are highest at 48 h post CCl4. (A) Representative Ki67 IHC images at 0, 

24, 48, 72, 96, and 168 h post-CCl4, scale bar = 200 μm. 
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Figure S2: Circulating phagocytes are recruited to the liver in response to CCl4-induced acute 

injury during the necroinflammatory and tissue repair phases. (A) Gating strategy for 

intrahepatic phagocytes. (B) Representative pseudocolor plots of the kinetics of major phagocyte 

populations induced in response to CCl4 injury. N=4-5 mice per group. 
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Figure S3: Recovered CD11b+ MHCII+ CD64+ F4/80+ cells express CX3CR1, and therefore are 

not KCs. (A) Gating strategy to define KCs from total intrahepatic leukocytes. (B) Contour plots 

showing CX3CR1 expression by total myeloid cells (left column), by CD11b+ MHCII+ CD64+ 

F4/80+ cells (center column), and the merge (right column). 



161 
 

             

Figure S4: IBA1+ CLEC4F- macrophages, and CLEC4F+ KCs exhibit different 

microanatomical locations in response to CCl4-induced acute liver injury. (A) Representative 

IBA1 (red) and CLEC4F (yellow) IF images of whole tissue at 48 h post CCl4 at low magnification, 

scale bar = 1 mm. (B) High magnification of inset from (A) showing DAPI/IBA1 (left), 

DAPI/CLEC4F (center), and merge (right), scale bar = 100 μm   
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Figure S5: Globular-shaped IBA1+ cells infiltrate the necrotic tissue at 24 h and replace 

hepatocytes in the area surrounding CVs by 48 h post CCl4. Aligned serial sections of hepatic 

tissue: section 1 (H&E) and section 2 (IBA1 IHC). Red arrowheads pointing at infiltrating 

amoeboid IBA1+ macrophages at 24 h post CCl4, scale bar= 50 μm. Yellow arrowheads pointing 

at IBA1+ macrophages at 48 post CCl4 with particulate material inside and occupying the previous 

location of hepatocytes around CVs, scale bar= 20 μm (insets). N=4 mice per group. 
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Figure S6: IBA1+ CLEC4F- macrophages and IBA1+ CLEC4F+ KCs are present in the murine 

fibrotic liver. (A) Multiplex IF showing IBA1 (red) and CLEC4F (green) on liver section from 12 

weeks CCl4-treated mouse. Colocalization red and green shows in yellow. Scale bar = 200 μm. * 

designates CVs. (B) High magnification of insets I, II, and III from (A). IBA1/DAPI (left column), 

CLEC4F/DAPI (center column), and merge (right column). White arrowheads pointing at IBA1+ 

CLEC4F- macrophages (red) and cyan arrowheads pointing at IBA1+ CLEC4F+ KCs (green-

yellow-orange). Scale bar = 100 μm. 

To see the video, follow the link below: 

https://www.frontiersin.org/articles/10.3389/fimmu.2022.994480/full#supplementary-material 

Video: Activated hepatic stellate cells, IBA1+CLEC4F- macrophages and CLEC4F+ KCs 

establish direct contact around injured central veins at 48 h post CCl4. Three-dimensional 

(3D) reconstruction of the interaction between an activated HSC in red (based on αSMA signal), 

an IBA1+CLEC4F- macrophage in yellow (based on IBA1 signal), and a CLEC4F+ KC in white 

and green (based on CLEC4F signal in white).  Images or z-stacks were acquired using ×40 

objective, ApoTome 2, Zeiss. Three-dimensional reconstruction was done using Imaris 8.1.2 

software (Bitplane, Zurich, Switzerland). 

Supplemental References 

1. Flores Molina M, Fabre T, Cleret-Buhot A, Soucy G, Meunier L, Abdelnabi MN, et al. 

Visualization, Quantification, and Mapping of Immune Cell Populations in the Tumor 

Microenvironment. J Vis Exp. 2020(157). 
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Chapter 5: Discussion 

 

5.a. Summary of the thesis 

 

In this thesis, we generated a strategy for increased visualization, mapping, and profiling of 

immune cells in the liver tissue. We used this strategy to monitor hepatic macrophage subsets in 

the tissue to better understand their differential role in response to CCl4 acute injury. This strategy 

uncovered unique spatial and temporal signatures of MoMFs vs. KCs.  

We established the kinetics of the wound healing response to CCl4-induced acute liver injury to be 

able to relate our observations of macrophages in situ to major effector phases like 

necroinflammation and tissue repair. This approach allowed us to gain insight into the differential 

roles of macrophage subpopulations at different stages of the wound healing response. We 

observed that KCs and MoMFs exhibited different kinetics, but they spatially and temporally 

overlapped in the necrotic tissue. Although KCs and MoMFs converged in the necrotic area, we 

found that they occupied unique microanatomical locations and exhibited different cellular 

morphology. 

Since hepatic macrophages do not act in isolation but engage in dynamic interactions with other 

resident and infiltrating cells, we also monitored by flow cytometry the kinetics of the major 

immune cell populations in response to CCl4 to achieve a higher perception of the potential 

interacting partners of hepatic macrophages. This profiling showed that KCs shared the same 

kinetics of other resident populations (e.g., T, B, and NKT cells) characterized by decreased 

numbers during necroinflammation and recovery during repair. By contrast, the kinetics of 

MoMFs was like that of other infiltrating myeloid populations with a transient presence in the liver 

(e.g., neutrophils, monocytes, NCMs). In addition, we found that KCs but not MoMFs contributed 

to the replenishment of the KC pool during tissue repair. Finally, colocalization analysis showed 

that KCs and MoMFs differently interacted with HSCs, suggesting dissimilar effects on their 

activation status. 

In summary, the spatio-temporal profiling of KCs and MoMFs revealed that these two 

subpopulations exhibited distinctive spatial signatures which suggest different roles during the 

wound healing response to acute liver injury. 
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5.b. Development of a methodology for increased multiplexing capability and spatial 

phenotyping in the hepatic tissue 

 

The immune response is spatially and temporally regulated and relies on cell-cell interactions that 

take place in SLOs and non-lymphoid parenchymal tissues (2, 490). In the tissues, immune cells 

are spatially organized in a way that maximizes the encounter of rare relevant cell populations in 

a timely manner and provides the optimal microenvironment to favor tissue homeostasis and 

immunity in response to insults. Therefore, the immune response cannot be properly understood 

by merely analyzing isolated molecules and cells while ignoring their spatial distribution, cell-cell 

interactions, and the tissue context (490).  

In the last two decades, new technologies have been developed interrogating images from tissue 

sections and from in vivo systems to generate single cell-based high-throughput data. Examples of 

these technologies are histo-cytometry, imaging mass cytometry, mass spectrometry imaging, 

iterative bleaching extends multiplexity (IBEX), spinning-disk confocal intravital microscopy 

(SD-IVM), and CODEX (193, 291, 491-495, 497). In addition, technologies combining 

transcriptome gene expression profiles with histological information are expanding the toolbox of 

solutions for mapping cells with resolved gene expression (e.g., RNAscope and Visium Spatial 

Gene Expression) (152, 498). These technologies have revealed how the spatial organization of 

the immune system supports immune function in SLOs and barrier tissues. However, the use of 

expensive equipment and/or software has prevented broad access to them for most of the research 

community. Only a few studies have focused on investigating the spatial behavior of immune cells 

in the hepatic tissue (7, 45, 148, 152, 193, 497, 499, 500). Therefore, the organization and 

dynamics of resident and infiltrating immune cells in the healthy and inflamed liver are 

insufficiently characterized.  

There are major challenges for imaging immune cells in tissue sections, including the fact that 

multiple markers are needed to identify immune subsets; microscopes have a limited number of 

channels; the availability of fluorophores suited for imaging is low; and the number of species 

used for antibody production is restricted. To overcome these limitations, we integrated multiple 

accessible solutions for multiplexing in a strategy for visualization, quantification, and mapping 

of immune cell populations in hepatic tissue that greatly expanded the number of markers to be 

visualized and analyzed simultaneously (Figure 1, chapter 3) (501).  
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As a proof of concept of the feasibility and advantages of the strategy, we visualized 11 parameters 

(CD3, CD4, CD8, CD34, CD68, FoxP3, MPO, Desmin, αSMA, cytokeratins 8/18, and DAPI) plus 

two frequent stains in three serial sections of formalin-fixed paraffin-embedded human HBV-

associated HCC tissue (Figure 2, chapter 3). The first step of the strategy is the imaging of cell 

populations of interest (COIs) and tissue compartments (TC) where the COIs would be analyzed. 

Next, for enhanced multiplexing, we combined serial imaging and sequential labeling. Serial 

imaging allowed us to visualize different subsets of immune cells in serial or consecutive sections, 

and sequential labeling made possible the reuse of sections for several staining cycles targeting 

different immune populations. In addition, the tissue context of labeled immune cells was 

determined through the differential staining of distinctive TCs like the stroma and the parenchyma 

(Figure 3, chapter 3). We also performed H&E staining to spatially relate histopathological 

information to immune profiling. Overall, 10 biomarkers were distributed into 6 immune 

populations, and 3 non-parenchymal cell populations were labeled.  

Subsequently, whole tissue images from all the stains were acquired and digitally aligned using 

the software VIS and consolidated into a virtual slide that was used for image analysis (Figure 2, 

chapter 3). We proved that the precision of the alignment could reach the individual cell level for 

images derived from the same section making this strategy compatible with virtual multiplexing 

(Supplementary Figure S1, chapter 3). In addition, the alignment of images derived from serial 

sections showed clear-cut spatial overlap of structural features (e.g., vessels), confirming the 

preciseness of the tissue alignment. 

Next, we used the module Author of the VIS software for creating customized protocols for tissue 

detection and segmentation, or the identification, quantification, and mapping of COIs. In total, 15 

image analysis protocols were designed and used for various purposes like tissue detection, tissue 

segmentation, and the specific identification and mapping of COIs in the different tissue 

compartments (e.g., stroma vs. parenchyma and tumor vs. non-tumor) (Figures 3 and 4, chapter 

3). Furthermore, relevant tissue structures like vessels and fibrous septa were also visualized and 

analyzed to better understand the neighborhoods of immune cells.  

In the final step of the strategy, we generated tissue heatmaps to have a panoramic view of the 

overall tissue distribution of different COIs in the TME, making possible the understanding of how 

different populations of cells spatially relate with one another and how they relate to tissue features 
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like vessels and the fibrotic septa, or to tumors (Figure 5, chapter 3). Tissue heatmapping revealed 

that different neighboring tumors in the same section can exhibit quite dissimilar distribution 

patterns for the same immune cell population (Supplementary Figure S2, chapter 3). Therefore, 

the histological complexity of the TME translates into spatial heterogeneity of immune cells, 

emphasizing the need for whole tissue analysis and tissue heatmapping for the analysis of immune 

cells in tissue sections. 

Among the great features of this strategy is its capacity for the analysis of whole tissue sections. 

The extensive histological heterogeneity and the uneven distribution of immune cells in the tumor 

microenvironment cannot be adequately captured by the analysis of fragmented and disconnected 

fields of view or tissue microarray images (501). By contrast, whole tissue analysis results in an 

unbiased representation of the immune microenvironment but requires a high computing power 

that has only become recently available. By integrating the use of VIS and automated analysis into 

this strategy, hundreds of thousands of immune cells were profiled, quantified, and mapped within 

a few hours. 

Additional advantages of this strategy are the increased multiplexing capability using easily 

accessible techniques and resources. In addition, the digital alignment of serial images allowed us 

to analyze how markers or populations visualized in one image spatially related to markers or 

populations in another image. The fact that the image analysis is automated tremendously increases 

the tissue area that is covered by the analysis and its speed. Moreover, the use of image analysis 

protocols with fixed classification criteria of the pixels ensured the consistency of the analysis and 

removed the subjectivity associated with quantification by visual inspection and the inter-sample 

variability.  

In summary, this strategy increases the spatial information that can be obtained from limited 

clinical specimens, is easily adaptable to other tissues and biomarkers of interest, and the technical 

knowledge and resources required to execute it are accessible to most investigators.  

5.c. Spatio-temporal characterization of the hepatic macrophage compartment in response 

to acute liver injury 

 

Hepatic macrophages are key effector cells during homeostasis and in response to injury and are 

involved in the pathogenesis of several liver diseases (195, 502).  The heterogeneity of the 
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macrophage compartment in the liver has only recently started to be appreciated with the 

emergence of RNA sequencing, flow cytometry, and mass cytometry (129, 131-133, 148). 

However, these technologies involve tissue disruption and loss of spatial information and tissue 

context. Indeed, the spatial and temporal profiling of liver macrophages in tissue samples during 

the steady state and response to injury will provide non-redundant information on how 

macrophages relate to neighboring cells and their behavior during immune responses, hence the 

importance of this characterization of hepatic macrophages in space and time.  

In the second part of this study, we combined multiparameter flow cytometry and RNA expression 

profiling with the imaging techniques and digital analysis tools we had previously developed for 

spatial phenotyping of immune cells in the liver tissue (chapter 3) to dissect the hepatic 

macrophage compartment in response to acute injury with CCl4. One dose of 1uL of CCl4 per gram 

of body weight leads to massive central vein necrosis, increased liver weight, and elevated levels 

of ALT, AST, and urea in the blood (503). However, in this model, tissue damage and 

inflammation are followed by a repair response that completely restores the homeostatic structure, 

composition, and physiology of the hepatic tissue (503, 504). Thus, this model offers an 

opportunity to monitor the subpopulations of hepatic macrophages spatially and temporally during 

all the phases of the wound healing response.  

We hypothesized that despite the remarkable phenotypic and functional plasticity exhibited by 

hepatic macrophages, the individual subpopulations evolved to assume distinctive roles in 

response to injury. Furthermore, we proposed that each subset of macrophages would exhibit 

unique morphological, spatial, and temporal profiles and would differentially relate to neighboring 

cells during the response to acute liver injury. 

Our approach consisted in first delineating the kinetics of the wound healing response to identify 

the tissue context at different time points upon CCl4-induced injury. We reasoned that this strategy 

would allow us to link the kinetics, phenotype, cell morphology, and tissue distribution pattern of 

hepatic macrophages to specific effector programs like inflammation and repair. Next, we 

characterized the kinetics of the major innate and adaptive hepatic immune populations by 

multiparameter flow cytometry to understand how these cell populations temporally relate to our 

observations of hepatic macrophages. Subsequently, we dissected the spatio-temporal dynamics 

of tissue-resident KCs and infiltrating MoMFs in response to acute injury. Finally, we investigated 
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how these two subpopulations differentially contributed to the replenishment of the macrophage 

compartment and the activation of HSCs during the wound-healing response to acute liver injury. 

5.c.1. Wound healing response to CCl4-induced acute liver injury 

 

In this study we used the CCl4 model of acute liver injury, using a single dose of 1 μL per gram of 

body weight. The merits of this model include great reproducibility, easy to implement, and the 

fact that it recapitulates the histological, and pathophysiological features of APAP-induced injury 

in humans, the most common source of acute liver failure (505). In addition, since CCl4 

intoxication leads to self-limited inflammation, the immune cells involved in the response can be 

monitored throughout all the phases of the wound healing response. Furthermore, CCl4 causes 

centrilobular necrosis, the same spatial pattern of injury observed during APAP, which adds 

relevance to the spatial profiling of macrophages in this model. Moreover, the CCl4 model can be 

used to induce chronic inflammation and fibrosis. Unlike surgical models of acute liver injury 

(e.g., hepatectomy), the CCl4 model is easy to implement in small animals. Similarly, the CCl4 

model does not directly activate adaptive immune cells like the immunogenic model of 

Concanavalin A-induced liver injury and therefore is better suited to study the role of myeloid 

cells (506).  The main limitations of this model are the induction of metabolic alterations, and that 

it does not recapitulate the hepatic encephalopathy associated with acute liver failure (506).  

We profiled the spatial behavior of hepatic macrophages using only male mice for practical reasons 

(e.g., people available to do the experiments and time). In addition, there is no evidence to our 

knowledge that macrophage biology in the liver is influenced by sex/gender, but differences may 

exist. The study of hepatic diseases in men vs. women and experimental models has shown that 

gender differences are associated with differences in incidence, severity, and clinical outcome in 

multiple hepatic diseases including autoimmune hepatitis, acute liver injury, ALD, viral hepatitis, 

and HCC (507). Therefore, the results presented in this study cannot be directly extrapolated to 

female mice. 

We delineated the precise kinetics of the wound healing response to CCl4-induced acute liver 

injury which allowed us to understand the evolving tissue context of hepatic macrophage 

subpopulations and to gain insight into their roles. Specifically, we identified 3 distinctive phases 
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of the wound healing response to CCl4-induced acute liver injury: necroinflammation, early repair, 

and late repair (Figure 1, chapter 4). 

The wound-healing response to an acute injury is a complex and highly coordinated multicellular 

tissue response to tissue damage caused by physical trauma or pathogen invasion. During this 

response, resident and infiltrating immune cells cooperate with tissue cells to bring about the 

restoration of the normal tissue architecture and physiology upon injury.  

The wound healing response has been better conceptualized and studied in the skin and 6 

sequential but also overlapping stages have been defined: hemostasis, inflammation, angiogenesis, 

growth, re-epithelialization, and remodeling (508). In the liver studies, the wound healing response 

has not been conceptualized in a detailed manner, but the early stages namely hemostasis and 

inflammation, are grouped under the term necroinflammation, and regeneration and repair 

encompass the regrowth of vessels, the restoration of the ECM, and the proliferation of tissue cells 

(509, 510). In the following sections, we will discuss how our observations relate to previous 

studies characterizing necroinflammation and tissue repair upon acute liver injury, avoiding those 

aspects already discussed in the manuscript (chapter 4). 

5.c.1.a. Necroinflammation in response to CCl4-induced acute liver injury 

 

Necroinflammation is defined as the process of activation of resident immune cells, and the 

subsequent recruitment of circulating immune cells to the damaged tissue in response to DAMPs 

and pro-inflammatory cytokines released by cells undergoing necrotic cell death (510).  

In our study, signs of hepatic necroinflammation were already detectable at 12 h post-CCl4 injury 

and extended up to 48 h when evidence of pro-repair activity started to emerge (Figure 1C and 1D, 

chapter 4). The necroinflammatory phase of the wound healing response was characterized by 

extensive tissue damage as measured by ALT and % of the necrotic area, partial depletion of 

resident immune cell populations, massive myeloid cell infiltration, and upregulated expression of 

pro-inflammatory cytokines (Figure 1, chapter 4).  

Recent research has revealed that necrosis may happen as a programmed and genetically regulated 

process intended to trigger acute inflammation (e.g., necroptosis, ferroptosis, pyroptosis), or may 

happen in a non-regulated manner which is known as traumatic necrosis. The release of highly 
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immunogenic DAMPs during regulated necrosis not only activates the immune system and 

promotes inflammation, but also triggers pro-repair pathways critical for the re-establishment of 

tissue homeostasis upon injury. This explains why defects in necrosis-inducing pathways lead to 

aberrant inflammation and autoimmunity (510, 511). Depending on the dose, CCl4 injury can 

induce either regulated or traumatic necrosis in hepatocytes. Administration of 1 μL of CCl4 per 

gram of body weight causes a self-limited immune response that leads to total healing within 2 

weeks which fits the model of regulated necrosis (510, 511). 

Hepatocellular death induced by CCl4 is attributed to toxic radicals generated by the action of the 

cytochrome P450 superfamily of monooxygenases. It has been postulated that CCl4-derived 

radicals react with nucleic acids, proteins, and lipids, thereby functionally impairing hepatocytes, 

inducing necrosis and the release of cellular contents like DAMPs and ALT (512). Importantly, 

cytochrome P450 enzymes exhibit zonated expression with increased activity in pericentral 

hepatocytes (513). Accordingly, we observed zonated-specific damage around central veins and 

elevated levels of plasma ALT during necroinflammation (Figure 1B-D, chapter 4). Overall, the 

dynamics of necroinflammatory markers like ALT levels, necrotic area, and expression of pro-

inflammatory cytokines, were highly consistent with previous reports, emphasizing the great 

reproducibility of the CCl4 model (514-519).  

Our data also showed a significant induction of pro-inflammatory cytokines TNFα and IL-1β 

during necroinflammation as previously reported (Figure 1E, chapter 4) (520, 521). Upon liver 

injury, Tnfα activates signaling pathways leading to the secretion of pro-inflammatory cytokines 

and chemokines, including IL-1α, IL-6, CCL2, CCL3, and CCL4, that mediate recruitment of 

monocyte/macrophages to the injury site (522, 523). In line with this, in our study, the induction 

of Tnfα upon CCl4 preceded the upregulation of the transcripts for the inflammatory chemokines 

Ccl2, Ccl3, and Ccl4 (Ccl2 included in Figure 3G, chapter 4, Ccl3, and Ccl4 not shown).  

Although TNFα can be produced by multiple cells like lymphoid cells, endothelial cells, and 

fibroblasts, KCs have been identified as a major source in response to hepatic tissue damage (521). 

Studies using mice deficient for TNFα have found opposing roles of this cytokine depending on 

the nature of the insult. Decreased tissue damage was found in TNFα deficient mice upon LPS 

injury (524). However, lack of TNFα signaling worsened recovery in the APAP model and during 

partial hepatectomy due to reduced survival and proliferation of hepatocytes (521, 523, 525).  
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Similarly, the role of IL-1β in acute liver injury has been established using IL-1β receptor KO 

mice. These mice exhibited reduced tissue damage in response to thioacetamide (TAA) as 

determined by ALT and % of necrotic area compared to wild-type counterparts (520). In addition, 

it has been shown that IL-1β from dying cells induces a pro-inflammatory gene expression 

program in target immune cells involving increased expression of iNOS, adhesion molecules, and 

inflammatory chemokines (526, 527). Therefore, the functional outcome of IL-1β signaling is 

leukocyte trafficking and extravasation into the injury site (527). However, despite its pro-

inflammatory properties, evidence has accumulated pointing to the pro-repair functions of IL-1β 

in the liver. A direct role in ECM remodeling and repair has been demonstrated via matrix 

metalloproteinases (MMPs) induction in HSCs (520). IL-1β is also an angiogenic factor through 

induction of VEGF and therefore contributes to the repair of injured vessels (527).  

Collectively, these observations indicate that TNFα and IL-1β expression, typically upregulated 

during necroinflammation, may play dual roles as inflammatory and pro-repair factors upon 

hepatic injury. 

In our study, CCl4-induced necroinflammation was also characterized by extensive myeloid 

infiltration of hepatic tissue (discussed below), indicating that recruited myeloid cells and their 

descendants perform necroinflammation-related functions (Figures 1F, 2C, 2D, and 3E and 3F, 

chapter 4). The dissection of myeloid cells, their functional profile, and the kinetics of the different 

myeloid subpopulations in response to CCl4 injury will be discussed in subsequent sections. 

5.c.1.b Tissue repair in response to CCl4-induced acute liver injury 

 

Tissue repair follows and terminates inflammation. Tissue repair is a dynamic process aimed at re-

establishing the homeostatic organ structure and function following injury. During tissue repair, 

the markers of tissue damage and inflammation decrease, and tissue homeostasis is restored 

through the combination of compensatory cell proliferation, regeneration of the ECM, and 

angiogenesis that regenerates blood vessels and restores blood supply (528). Cytokines, 

chemokines, and growth factors provide the mitogenic signals required for cell proliferation and 

tissue repopulation (528). In agreement with this definition, we observed that the early repair phase 

of the wound healing response to CCl4 injury was defined by a return to baseline levels of TNFα 

and IL-1β, significant reduction of plasma ALT, necrotic tissue contraction, increased expression 
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of pro-resolving genes (e.g., Cx3cr1/Cx3cl1, Figure 1G, chapter 4) and growth factors (e.g., Tgfβ 

(Figure 8B, chapter 4), and Ctgf (not shown)), parenchymal and non-parenchymal cell 

proliferation, and upregulation of genes associated with ECM synthesis (e.g., Col1a1 (Figure 8B, 

chapter 4), and Timp-1 (not shown)). During late repair, all indicators of tissue damage, 

inflammation, and cell proliferation returned to baseline levels and the homeostatic composition 

of liver resident immune populations was restored (Figure 1 and 3, chapter 4).  

We observed upregulation of hepatic Cx3cl1 and Cx3cr1 restricted to the early repair phase (Figure 

1G, chapter 4). CX3CL1, also known as fractalkine, is a chemokine that can be expressed as a 

membrane-bound or as a soluble peptide (529). While membrane-bound CX3CL1 functions as an 

adhesion molecule, soluble CX3CL1 is a chemoattractant for CX3CR1+ leukocytes, including 

MoMFs, NCMs, NK cells, CD8+ T cells, and γδ T cells (529). CX3CL1 has been associated with 

the pathogenesis of multiple chronic inflammatory conditions, mostly through the recruitment of 

cytotoxic effector cells and the resultant collateral tissue damage (530). However, CX3CL1 

signaling during acute liver injury contributes to the resolution of inflammation and tissue repair. 

Mice deficient in CX3CR1 developed increased immune infiltration and higher expression of 

transcripts for pro-inflammatory cytokines and chemokines (e.g., Tnfα, Ccl2, Ccl4, and Ccl5) upon 

CCl4 treatment compared to WT counterparts (94). The interaction between CX3CR1 and 

CX3CL1 mediates the conversion of pro-inflammatory/pro-fibrogenic macrophages (TNFα, IL-

1β, iNOS, and TGFβ-producers) into anti-inflammatory/pro-repair macrophages (IL-10 and Arg-

1-producers) upon acute liver injury (94, 201). In addition, the lack of CX3CR1 signaling in 

infiltrating MoMFs induces cell death and perpetuates inflammation (201).  

Although in the liver, multiple cell types express CX3CR1 (e.g., HSCs, NK cells, and T cells) 

most of this CX3CR1 signal that we detected in the injury site colocalized with IBA1 and CCR2 

suggests that MoMFs may be the main CX3CR1+ population in the lesion (Figure 6A, chapter 4) 

(94). We observed that increased hepatic expression of Cx3cr1/Cx3cl1 coincided with reduced 

expression of pro-inflammatory cytokines, decreased levels of tissue damage markers, and 

increased cell proliferation, supporting their role in the transition from necroinflammation to tissue 

repair as previously described (Figure 1, chapter 4) (94, 201). 
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5.c.1.c. Parenchymal and non-parenchymal cell proliferation during early tissue repair in 

response to CCl4-induced acute liver injury 

 

Another defining feature of tissue repair is the proliferation of tissue cells for the replacement of 

dead cells (133, 194, 202). In our study, we found hepatic upregulation of the proliferation marker 

Ki67 by qPCR. Further analysis of whole tissue sections identified the compartmentalized and 

simultaneous proliferation of parenchymal and non-parenchymal cells around portal tracts and 

central veins respectively (Figure 1H, 1I, and S1 chapter 4).   

Ki67+ hepatocytes with big round nuclei accumulated exclusively around portal tracts during early 

tissue repair (Figure 1I, chapter 4). Our observations are aligned with recent fate mapping studies 

demonstrating that during CCl4 acute injury, differentiated hepatocytes around portal tracts re-

enter the cell cycle, proliferate, and replenish the lost tissue (531). On the other side, Ki67+ cells 

with irregularly shaped small nuclei, consistent with non-parenchymal cells, were present 

exclusively around central veins (Figure 1I, chapter 4). Immunofluorescence analysis showed 

some of these proliferating cells to be KCs (Figure 4E, chapter 4) and aHSCs (not shown). 

Together, these observations demonstrated that parenchymal and non-parenchymal cells exhibited 

the same kinetics of proliferation upon injury but suggested the possibility that spatially 

compartmentalized signals direct the expansion of these two major groups of cells in the liver 

during tissue repair.   

5.c.1.d. Kinetics of the major innate and adaptive immune cell populations in response to 

CCl4-induced acute liver injury 

 

The liver is populated by relatively large populations of tissue-resident lymphocytes, and myeloid 

cells at the steady state (1). Tissue injury can rapidly and drastically change the composition of 

hepatic immune populations through cell depletion, cell recruitment, and differentiation of resident 

progenitors or infiltrating cells (133, 193, 194, 497). To better understand the dynamics of hepatic 

immune cells in response to CCl4-induced acute injury, we monitored by flow cytometry the major 

lymphocyte and myeloid populations in the liver (Figure 2 and 3, chapter 4).  

During necroinflammation, the resident lymphoid cells were partially depleted (e.g., NKT cells, 

CD4+ T cells, CD8+ T cells, and B cells) and only recovered when the tissue started to heal (Figure 

2A and 2B, chapter 4). Image analysis and qPCR data showed that resident CLEC4F+KCs also 
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decreased during necroinflammation, as previously reported in other liver injury models (Figure 

4B to 4D) (129, 133, 204). These results suggested that CCl4 toxicity may affect all the resident 

populations that are trapped in the damaged tissue, and repopulation is dependent on the healing 

of the affected zone.  

Previous studies have shown that T cell-deficient mice (CD3εKO) are protected from ischemia-

reperfusion injury (IRI), pointing to the role of T cells in enhancing the severity of IRI (532). In 

agreement with this, studies in the CCl4 model revealed that severe combined immunodeficient 

mice (SCID) that are deficient in mature B and T cells exhibited reduced acute hepatocellular 

necrosis and ALT compared to their WT counterparts (533). Combined, these studies suggested a 

role for resident T cells in increasing tissue damage during acute liver injury. Furthermore, the 

characterization in recent years of liver-resident lymphocytes revealed that they exhibit an effector 

memory phenotype in the healthy liver, express multiple PRRs, and can respond in a TCR-

dependent and TCR-independent manner. Therefore, they may be involved in the early sensing of 

tissue damage induced by CCl4 and the rapid release of inflammatory chemokines and cytokines 

(239). Since T cells are depleted during necroinflammation in our study, it is unlikely that they 

played a functional role beyond sensing early damage and initial induction of inflammation in the 

model of acute liver injury with CCl4 (Figure 2B, chapter 4).  

As mentioned, we also observed depletion of intrahepatic B cells during necroinflammation and 

repopulation during early repair (Figure 2B, chapter 4). B cells in the liver of healthy mice were 

more abundant than any other lymphoid population in our flow cytometry data set suggesting their 

relevance (Figure 2B, chapter 4). However, unlike T cells, the lack of B cells had no impact on the 

development of or resolution of acute liver injury in three injury models (IRI, Con A, and APAP) 

using the B cell-deficient mice muMt-  (532). Human data showed that during chronic HCV 

infection, B cells form aggregates around portal tracts (534-536). However, only a small fraction 

of these cells is HCV-specific, and the hepatic B cell follicles formed during HCV infection are 

rather composed of polyclonal naïve and memory B cells and do not function as ectopic germinal 

centers (537). Furthermore, it has been suggested that these B cells play a pathogenic role in the 

development of lymphoproliferative diseases (538). Intrahepatic B cells also negatively impact the 

development of AIH, as demonstrated in the context of B cell depletion using Rituximab, which 

led to a better outcome in patients with AIH and AIH mouse models (539, 540).   
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In contrast with hepatic resident immune cells, circulating myeloid cells massively infiltrated the 

liver during necroinflammation, as described in other models of hepatic injury (Figure 1F, 2E, and 

2F, chapter 4) (133, 194, 199, 204). Dissection of the myeloid compartment using flow cytometry 

and t-SNE FlowSOM revealed that the most distinctive myeloid subpopulations accumulating in 

the liver after CCl4 were inflammatory monocytes (Ly6Chi CX3CR1low Ly6G- MHC II-), 

neutrophils (Ly6Cint Ly6G+), NCMs (Ly6Clow CX3CR1hi F4/80+ MHC II+), and MoMFs (Ly6Cint 

Ly6G- CX3CR1+ F4/80int) (Figure 3C, chapter 4).  

Unexpectedly, a subpopulation fitting the profile of KCs was not identified even though KCs are 

the major myeloid population in the uninjured liver and one of the major ones during inflammation 

(Figure 3C, chapter 4). In this regard, previous reports have found an important discrepancy in the 

numbers of KCs in murine and human flow cytometry data sets when isolated using enzymatic 

digestion versus the numbers of KCs detected by in situ labeling (130, 541). Indeed, there is a 

growing realization that methods that combine mechanical tissue disruption with collagenase and 

benzonase digestion-based protocols are efficient at isolating MoMFs but not KCs (542). The 

mechanical aspect of our tissue dissociation protocol is in line with standard practices involving 

mincing the liver into small pieces with a razor blade, incubation at 37 oC in a shaker, and 

crushing/filtering the tissue fragments through a cell strainer (542, 543). However, our digestion 

media only contains standard amounts of collagenase D (0.1 mg/mL) and benzonase which may 

not be enough to dissociate KCs from the endothelium. Some protocols adapted to KC isolation 

have proposed 10 times increased collagenase concentrations and mixed several types of 

collagenases in the digestion media (e.g., collagenase D, collagenase V, and dispase that also 

cleaves fibronectin) (542). In our study, we compensated for this limitation through in situ 

detection of KCs by immunofluorescence (Figure 4A to C, chapter 4). 

We observed that neutrophils and inflammatory monocytes represented small populations in the 

healthy liver (Figure 3F, chapter 4, Figure 19A, 19B, 19F, chapter 5). CCl4 injury rapidly induced 

an extensive influx of both inflammatory populations early on during the necroinflammatory 

phase, as previously reported (133, 160, 192, 193, 497, 544). Neutrophil and monocyte infiltration 

was preceded and overlapped with an increased hepatic expression of their major chemokines 

Cxcl1/2 and Ccl2/7, respectively (Figure 19C and 19D, chapter 5, and Figure 3G, chapter 4). 

Among the cellular sources of these chemoattractants are activated KCs, HSCs, and LSECs (85, 
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544).  Importantly, CCR2 and its ligands CCL2 and CCL7 are required for monocyte egress from 

the bone marrow and accumulation in the injured liver (85, 192, 545-547). Furthermore, our data 

showed the upregulation of the monocyte/macrophage growth factor csf-1 (encoding M-CSF) 

during necroinflammation and early repair, suggesting its involvement in the expansion of the 

monocyte population in the liver as previously reported in the APAP model (Figure 3G, chapter 

4) (133). M-CSF is known to induce the differentiation of bone marrow myeloid progenitors into 

inflammatory monocytes and is also required for their subsequent differentiation into MoMFs in 

peripheral tissues both in humans and in mice (548-550).  

Despite the temporal overlap, depletion experiments showed that monocyte recruitment is not 

dependent on neutrophils in the model of sterile injury with a thermal probe (193). Our results also 

revealed no impact of neutrophil ablation in the recruitment of inflammatory monocytes upon CCl4 

injury (not shown). Similarly, antibody-mediated depletion of monocytes didn’t affect neutrophil 

recruitment in the APAP model (194). Together, these data suggested that neutrophil and 

monocyte recruitment are independent of one another in liver inflammation. However, early 

studies showed that neutrophils release monocyte/macrophage chemokines pre-stored in their 

granules (e.g., cathepsin G and azurocidin) (551, 552). Accordingly, depletion of neutrophils 

delays inflammatory monocyte recruitment in a model of intramuscular injection of platelet-

activating factor in mice (552). Since in the liver, several resident cells produce the major 

monocyte/macrophage chemokines CCL2 and CCL7 (e.g., KCs, hepatocytes, and HSCs), it is 

possible that the contribution of neutrophils to monocyte recruitment is relatively modest and 

difficult to quantify (553-555).  

The flow cytometry analysis also showed that NCMs expanded about ten times during 

necroinflammation in response to CCl4 toxicity (Figure 3F, chapter 4). Contrary to inflammatory 

monocytes, NCMs are present in the tissue at the steady state and their tissue trafficking is 

dependent on CX3CR1 instead of CCR2 (556). NCMs exhibit a unique crawling behavior inside 

blood vessels that was linked to immune surveillance of endothelial cells during homeostasis and 

to vessel repair after exposure to irritants, aseptic wounding, and peritoneal infection with Listeria 

monocytogenes (556). In addition, NCMs are involved in vessel protection and repair during 

homeostasis and pathological conditions in several organ systems including the skin and the central 

nervous system (203). However, their role in the normal and inflamed liver is still unknown (556-
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558). In a recent study, Alkhani et al. profiled perinatal intrahepatic NCMs using scRNA-seq and 

identified an anti-inflammatory and pro-repair signature characterized by upregulation of Il4ra and 

Tgfb1 (557). Their study showed an association between hepatic NCMs and the resolution of 

rhesus rotavirus (RRV)-mediated periportal inflammation, but causation was not established, and 

the underlying mechanism was not investigated. Since we observed that intrahepatic NCMs peak 

at the same time as neutrophils and inflammatory monocytes in the CCl4 model, NCMs may be 

involved in preventing or repairing immune-mediated collateral damage caused by inflammatory 

leukocytes (Figure 3F, chapter 4). The recent availability of engineered mice with a reduced 

number of NCMs (Nr4a1-deficient mice) and reporter mouse models for NCMs (e.g., CX3CR1GFP) 

allow the study of the functional role of NCMs in acute liver injury (559, 560). Further studies are 

granted to address this relevant question. 

During the late part of necroinflammation and early tissue repair, the monocytic and granulocytic 

populations declined sharply and MoMFs became the most abundant myeloid population (Figure 

3F, chapter 4).  The decrease of inflammatory monocytes temporally coincided with the increase 

of MoMFs, in agreement with the former population differentiating into the latter (Figure 3F, 

chapter 4) (133, 193). In addition, we observed that the peak of MoMF infiltration upon CCl4 

injury coincided with the transition to tissue repair, in agreement with the postulated pro-resolution 

phenotype assigned to MoMFs in the APAP model and response to a focal thermal injury (Figure 

3F, chapter 4) (133, 193). During late repair, MoMFs rapidly decreased to baseline levels 

demonstrating that this population is transitory as previously reported in other acute liver injury 

models (Figure 3F, chapter 4) (133, 194). In the hepatic tissue, we identified a population of 

IBA1+CLEC4F- macrophages fitting the phenotype and kinetics of flow cytometry-identified 

MoMFs (Figures 4A, 4G, 4H, and Figures 6A and 6B, chapter 4). The spatial characterization of 

these tissue MoMFs in response to CCl4-induced injury will be discussed in the following sections. 

Surprisingly, two waves of neutrophils transiently infiltrated the liver during CCl4 injury (Figure 

3F, chapter 4 and Figure 19B and 19F, chapter 5). This observation will be discussed in more detail 

in the next section. Finally, during late repair the number of monocytes, neutrophils, and MoMFs 

returned to baseline bringing the total number of intrahepatic CD11b+ myeloid cells back to 

homeostatic levels (Figure 1F and 3F, chapter 4).  
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In summary, CCl4-mediated injury induces partial depletion of resident immune cell populations 

and recruitment of circulating phagocytes and their presence in the liver temporarily overlaps with 

the restoration of tissue homeostasis. The rapid changes in the composition of the population of 

intrahepatic leukocytes emphasize the significance of the temporal dimension for the proper 

understanding of the immune response to acute liver injury.  

5.c.1.e. Profile of myeloid cells during the wound healing response to CCl4-induced acute 

liver injury  

 

Myeloid cells infiltrated the hepatic tissue during necroinflammation and persisted during the early 

repair. The functional characterization of these myeloid cells revealed that they are major 

producers of inflammatory TNFα, pro-fibrogenic IL-13, anti-inflammatory IL-10, and pro-repair 

Arg-1, as previously reported in models of liver inflammation (Figure 2C and 2D, chapter 4) (523, 

561-566). This functional profile and kinetics suggested that the heterogeneous population of 

hepatic myeloid cells present in the inflamed liver has the potential to mediate inflammation, 

resolution of inflammation, and repair. 

IL-10-producing myeloid cells accumulated in the liver of CCl4-treated mice during the transition 

from necroinflammation to tissue repair (Figure 2C and 2D, chapter 4). IL-10 is an 

immunoregulatory cytokine that plays important roles in preventing or attenuating hepatic 

inflammation upon liver injury (566).  Several cellular sources of IL-10 have been identified in the 

healthy and in the inflamed liver demonstrating its immune modulatory activity both during 

homeostasis and inflammation. Hepatocytes, LSECs, HSCs, KCs, and resident T cells produce IL-

10 in response to a variety of danger, infectious, or stress signals (e.g., LPS, TNFα, 

catecholamines) (99, 566-568). IL-10 deficiency in the CCl4 model has been linked to increased 

neutrophilic inflammation and elevated levels of TNFα (569, 570). In addition, in vitro assays 

showed that IL-10 treatment reduced LPS-induced TNFα secretion by KCs (571). In our study, 

IL-10 and TNFα production by infiltrating myeloid cells temporally overlapped, suggesting that 

IL-10 may prevent immune-related collateral damage caused by TNFα during CCl4-induced 

inflammation.  

We also observed an accumulation of intrahepatic IL-13-producing myeloid cells during the 

transition from necroinflammation to tissue repair (Figure 2C and 2D, chapter 4). Although not 
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previously investigated in the CCl4 model, IL-13 was shown to be a potent activator of HSCs in 

vitro, and in liver infection with Schistosoma species (e.g., S. mansoni and S. japonicum) (564, 

572-575). IL-13 directly induces the expression of αSMA, type I collagen, and pro-fibrogenic 

connective tissue growth factor (CTGF) by HSCs (576, 577). Repeated IL-13 signal in the injured 

liver promotes fibrosis, as seen in murine models of Schistosomiasis (572, 574). In HCV and 

steatosis/steatohepatitis patients, IL-13 expression positively correlates with the fibrosis stage 

(578, 579). However, whilst sustained IL-13 signaling leads to hyperactivation of HSCs, and 

thereby to fibrosis during chronic inflammation, the transient release of IL-13 may be beneficial 

through temporary induction of HSC activation and subsequent ECM repair upon CCl4 acute 

injury. In support of this possibility, our results showed that the increase of IL-13-producing 

myeloid cells is restricted to the necroinflammatory and early repair phases and temporarily 

overlapped with HSC activation, as determined by mRNA profiling (ACTA-2, and Col1a1) and 

by quantification of αSMA+ HSCs in the hepatic tissue (Figures 2C, 2D, 8B, and 8C, chapter 4). 

Myeloid cell-derived IL-13 expression also preceded and overlapped with the hepatic expression 

of fibrogenic markers TGFβ and CTGF.  

As mentioned above, our data showed that Arg-1 expression by myeloid cells increased during 

necroinflammation and peaked at the transition from necroinflammation to early repair (Figure 2C 

and 2D, chapter 4). In addition, the mean fluorescent intensity (MFI) of Arg-1 in myeloid cells 

substantially increased during tissue repair compared to necroinflammation suggesting its 

involvement in the healing of CCl4 injury (Figure 18). Moreover, MoMFs specifically showed 

upregulation of Arg-1 during repair.   
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Figure 18: Myeloid cells and particularly MoMFs increase Arg-1 expression during tissue 

repair. (A) Mean fluorescent intensity (MFI) of Arg-1 in intrahepatic myeloid cells upon CCl4 

treatment. (B) MFI of Arg-1 in intrahepatic Ly6C+ CX3CR1+ MoMFs.  

Arg-1 expression by myeloid cells is tightly regulated and is induced by signature Th2 cytokines 

IL-4 and IL-13. Both iNOS and Arg-1 define two alternate functional states of macrophages known 

as classically and alternatively activated, or M1 and M2, respectively (580, 581). Arg-1 competes 

with iNOS for L-arginine, thereby limiting the production of the antimicrobial and cytotoxic 

molecule nitric oxide (NO) (561, 582). By contrast, Arg-1 converts L-arginine to L-ornithine and 

urea, and subsequently, L-ornithine can be converted to polyamines and proline. Studies in the 

skin (surgery wounds and skin ulcers) have shown that while polyamines are required for cell 

proliferation, proline is needed for collagen synthesis and ECM repair. Thus, Arg-1 is a critical 

effector molecule for matrix synthesis and re-epithelialization after injury in the skin (583). In the 

inflamed liver, we observed a temporal association between peak Arg-1 expression in myeloid 

cells, the proliferation of hepatocytes, and maximal collagen expression, suggesting similar pro-

repair functions in the liver to the ones observed in the injured skin (Figure 2C, 2D, 1H, and 8B, 

chapter 4). Further research is warranted to establish the role of myeloid-associated Arg-1 during 

hepatic tissue repair.  

5.c.1.f. Neutrophils in response to acute liver injury 

 

Neutrophils are the first line of defense against extracellular bacteria and fungi and are important 

effector cells in all types of injury that overwhelms the phagocytic capacity of tissue-resident 

myeloid cells as is the case in severe sterile or toxic injuries. Neutrophils are generated in the bone 

marrow and constitute the most abundant circulating immune population accounting for up to 70 

and 25 % of all leukocytes in human and mice blood, respectively (584, 585). In addition to their 

innate antimicrobial properties, neutrophils also perform multiple effector functions in response to 

sterile injury and during homeostasis (497, 586, 587). 

Once at the injury site, neutrophils eliminate invading pathogens through the release of granules 

containing antimicrobial peptides, ROS, and enzymes. In addition, neutrophils can capture 

pathogens through complement receptors, Fc receptors, and integrins, or can release neutrophil 

extracellular traps (NETs) for pathogen immobilization (588). Such neutrophil antimicrobial 
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functions can cause tissue damage and impair wound healing as observed in multiple acute and 

chronic injury settings (202, 588, 589).  

Aside from their antimicrobial and inflammatory functions, neutrophils are also promoters of 

tissue repair (587). Among the healing functions of neutrophils is their induction of angiogenesis 

and ECM restoration which are typically dysregulated in non-healing wounds like in diabetes and 

cancer (590). In addition, in models of skin injury, impaired neutrophil recruitment leads to 

delayed repair due to decreased neo-vascularization and epithelialization (591). Similarly, in the 

liver, neutrophils dismantle damaged vessels and create tunnels for new vessel formation thereby 

initiating healing in response to focal thermal sterile injury (497). Moreover, neutrophils remove 

apoptotic cells and inflammatory debris, critical processes in proper healing (592). Indeed, 

neutrophil depletion during acute hepatic injury leads to delayed repair as evidenced by increased 

ALT levels, augmented injury size, and reduced debris clearance (202, 497).  

Neutrophils also indirectly contribute to repair through their effects on other cells. For example, 

efferocytosis of apoptotic neutrophils reprograms the transition of pro-inflammatory into pro-

resolving macrophages (593, 594). In addition, neutrophil-derived ROS trigger the phenotypic 

conversion of pro-inflammatory Ly6ChiCX3CR1- monocytes/macrophages into pro-resolving 

Ly6Cint to lo CX3CR1+ MoMFs (202).  

Regarding the origin of neutrophils in the liver, in a recent report, Casanova-Acebes et al. used a 

parabiosis model to track neutrophils and monitor them as they leave the bone marrow and 

infiltrate peripheral tissues during homeostasis. This study demonstrated that neutrophils in the 

hepatic tissue are derived from circulation. They do not proliferate in the liver at least during the 

steady state (586). 

In our study, we delineated the kinetics of neutrophils in response to CCl4 acute liver injury (Figure 

3F). We found few neutrophils in the healthy liver. Indeed, and in agreement with previous reports, 

steady-state neutrophils were sparsely and homogeneously distributed inside the liver sinusoids 

(not shown) (194, 497, 586). However, CCl4 injury induced two temporarily separated neutrophil 

recruitment events: one during necroinflammation and another during repair (Figures 3F, 4, and 

19A, 19B and 19F, 5). The characterization of the tissue context during necroinflammation versus 

repair revealed two significantly different tissue environments in terms of immune cell 

composition, tissue damage markers, expression of pro-inflammatory cytokines, and proliferation 
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of cells (Figures 1, chapter 4). These differences suggested that neutrophils infiltrating the liver 

during necroinflammation vs. repair may have different interacting partners and perform different 

functions. 
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Figure 19: CCl4 injury induces two temporarily separated waves of neutrophil infiltration. (A) 

On the left is a representative image of immunofluorescence staining for MPO (yellow) and DAPI 

(blue), and on the right is the processed image with a yellow label on the MPO+ neutrophils. Scale 

bar is 10 μm (B) Quantification of the tissue density of MPO+ cells. (C-E) Relative gene expression 
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levels determined by qPCR on bulk liver tissue: (C) Cxcl1, (D) Cxcl2, and (E) Cxcl5. mRNA 

expression data represent fold increase relative to 0 h controls and was normalized to 28s. (F) 

Representative tissue heatmaps of MPO+ cells (neutrophils) in hepatic tissue sections at 0, 12, 24, 

48, 72, 96, and 168 h post CCl4. High density areas are represented in red and have 5 neutrophils 

or more per 50 μm diameter circles. Areas with 0 neutrophils are represented in dark blue. Areas 

with intermediate density values are represented according to the scale provided in figure F. (G) 

Representative images from liver of 24 h CCl4-treated mouse showing aggregates of MPO+ cells 

(yellow) around the liver capsule (dotted red lines). Scale bar is 40 μm. Data are representative 

of 2 independent experiments (n=4-5 per group). Data are shown as mean ± SEM. One Way 

ANOVA. Dunn’s Multiple Comparison Test. *P < 0.05, **P < 0.01, ***P < 0.001. 

Recently, neutrophil subsets with different transcriptional, functional, and phenotypic properties 

have been identified (595). Indeed, our preliminary characterization supports the hypothesis that 

the neutrophils recruited during necroinflammation and those recruited during repair are two 

different subpopulations (596).  While neutrophil infiltration during necroinflammation was 

preceded and overlapped with elevated transcript levels of the major neutrophil chemoattractants 

Cxcl1 and Cxcl2, and baseline levels of Cxcl55, the second wave of neutrophils was associated 

with a significant decrease of Cxcl1, restoration to baseline levels of Cxcl2, and elevated Cxcl5 

(Figure 19 C to E). Previous studies have found activated KCs, HSCs, and LSECs to be the main 

cellular sources of these chemokines (85, 594). Moreover, LCMs were recently added to the list 

of tissue macrophages that recruit neutrophils in response to invading bacteria (intraperitoneal 

Listeria monocytogenes) and were shown to produce CXCL1 and CXCL2 (131). In this regard, 

our observations in the CCl4 model support the notion of the involvement of LCMs in neutrophil 

recruitment. We found that during necroinflammation, pockets of neutrophils accumulated in the 

liver capsule, colocalized with IBA1+ capsular macrophages, and seemingly accessed the liver 

through discontinuation points in the network formed by these macrophages (Figures 19G and 20). 

Interestingly, accumulation of neutrophils in the hepatic capsule was not observed for the second 

wave of neutrophils infiltrating the liver during tissue repair. These observations suggest that 

LCMs may mediate neutrophil recruitment during necroinflammation and constitute a gateway for 

access to the liver also in non-infectious models of hepatic injury (131). 
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Figure 20: Neutrophils accumulate in the capsule of CCl4-injured mice during 

necroinflammation and seem to access the parenchyma through discontinuation points in the 

network of IBA1+ capsular macrophages. Digital alignment of two serial sections from livers of 

24h CCl4-treated mouse. On the left H&E staining on section 1, and on the right 

immunofluorescence showing neutrophils (MPO+) in yellow, LCMs (IBA1+) in red, and DAPI in 

blue on serial section 2. Scale bar, 35 μm. 

The heterogeneity of neutrophils also involves their site of origin and differentiation pathways 

(597). Under homeostatic conditions, the bone marrow is the primary site of granulopoiesis from 

where most circulating and tissue-infiltrating neutrophils are derived. These classical neutrophils 

are mostly mature neutrophils exhibiting hypersegmented nuclei and an inflammatory and 

antimicrobial profile (598-600).  Classical neutrophils have also been called high or normal-

density neutrophils (HDNs) because of their density properties when analyzed using discontinuous 

gradient centrifugation (596). However, in recent years, new evidence has shown that during acute 

infections, cancer, severe trauma, and pregnancy, normal granulopoiesis can be switched into an 

emergency mode (600). Emergency granulopoiesis can take place both in the bone marrow and in 

the spleen (extramedullary granulopoiesis) (597, 599). By contrast to normal granulopoiesis, this 

alternative pathway generates a larger cellular output and a more heterogeneous population of 
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peripheral neutrophils including immature neutrophils with horseshoe-shaped nuclei and an anti-

inflammatory/immunosuppressive profile (598). These neutrophils can be separated from the 

HDN fraction using discontinuous gradient centrifugation and are known as low-density 

neutrophils (LDNs) (601). In our study, we used a combination of two successive discontinuous 

gradient centrifugation methods and flow cytometry and determined that while infiltrating 

neutrophils are mostly HDNs during necroinflammation, there is a significant enrichment of LDNs 

during tissue repair (Figure 21).  

             

Figure 21: The neutrophils that infiltrate the liver during necroinflammation exhibit different 

cellular density than neutrophils infiltrating the liver during repair. (A) Schematics of the 

experimental design. (B) Representative pseudocolor plots of intrahepatic LDNs at 24 and 72 

hours post CCl4.  (C) Quantification of frequency intrahepatic LDNs relative to total myeloid cells. 

(D) Quantification of total numbers of intrahepatic LDNs per gram of liver tissue. Data are shown 

as mean ± SEM. Mann-Whitney Test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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The population of LDNs is highly heterogeneous and its composition varies in different disease 

contexts. In this regard, granulocytic myeloid-derived suppressor cells (gMDSCs) are the most 

conspicuous LDN subpopulation in advanced cancer and have been extensively studied (602). 

gMDSCs are pathogenic in the context of cancer through a variety of effector mechanisms 

including suppression of anti-tumoral T cells, induction of Tregs, inhibition of DC, and 

macrophage activation. In addition, gMDSCs can promote cancer progression through non-

immune effector mechanisms as well, like induction of vessel formation and ECM remodeling 

which are typical pro-repair functions. Since tumor cells hijack existing mechanisms, it has been 

proposed that the evolutionary role of gMDSCs is not tumor promotion but the resolution of 

inflammation, prevention of immune-mediated tissue damage, and tissue repair during chronic 

inflammation and wound healing (597). 

Considering that the second wave of neutrophils infiltrate the liver during tissue repair and are 

enriched in LDNs, we propose that this is a subset of pro-repair neutrophils phenotypically and 

functionally different from necroinflammation-associated neutrophils. To gain insight into the 

contribution of neutrophils to tissue repair, we depleted neutrophils during CCl4-induced acute 

liver injury using anti-Ly6G antibodies (Figures 22A and 22B). We found that anti-Ly6G-

mediated depletion of neutrophils was only partially efficient in the liver with a reduction of about 

50 % of infiltrating neutrophils at 48 h post CCl4, but no reduction at 72h post CCl4. Neutrophil 

depletion did not affect the levels of tissue damage as assessed by ALT and % of the necrotic area, 

but significantly reduced the hepatic expression of the proliferation marker Ki67, the growth factor 

Tgfβ, and the markers of HSC activation ACTA-2 and Col1a1 (Figure 22B to D). Indeed, we 

detected colocalization of neutrophils and HSCs in the necrotic area of the livers of CCl4-treated 

mice during early repair (Figures 22E, and 23). These results suggested that neutrophils are 

involved in the induction of pro-repair functions like cell proliferation and ECM repair, but the 

experimental design did not allow to dissect the effect of necroinflammation-associated 

neutrophils vs. repair-associated neutrophils which would require selective depletion of each 

subpopulation. Further spatial characterization showed that neutrophils colocalized with IBA1+ 

CLEC4F- MoMFs and IBA1+ CLEC4F+ KCs during tissue repair (Figure 24).   
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Figure 22: Neutrophil depletion before CCl4 injury has no impact on tissue damage but 

decreases the expression of fibrogenic cytokines and activation markers of HSCs during early 

repair. (A) Schematics of the experimental design. (B) Quantification of intrahepatic neutrophils 

by flow cytometry at 48 and 72 hours post CCl4 with and without neutrophil depletion (C) 

Quantification of plasma ALT levels at 48 and 72 hours post CCl4 with and without neutrophil 

depletion (D) Relative gene expression levels determined by qPCR on bulk liver tissue for TGFβ, 

ACTA-2, and Col1a1. mRNA expression data represent fold increase relative to 48 h isotype 

controls and was normalized to 28s. Data are shown as mean ± SEM. Mann-Whitney Test. *P < 

0.05, **P < 0.01, ***P < 0.001. 
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Figure 23: Neutrophils, Macrophages, and aHSCs spatially and temporally overlap in the 

centrilobular necrotic area at 48h post CCl4 treatment. Digitally aligned serial sections showing 

on the left H&E staining; in the middle, multiplex immunofluorescence (mIF) for neutrophils 

(MPO in yellow), and macrophages (IBA1 in red); and on the right, mIF for HSCs (desmin in 

green), and aHSCs (αSMA in magenta). Green and magenta colocalization is shown in white. 

Nuclei were stained with DAPI (blue). Scale bar is 75 μm. * indicates central vein. 
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Figure 24: Neutrophils colocalize with IBA1+ CLEC4F- MoMFs and IBA1+ CLEC4F+ KCs 

during tissue repair. Representative image of mIF for neutrophils (MPO in cyan), IBA1 (in red, 

and CLEC4F (in green) at 72 h post CCl4. Red and green colocalization shows in yellow, and 

green and cyan colocalization is shown in white. Scale bar is 100 μm. * indicates central vein. 

In summary, we have identified two waves of neutrophils that are induced at different stages in 

the wound-healing response to acute liver injury. These two waves are temporarily associated with 

different patterns of chemokines and have a different composition relative to HDNs vs. LDNs. Our 

preliminary results are not sufficient to establish whether they merely represent two different 

subpopulations with transient phenotypes or activation states sharing the same origin, or real 

different subsets exhibiting divergent profiles and committed to distinctive effector functions 

(596). Ongoing efforts by our team are focusing on transcriptional profiling of sorted 

necroinflammation-associated vs. repair-associated neutrophils. In addition, methods for the 

selective and efficient depletion of each of these populations will be optimized to establish their 

contribution to tissue repair in vivo models of acute liver injury, and assays for assessing their 

effector functions will be carried out.  

5.c.1.g. Inflammatory monocytes and MoMFs in response to acute liver injury 

 

Monocytes are mononuclear phagocytes present in the blood and constitute about 10% of 

peripheral leukocytes in humans and 4% in mice (203). Inflammatory monocytes develop in the 

bone marrow and are defined as CD115+Ly6Chi CCR2+CD62+Ly6G-CX3CR1low blood cells in 

mice (545, 546, 603). These Ly6Chi monocytes are rapidly recruited to peripheral tissues upon 

damage or pathogen invasion where they perform a variety of effector functions and differentiate 

into MoMFs and monocyte-derived DCs (203). Homing of inflammatory monocytes to the hepatic 

lesion is dependent on CCR2 (133, 193). Once at the injury site, they can perform both pro-

inflammatory and pro-resolving functions depending on the cues present in the tissue 

microenvironment (133, 193, 194).  

Upon sterile or toxic acute liver injury, liver infiltrating inflammatory monocytes reprogram 

themselves into MoMFs as demonstrated using lineage tracing (e.g., CCR2RFPCX3CR1GFP mice), 

adoptive transfer, and antibody-mediated depletion models of inflammatory monocytes (133, 193). 

This phenotypic switch takes place at the injury site and involves the downregulation of CCR2 and 
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Ly6C and the upregulation of CX3CR1. Several factors drive this conversion including CX3CL1, 

IL-4, and IL-10 signaling, neutrophil-derived ROS, and phagocytosis of necrotic cells (94, 133, 

134, 181, 193, 199, 202).  

The spatial and temporal behavior of infiltrating inflammatory monocytes and their MoMF 

progeny has been delineated in the model of sterile injury with a thermal probe. In this model, 

Ly6ChiCCR2+ CX3CR1- inflammatory monocytes colonize the necrotic tissue as early as 8 h post-

injury but only start to differentiate into Ly6CintCCR2+CX3CR1+ MoMFs at 48 h (Figure 15, 

chapter 1) (193). The phenotypic switch from inflammatory monocytes to MoMFs takes place at 

the border of the injury. Subsequently, the newly generated MoMFs crawl inside the core of the 

lesion where they clear necrotic tissue (193). While this model is very informative regarding the 

kinetics of monocyte/macrophage infiltration and differentiation, and their relative topographical 

distribution, the fact remains that this model lacks the zone-specific characteristics of most liver 

injuries (e.g., CV lesion in toxic injury, portal tract inflammation in cholangiopathies). The 

distribution of MoMFs has also been analyzed in more relevant models like APAP intoxication 

using monocyte reporter mice. This study showed that MoMFs infiltrated the region surrounding 

injured CVs and localized in the deeper regions (Figure 14, chapter 1). These MoMFs exhibited a 

gorged appearance that suggested the engulfment of large particles or dead cells (133).  

In our study, we identified a population of IBA1+CLEC4F- macrophages that infiltrate the CV 

region upon CCl4 injury (Figure 4A, 4G, and 4H, chapter 4). IBA1+CLEC4F- macrophages 

exhibited characteristics of MoMFs including expression of Ly6C, CX3CR1, and CCR2 (Figure 

6A and 6B, chapter 4). Furthermore, we showed that IBA1+CLEC4F- macrophages were not YS-

KCs because they lacked expression of CLEC4F and MARCO. IBA1+CLEC4F- macrophages 

were not peritoneal macrophages because they did not express GATA6 (Figure 6A and 6C, chapter 

4). In addition, image analysis showed that, unlike resident CLEC4F+ KCs, IBA1+CLEC4F- 

MoMFs were absent in the uninjured liver and massively infiltrate the necrotic tissue during 

necroinflammation and early repair, to subsequently disappear during late repair (Figures 4G and 

4H, chapter 4). These macrophages were closer to the CVs when compared to CLEC4F+ resident 

KCs and exhibited a globular morphology different from the stellar shape of KCs (Figure 5, chapter 

4). In addition, serial imaging showed that IBA1+CLEC4F- MoMFs overlapped with enucleated 

apoptotic hepatocytes suggesting that they are involved in the clearance of dead cells around 
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injured CVs (Figure S5, chapter 4). Importantly, these two subpopulations of macrophages 

established intimate contact all along the wound healing response as demonstrated by imaging and 

3D reconstruction (video 1, chapter 4), suggesting functional interdependence and cooperation.  

Our data showed that CLEC4F+ KCs interacted with HSCs during the steady state and are therefore 

the most likely source of early signals for hepatic stellate cell activation upon injury (0-24 h post 

CCl4) (Figure 8A, chapter 4). By contrast, IBA1+CLEC4F- MoMFs infiltrated the deep necrotic 

area during the transition from necroinflammation to tissue repair (48h post CCl4) and further 

colocalized with HSCs at the time of their peak of activation (Figure 8B to E, chapter 4). These 

observations demonstrated that resident infiltrating MoMFs and resident KCs exhibited different 

timing for interaction with HSCs and may therefore differentially modulate their phenotype and 

effector functions during healing. In summary, different kinetics, morphology, and spatial 

distribution suggested that infiltrating IBA1+CLEC4F- MoMFs and resident CLEC4F+ KCs 

perform unique and non-overlapping functions during the response to CCl4-induced acute liver 

injury.  

5.c.1.h. Kupffer cells in acute liver injury: 

 

KCs are the most abundant macrophage population of the body. They play important roles during 

homeostasis and in response to damage. In the steady state, KCs perform such diverse functions 

as phagocytosis of aged cells and platelets, removal of LPS, processing of iron and lipids, and 

induction of T cell tolerance to food-derived and commensal bacteria-derived antigens (163-173, 

176). 

KCs are located inside the liver sinusoids and express a large repertoire of PPRs that allows them 

to sense incoming threats or damage signals from injured hepatocytes or LSECs (164, 179, 604). 

The detection of tissue damage or pathogen invasion by KCs leads to their activation and 

subsequent release of inflammatory cytokines and chemokines that initiates inflammation (162, 

163, 164). In addition to their sentinel and inflammatory properties, KCs have been shown to 

promote tissue repair as discussed below (189, 190). KCs exhibit a zonated distribution along the 

porto-central sinusoidal axis with a higher concentration of KCs around portal triads and slightly 

different sizes, morphology, and functional properties between periportal vs. pericentral KCs (7, 
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149-151). Even though KCs are broadly assumed to be stationary, their spatial behavior in 

response to injury has not been sufficiently investigated (53, 130, 143). 

In our study, we monitored the quantity and spatial distribution of KCs in liver tissue sections to 

better understand their role during the wound-healing response to CCl4-induced acute liver injury. 

We used CLEC4F as a specific marker of KCs (153-155). We observed partial depletion of KCs 

during necroinflammation as determined by CLEC4F immunofluorescence and mRNA expression 

(Figure 4B to D, chapter 4, and Figure 25, chapter 5). A similar reduction in KCs was reported in 

the APAP model and the model of radiation-induced hepatic injury (129, 133, 194). Using 

multiplex immunofluorescence, we showed that during necroinflammation, the remaining KCs got 

located at the periphery of the injury forming ring-like structures surrounding and in intimate 

contact with MoMFs that filled the innermost region of the necrotic tissue (Figure 5A chapter 4, 

and Figure 25, chapter 5). With the progression of the healing response, KCs moved closer to the 

injured CVs where they proliferated and formed dense aggregates during early repair. These 

aggregates dissipated by the end of the repair phase and the homeostatic distribution of KCs was 

restored (Figure 4D to F, chapter 4, and Figure 25, chapter 5).  

 

Figure 25: KCs change their tissue distribution pattern in response to acute liver injury with 

CCl4. Multiplex immunofluorescence showing CLEC4F+ KCs (green) and Desmin+ HSCs (red) at 



196 
 

0, 24, 48, and 168 h post CCl4 in liver tissue sections. Nuclei were counterstained with DAPI 

(blue). CV indicates central veins (yellow square). Scale bar is 200 μm. 

Our observations of the relocation of KCs during the response to acute liver injury conflict with 

the notion of KCs being sessile-stationary cells that are anchored to fixed positions in the lumen 

of hepatic sinusoids (53, 130, 143). Interestingly, the idea of stationary KCs derives from a limited 

set of observations and experimental conditions. For instance, the monitoring of KCs at the steady 

state by intravital microscopy revealed that they didn’t change their positions for several hours 

(143). In addition, it was shown that KCs did not migrate towards inflammatory foci composed of 

influenza-induced CD8+ T cells in a model of hepatic inflammation (130). These two observations 

are the basis of the assumption that KCs lack motility. However, we observed an obvious change 

of position of the KCs in fixed images both during necroinflammation and repair that can only be 

explained by the migration of KCs (Figures 4D, 5A, 8A, and Figure 25) (143). However, the 

relocation of KCs during the wound healing response may be relatively slow compared to 

infiltrating phagocytes (e.g., neutrophils and MoMFs) and may be technically challenging to 

record using intravital microscopy. What seems to be clear is that the notion of stationary KCs 

does not apply to all types of injuries and should be challenged with modern imaging techniques 

and using more varied and representative models of hepatic inflammation. 

While several injury models lead to partial or complete depletion of KCs, the origin of the KCs 

repopulating the liver during repair can differ from model to model (129, 133, 148, 154). To 

understand the origin of repopulating KCs in response to CCl4-induced acute liver injury, we used 

MARCO as a specific marker of YS-KCs (129, 133, 154). We observed that all CLEC4F+ KCs 

coexpressed MARCO, both in the healthy liver and during tissue repair, indicating that the original 

YS-KCs that died during necroinflammation are replaced by the proliferation of remaining YS-

KCs (Figure 7, chapter 4). Similarly, it was also reported in the APAP model that YS-KCs recover 

by self-renewal, with no contribution from infiltrating Ly6Ghi inflammatory monocytes (133). The 

CCl4 and the APAP model have in common the partial depletion of KCs due to CV toxic injury 

with the mid and periportal regions being spared. By contrast, in the model of radiation-induced 

injury, the whole tissue is exposed to the damaging agent and the pool of KCs recovers by 

engraftment of infiltrating bone marrow-derived MoMFs (BM-KCs) (129, 130). In this case, the 

newly generated BM-KCs were transcriptionally similar but not identical to the original YS-KCs 



197 
 

they replaced (129). While BM-KCs exhibited early expression of CLEC4F, and other typical 

features of YS-KCs like stellar morphology, sinusoidal location, and stationary behavior at steady 

state, they displayed some minor transcriptional differences like the reduced expression of genes 

associated with ion homeostasis including scavenger receptors like MARCO (129). At the 

functional level, BM-KCs and YS-KCs exhibited comparable clearance of effete red blood cells 

but differential uptake of bacteria with BM-KCs exhibiting a higher efficiency (129, 130). 

Similarly, in a model of diphtheria toxin (DT) mediated depletion of YS-KCs (DTR-KC mice), 

the BM-KCs permanently replaced YS-KCs (154). In contrast to toxic or radiation-induced 

depletion of KCs, administration of DT did not result in hepatic inflammation and was 100 % 

efficient at removing KCs. In this non-inflammatory model, engrafted BM-KCs were highly 

homologous to original YS-KCs, even more than the homology observed upon radiation-induced 

depletion of KCs. For instance, BM-KCs in the DTR-KC mice expressed similar levels of genes 

associated with iron and lipid metabolism compared to original YS-KCs. In addition, BM-KCs 

acquired the capacity to self-renew, a property previously believed to be unique to embryonic-

derived macrophages like YS-KCs (154). A subsequent study in this model revealed that signals 

originating in LSECs, hepatocytes, and HSCs imprint the KC identity on infiltrating monocytes 

and direct their differentiation into BM-KCs (85). In summary, the origin of KCs repopulating the 

liver during tissue repair is dependent on the type of injury (e.g., toxic vs. radiation), niche 

availability (partial vs. total depletion of resident KCs), and probably the degree of preservation of 

other tissue cells like LSECs, hepatocytes, and HSCs that can provide signals for differentiation 

of infiltrating monocytes into BM-KCs. 

We showed the dynamic nature of the interactions between KCs and neighboring cells (e.g., 

MoMFs and HSCs) (Figure 8A and 8D, chapter 4; video chapter 4). For instance, the interaction 

of KCs with MoMFs was mostly restricted to the last part of necroinflammation and early repair 

and took place at the injury site (24 to 72h post CCl4) (Figure 5A, chapter 4). By contrast, at steady 

state, virtually all HSCs were in contact with KCs. This distribution significantly changed during 

necroinflammation and early repair, when KCs relocated to the border of the injury and the HSCs 

occupied the innermost regions around CVs (Figure 8A and 8D, chapter 4). In addition, KCs, 

MoMFs, and aHSCs occupied most of the area around CVs during repair suggesting that their 

reciprocal interactions may be crucial for wound healing (Figure 8D, chapter 4). In support of this, 

the combined absence of resident KCs and infiltrating macrophages (most likely MoMFs) 
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markedly delayed liver repair in APAP-treated mice compared to mice lacking either one of the 

individual populations, demonstrating that these two subsets of macrophages contribute to tissue 

repair (189).  

In summary, the spatial and temporal profiling of KCs revealed that their numbers, distribution 

pattern, and interaction with neighboring cells change during the wound-healing response to CCl4-

induced acute liver injury. Further studies are granted to interrogate how the interplay between 

KCs, MoMFs, and HSCs brings about the restoration of tissue homeostasis upon acute liver injury.  

5.d. Conclusions 

The immune response is a spatially and temporally coordinated process. While scRNA-seq, flow 

cytometry, and mass cytometry have been useful to dissect the transcriptional, and proteomic 

signatures of major immune subsets in the liver during health and disease, studies defining their 

spatial signatures have been lagging (48).  During the last decade, technological advances in the 

fields of tissue processing, fluorescent labeling, image acquisition, and digital analysis have 

considerably increased our knowledge of the spatial behavior of immune cells (e.g., intravital 

imaging, histo-cytometry, and recently CODEX and Visium Spatial Gene Expression). However, 

these technologies are still difficult to implement and generalize because of elevated costs and the 

need for highly specialized knowledge (193, 291, 491-494, 497). In this study, we proposed a 

methodology for increased visualization, quantification, and mapping of immune cells in liver 

tissue sections that can be implemented with resources and equipment widely accessible (Chapter 

3) (501).  

This strategy integrated several solutions that maximized the quantity and quality of information 

that can be collected from tissue sections including serial and sequential labeling, tissue alignment, 

and virtual multiplexing. Through the incorporation of digital protocols for the classification of 

pixels and identification of cells of interest, our strategy overcame the subjectivity associated with 

manual counting by visual inspection. In addition, the analysis of whole tissue sections provided 

a more comprehensive and unbiased characterization of the tissue microenvironment compared to 

traditional analysis of representative fields of view. Furthermore, the use of computers and 

software for image analysis tremendously increased the speed and extent of the analysis.  
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In the second part of the study, we applied the principles of this methodology to the spatial and 

temporal profiling of liver macrophages during acute liver injury. We delineated the phases of the 

wound healing response and showed that myeloid cells were recruited to the injury site during 

necroinflammation and produced factors functionally associated with inflammation, resolution, 

and repair. We showed that MoMFs and KCs both localized to the lesion where they occupied 

most of the necrotic area. The necrotic tissue was characterized by highly dynamic changes in the 

composition and positioning of immune and non-immune cells including MoMFs, KCs, 

neutrophils, and HSCs. Despite the proximity between MoMFs and KCs, they occupied different 

microanatomical locations, exhibited partially different kinetics, and displayed different 

morphology. Furthermore, MoMFs and KCs were differentially involved in the replenishment of 

the macrophage compartment and the degree and timing of their interactions with HSCs during 

tissue repair (graphical abstract, page 201). Thus, our results validated the hypothesis that MoMFs 

and KCs exhibit distinct spatial signatures, strongly suggesting non-overlapping roles during the 

wound-healing response to acute liver injury. 

5.e. Limitations and Future Directions 

Our work demonstrated that MoMFs and KCs have different spatial and temporal profiles. One of 

the main limitations of this study derives from the uncertainty associated with the identity of IBA1+ 

CLEC4F- macrophages. While, by flow cytometry, we defined MoMFs as Ly6C+ CX3CR1+ 

myeloid cells, as it is widely accepted, in the tissue they were defined as IBA1+ CLEC4F- 

macrophages. This mismatch between the markers used for flow cytometry and imaging was the 

consequence of lacking good antibodies to label Ly6C, and CX3CR1 in tissue sections which is a 

limitation of the field and not uniquely ours. Even though we presented considerable evidence that 

IBA1+ CLEC4F- macrophages are MoMFs, lineage tracing experiments need to be performed to 

prove it. This can be done using the CCR2 GFP/+- CCR2GFP/GFP mice, or the CX3CR1 reporter/KO 

mice.  

Another limitation was the inability to efficiently isolate KCs. The functional profiling of KCs by 

flow cytometry can provide valuable insights into their unique roles during the different stages of 

the wound-healing response to acute liver injury.   
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This study lacks experiments interrogating the underlying mechanisms explaining the observed 

spatial profiles of KCs and MoMFs and their functional consequences. For instance, we observed 

spatial overlap of globularly shaped MoMFs and necrotic hepatocytes suggesting that MoMFs 

phagocytose dead hepatocytes. In addition, we showed that both KCs and MoMFs colocalize with 

HSCs but at different times during the wound healing response suggesting a differential impact of 

HSC activity. To understand the significance of these interactions, experiments depleting the 

individual macrophage subpopulations (KCs vs. MoMFs) need to be carried out. Below are some 

examples: 

● Antibody-mediated depletion of inflammatory monocytes or the use of CCR2 KO mice, 

that has a reduced number of inflammatory monocytes in inflamed tissue, can be used to 

establish if IBA1+ CLEC4F- macrophages phagocytose necrotic hepatocytes as suggested 

by their colocalization at 24 h post CCl4 and the globular morphology of these 

macrophages.  

● Depletion of KCs could be used to interrogate their role in providing early activation 

signals to HSCs upon injury as suggested by the colocalization of KCs and HSCs and the 

virtual absence of IBA1+ CLEC4F- MoMFs at the steady state.  

● Depletion of MoMFs or the CCR2 KO mice can be used to interrogate the functional 

impact of MoMFs on activation of HSC as suggested by their colocalization during the 

transition from necroinflammation to tissue repair. 

● Depletion of MoMFs or the CCR2 KO mice can be used to investigate the potential impact 

of MoMFs in the position and kinetics of KCs in the injury site. 

Another experimental approach to investigate the specific function of IBA1+ CLEC4F- MoMFs 

vs. KCs would be the use of precision-cut liver slices (605). This model preserves the integrity of 

the tissue environment and its cell composition and can be used to interrogate the role of KCs in 

HSC activation and necrotic hepatocyte clearing, in response to CCl4 intoxication (606). 

Specifically, slides from the KC-depleted liver and slides from the normal liver can be stimulated 

with CCl4, and the kinetics of HSC activation determined by imaging, qPCR, and flow cytometry. 

KCs can then be sorted from the normal slices at the relevant time point and profiled to identify 

potential HSC-activating mediators produced by KCs. Similarly, the kinetics of necrotic 

hepatocyte clearing can be assessed in the presence and absence of KCs, and the relevant receptors 
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and pathways identified. Since MoMFs are infiltrating cells upon CCl4 injury, this model cannot 

be directly used to interrogate their role during wound healing. 

Another limitation of the study is that we relied on MARCO expression to classify the 

macrophages as YS-KCs. However, in the KC-DTR mice model, infiltrating monocytes can 

engraft in the KC-depleted livers and differentiate into BM-KCs which are transcriptionally 

indistinguishable from the original YS-KCs including MARCO expression (85). Therefore, a 

lineage tracing model is required to validate our observations.  

Other relevant questions to address in future experiments are whether the same subpopulations of 

macrophages are present in other models of hepatic injury (IRI, NASH, ASH models, infectious 

models, etc.) and humans, and how they spatially relate between themselves, and relative to the 

lesions. 

One of the most surprising observations of this study was the existence of two separate waves of 

neutrophils infiltrating the hepatic tissue during necroinflammation and repair. Although we have 

gathered evidence suggesting that there are different subpopulations of neutrophils committed to 

different effector functions during the wound-healing response to acute liver injury, this remains 

to be established using transcriptome profiling and selective depletion.  

In summary, spatial, and temporal profiling of KCs and MoMFs revealed how these subsets are 

organized in the tissue and where and when they were in contact between themselves or with 

HSCs. This information is critical for designing future experiments to interrogate the functional 

significance of the observed distribution, interactions, and kinetics. 
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5.f. Graphical Abstract 

 

 

                      

During homeostasis (0h post CCl4), Kupffer cells are enriched in the periportal areas and are in 

direct contact with hepatic stellate cells. Upon CCl4 injury, and during necroinflammation (0-48h 

post CCl4), Kupffer cells are partially depleted, and the liver is infiltrated by Ly6Chi CX3CR1- 

inflammatory monocytes, non-classical monocytes, and a first wave of neutrophils that locate to 

the area inside and around the necrotic tissue surrounding central veins. During early repair (48-

72h post CCl4), hepatic stellate cells get activated, and necrotic hepatocytes are cleared. Both, the 

clearing of necrotic hepatocytes and the activation of hepatic stellate cells, are temporally 

associated with their colocalization with MoMFs (Ly6C+ CX3CR1+ IBA1+ CLEC4F-). At early 

repair, MoMFs relocate to the innermost regions around central veins and are surrounded by 

proliferating and non-proliferating Kupffer cells. At the same time, a second wave of neutrophils 
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infiltrates the centrilobular area. During late repair, MoMFs and neutrophils disappear. 

Simultaneously, the clusters of hepatic stellate cells and Kupffer cells around central veins 

dissipate to regenerate the homeostatic spatial distribution of these resident cell subsets. Created 

with BioRender.com 

5.g. Phenotype of main myeloid and lymphoid liver resident populations included in this 

thesis 

 

Intrahepatic Leukocyte 

subset 

Phenotype (Mice) Phenotype (Human) 

 

YS-KCs 

 

F4/80hi CD11bint Clec4F+ 

TIM4+Clec2hi VSIG4+ 

CD64+CD207+ CD163+ 

MARCO+ Stab2+ 

CD68+ MARCO+ VSIG4+ 

CD163+CD5L+HMOX1+ 

 

MoMFs 

 

CD11b+ Ly6Chi CCR2+ 

CX3CR1low 

CD68+ MARCO- CD163low 

PLBD1+LYZ+CD74+ 

 

LCMs 

 

CD11b+ F4/80+ CD64+, CSF-

1R+, and CD14+ 

 

Not included 

 

pDCs 

 

Lineage- CD11cint B220+, 

CD11b- 

Lineage- CD303+ CD304+ ILT7+ 

CD4+ CD45RA+ CD68+ ILT3+ 

CD123+ 

 

cDC immature 

 

CD11cint CD11b+ B220- CD40lo 

CD80lo CD86lo MHC class IIlo 

 

Not included 

 

cDC mature 

 

CD11chi CD11b+ B220- CD40hi 

CD80hi CD86hi MHC class IIhi 

 

Not included 

 

cDC 

 

 Lineage− CD123− BDCA2− 

MHCIIhigh 

 

 

 

ILC1 

CD45+ Lin- CD62L- Eomes- 

Tbet+ Hobit+ CD49b- CD49a+ 

TRAIL+ CD69+ NK1.1+ NKp46+ 

CD127+ IL1Rβ+ Sca-1+ CD90+ 

CD200R1+ and CXCR6+. 

 

 

 

Not included 

 

 

ILC2 

CD45+ Lin- CD62L- KLRG1+ 

ST2+ Sca-1+ CD49b- CD49a+ 

TRAIL+ IL-25R+ CD69+ NK1.1- 

GATA-3+ CD127+ c-Kit+ Sca-1+ 

ICOS+ MHC II+ IL-33R+. 

 

 

Not included 
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ILC3 

CD45+ Lin- RORγt+ CD4- 

CD127+ NK1.1+ and NKp46+/- 

 

Not included 

 

LTi cells 

CD45+ Lin- RORγt+ CD4+ IL-

23R+ CCR6+ and AhR+ 

 

Not included 

 

cNK cells 

 

 

Lineage- CD49a- DX5+  

CD56dim CD69-, CCR5-, 

CXCR6- CCR7hi CD62Lhi 

 

lr-NK cells 

 

 

Lineage- CD49a+ DX5- 

CD56bright CD69+ CXCR6+ 

CCR5+ CCR7- 

 

 

NKT cells 

 

 

Lineage- 

CD3int NK1.1+  

 

CD3+ CD161+ CD56+ CD69+ 

CD16+ 

 

MAIT cells 

CD45RA- CD45RO+ CD95hi 

CD62Llow CCR7-CD44hi 

CD45RA- CD45RO+ CD95hi 

CD62Llow CCR7-CD44hi 

CXCR6+, CCR6+, αEβ7+ 

 

γδT cells 

CD3+TCRδ+CD44hi CD62L- 

CD24low 

 

Not included 

 

 

TRM cells 

CD3+CD69+, CD49a+ CD103+ 

CD62Llow CCR7- 

CD3+CD69+, CD49a+ CD103+ 

CD62Llow CCR7- 
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