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1 INTRODUCTION 

1.1 The immune system 

The immune system is responsible for the defense and combat against pathogens 

(e.g. bacteria, viruses, fungi and parasites), stressed or transformed cells, and harmful 

molecules. It comprises a network of cells, tissues and organs that work together to 

protect the body. Its primary function is to eliminate foreign pathogens, while 

maintaining a tolerance to normal and healthy tissue. The immune system is divided 

in two main branches: The innate and the adaptive immune system.  

 

The innate immune system provides an immediate defense mechanism acting through 

barriers (e.g. mechanical, physical and microbiological), as well as cellular  and 

non-cellular components, such as phagocytes, Natural Killer (NK) cells, and antigen 

presenting cells (APCs), or the complement, respectively. Upon penetration of 

pathogens through the barriers, they get recognized and fought by innate immune 

cells, which include phagocytes (macrophages and dendritic cells), granulocytes 

(neutrophils, eosinophils, basophils, mast cells), and innate lymphocytes. 

They express Pattern Recognition Receptors (PRRs), such as Toll-like receptors 

(TLRs), which recognize Pathogen-Associated Molecular Patterns (PAMPs) and 

Damage-Associated Molecular Patterns (DAMPs), which are molecular signatures 

indicative of pathogens or cellular damage, respectively (Li and Wu, 2021). Upon 

recognition, PRRs initiate intracellular signaling cascades that trigger immune 

responses, including the production of cytokines, chemokines, and anti-microbial 

factors. For example, TLR4 mediates the recognition of lipopolysaccharide (LPS), a 

component of the outer membrane of Gram-negative bacteria (Miyake, 2007). APCs, 

including macrophages and dendritic cells, capture and process peptides to present 

antigens via the major histocompatibility complex (MHC) class I and II. Exo- and 

endogenous particles are endocytosed by APCs by receptor-mediated endocytosis, 

macropinocytosis or phagocytosis and lysed by the proteasome or the lysosome (Blum 

et al., 2013). Peptides generated by proteasomal proteolysis are loaded onto MHC I 

molecules in the endoplasmatic reticulum, whereas peptides generated by lysosomal 

proteolysis are loaded onto MHC II molecules in the late endosome. Loaded MHC 
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molecules are then translocated to the membrane and present the antigen to T cells, 

thereby bridging the innate and the adaptive immune system. 

 

The adaptive immune system offers a more tailored and specific defense mechanism 

through T cells and B cells, with the ability to recognize and remember specific 

pathogens (Bonilla and Oettgen, 2010). They develop in primary lymphoid organs 

(thymus and bone marrow) and traffic to secondary lymphoid organs (spleen and 

lymph nodes), where they recognize antigens either directly by circulating pathogens 

or from antigen-presenting APCs. After recognition of antigens, T cells and B cells 

undergo a process of activation and differentiation. T cells can be divided into CD4+ 

and CD8+ T cells, and can only be activated by recognition of antigens via the T cell 

receptor (TCR). CD4+ T cells recognize antigens presented by APCs via MHC II, 

whereas CD8+ T cells recognize antigens presented via MHC I. For activation, T cells 

additionally receive co-stimulation via CD28 by the co-stimulatory molecules CD80 or 

CD86, expressed by APCs. Depending on the cytokine stimulus as a third signal, 

CD4+ T cells then polarize into T helper (Th) cells (Th1, Th2, or Th17 cells), or 

regulatory T cells (Treg), and CD8+ T cells differentiate to cytotoxic T cells (Mosmann 

et al., 1986; Zhu et al., 2010). B cells can get activated via the B cell receptor (BCR) 

via crosslinking to its specific antigen, and a second signal received from Th cells (den 

Haan et al., 2014). They are then able to differentiate into plasma cells and produce 

antibodies that can mark and neutralize antigens via Immunoglobulin (Ig) M, IgD, IgG, 

IgA and IgE. The first exposure to an antigen primarily leads to the production of low 

affinity IgM. During affinity maturation and class switching, B cells can produce other 

Ig isotypes which show a higher affinity. The primary response to an antigen gives rise 

to memory T and B cells, which can act more quickly to a second exposure. 
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1.1.1 Innate lymphocytes 

Innate lymphocytes include NK cells, three innate lymphoid cell (ILC) subsets and 

lymphoid tissue-inducer (LTi) cells that all differentiate from the common lymphoid 

progenitor (CLP) and an Id2-expressing common innate lymphoid progenitor (CILP) in 

the fetal liver and bone marrow (BM) (Figure 1.1) (Diefenbach et al., 2014). Innate 

lymphocytes are the first line of defense and reflect the innate counterpart to T cells. 

NK cells differentiate from an NK precursor (NKP) and require the transcription factors 

T-bet and eomesodermin (Eomes) for their development and maturation. They are 

circulating in the periphery and patrol lymphoid and non-lymphoid tissues (Gasteiger 

et al., 2015). They can secrete Interferon-γ (IFN-γ) and tumor necrosis factor alpha 

(TNF-α) after activation, and can exert cytotoxic functions.  

 

 

Figure 1.1 Lineage of innate lymphocytes. CLP, common lymphoid progenitor; CILP, common innate lymphoid 

progenitor; NKP, NK progenitor; CHILP, common helper-like innate lymphoid progenitor. (Figure adapted and 

modified from (Hams et al., 2015))  
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ILCs develop from a common helper-like ILC progenitor (CHILP) to the distinct classes: 

ILC1, ILC2 and ILC3, and are tissue-resident (Figure 1.1) (Klose et al., 2014; Spits et 

al., 2013). They mirror Th cells in the expression of transcription factors and production 

of cytokines (McKenzie et al., 2014; Robinette et al., 2015). ILC1s share many features 

with NK cells, as they too express T-bet, but not Eomes, produce IFN-γ, and TNF-α, 

and can exert cytotoxicity. ILC2s express GATA3 and RORα, and produce the type 2 

cytokines IL-5 and IL-13. ILC3 differentiation requires the transcription factor RORγt. 

They secrete the cytokines IL-17 and IL-22. LTi cells can produce lymphotoxin, and 

are involved in the formation of secondary lymphoid organs. By producing distinct 

cytokines, ILCs play a crucial role in the initiation of early immune responses against 

infections, regulation of the adaptive immune system, development of lymphoid tissue, 

and promotion of tissue homeostasis and repair.  

 

1.1.2 NK cells 

Natural Killer (NK) cells circulate throughout the body as part of the innate immune 

system's surveillance mechanism. Their primary function is to identify and eliminate 

abnormal cells, such as virus-infected and transformed cells, without the need for prior 

sensitization or antigen presentation. By circulating in the bloodstream and lymphatic 

system, NK cells can quickly respond to any potential threat in various tissues and 

organs. This widespread distribution allows them to patrol the body efficiently, 

providing a rapid and immediate response to pathogens and abnormal cells, thus 

contributing to the overall defense against infections and malignancies. 

 

During maturation, murine NK cells follow a series of CD11b and CD27 surface marker 

expression, dividing them into four subsets. Immature CD11bloCD27lo NK cells have a 

high proliferative potential, but few cytotoxic function. CD11bloCD27hi NK cells express 

Ly49 receptors and the chemokine receptor CX3CR1, whereas CD11bhiCD27hi NK 

cells where shown to have the most potent effector functions. Mature NK cells show 

a CD11bhiCD27lo expression profile with high effector functions (Chiossone et al., 

2009; Hayakawa and Smyth, 2006; Kim et al., 2002).  
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NK cell activation is regulated by a balance between activating and inhibitory receptors 

binding to ligands on the target cells (Figure 1.2).  The integration of the receiving 

signals determines, whether the NK cell engages its effector functions (Lanier, 2005). 

The Ly49 receptor family in mice, which are functionally counterparts of the human 

killer cell immunoglobulin-like receptors (KIRs), and NKG2A receptor on NK cells 

primarily recognize self-MHC I molecules in a peptide-dependent, but not peptide-

specific manner (Hanke et al., 1999; Karlhofer et al., 1992). Engagement of these 

receptors inhibits NK cells, thereby preventing the killing of healthy cells. In addition 

they play a crucial role in licensing of developing NK cells to prevent 

hyporesponsiveness (Kim et al., 2005). Conversely, activating receptors, such as 

Ly49H, NKG2D, and NK1.1 and NKp46 engage with stress-induced ligands or viral 

proteins on target cells, and can trigger NK cell activation (Paul and Lal, 2017). For 

instance, NKG2D ligands include Rae1, Mult1, and H60, which are upregulated on 

stressed or infected cells, while Ly49H specifically recognizes the mouse 

cytomegalovirus (MCMV) protein m157 (Carayannopoulos et al., 2002; Cerwenka et 

al., 2001; Diefenbach et al., 2000; Dokun et al., 2001; Takada et al., 2008).  

 

 

Figure 1.2 Cell surface receptors expressed by human and murine NK cells. (Adapted and modified from 

(Chiossone et al., 2018)) 

 

Additionally, NK cells express activating receptors, such as DNAM-1, and the inhibitory 

receptors CD96, and TIGIT. They bind to their respective ligand CD155, which can be 

expressed on target cells (Shibuya et al., 1996; Wang et al., 1992; Yu et al., 2009). 

DNAM-1 and TIGIT have counterbalancing functions, with DNAM-1 amplifying NK cell 
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anti-tumor responses, and TIGIT limiting IFN-γ production and cytotoxicity (Lozano et 

al., 2012; Stanietsky et al., 2013). Similarly, DNAM-1 and CD96 were also shown to 

compete for its ligand, with CD96 dampening cytokine responses and IFN-γ production 

in inflammation and metastatic disease (Chan et al., 2014). NK cells have been 

reported to be suppressed by tumor cells expressing programmed death ligand 1 (PD-

L1), and αPD-1/αPD-L1 therapies have been shown to improve anti-tumoral and anti-

viral functions of NK cells, but the underlying mechanism is yet poorly characterized, 

as the expression of PD-1 on NK cells seems to be limited and specific to the 

microenvironment (Bezman et al., 2017; Hsu et al., 2018; Lee et al., 2019; Norris et 

al., 2012).  

 
The activation, survival and effector functions of NK cells are positively regulated by 

cytokines, such as IL-2, IL-12, IL-15 and IL-18 (Mao et al., 2016; Zwirner and Domaica, 

2010). Individually, each cytokine was shown to stimulate NK cells, while their 

combination amplified NK cell activation even further (Nielsen et al., 2016). The 

surface receptors for IL-2, IL-12, IL-15 and IL-18 were shown to be expressed by both 

NK cells and ILC1s (Robinette et al., 2015). IL-2 and IL-15 promote NK survival through 

the induction of Bcl-2 (Fehniger et al., 1999), support NK cell maturation and promote 

NK cell cytotoxic functions (Zwirner and Domaica, 2010). The IL-2 receptor (IL-2R) is 

a heterotrimeric receptor, comprised of the three subunits IL-2Rα (CD25), IL-2Rβ and 

IL-2Rγ. Two of these subunits, the IL-2Rβ and the IL-2Rγ chains, together with the 

IL-15Rα chain, also form the receptor for IL-15. Thus, mice lacking IL-2Rβ or IL-2Rγ 

display reduced numbers of NK cells in peripheral tissues (DiSanto et al., 1995; Ohteki 

et al., 1997; Suzuki et al., 1997). IL-15 can be trans-presented as a complex together 

with IL-15Rα by stromal cells and dendritic cells to NK cells expressing the IL-2Rβ and 

the IL-2Rγ chains, then merging together and triggering downstream signaling 

cascades (Anton et al., 2020; Dubois et al., 2002). IL-12 is a potent cytokine to activate 

NK cells, leading to IFN-γ and TNFα production (Vignali and Kuchroo, 2012). 

Moreover, it has been shown that IL-18 primes NK cells for a heightened response to 

IL-12 (Chaix et al., 2008), and that IL-12/15/18 have synergistic effects to induce 

elevated and prolonged production of IFN-γ by NK cells (Lusty et al., 2017). In vitro 

pre-activation of NK cells with a combination of IL-12/15/18 resulted in long-lasting 

effector functions (Cooper et al., 2009). Moreover, the adoptive transfer of IL-12/15/18 

pre-activated NK cells, in combination with radiotherapy, resulted in control of 

established tumors in vivo (Ni et al., 2012). A pre-clinical trial also showed that 
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adoptively transferred, IL-12/15/18 pre-activated NK cells proliferated in acute myeloid 

leukemia patients and demonstrated clinical benefits (Romee et al., 2016). Thus, the 

combined action of cytokines on NK cell activation has attracted interest in cancer 

immunotherapies as promising approaches to counteract the immunosuppressive 

conditions within tumors. 

 

NK cell activation is attributed with the upregulation of surface receptors. For instance, 

CD25, the IL-2Rα chain, is upregulated in response to IL-2 and IL-12, promoting the 

response of NK cells to these cytokines, and being indicative of a high proliferative 

potential (Clausen et al., 2003). CD69 was shown to mediate NK cell cytotoxicity, 

support NK cell proliferation and the production of TNFα (Borrego et al., 1999; Clausen 

et al., 2003). During adenoviral infections of mice, hepatic CD11c+ innate lymphocytes 

produced IFN-γ and showed lytic activity against target cells (Burt et al., 2008).  

 

Upon engagement with activating ligands outnumbering the inhibitory signals, and in 

combination with cytokine stimuli, NK cells exhibit effector functions such as cytokine 

secretion (e.g. IFN-γ, TNF-α) and release of cytotoxic granules resulting in target cell 

lysis. Cytotoxic granules contain perforin and granzymes (Lieberman, 2003; Pardo et 

al., 2002). Perforin is a pore-forming protein, which allows granzymes to enter into the 

target cell. Granzymes, such as granzyme A, B or K, activate caspase-dependent 

or -independent pathways in the target cell, leading to apoptosis. Another killing 

mechanism utilized by NK cells is mediated via TNF receptor ligands, such as Fas 

ligand (FasL) or TNF-related apoptosis inducing ligand (TRAIL) (Dostert et al., 2019). 

Binding to their respective receptor, expressed by target cells, induces 

caspase-mediated apoptosis.  

 

1.1.3 Tissue-resident ILC1s 

In contrast to NK cells, ILC1s are commonly found in barrier tissues, such as the 

mucosal surfaces of the intestine, lungs, and skin, where they contribute to immune 

responses against pathogens and maintain tissue integrity (Gasteiger et al., 2015). In 

addition to barrier tissues, ILC1s have also been identified in lymphoid organs including 

the spleen and lymph nodes, as well as in non-lymphoid tissues, such as the liver and 

adipose tissue (Figure 1.3A) (Gasteiger et al., 2015; Peng et al., 2013). Like NK cells, 
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ILC1s express the activating NK cell receptors NKp46 and NK1.1 and the transcription 

factor T-bet (Figure 1.3B). However, ILC1s develop independently of Eomes, and do 

not express Ly49 receptors, suggesting that they do not exert “missing self” functions 

(Daussy et al., 2014; Klose and Artis, 2020; Klose et al., 2014). Hepatic ILC1s express 

CD49a and can be furthermore characterized by the expression of CD200R and the 

chemokine receptor CXCR6 (Peng et al., 2013; Robinette et al., 2015; Sojka et al., 

2014). Functionally, ILC1s can produce IFN-γ, TNFα and GM-CSF, and exert cytotoxic 

functions via TRAIL (Takeda et al., 2005) (Figure 1.3C). It has been shown that 

tissue-resident ILC1s represent an early source of IFN-γ, and limit early MCMV 

replication and metastatic seeding (Ducimetiere et al., 2021; Weizman et al., 2017). 

A recent study characterized differentiation stages of ILC1s in the liver. At an early 

developmental stage ILC1s are preferentially cytokine-producing, and gradually confer 

to TcfloCD127lo ILC1s with cytotoxic functions (Friedrich et al., 2021). 

 

 
Figure 1.3 Heterogeneity of NK cells and ILC1s in their (A) localization, (B) phenotype and (C) function. 

(Figure adapted and modified from (Adams and Sun, 2018)) 
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1.2 The Liver 

The liver is the largest solid organ in the human body and performs multifaceted 

functions vital for maintaining homeostasis and health. For instance, it purifies blood 

from toxins, metabolizes nutrients and drugs, produces bile important for digestion, 

stores vitamins and minerals, and helps with the production and regulation of 

hormones.  

 

Structurally, the liver is divided into lobes, which further divide into functional units 

named lobules (Figure 1.4). Each lobule comprises hepatocytes arranged around a 

central vein, with portal triads at the corners (Lorente et al., 2020; Panwar et al., 2021). 

The portal triads consist of the hepatic artery, portal vein and the bile duct. The hepatic 

artery delivers oxygen-rich blood from the heart, whereas the portal vein supplies 

nutrient-rich blood from the gastrointestinal tract. This unique dual blood supply 

branches into smaller vessels, forming sinusoids within the liver lobules, which drain 

into the central vein.  

 

Figure 1.4 Anatomy of the liver lobules. (Figure adapted and modified from (Reisner, 2015)) 
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The sinusoids are specialized capillaries, lined by a discontinuous and fenestrated 

endothelial cell (EC) layer, which facilitates nutrient exchange between the blood and 

the peri-sinusoidal space, named space of Dissé (Racanelli and Rehermann, 2006). 

Hepatocytes extend their microvilli to the space of Dissé and take up macromolecules 

and harmful substances to metabolize them. Hepatocytes regulate carbohydrate, lipid, 

and protein metabolism, maintain glucose levels, synthesize lipids, and process amino 

acids (Gong et al., 2022). Moreover, they serve as a storage for glycogen, vitamins 

(e.g. vitamins A, D, E, K), and minerals (e.g. iron), releasing them into circulation when 

needed. Hepatocytes metabolize drugs, alcohol and environmental toxins, enabling 

detoxification and excretion of these substances from the body. 

 

Various factors, such as viral infections, excessive alcohol consumption, obesity and 

genetic disorders, can compromise liver function, leading to diseases like cirrhosis, 

fatty liver disease, and liver cancer (Osna et al., 2017). These conditions impair the 

liver's ability to perform its essential functions, resulting in systemic complications and 

morbidity. 

 

1.2.1 Liver Sinusoidal Endothelial Cells (LSECs) 

Liver sinusoidal endothelial cells (LSECs) are the specialized ECs lining the sinusoids. 

They exhibit structural and functional features that distinguish them from ECs found in 

other vascular beds. Unlike other ECs forming continuous layers in other organs, 

LSECs lack a basement membrane and therefore form a discontinuous surface 

supported by collagen and proteoglycans. Moreover, they are characterized by 

50-200 nm sized membranous pores, forming fenestrations that serve as sieve plates 

(Figure 1.5) (Wisse et al., 1985). These enable the exchange of solutes, nutrients and 

macromolecules between the sinusoidal lumen and the space of Dissé (Braet and 

Wisse, 2002; Szafranska et al., 2021). Moreover, liver-resident lymphocytes and 

circulating naïve CD8+ T cells were shown to interact with hepatocytes by extending 

cell surface protrusions through the fenestrations of LSECs (Warren et al., 2006).  
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Figure 1.5 The hepatic sinusoid. Scanning electron microscopy image of a sinusoid from a murine liver. 

Liver Sinusoidal Endothelial Cells (LSECs) harbor multiple fenestrations (arrows) arranged into sieve plates (SP, 

dotted line circles). SD, space of Dissé; HC, hepatocytes. (Figure adapted from (Szafranska et al., 2021)) 

 
Modifications in the fenestrations were observed during hypoxia and aging (Cogger et 

al., 2003; McLean et al., 2003). Complete loss of fenestrations and the formation of a 

basal membrane characterize the dedifferentiation of LSECs to typical capillary ECs, 

therefore termed as “capillarization” (Poisson et al., 2017; Schaffner and Poper, 1963). 

Capillarization is observed in response to liver injury and is associated with the 

development and progression of fibrosis in chronic liver diseases (Baiocchini et al., 

2019; Fukuda et al., 1986; Marrone et al., 2016; Pasarin et al., 2012; Xu et al., 2003). 

 

LSECs assist in the clearance of endogenous and foreign macromolecules with a 

diameter of up to 200 nm from the blood. They have high endocytic functions due to 

the expression of the scavenger receptors Stabilin1 (Stab1) and Stab2, mannose 

receptors, lymphatic vessel endothelial hyaluronan receptor 1 (Lyve-1), and the C-type 

lectin receptors called liver/lymph node-specific ICAM3-grabbing non-integrin (LSIGN), 

DCSIGN and liver sinusoidal endothelial cell lectin (LSECtin), as well as the Fc-gamma 

receptor IIb2 (Bhandari et al., 2021; Pandey et al., 2020; Shetty et al., 2018). After 

scavenging substances like collagen, hyaluronan, LDL-cholesterol, small immune 

complexes or exogenous antigens, they rapidly endocytose these via 

clathrin-mediated endocytosis. Additionally, LSECs also express a variety of TLRs, 

including TLR4 (Wu et al., 2010; Yao et al., 2016). They were shown to rapidly clear 

LPS from the blood via HDL-mediated scavenge by Stab1 and Stab2, and develop 

LPS-induced tolerance after repeated challenge, which results in reduced leukocyte 
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adhesion due to the downregulation of ICAM-1 (Uhrig et al., 2005). However, when 

concentrations of LPS in the blood increase, LSECs can get activated via TLR4 and 

produce the pro-inflammatory cytokines IL-1α, IL-1β, IL-6, IL-10, IL-15 and TNF-α 

(Cabral et al., 2021; Uhrig et al., 2005; Yao et al., 2016). LSECtin can bind mannose 

residues on blood-borne pathogens (Liu et al., 2004). Its additional function is binding 

to CD44, which is expressed, among others, on activated immune cells. It was shown 

that this interaction results in inhibition of activated T cells, thereby controlling local 

inflammation and preventing liver damage (Tang et al., 2009). 

 

Within the liver, conventional APCs, including KCs and dendritic cells, as well as 

unconventional APCs like hepatocytes, hepatic stellate cells (HSCs), and LSECs, 

participate in antigen presentation (Horst et al., 2016). LSECs were shown to present 

antigens to T cells via MHC I and MHC II, but they display a low expression of co-

stimulatory molecules (Knolle et al., 1999; Lohse et al., 1996). Under physiological 

conditions, the antigen presentation serves to induce tolerance to harmless antigens, 

thereby preventing unwanted adaptive immune responses and maintain liver 

homeostasis. For instance, presentation of antigens by LSECs via MHC II was shown 

to result in the differentiation of CD4+ T cells to Treg rather than Th1 cells (Wiegard et 

al., 2005). Likewise, antigen presentation via MHC I to CD8+ T cells lead to T cell 

tolerance characterized by absence of effector functions, supported by B7-H1 binding 

to PD-1 (Diehl et al., 2008). However, at high antigen concentrations, LSECs induced 

the differentiation of CD8+ T cells to effector T cells (Schurich et al., 2010). Therefore, 

the antigen presentation function of LSECs is crucial not only for maintaining liver 

immune tolerance, but also for orchestrating immune responses, highlighting their dual 

role in liver homeostasis versus host defense. 

 

1.2.2 Immune cells in the liver 

Within its complex architecture, a diverse array of immune cells orchestrate a delicate 

balance between tolerance and defense, crucial for maintaining hepatic homeostasis. 

Hepatic immune cells reside in the liver parenchyma and in the portal tracts, or crawl 

along the sinusoids (Figure 1.6) (Racanelli and Rehermann, 2006). Kupffer cells, 

liver-resident macrophages, predominantly populate the periportal zone and patrol the 

liver along the sinusoidal endothelium. They phagocytose debris and microorganisms, 

endocytose endo- and exogenous substances from the blood, and present antigens to 
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T cells. Similarly, conventional dendritic cells and plasmacytoid dendritic cells populate 

the liver to screen for antigens, and exit the liver via the central vein or the space of 

Dissé and the lymphatic drainage to transport the antigens to the draining lymph node 

(Matsuno et al., 1996). However, hepatic dendritic cells were described to be immature 

and poor in T cell stimulation in comparison to other dendritic cells, probably due to the 

exposure to the tolerogenic hepatic environment (De Creus et al., 2005; Kudo et al., 

1997). The liver is enriched in innate immune cells, including innate lymphocytes and 

natural killer T (NKT) cells (Racanelli and Rehermann, 2006). NK cells and 

liver-resident ILC1s comprise approximately 30 % of all hepatic lymphocytes 

(Robinette et al., 2015; Tian et al., 2013). The liver shows a reversed ratio among the 

conventional T cell subsets, with CD8+ T cells outnumbering CD4+ T cells, and a 

dominance of effector memory T cells (Norris et al., 1998). It was demonstrated that 

CD8+ T cells were preferentially retained within the liver, where they develop into an 

effector memory phenotype or undergo apoptosis (Thomson and Knolle, 2010). 

Moreover, the liver favors the differentiation of CD4+ T cells to Th2 and Tregs rather 

than Th1, to support the liver microenvironment with regulatory type 2 cytokines, such 

as IL-10, TGFβ and IL-4, respectively. Thus, under steady-state conditions, 

conventional APCs (KCs and dendritic cells) and unconventional APCs (LSECs, HSCs 

and Hepatocytes) in the liver induce T cell tolerance by clonal elimination, induction of 

T cell anergy and an enhanced induction of Tregs (Zheng and Tian, 2019).  

 

 

Figure 1.6 Location of immune cells in the liver. (Figure adapted from (Ficht and Iannacone, 2020)) 
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1.2.3 Liver pathologies 

The immune response triggered by LPS can become dysregulated and lead to sepsis, 

which is characterized by a systemic inflammatory response syndrome (SIRS). The 

uncontrolled release of inflammatory mediators in sepsis can lead to widespread tissue 

damage, organ dysfunction, and potentially life-threatening complications such as 

septic shock. Severe sepsis lacks specific therapies, resulting in high mortality rates of 

approximately 20-50 % of patients (Karlsson et al., 2009). LPS-induced hepatic injury 

is observed during endotoxemia, but also in various liver conditions including cirrhosis, 

autoimmune hepatitis, and primary biliary cirrhosis. Early infiltration of neutrophils and 

monocytes to the liver can cause vascular dysfunction and damage (McDonald et al., 

2013; Triantafyllou et al., 2018).  

 

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer, 

originating from transformed hepatocytes. HCC typically occurs in the setting of chronic 

liver disease, such as cirrhosis due to hepatitis B or C infection, excessive alcohol 

consumption, non-alcoholic fatty liver disease, or other factors that cause liver damage 

(Rossetto et al., 2019). Moreover, the liver is a common site for metastasis from 

primary tumors, including colorectal cancer, pancreatic cancer, breast cancer and 

melanoma (Tsilimigras et al., 2021). Factors such as high vascularization, the 

tolerogenic environment, and metabolic activity contribute to the liver's vulnerability to 

metastatic colonization. 

 

During these hepatic pathologies, LSECs undergo pathological changes, leading to 

vascular dysfunction, inflammation, and progression of fibrosis and cancer (Poisson et 

al., 2017). Targeted therapies aimed at restoring LSEC barrier function, and promoting 

their immunological functions represent potential strategies for treating liver diseases 

and improving disease outcomes.  
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1.3 Chemotaxis and extravasation of immune cells  

The directed migration of leukocytes across a chemokine gradient is termed 

chemotaxis. Chemotaxis plays a crucial role in directing leukocytes towards sites of 

infection, inflammation, and tumors. The nomenclature for chemokines and their 

receptors is based on the arrangement of the two first N-terminal cysteine residues 

and are therefore divided into four main families: CC, CXC, CX3C, and XC ligands and 

their respective G protein-coupled receptors (Miller and Mayo, 2017; Zlotnik and 

Yoshie, 2000). For example, for CCL2 the first two cysteine residues are adjacent, 

whereas for CXCL10 the first two cysteine residues are separated by one amino acid. 

XCL1 comprises only one N-terminal cysteine-residue, and in CX3CL1 3 amino acids 

separate the N-terminal cysteine residues. 

 

NK cells express a variety of chemokine receptors, which guide their migration in 

response to specific chemokines in organs and tissues. For instance, the retention of 

immature NK cells within the BM is mediated by the expression of CXCR4 and its 

ligand CXCL12, which is expressed by osteoclasts and BM-specific mesenchymal 

stem cells (Bernardini et al., 2008). During maturation, CXCR4 expression is 

downregulated whereas the expression of CXCR3, CCR1, CX3CR1 and the 

Sphingosine-1-phosphate receptor 5 (S1P5) are increased, which allows NK cells to 

egress from the BM and enter the periphery (Bernardini et al., 2013; Walzer et al., 

2007). During inflammation, NK cells are mobilized from the BM pool and migrate to 

the inflamed tissue. The recruitment of BM-derived NK cells to the liver was 

demonstrated in Concavalin A-induced liver inflammation and during MCMV infection, 

where it was mediated by the chemokine CCL3 and its receptors, CCR1 and CCR5 

(Salazar-Mather et al., 1996; Wald et al., 2006). Furthermore, it was demonstrated that 

CD27+ NK cells expressed CXCR3 and selectively migrated towards its ligand CXCL10 

(Hayakawa and Smyth, 2006). CD27+ NK cells are distributed throughout spleen, 

lymph nodes, and liver, but were nearly absent in the lung. Moreover, 

CD27+CXCR3+ NK cells produced higher amounts of IFN-γ in response to IL-12 and 

IL-18 in comparison to CD27loCXCR3lo NK cells. Interestingly, CXCR3-expressing 

CD27+ NK cells were also shown to infiltrate tumor tissue (Wendel et al., 2008). 

 
Liver sinusoids are characterized by a slow blood flow. Therefore, rolling of leukocytes 

via selectins as an initial step during extravasation is not necessary (Wong et al., 1997). 
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LSECs mediate transendothelial migration of leukocytes during liver inflammation, or 

bacterial and viral infections, via adhesion molecule and chemokine interactions to 

their respective receptors, and subsequent allowance to squeeze inbetween LSECs 

(paracellular), through the fenestrations (transcellular), or through the LSEC body 

(intracellular) after attachment to the endothelium (Figure 1.7) (Shetty et al., 2018).  

 

 

Figure 1.7 Leukocyte extravasation in the sinusoids. (1) Infection or damage to the liver parenchyme induces 

(2) Kupffer cell (KC) and LSEC activation, upregulation of adhesion molecules and chemokine secretion. 

(3) Leukocytes bind to LSECs via integrins and (4) crawl along the sinusoidal endothelium. (5+6) Paracellular 

migration (inbetween LSECs), transcellular migration (via fenestrations), or intracellular crawling (through LSEC 

body) of leukocytes via LSEC-initiated signals. (7) Migration and positioning of leukocytes in the parenchyma by 

chemokines. CXCR3, CXC-chemokine receptor 3; ECM, extracellular matrix; ICAM1, intercellular adhesion 

molecule 1; MADCAM1, mucosal addressin cell adhesion molecule 1; VAP1, vascular adhesion protein1; VCAM1, 

vascular cell adhesion molecule 1. (Figure adapted from (Shetty et al., 2018)) 

Like this, leukocytes enter into the liver parenchyma, where they participate in the 

immune responses against infected hepatocytes or damaged tissue. Interestingly, 

LSECs were shown to not only support monocyte extravasation from the blood stream, 

but also to enable their return to the bloodstream after their immune surveillance task, 

a process termed reverse transmigration (Bradfield et al., 2007). This bidirectional 

migration of cells through the LSEC layer is tightly regulated and essential for 

maintaining immune homeostasis in the liver while effectively responding to 

inflammatory insults or infections. 
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2 THE AIM OF THE STUDY 

The liver is characterized by a ramified vascular network that is constantly exposed to 

antigen-rich blood from the gastrointestinal tract. The hepatic blood vessels are lined 

by liver sinusoidal endothelial cells (LSECs), which screen the blood and clear it from 

pathogens and endogenous damaging molecules. In addition, LSECs were shown to 

have immunoregulatory functions by modulating adaptive T cell differentiation and 

responses. The liver is enriched in innate lymphocytes, comprising mainly 

natural killer (NK) cells and type 1 innate lymphoid cells (ILC1s), which provide early 

defense against infections and malignancies by exerting cytotoxicity and secreting 

pro-inflammatory cytokines. Although they continuously interact with LSECs, the local 

endothelial functions supporting innate cell responses in the liver remain not fully 

explored.  

Due to the spatial proximity of LSECs and innate lymphocytes in the liver, we 

postulated that their interaction shapes the inflammatory and anti-tumor responses in 

the liver. Thus, we aimed to dissect the underlying mechanisms and functional output 

of these interactions. 

In this study, we focused on hepatic inflammation and response to tumor cells, and 

investigated: 

 

1. Response of the liver endothelium to inflammatory signals and tumor cells 

 

2. Crosstalk of LSECs and innate lymphocytes in the context of acute inflammatory 

liver injury 

 

3. Regulation of anti-tumor responses of innate lymphocytes by LSECs 

 

To investigate the interplay of LSECs and innate lymphocytes, we utilized in vitro 

culture and co-culture systems, and experimental mouse models of liver inflammation 

and metastases, including endothelial-specific conditional gene knockout mice. Our 

discoveries advance the current understanding of the liver microenvironment and aid 

identifying novel mechanisms of immune-endothelial regulatory circuits in liver 

inflammatory and anti-tumor responses. 
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3 MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Laboratory equipment 

Table 3.1 Laboratory equipment 

Product Company 

200 Gel Imaging Workstation Azure biosystems 

C1000 TouchTM Thermal Cycler Bio-Rad 

FACS Aria™ Fusion Cell Sorter BD Biosciences 

GentleMACSTM Octo Dissociator Miltenyi Biotec 

Incubator BD056 BINDER 

IVIS200 Imaging System Caliper Life Sciences 

LSR Fortessa™ Cell Analyzer BD Biosciences 

Plate reader Infinite 200 pro TECAN 

QuadroMACS™ Separators Miltenyi Biotec 

QuantStudio™ 5 Real-Time PCR System, 384-well Applied Biosystems 

3.1.2 Chemicals and biological reagents 

Table 3.2 Chemicals and biological reagents 

Product Company Catalog no. 

7-AAD Biolegend 420404 

D-Luciferin, Potassium Salt Bio Vision 7903-1G 

Lipopolysaccharide E.coli O26:B6 Sigma-Aldrich L2654 

Nuclease-free Water (not DEPC treated)  Ambion Thermo 

Fisher Scientific 

AM9937 

Nycodenz  Axis-Shield  1002424 

Percoll ®  Cytiva 17089101 

Recombinant human IL-2 NIH 1104-0890 

Recombinant mouse IFN-γ Peprotech 315-05 

Recombinant mouse IL-12 Peprotech  210-12 

Recombinant mouse IL-18 MBL B002-5 

Sodium chloride Sigma-Aldrich 31434-5KG 

Zombie AquaTM Biolegend 423102 
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β-mercaptoethanol (99%) VWR 97064-588 

3.1.3 Cell culture media and solutions 

Table 3.3 Cell culture media and solutions 

Product Company Catalog no. 

Cell Dissociation Solution Non-enzymatic (1x) Sigma-Aldrich C5914 

Detachin Cell Detachment Solution Genlantis T100106 

Dimethylsulphoxide Hybri Max® (DMSO)  Sigma-Aldrich D2650 

Dulbecco’s Modeified Eagle’s Medium (DMEM), 

glucose, L-glutamine, sodium pyruvate, and 

sodium bicarbonate 

Sigma-Aldrich  D6459 

Dulbecco’s Phosphate Buffered Saline (PBS) Gibco 1490144 

EDTA, 0.5 M,  UltraPure™, pH 8,0 Invitrogen 15575020 

Fetal Bovine Serum, 

Origin: EU Approved 10270 

Gibco 10270 

Gey's Balanced Salt Solution (GBSS) Pancoll-biotech P04-48500 

Gibco™ RPMI 1640 Medium Fisher Scientific  11530586 

L‐Glutamine 200 mM (100x) Gibco 25030 

MACS® BSA Stock Solution Miltenyi Biotec 130-091-376 

Non-essential Amino Acids (100x)  Gibco 11140035 

Penicillin/Streptomycin Solution Gibco 15140 

Sodium pyruvate MEM 100mM  Gibco 11360088 

Trypsin-EDTA (1x) HBSS, 

w/o Ca2+/Mg2+ w/ EDTA  

Gibco 25300 

β-mercaptoethanol (50mM) Gibco 31350010 
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3.1.4 Cell culture consumables 

Table 3.4 Consumables for cell isolation and culture 

Product Company Catalog no. 

384 well Microplates, black, flat TECAN 30122299 

BD Falcon™ 5mL round bottom tubes with 35μm 

nylon mesh strainer  

Corning 352235 

Cell culture flask, T-175 Sarstedt 83.3912.302 

Cell culture flask, T-25 Sarstedt 83.3910.302 

Cell culture flask, T-75 Sarstedt 83.3911.302 

Collagen I, Coated Plate, 24 well Gibco A1142802 

Collagen I, Coated Plate, 96 well Gibco A1142803 

Falcon® 100μm Cell Strainer, Yellow, Sterile  Corning  352360  

Falcon® 24-well Polystyrene Clear Flat Bottom,  
not Treated Cell Culture Plate, Sterile  

Corning  351147  

Falcon® 40 μm Cell Strainer, Blue, Sterile  Corning  352340  

Falcon® 70 μm Cell Strainer, White, Sterile  Corning  352350  

GentleMACSTM C Tubes Miltenyi Biotec 130-093-237 

MACS LS columns  Miltenyi  Biotec 130-042-401 

Serological pipette 10 ml, padded  Sarstedt  861254001  

Serological pipette 25 ml, padded  Sarstedt  861685001  

Serological pipette 5 ml, padded  Sarstedt  861253001  

TPP® tissue culture plates,  
96 well plate, Round bottom, Polystyrene, Sterile  

TPP  Z707899-162EA  

RNase-free Microfuge Tubes (1.5 mL) Ambion  Thermo 

Fisher Scientific 

AM12400 

6.5 mm Transwell™ with 5 µm Polyester (PET) 

Membrane Insert, 24 well plate, sterile 

Corning  3421 
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3.1.5 Kits 

Table 3.5 Commercial Kits 

Product Company Catalog no. 

CD146 (LSEC) microbeads, mouse  Miltenyi Biotec 130-092-007 

DuoSet ELISA Ancillary Reagent Kit 2 R&D Systems DY008B 

eBioscienceTM FoxP3 Transcription factor staining 

buffer set 

eBioscience 00-5523-00 

LEGENDplex™ Mouse Proinflammatory 
Chemokine Panel I and II 

Biolegend 740451, 741068 

Liver Dissociation Kit, mouse  Miltenyi Biotec 130-105-807 

Mouse CXCL10/IP-10/CRG-2 DuoSet ELISA R&D Systems DY466-05 

MyTaqTM Extract-PCR Kit Meridian 

Bioscience 

BIO-21127 

PowerUpTM SYBRTM Green Master Mix Applied  

Biosystem 

A25918 

ProtoScript® II First Strand cDNA Synthesis Kit New England 

Biotechnology 

E6560S 

RNA Clean and Concentrator - 5 Zymo  

Research 

R1013 

RNeasyTM Mini Kit (50 reactions) Qiagen 74104 

RT2 First Strand Kit  Qiagen  330404  

RT² Profiler™ PCR Array Mouse Cytokines & 
Chemokines  

Qiagen  PAMM-150Z  

RT² SYBR Green qPCR Mastermix  Qiagen  330501  

TURBO DNA-free™ Kit Ambion 

Thermo Fisher 

Scientific 

AM1907 
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3.1.6 Buffers and solutions 

Table 3.6 Buffers and solutions 

Solution Ingredients 

ACK Lysis Buffer 0.829 g Ammoniochloride (NH4Cl) 

0.1 g Potassium bicarbonate (KHCO3) 

0.0038 g EDTA 

Fill up to 100 mL with ddH2O 

Adjust pH to 7.2-7.4 

Cell freezing medium FCS 

10% DMSO 

Cell Lysis Buffer for RNA isolation RLT buffer from Qiagen 

1% β-mercaptoethanol (13.8M) 

Complete DMEM DMEM with high glucose 

10% FCS 

1% Penicillin/Streptomycin 

Complete RPMI RPMI 1640 with high glucose 

10% FCS 

1% Penicillin/Streptomycin 

FACS Buffer 1x PBS 

1% FCS 

2 mM EDTA 

0.02% NaN3 

Isotonic Percoll solution (freshly 

prepared) 

9 parts stock Percoll 

1 part 1.5M NaCl solution 

15% Percoll (freshly prepared) 1.5mL isotonic Percoll solution 

8.5mL PBS 

40% Percoll (freshly prepared) 4mL isotonic Percoll solution 

6mL PBS 

70% Percoll (freshly prepared) 7mL isotonic Percoll solution 

3mL PBS 

Liver digestion media for gentleMACS 

dissociation  

DMEM 

1% L-glutamine 

LSEC culture medium 

 

DMEM with high glucose 

10% FCS 

1% L-glutamine 

1% Non-essential amino acid 
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1% Sodium Pyruvate 

1% Penicillin/Streptomycin 

0.1% β-mercaptoethanol (for cell culture) 

MACS Buffer  PBS 

2% FCS 

2 mM EDTA 

Migration medium RPMI 1640 with high glucose 

1% BSA 

1% L-glutamine 

1% Non-essential amino acid 

1% Sodium Pyruvate 

1% Penicillin/Streptomycin 

0.1% β-mercaptoethanol (for cell culture) 

NK cell culture medium 

 

RPMI 1640 with high glucose 

10% FCS 

1% L-glutamine 

1% Non-essential amino acid 

1% Sodium Pyruvate 

1% Penicillin/Streptomycin 

0.1% β-mercaptoethanol (for cell culture) 

26% Nycodenz solution (freshly 

prepared) 

10.4g of Nycodenz powder dissolved in GBSS 

Sterilized filter 

Sodium Chloride (NaCl) Solution, 1.5 M 87.66g of sodium chloride in 1 liter water  

Sorting Buffer  PBS  

1% BSA 

2 mM EDTA 
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3.1.7 Antibodies for flow cytometry 

Table 3.7 Conjugated antibodies for flow cytometry 

Antibodies Clone Company Catalog no. 

Anti-mouse CD3 APC-Cy7  14A2 Biolegend 100222 

 

Anti-mouse CD3ε BV711 145-2C11 Biolegend 100349 

 

Anti-mouse CD3ε PE-Cy7  145-2C11 Biolegend 100320 

 

Anti-mouse CD4 BV650  RM4-5 Biolegend 100555 

 

Anti-mouse CD8a FITC 53-6.7 Biolegend 100706 

 

Anti-mouse/human CD11b 

APC 

M1/70 Biolegend 101212 

 

Anti-mouse/human CD11b 

BV650 

M1/70 Biolegend 101259 

Anti-mouse CD11c PE-Cy7 N418 Biolegend 117318 

 

Anti-mouse CD19 APC-Cy7  6D5 Biolegend 115530 

 

Anti-mouse CD25 PE PC61 Biolegend 102008 

 

Anti-mouse CD31 BV421 390 Biolegend 102424 

 

Anti-mouse CD45 BV785 30F11 Biolegend 103149 

 

Anti-mouse CD45 PerCP-

Cy5.5 

30F11 Biolegend 103132 

 

Anti-mouse CD49a PE Ha31/8 BD 562115 

Anti-mouse CD54 (ICAM-1) 

Alexa Flour 647 

YN1/1.7.4 Biolegend 116114 

 

Anti-mouse CD62L PE MEL-14 Biolegend 104407 

Anti-mouse CD69 FITC H1.2F3 Biolegend 104506 

 

Anti-mouse CD96 APC 3.3 Biolegend 131712 
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Anti-mouse CD146 PE-Cy7 ME-9F1 Biolegend 134714 

 

Anti-mouse CD155 APC TX56 Biolegend 131510 

Anti-mouse CD200R FITC OX-110 Biolegend 123910 

Anti-mouse CD253 (TRAIL) 

PE 

N2B2 Biolegend 109305 

 

Anti-mouse CXCR3 BV421 CXCR3-173 Biolegend 126529 

 

Anti-mouse CXCR3 PE-Cy7 CXCR3-173 Biolegend 126516 

 

Anti-mouse CXCR6 Alexa 

Flour 647 

SA051D1 Biolegend 151115 

Anti-mouse DNAM-1 FITC 10E5 Biolegend 128803 

Anti-mouse DR5 PE MD5-1 Biolegend 119905 

Anti-mouse Eomes PE-Cy7 Dan-11mag Thermo Fisher 

Scientific 

25-4875-82 

 

Anti-mouse Eomes 

TexasRed 

X4-83 BD Horizon 567167 

 

Anti-mouse F4/80 APC-Cy7 BM8 Biolegend 123118 

 

Anti-mouse F4/80 PE/Dazzle 

594 

BM8 Biolegend 123146 

 

Anti-mouse HVEM APC C46 BD 564470 

Anti-mouse HVEM PE HMHV-1B18 Biolegend 136304 

Anti-mouse H-2Db PE KH95 BD 553574 

Anti-mouse H-2Kb PE AF6-88.5 BD 561072 

Anti-mouse I-A/I-E (MHC II) 

Alexa Flour 647 

M5/114.15.2 Biolegend 107618 

Anti-mouse IFN-γ PE XMG1.2 Biolegend 505808 

 

Anti-mouse Ki67 PE SolA15 Thermo Fisher 

Scientific 

12-5698-82 

 

Anti-mouse KLRG1 FITC 2F1 Southern Biotech 1807-02 

Anti-mouse Ly6C FITC HK1.4 Biolegend 128005 

 

Anti-mouse Ly6G APC-Cy7 1A8 Biolegend 127624 
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Anti-mouse Ly6G Pacific 

Blue 

1A8 Biolegend 127612 

 

Anti-mouse Lyve-1 PE FAB2125P R&D Systems FAB1155P 

Anti-mouse NK1.1 BV785 PK136 Biolegend 108749 

 

Anti-mouse NK1.1 PE  PK136 Biolegend 108708 

 

Anti-mouse NKG2D CX5 Biolegend 130212 

Anti-mouse NKp46 APC 19A1.4 Biolegend 137608 

 

Anti-mouse NKp46 BV421  27A1.4 Biolegend 137612 

 

Anti-mouse PD-L1 PE 10F.9G2 Biolegend 124308 

Anti-mouse Siglec F APC-

Cy7 

E50-2440 BD Biosciences 565527 

 

Anti-mouse Stabilin-2 FITC 34-2 MBL International D317-A48 

 

Anti-mouse TCRb BV785 H57-597 Biolegend 109249 

 

Anti-mouse Ter119 

APC-Cy7  

Ter-119 Biolegend 116223 

 

Anti-mouse TIGIT PE-Cy7 1G9 Biolegend 142107 

Anti-mouse VCAM-1 APC 429(MVCAM.A) Biolegend 105712 

 

Armenian Hamster IgG 

Isotype Control BV421 

HTK888 Biolegend 400949 

 

Mouse IgG2a Isotype 

Control PE 

MOPC-173 Biolegend 400212 

Mouse IgG1 Isotype Control 

PE-Cy7 

MOPC-21 Biolegend 981816 

Mouse IgG2b Isotype 

Control PE 

MPC-11 Biolegend 400312 

Rat IgG1 Isotype Control PE G0114F7 Biolegend 401906 

Rat IgG2a Isotype Control 

APC 

54447 R&D Systems IC006A 

 

Rat IgG2a Isotype Control 

PE 

RTK2758 Biolegend 400508 
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Rat IgG2b Isotype Control 

Alexa Flour 647 

RTK4530 Biolegend 400626 

Rat IgG2b Isotype Control 

APC 

RTK4530 Biolegend 400612 

Rat IgG2b Isotype Control 

FITC 

RTK4530 Biolegend 400606 

Rat IgG2b Isotype Control 

PE 

RTK4530 Biolegend 400608 

Rat IgG2a Isotype Control 

BV421  

RTK2758 Biolegend 400549 

 

3.1.8 Antibodies for functional assays 

Table 3.8 List of antibodies for functional assays and in vivo applications 

Antibodies Clone Concentration Company Catalog no. 

Armenian Hamster IgG 

Isotype Control, 

Functional Grade 

eBio299Arm 10 µg/ml Thermo 

Fisher 

Scientific 

16-4888-85 

InVivoMAb anti-mouse 

CD106 (VCAM-1), 

monoclonal 

M/K-2.7 200 µg/mouse Bio X Cell BE0027 

InVivoMAb anti-mouse 

CXCR3 (CD183), 

monoclonal 

CXCR3-173 200 µg/mouse Bio X Cell BE0249 

Ultra-LEAF Purified 

CD16/CD32 

93 10 μg/mL Biolegend 101329 

Ultra-LEAF™ Purified anti-

mouse CD183 (CXCR3) 

CXCR3-173 10 µg/ml Biolegend 126526 

 

  



MATERIALS AND METHODS 

29 

3.1.9 Oligonucleotide primers  

Primers for PCR genotyping 

Table 3.9 Primers for PCR genotyping 

Gene/Protein Forward sequence (5’  3’) Reverse sequence (3’  5’) 

VE-Cadherin CCA GGC TGA CCA AGC TGA G CCT GGC GAT CCC TGA ACA 

 

Primers for quantitative RT-PCR 

Table 3.10 Primers for qRT-PCR 

Gene/Protein Forward sequence (5’  3’) Reverse sequence (3’  5’) 

mB2m TGCTATCCAGAAAACCCCTCA GGCGGGTGGAACTGTGTTA 

mActb CAGATGTGGATCAGCAAGCA GGGTGTAAAACGCAGCTCAGTA 

mCxcl10 CCATATCGATGACGGGCCA CTTTTTCATCGTGGCAATGATCTC 

 

3.1.10 Tumor cell lines 

Table 3.11 Tumor cell lines 

Cell line  Cell type Medium 

B16 Mouse melanoma Complete DMEM 

B16F10 Luciferase/tdTomato Dual reporter mouse melanoma Complete DMEM 

LL/2 Mouse lung carcinoma Complete DMEM 

MC38 Mouse colon carcinoma Complete DMEM 

MC38 Luciferase/tdTomato Dual reporter mouse colon 

carcinoma 

Complete DMEM 

RMA-S Mouse T cell lymphoma Complete RPMI 
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3.1.11 Mouse lines 

Table 3.12 Mouse lines 

Mouse line Scientific name Source 

C57BL/6N C57BL/6NRj Janvier Labs 

Cdh5CreCXCL10fl/fl B6-Cxcl10tm1.1Dple 

Tg(Cdh5-cre)1Spe/Platt   

Provided by Prof. Dr. med. Michael 

Platten, DKFZ Heidelberg 

Rag2 knockout B6.(MF;129)-Rag2tm1Fwa Haus 111, UMM 

Rag2 knockout Ly5.1  B6.Rag2tm1Fwa Ptprca Haus 111, UMM 

3.1.12 Software 

Table 3.13 Software for data analysis 

Software Source 

FlowJo™ version >10.7.1 FlowJo™ LLC 

GraphPad Prism 7 GraphPad 

LEGENDplex™ Data Analysis Software Biolegend 

Living Image version 4.1 PerkinElmer 

pheatmap Ravio Kolde, RDocumentation 

R version >4.1 R core team 

RStudio  Posit PBC 
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3.2 Methods 

3.2.1 Preparation of single cell suspensions 

Mice were sacrificed by CO2-asphyxiation. Spleens and livers were kept in PBS on ice 

until organ processing. Blood was collected by retroorbital bleeding on heparin and 

kept at RT until processing. 

Blood 

Red blood cells were lysed with 30 ml ACK buffer for 10 minutes. Cells were 

centrifuged at 1,600 rpm for 10 min and then washed with PBS twice (1,500 rpm for 

10 min). Blood mononuclear cells were resuspended in an appropriate amount of PBS 

and kept on ice. 

Spleen 

Spleens were mashed through a 40 µm pore strainer and washed with PBS (1,500 rpm 

for 10 min). Red blood cells were lysed with 3 ml of ACK buffer per spleen for 3 min 

and cell suspensions were filtered with a 40 µm strainer. Cells were washed twice with 

PBS (1,500 rpm for 10 min). Splenocytes were resuspended in PBS and kept on ice. 

Liver (for LSEC enrichment) 

Livers were perfused with PBS via the portal vein and resected. The gall bladder and 

connective tissue were removed. To isolate LSECs for primary cell culture, livers were 

enzymatically and mechanically digested using the Liver Dissociation Kit (Miltenyi 

Biotec) according to the manufacturer’s protocol. Subsequently, liver tissue was 

mashed through a 100 µm strainer and washed with cold GBSS (300xg for 10 min at 

4 °C). To remove red blood cells, 4 ml of ACK buffer were added per liver and 

incubated for 4 min at RT. Cells were filtered through a 70 µm strainer and washed 

with cold GBSS (300xg for 10 min at 4°C). The cell pellet was resuspended in cold 

GBSS, filtered through a 40 µm strainer and washed. Liver cells were resuspended in 

6 ml of cold GBSS, and layered on 26 % Nycodenz solution in GBSS. The gradient 

was centrifuged at 1,400xg for 18 min at 4 °C (acc: 1, dec: 1). The interphase, enriched 

with non-parenchymal cells, was collected and washed with cold GBSS (300xg for 10 

min at 4 °C). Cells were resuspended in GBSS, counted and prepared for LSEC 

enrichment using magnetic beads. 
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Liver (for simultaneous LSEC and lymphocyte enrichment) 

To enrich for LSECs and liver mononuclear cells, livers were enzymatically and 

mechanically digested using Enzyme D and Enzyme A from the Liver Dissociation Kit 

(Miltenyi Biotec) according to the manufacturer’s protocol. Enzyme R was excluded 

from the Enzyme cocktail as the surface receptor NK1.1 was sensitive to the digestion 

with this Enzyme. After digestion, the liver tissue was mashed through a 100 µm 

strainer and washed with PBS (300xg for 10 min). To remove red blood cells, 4 ml of 

ACK buffer were added and incubated for 4 min at RT. Cells were filtered through a 70 

µm strainer and washed with PBS (300xg for 10 min). The cell pellet was resuspended 

in PBS, filtered through a 40 µm strainer and washed. Cells were resuspended with 3 

ml of PBS. Isotonic Percoll solution was prepared by diluting Percoll in a 9:1 ratio with 

1.5 M NaCl. The isotonic Percoll solution was further diluted to 70% Percoll, 

40 % Percoll and 15 % Percoll solution with PBS. To prepare a 

70 % - 40 % - 15 % Percoll gradient, 3 ml of each Percoll solution was carefully layered 

on top of each other. For the isolation of cells for functional assays, the gradient was 

prepared with 70 % and 40 % of Percoll solution to enrich for liver lymphocytes only. 

The liver solution was layered on top of the Percoll gradient and centrifuged at 1,400xg 

for 25 min at RT (acc: 1, dec: 1). The interphase between 15 % and 40 % Percoll 

solution (enriched with LSECs, Kupffer cells, Monocytes and Neutrophils), and the 

interphase between 40 % and 70 % Percoll solution (enriched with liver lymphocytes) 

were collected, and washed twice with cold PBS (1,500 rpm for 10 min at 4 °C). Cells 

were then resuspended with PBS and counted. 

3.2.2 Magnetic Cell Sorting (MACS) for LSEC purification 

Cell solutions enriched with liver non-parenchymal cells, as prepared described above 

were resuspended in 98 µl MACS buffer per 1x107 cells. Cells were incubated with 

10 µg/ml anti-mouse CD16/32 for 10 min at 4 °C. To label LSECs, 2 µl of 

CD146 microbeads (Miltenyi Biotec) were added per 1x107 cells and incubated for 

15 min at 4 °C. Cells were washed with MACS buffer (300xg for 10 min at 4 °C), loaded 

onto a LS column (Miltenyi Biotec) and purified according to the manufacturer’s 

instructions. The enriched LSECs were washed with MACS buffer (300xg for 10 min 

at 4 °C) and resuspended in pre-warmed LSEC culture medium. The magnetic 

purification usually yielded a purity of >90 % of CD146+Stab2+CD31+ cells. 
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3.2.3 Fluorescence activated cell sorting (FACS) 

Liver cell suspensions prepared as described above were washed and re-suspended 

in cold PBS at a density of 5x107 cells/ml. Unspecific antibody binding to Fc receptors 

was blocked by incubating the cells with 10 µg/ml of anti-mouse CD16/32 for 10 min 

at 4 °C. Cells were then incubated for 20 min at 4 °C with the following antibody 

cocktail:  

 

Table 3.14 Antibody Master Mixes used for cell sorting 

Sorting of Antigens 

NK cells and/or ILC1s CD45, CD3ε, NK1.1, NKp46, CD200R, CXCR6 

LSECs and  

Immune cells 

CD3ε, CD11b, CD19, CD31, CD45, CD146, F4/80, Ly6C,  Ly6G, 

NKp46, NK1.1, Stab2, TCRβ 

 

Afterwards, cells were washed (1,500 rpm for 10 min at 4 °C) and resuspended in cold 

PBS (NK cells and ILC1s) or Sorting buffer (LSEC and immune cells) at a density of 

5x107 cells/ml. The cell suspension was filtered through a 30 µm pore cell strainer. 

To exclude dead cells, 7AAD was added before cell sorting. Single, viable cells were 

sorted as following: 

  

Table 3.15 Gating strategies for cell sorting 

Sorting of Gating 

NK cells and ILC1s CD45+CD3εnegNK1.1+NKp46+ 

NK cells CD45+CD3εnegNK1.1+NKp46+CD200RnegCXCR6neg 

ILC1s CD45+CD3εnegNK1.1+NKp46+CD200R+CXCR6+ 

LSECs CD45negStab2+CD146+CD31+ 

T cells CD45+Ly6GnegCD19negCD3ε+ TCRβ + 

Monocyte/Kupffer cells CD45+Ly6GnegCD19negCD11b+F4/80+ 

 

NK cells and ILC1s for functional assays were sorted into NK cell culture media. 

LSECs and immune cells were sorted into sorting buffer. The purity of sorted cells 

was >98 % after each sort.  
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3.2.4 Cell counting 

Single cell suspension was mixed with 0.05 % Trypan blue solution (w/v) in a 1:1 ratio 

and viable cells were counted using a Neubauer chamber (0.1 mm depth). 

Total number of viable cells was calculated as: 

 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟  [× 106]  =
𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 104  × 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙) 

 

Alternatively, cell suspension was mixed with 0.05 % Trypan blue solution (w/v) in a 

1:1 ratio, and 10 µl of stained cell solution were added to a CellChip™ and counted 

using TECAN Spark according to the suppliers’ instructions. Total number of cells and 

viability were calculated as: 

 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 = (𝐶𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 × 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 [%] × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) × 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙) 

 

3.2.5 Primary cell culture 

Culture of LSECs 

After magnetic purification, LSECs were counted and seeded at 0.8-1x106 cells/ml in 

a collagen-coated 24-well or 96-well plate to achieve a confluency of 100 %. After 24 h 

of culture, the LSEC layer was washed twice with warm PBS to remove dead cells. 

LSECs were then stimulated with 100 ng/ml of LPS, 100 ng/ml of IFN-γ or left 

unstimulated in LSEC culture medium. For stimulation with tumor cell supernatants, 

supernatants were diluted 1:2 with fresh LSEC culture medium, and added to the LSEC 

layer. After 24 h, LSECs were used for co-cultures with NK cells. To detach LSECs, 

the LSEC layer was washed twice with pre-cooled PBS. Then, 300 µl of pre-cooled 

Detachin™ Cell Detachment Solution were added per well and incubated for 10 min 

at 37 °C. Detachment of the cells was ensured by observing a round shape of the cells 

under the microscope. Cells were collected in a 15 ml Falcon containing pre-warmed 

LSEC culture medium. Wells were washed with cold PBS to collect remaining cells. 

Collected LSECs were washed twice with PBS by centrifugation (300xg for 10 min 

at 4 °C) and used for downstream applications.  
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Co-culture of LSECs with NK cells or ILC1s 

LSECs were cultured in a collagen-coated 96-well plate, as described above, and then 

washed with warm PBS twice. Sorted liver NK cells and ILC1s were counted, 

resuspended in NK culture medium supplemented with 300 U/ml IL-2 at a 

concentration of 0.2x106 cells/ml, and added to the LSEC layer. Cells were co-cultured 

for 16 h. NK cells and ILC1s were harvested from the wells and used for flow cytometry 

or for functional analyses.  

3.2.6 Culture of tumor cells 

Cell thawing 

Cell suspensions in cryovial were thawed in a 37 °C waterbath by gentle shaking 

for 1-2 min. Thawed cells were diluted with pre-warmed media and transferred to a 

tube containing 30 ml of warm media. Cells were centrifuged (1,500 rpm for 10 min) 

and cell pellet was resuspended in appropriate media for culture.  

Culture of adherent and suspension tumor cells 

Cells were incubated at 37 °C with 5 % CO2. For splitting of adherent cells, media was 

aspirated and cell layer was washed with PBS. Trypsin-EDTA solution was added and 

incubated at 37 °C until cells were starting to detach. Pre-warmed media was added 

and cells were rinsed from the cell culture flask and collected in a tube. Cells were 

washed with PBS (1,500 rpm for 10 min) and resuspended at the desired density with 

pre-warmed media. Suspension cells were maintained by feeding them with fresh 

culture media every 2-3 days until they reached confluency. Then, a portion of the cells 

was withdrawn and splitted accordingly in media. 

Cell freezing 

Cells were collected and washed twice with PBS (1,500 rpm for 10 min). Cells were 

resuspended in cell freezing medium to a concentration of 5x105 cells/ml and 1 ml was 

aliquoted to each cryovial. Cryovials were kept in a freezing container at -80 °C for at 

least 24 h. Afterwards, cryovials were stored for long term storage in liquid nitrogen. 
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3.2.7 Collection of cell supernatants 

LSECs or tumor cells were cultured for 24 h in the respective media. Cell culture 

supernatants were collected and centrifuged twice (1,500 rpm for 10 min 

and 3,000 rpm for 10 min). Supernatants were filtered with a 0.33 µm filter, and then 

used for stimulation or frozen at -80 °C. 

 

3.2.8 Cell cytotoxicity assay 

Tumor cells were detached with non-enzymatic Cell Dissociation Solution and washed 

twice with PBS (1,500 rpm for 10 min). Tumor cells were resuspended in NK culture 

medium supplemented with 300 U/ml IL-2 to a concentration of 0.1x106 cells/ml. 

12.5 µl (≙ 1,250 cells/well) were seeded in a black 384-well plate. CellTox™ Green 

Dye (Promega) was diluted 1:1,000 with NK cell culture medium supplemented with 

300 U/ml IL-2, and 25 µl of the diluted dye were added to the wells. As effector cells, 

NK cells or ILC1s were harvested and counted. Cells were resuspended in NK culture 

medium supplemented with 300 U/ml IL-2 to a concentration 

of 0.125-0.25x106 cells/ml. 12.5 µl (≙ 1,250-3,125 cells/well) of NK cells were added 

to the wells with target cells, corresponding to an Effector-to-Target Ratio of 2.5:1, or 

as indicated in the Results section. To calculate maximum toxicity, 0.01 % of TritonX 

was added to target cells. Untreated target and effector cells (Target/Effector only 

control) and medium control were taken used for background correction. Flourescence 

was measured with TECAN Spark every three hours for 48 h inside of a humidity 

casette at 37 °C and 5 % CO2. Killing of target cells was calculated as  

 

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 [%] =  
(𝑀𝐹𝐼 𝐸𝑓𝑓𝑒𝑐𝑡𝑜𝑟 + 𝑇𝑎𝑟𝑔𝑒𝑡) − 𝑀𝐹𝐼 𝑇𝑎𝑟𝑔𝑒𝑡 𝑂𝑛𝑙𝑦 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑀𝐹𝐼 𝐸𝑓𝑓𝑒𝑐𝑡𝑜𝑟 𝑂𝑛𝑙𝑦 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

(𝑀𝐹𝐼 Target max. 𝑇𝑜𝑥𝑖𝑐𝑖𝑡𝑦 − 𝑀𝐹𝐼 𝑇𝑎𝑟𝑔𝑒𝑡 𝑂𝑛𝑙𝑦 𝐶𝑜𝑛𝑡𝑟𝑜𝑙)
 𝑥 100 
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3.2.9 Migration Assay 

LSECs were purified from livers and cultured in a collagen-coated 24-well plate. 

If indicated, LSECs were stimulated with IFN-γ for 24 h. The LSEC layer was washed 

with warm PBS, and migration media was added to the wells. 1.5x105 of sorted liver 

CD3εnegNK1.1+NKp46+ cells were added into Transwell inserts (5 µm pore size), which 

was placed above the LSEC layer or over a medium control well. The same amount of 

cells was incubated in the lower chamber in migration media only (input control). 

If indicated, lymphocytes were incubated for 10 min with anti-CD16/32 at 4°C, followed 

by incubation with anti-CXCR3 antibody for 15 min at 4°C. Cells were allowed to 

migrate for 4 h. Migrated cells were collected from the lower wells, and their numbers 

were quantified by flow cytometry using counting beads. NK cells were gated as 

NK1.1+NKp46+Eomes+ and ILC1s were gated as NK1.1+NKp46+Eomesneg. 

Cell migration was calculated as 

 

Cell migration =      ((
# migrated cells

# of beads
) × 100) ÷ (

# Input cells

# of beads
) 

 

Fold-change was calculated relative to migration towards media, which was set as 1 in 

every independent experiment. 
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3.2.10 Flow cytometry 

Staining of surface molecules 

Cells were resuspended in cold PBS and distributed to a 96-well plate. For dead cell 

exclusion, cells were incubated with 30 µl cold PBS containing 0.3 µl of Aqua Zombie™ 

for 20 min at RT in the dark. 25 µl of FcR-blocking reagent (10% supernatant of 

αCD16/CD32-producing hybridoma 2.4G2) was added and cells were incubated for 

15 min at 4 °C in the dark, followed by an incubation with fluorochrome-labeled 

monoclonal antibodies against surface molecules in 50 µl of FACS buffer for 20 min at 

4 °C in the dark. Cells were washed twice with FACS buffer (2,100 rpm for 4 min 

at 4 °C). Cells were fixed and afterwards washed and resuspended in 200 µl of FACS 

buffer. If cell fixation was not required, dead cells were excluded by labeling 

with 7-aminoactinomycin D (7-AAD) directly before acquisition. 

Staining of intracellular molecules 

For staining of intracellular antigens, cells were fixed and permeabilized with the 

Intracellular Fixation & Permeabilization Buffer Set according to the manufacturer’s 

instructions. 25 µl of FcR-blocking reagent, diluted 1:1 with Perm buffer, were added 

and cells were incubated for 15 min at 4 °C in the dark. Antibody cocktail containing 

fluorochrome-labeled monoclonal antibodies against intracellular molecules in 50 µl of 

Perm buffer was added and incubated for 20 min at 4 °C in the dark. Cells were washed 

twice with Perm buffer (2,100 rpm for 4 min at 4 °C) and resuspended in 200 µl of 

FACS buffer for flow cytometric analysis.  
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3.2.11 Flow cytometric analysis 

Samples were acquired with LSRFortessa or FACSAria Fusion and data were 

analyzed with FlowJo v10.7.1. Cell populations were gated as follows: 

 

Table 3.16 Gating strategies of different cell populations. Lin: CD19, Ly6G, Ter119, F4/80 

Cells Gating strategy 

LSECs CD45negStabilin2+CD146+CD31+ 

Cultured LSECs  CD45negCD146+ 

Kupffer cells CD45+Stabilin2negLy6GnegF4/80+CD11blow 

Infiltrating monocytes CD45+Stabilin2negLy6GnegCD11b+F4/80+ 

Neutrophils CD45+Stabilin2negLy6G+ 

ILC1s CD45+LinnegCD3ε-NK1.1+NKp46+Eomesneg 

NK cells CD45+LinnegCD3ε-NK1.1+NKp46+Eomes+ 

NKT cells CD45+LinnegCD3ε+TCRβintNK1.1int  

CD4+ T cells CD45+LinnegCD3ε+TCRβ+NK1.1negCD4+ 

CD8+ T cells CD45+LinnegCD3ε+TCRβ+NK1.1negCD8+ 

 

3.2.12 RNA extraction 

Cells were collected in a 1.5 ml tube and washed with sterile PBS (5,000 rpm for 5 min). 

Pellet was lysed in RLT buffer containing 1 % of β-mercaptoethanol, and vortexed for 

2 min. Lysates were stored at -80 °C until further processing. RNA was purified using 

RNeasy Mini Kit according to the manufacturer’s instructions. Genomic DNA was 

removed by treatment with TURBO DNA-free Kit according to the manufacturer’s 

instructions. RNA concentration was measured with TECAN Spark plate reader. 

3.2.13 cDNA Synthesis and quantitative real-time-PCR (qPCR) 

First strand cDNA was generated from total RNA using ProtoScript® II First Strand 

cDNA Synthesis Kit. Master Mix, containing respective primers and 

PowerUp™SYBR™ Green Mastermix, was added to cDNA, and qPCR was performed 

in a QuantStudio™ 5 Real-Time 384-well PCR System with the following program: hold 

stage with 50 ºC for 20 min and 95 ºC for 2 min, 40 cycles of amplification at 95 ºC 

for 1 s and 60 ºC for 30 s, and melt curve stage at 95 ºC for 15 s, 60 ºC for 1 min 

and 95 ºC for 15 s.  
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For RT² Profiler™ PCR Array of Mouse Cytokines & Chemokines, a total of 400 ng of 

RNA was reverse-transcribed, and cDNA was obtained using the RT2 First Strand Kit. 

qPCR was run in a QuantStudio™ 5 Real-Time PCR System, according to the 

manufacturer’s instructions. 

Mouse B2m or Actin mRNA were used as reference controls (as indicated in respective 

Figure legends), and relative mRNA expression was calculated using delta-Ct (2–∆Ct) 

method. Transcripts yielding a Ct value >35 were excluded from the analysis. 

 

3.2.14 Quantification of chemokine concentration 

Legendplex 

Blood of mice was collected by retroorbital bleeding in a 1.5 ml tube and incubated 

at 37 °C for 2 h. Clotted blood was removed by centrifugation at 14,000 rpm for 3 min. 

Serum was transferred in a fresh 1.5 ml tube and stored at -20 °C until performing the 

assay. Chemokine concentration in serum was assessed using bead-based 

LEGENDplex™ Kit according to the manufacturer’s instructions. Data were analyzed 

with the LEGENDplex™ Data Analysis Software. 

ELISA 

The concentration of murine CXCL10 in supernatants was determined by ELISA 

according to the manufacturer’s instructions. 
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3.2.15 Mouse genotyping 

Cdh5CreCXCL10fl/fl mice were kindly genotyped by the group of Prof. Dr. Michael 

Platten. After performing the experiments, mice were re-genotyped in our laboratory. 

Tail pieces were collected and lysed using MyTaq™ Extract-PCR Kit according to the 

manufacturer’s instructions. The PCR Mastermix was prepared with the MyTaq™ HS 

Red Mix and optimized primers. DNA was added to the Master Mix, and a Touchdown 

PCR was run in a C1000 Touch™ Thermal Cycler. PCR products were separated on 

a 1.5 % agarose gel and separated bands were visualized with a 200 Gel Imaging 

Workstation.  

 

3.2.16 Experimental mouse models 

LPS-induced acute liver inflammation 

Male mice were injected intraperitoneally with LPS (5 mg/kg of body weight; 

Escherichia coli strain O26:B6) or with equivalent amount of PBS, and sacrificed 6 h 

or 16 h post-injection. 

If indicated, mice were injected with 200 µg of mouse anti-CXCR3, mouse 

anti-VCAM-1, or a combination of both monoclonal antibodies, 2 days before and on 

the day of LPS injection.  

Preparation of tumor cells for injection 

MC38 or MC38 Luciferase/tdTomato tumor cells were harvested in the exponential 

growth phase after 5-7 d of culture using non-enzymatic cell-dissociation buffer, and 

centrifuged (1,200 rpm for 5 min). Cells were washed with media without FCS 

(1,200 rpm for 5 min), followed by wash with sterile PBS (1,200 rpm for 5 min). 
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Subcutaneous injection of tumor cells 

Tumor cell suspensions were counted and resuspended at a density of 1x107 cells/ml 

in PBS. C57BL/6N mice were injected subcutaneously with 100 µl of tumor cell 

suspension (≙1x106 cells) into the left flank. Tumor growth was assessed every 

2 - 3 days with a caliper measuring the height, width and depth of the tumors, and 

tumor volume was calculated. Mice were sacrificed when the tumors reached a 

diameter of ∼1.5 cm.  

Portal vein injection of tumor cells 

MC38 Luciferase/tdTomato cancer cell suspensions were counted and resuspended 

at a density of 1x106 cells/ml in PBS. 30 min before surgical procedure, 

C57BL/6N mice were injected subcutaneously with buprenorphine (0.1 mg/kg of 

body weight) in 100 µl sterile PBS for post-surgical pain management. Mice were 

anaesthetized with isoflurane, and ointment was applied to the animal’s eyes. The 

abdominal fur of the mice was removed with a razor, followed by removal of remaining 

hair using hair removal crème. Laparotomy was performed through midline incision 

and the intestine was carefully moved to a sterile gauze. The portal vein was exposed 

and 100 µl of tumor cell suspension (≙1x105 cells) was injected with a 29 G needle. 

The needle was removed while gentle pressure was applied to the vein with a sterile 

cotton tip for 5 min. Internal organs were carefully returned to the abdominal cavity and 

mice were sutured. Buprenorphine was given to the mice every 6-8 h for 48 h for 

post-surgical pain management.  

In vivo bioluminescence imaging  

To monitor the tumor growth after injection of tumor cells via the portal vein, in vivo 

bioluminescence imaging was performed at day 7, 10 and 14 post-injection. Mice were 

injected with D-luciferin (150 mg/kg BW) intraperitoneally and anaesthetized with 

isoflurane. Animals were imaged using an IVIS200 imaging system with an exposure 

time set to 1 min, small binning and F stop of 1. Quantification of the bioluminescence 

was performed with the Living Image software.  
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3.2.17 Statistical analysis 

For statistical analyses and data visualization, Prism, R, RStudio, and packages ggplot 

and pheatmap were used. Data were tested for normal distribution using Shapiro-Wilk 

test, followed by evaluation using an appropriate test indicated in the figure legends. 

Correction for multiple comparison testing was done when necessary. Experimental 

results are shown as mean ± SEM; n represents numbers of animals or as specified in 

figure legends. Experimental groups were considered to be significantly different 

when *, p<0.05, **, p<0.01, ***, p<0.001 or ****, p<0.0001. 
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4 RESULTS 

LSECs are positioned within the liver sinusoids, where they can interact with immune 

cells, blood, and the surrounding tissue. It was recently shown that liver innate 

NKp46+ cells (NK cells and ILC1s) locate within the sinusoids in close contact to the 

blood vessel lining endothelial cells (Ducimetiere et al., 2021). Until now, it remains 

unclear how vascular cells affect the function of innate lymphocytes during 

inflammation and malignancies in the liver. Furthermore, it remains elusive how 

different groups of innate lymphocytes respond to LSEC-mediated signals.  

4.1 Interaction of LSECs and NK cells in hepatic inflammation 

To investigate the interaction of innate lymphocytes and LSECs in hepatic 

inflammation, we injected mice with LPS to induce a systemic inflammation and acute 

inflammatory response in the liver. LSECs were shown to rapidly eliminate LPS from 

the blood, and can be activated via TLR4, which leads to the secretion of 

pro-inflammatory cytokines and increased expression of adhesion molecules 

(Amersfoort et al., 2022; Cabral et al., 2021; Uhrig et al., 2005; Yao et al., 2016). It was 

also shown that IFN-γ-secreting NK cells drive LPS-induced mortality in mice, and that 

NK cells were the major producers of IFN-γ in several organs (Chan et al., 2014; Rasid 

et al., 2016). To study the inflammatory response in the liver, we injected mice with 

5 µg/kg body weight of LPS and analyzed the liver, spleen and blood 16 h after injection 

(Figure 4.1A).  

4.1.1 NK cells, but not ILC1s, are accumulating in the inflamed liver tissue 

We observed a significantly reduced body weight (BW), liver weight and a reduced 

liver-to-BW ratio in mice injected with LPS in comparison to control mice (Figure 4.1B). 

Furthermore, the numbers of Neutrophils, Monocytes and Kupffer cells (gated as 

shown in Figure 4.1C) were increased, whereas the numbers of CD4+ and CD8+ T cells 

(gated as shown in Figure 4.1D) were reduced in livers of LPS injected mice (Figure 

4.1E). 
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Figure 4.1 Immune cell distribution in the liver after LPS injection. (A) Schematic illustration of experimental 

procedure. (B) Body weight (BW) change relative to initial body weight (left), liver weight (middle) and liver-to-BW 

ratio (right) after treatment with LPS. n= 7-8 mice from two independent experiments. (C-D) Immune cells were 

gated as live CD45-expressing single cells. Myeloid cell subsets were gated as Ly6G+ Neutrophils, 

Ly6GnegCD11b+F4/80dim Monocytes (Mono) and Ly6GnegF4/80+CD11b+ Kupffer cells (KCs) (C).  For lymphocytes, 

myeloid and B cells were excluded (LinMyel:Ly6G, SiglecF, F4/80, CD19), and cells further defined as 

NK1.1negNKp46negTCRβ+CD3ε+ T cells (CD4+ or CD8+) (D). (E) Cell numbers of indicated immune cell subsets 16 h 

post-injection of PBS or LPS. n= 3-6 mice from one (T cells) or two (Myeloid cells) experiments. (B+E) Data are 

shown as mean ± SEM, analyzed by unpaired Student’s t-Test. *, p<0.05; **, p<0.01. Symbols represent 

individual mice. 
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Furthermore, we observed an increased frequency of NK1.1+NKp46+ innate immune 

cells (gated as shown in Figure 4.2A), comprising NK cells and ILC1s, among 

CD45+Linneg cells, and increased numbers in the inflamed livers (Figure 4.2B+C). 

While Eomesneg ILC1s did not increase in proportion among all NK1.1+NKp46+ cells or 

in numbers, we found that both frequencies and numbers of Eomes+ NK cells 

significantly increased in the livers of LPS-injected mice (Figure 4.2D+E).  

 

 

Figure 4.2 NK cells numbers are increased in the liver after LPS injection. (A) Immune cells were gated as live 

CD45-expressing single cells. Myeloid and B cell lineage markers were excluded (LinMyel: Ly6G, SiglecF, F4/80, 

CD19), and cells further defined as NK1.1+NKp46+ ILCs, NK1.1+NKp46+Eomes+ NK cells, 

NK1.1+NKp46+Eomesneg ILC1s. (B) Representative flow cytometry plots of NK1.1+NKp46+ cells in the liver of 

PBS- and LPS-injected mice. (C) Proportion and cell numbers of NK1.1+NKp46+ cells in the liver of PBS- or 

LPS-injected mice. (D+E) Proportion among CD45+Lin- cells (D) and cell numbers (E) of NK cells and ILC1s in the 

liver 16 h post-injection of PBS or LPS. (F) Frequency of Ki67-expressing NK cells in the livers of PBS- or 

LPS-injected mice. (C-F) Data are shown as mean ± SEM, analyzed by unpaired Student’s t-Test. *, p<0.05; 

**, p<0.01; ***, p<0.001. Symbols represent individual mice.  n=6 mice from 2 independent experiments.  
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We hypothesized that the increase in NK cell numbers in the liver tissue after LPS 

injection would occur either due to proliferation or due to active recruitment. 

However, the frequency of Ki67-expressing NK cells did not increase after LPS 

injections (Figure 4.2F), indicating that NK cells did not change their proliferative 

behavior, but were infiltrating the tissue after recruitment.  

 

4.1.2 NK cells and LSECs are activated during endotoxemia 

In order to evaluate the activation of NK cells, we assessed the expression of several 

molecules, previously shown to indicate NK cell activation (Borrego et al., 1999; Burt 

et al., 2008; Nabekura et al., 2020). After the injection of LPS, hepatic NK cells 

expressed CD25 and CD69 (Figure 4.3A-C). We observed that NK cells also 

upregulated the expression of CD11c, and a subpopulation of NK cells upregulated the 

expression of Ly6C (Figure 4.3A-C).  

 

 

Figure 4.3 NK cells show an activated phenotype after LPS injection. (A-C) Representative flow-cytometry 

histograms (A), graphs showing frequencies of expressing cells (B), and expression (C) of CD25, CD69, CD11c 

and Ly6C by NK cells in the livers of PBS- or LPS-injected mice 16 h post-injection. Data represent one experiment 

with 3 mice/group. Iso, Isotype; geoMFI, geometric mean fluorescent intensity. (B-C) Data are shown as 

mean ± SEM, analyzed by unpaired Student’s t-Test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 

Symbols represent individual mice. 
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LSECs (gated as shown in Figure 4.4A) isolated from LPS-injected mice upregulated 

the expression of the adhesion molecules ICAM-1 and VCAM-1 (Figure 4.4C-E). 

We also analyzed the expression of membrane proteins that were shown to interact 

with receptors expressed by NK cells, and observed that LSECs express major 

histocompatibility complex (MHC) class I and II, programmed death-ligand 1 (PD-L1), 

CD155 and HVEM in PBS-injected mice (Figure 4 C+D). The expression of PD-L1 was 

increased on LSECs after LPS injection, whereas the expression of the other 

molecules remained unchanged (Figure 4.4C+D).  

 

 

(Figure legend on the next page)  
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Figure 4.4 LSECs upregulate endothelial activation markers after injection of LPS. (A) LSECs were gated as 

live CD45negLy6GnegCD146+CD31+Stab2+ cells. (B) Cell numbers of LSECs in PBS- or LPS-treated mice 16 h 

post-injection. (C-D) Representative histograms (C) and graph (D) showing the expression of selected molecules 

on LSECs  in PBS- and LPS-injected mice. (D) Data are shown as mean ± SEM, analyzed by unpaired Student’s 

t-Test. *, p<0.05; **, p<0.01. Symbols represent individual mice, n=3 mice/group from one performed experiment. 

Iso, Isotype, rel. geoMFI, relative geometric mean fluorescence intensity. 

4.1.3 LSECs secrete leukocyte-attracting chemokines  

As we observed the increased numbers of immune cells in the liver tissue after LPS 

injection, we hypothesized that increased concentration of chemoattractants might play 

a role. We analyzed the blood of PBS- and LPS-injected mice and could show that the 

chemokines CCL2, CCL3, CCL5 and CCL7, which were shown to attract Monocytes 

(Tsou et al., 2007; Weber et al., 2001), and CXCL10, which was shown to attract T cells 

and NK cells (Dufour et al., 2002; Wendel et al., 2008), were significantly elevated in 

the serum of LPS-injected animals (Figure 4.5A). Cxcl10 transcripts were also 

significantly increased in homogenates of whole liver tissue (Figure 4.5B).  

 

 

Figure 4.5 Chemokines are increased in the serum and liver of LPS injected mice. (A) Concentration of 

depicted chemokines in the serum of PBS- and LPS-injected mice 16 h post-injection, assessed by bead-based 

flow cytometry analysis. n= 4 mice/group from a single experiment. (B) Relative mRNA expression of Cxcl10 in 

homogenates of liver tissue from PBS or LPS injected mice. n=3 mice/group from a single experiment. (A+B) Data 

are shown as mean ± SEM, analyzed by unpaired Student’s t-Test. *, p<0.05; **, p<0.01; ***, p<0.001; 

****, p<0.0001. Symbols represent individual mice.  



RESULTS 

51 

 

To evaluate chemokine-secreting cells in the inflamed liver, we sorted LSECs, 

Monocyte/Kupffer cells, T cells and NK+ILC1 (gated as shown in Figure 4.6A), and 

analyzed their chemokine profile by qPCR. We observed that NK cells and ILC1s, and 

T cells expressed mRNA transcripts for Cx3cl1, Ccl1 and Ccl5, whereas Monocytes 

and Kupffer cells expressed transcripts for Ccl2 and Ccl7 (Figure 4.6B). In comparison 

to the sorted immune cells, LSECs showed the highest relative transcript amounts 

of Ccl2, Cxcl9, Cxcl10 and Cxcl11 (Figure 4.6B+C).  

 

 

(Figure legend on the next page)  
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Figure 4.6 LSECs are the major cellular source of transcripts encoding for CXCR3-ligands. (A) Mice were 

challenged with LPS, and 16 h later, single-cell suspensions were prepared from pooled liver tissue of four mice, 

and indicated cell populations were purified by flow-cytometric sort. All subsets were pre-gated as single and live 

cells. LSECs were sorted as CD45negLy6GnegCD146+CD31+Stab2+. Among CD45-expressing cells, Monocytes and 

Kupffer cells (MoKCs) were sorted as Ly6GnegF4/80+CD11b+. Among Ly6GnegF4/80negCD11bneg/dim lymphocytes, 

NK cells and ILC1s (NK/ILC1) were purified as CD3εnegNKp46+NK1.1+, and T cells as CD3ε+TCRβ+CD19neg. 

(B) Heatmap displaying relative (to b2m) mRNA expression of depicted chemokines in the sorted cell populations, 

analyzed by qPCR. Data are scaled per row. (C) Relative mRNA expression of Ccl2, Cxcl9, Cxcl10 and Cxcl11 by 

NK/ILC1, T cells, Mo/KCs and LSECs. 

To dissect LPS-induced changes in the transcriptome of LSECs, we compared the 

expression of gene transcripts of selected chemokines in LSECs sorted from PBS- and 

LPS-injected mice. We observed that the transcripts Ccl2, Ccl3, Ccl4, Ccl5 and Ccl7 

were increased after LPS injection (Figure 4.7 top). Furthermore, LSECs upregulated 

the mRNA transcripts Cxcl9, Cxcl10 and Cxcl11 (Figure 6B bottom), which encode for 

the ligands to the chemokine receptor CXCR3. The transcripts for Cxcl16 were 

decreased and there was no change in the mRNA expression of Cx3cl1 in LSECs 

sorted from LPS injected mice (Figure 4.7 bottom).  

 

 

Figure 4.7 LSECs upregulate chemokine transcript expression after LPS injection. Relative mRNA expression 

of selected chemokines in LSECs sorted from PBS or LPS injected mice.  
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LPS binds to TLR4, which is constitutively expressed by LSECs, and its triggering was 

demonstrated to initiate the secretion of pro-inflammatory cytokines and the 

upregulation of adhesion molecules (Cabral et al., 2021; Uhrig et al., 2005). Previous 

reports show that the transcription of Cxcl10 is mediated by the activation of the 

IFN-γ receptor (Luster and Ravetch, 1987). To find out which stimuli in the 

microenvironment of the inflamed liver tissue are able to induce the transcription of 

chemokines by LSECs, we stimulated cultured LSECs with LPS or IFN-γ for 24 h, and 

analyzed their chemokine transcript profile by qPCR.  

 

 

Figure 4.8 The chemokine transcriptome of LSECs is differentially regulated by LPS and IFN-γ. LSECs 

purified from murine livers were treated with LPS or IFN-γ for 24 h. (A) Heatmap displaying scaled relative (to Actin) 

mRNA expression of depicted chemokines, analyzed by qPCR. Data are scaled per row. (B) Relative mRNA 

expression of selected chemokines. (C) Concentration of CXCL10 protein in the supernatant of cultured LSECs 

measured by ELISA. Data are shown as mean ± SEM, analyzed by ordinary one-way ANOVA. ****, p<0.0001. 

Symbols represent biological replicates, n=7 from four independent experiments. LSECs, not-stimulates; 

cntr, control. 
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We observed that the stimulation of LSECs with LPS was leading to an increase of 

transcripts for several chemokines important for the recruitment of monocytes, such as 

Ccl2, Ccl3 and Ccl4 (Figure 8A+B, top) (Tsou et al., 2007; Weber et al., 2001). After 

the stimulation of LSECs with IFN-γ we observed increased transcripts of Cxcl9, 

Cxcl10 and Cxcl11 (Figure 4.8A+B, bottom). We then measured the concentration of 

CXCL10 protein in the supernatant of LSECs stimulated with LPS or IFN-γ for 24 h. 

We observed that LSECs stimulated with LPS did not produce CXCL10, whereas the 

stimulation of LSECs with IFN-γ induced the secretion of CXLC10 (Figure 4.8C). These 

findings suggest that LPS and IFN-γ have distinct roles in shaping the LSEC 

chemokine production.  

 

4.1.4 NK cells are the major source of IFN-γ in the liver 

We showed that LSECs produce CXCL10 in response to IFN-γ, which plays an 

important role in the immune responses and was shown to drive LPS-induced mortality 

of mice (Chan et al., 2014; Emoto et al., 2002; Heremans et al., 1994). Certain types 

of immune cells, including TCRβ+ T cells, NKT cells, NK cells and ILC1s, can produce 

IFN-γ upon activation. To determine the cellular sources of IFN-γ in the liver of 

LPS-injected mice, we sorted LSECs, Monocyte and Kupffer cell compartment, T cells 

and NK1.1+NKp46+ innate immune cells (sorted as shown in Figure 4.6A), and 

analyzed their cytokine profile by qPCR (Figure 4.9A). Among the analyzed cell 

populations, Ifng transcripts were most abundant in the compartment of 

NK1.1+NKp46+ cells, followed by T cells (Figure 4.9A+B). We observed that in the 

inflamed liver tissue, Monocyte and Kupffer cell compartment showed expression of 

Il12a and Il18, whereas LSECs expressed transcripts for Il15 (Figure 4.9A+B). 

These cytokines were shown to induce IFN-γ production by NK cells (Fehniger et al., 

1999; Lusty et al., 2017).  
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Figure 4.9 Cytokine profile of innate lymphocytes, T cells, Monocytes/Kupffer cells and LSECs in inflamed 

liver tissue. Mice were challenged with LPS, and 16 h later LSECs, NK1.1+NKp46+ cells (NK/ILC), T cells and 

CD11b+F4/80+ cells (Mo/KCs) were sorted from 4 pooled liver tissue samples (gated as in Figure 6A). (A) Heatmap 

displaying scaled relative (to b2m) mRNA expression of depicted cytokines, analyzed by qPCR. Data are scaled 

per row. (B) Graphs showing relative mRNA expression of Ifng, Il12a, Il15 and Il18 among the sorted 

cell populations. 

 

Next, we injected mice with LPS and stained IFN-γ intracellularly 6 h and 16 h after 

injection to analyze IFN-γ production in liver, spleen and blood. We observed that 

NK cells significantly upregulated IFN-γ production in the liver, spleen and blood 

already 6 h after LPS injection (Figure 4.10A-C). IFN-γ expression by NK cells was 

sustained in the analyzed organs over a time of 6 – 16 h post-treatment with LPS. 

In comparison to ILC1s, TCRβ+ T cells and other CD45+Linneg cells, NK cells were the 

major source of IFN-γ in liver, spleen and blood 16 h after LPS injection (Figure 4.10D).  
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Figure 4.10 NK cells are the major cellular source of IFN-γ after LPS injection. (A-C) Graphs showing 

frequencies (left) and representative flow-cytometry histograms (right) of IFN-γ+ NK cells in the liver (A), spleen (B) 

or blood (C) 6 h or 16 h post-injection of PBS or LPS. Iso, Isotype. (D) Frequencies of depicted immune cell subsets 

among: CD45+Lin(CD19, Ly6G, Ter119, F4/80)negIFN-γ+ cells 16 h after LPS injection in the liver (left), spleen 

(middle) or blood (right). (A-D) Data are shown as mean ± SEM, analyzed by ordinary one-way ANOVA (B-C). *, 

p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. n=2-3 mice/group from one experiment. Symbols represent 

individual mice. 

 

4.1.5 NK cells express the chemokine receptor CXCR3 

We observed that the concentration of the chemokine CXCL10 was elevated in the 

serum and transcripts of Cxcl10 were increased in the liver tissue of LPS injected mice. 

Moreover, LSECs expressed the highest transcript amounts of Cxcl10 among the 

analyzed cellular compartments of the inflamed liver, and were secreting CXCL10 

protein in response to IFN-γ. Next, we analyzed the expression of CXCR3, 

the respective chemokine receptor for CXCL10, on NK cells and ILC1s and observed 

that a subset of NK cells expressed CXCR3 in the liver, spleen and blood of 

control mice (Figure 4.11A-C).  
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After LPS injection, the frequency of CXCR3+ NK cells in liver, spleen and blood was 

significantly reduced. Hepatic ILC1s expressed the chemokine receptors CXCR3 and 

CXCR6 in PBS injected control mice (Figure 4.11D). The proportion of CXCR3+ ILC1s 

was significantly reduced after LPS injection, whereas the expression of CXCR6 on 

ILC1s remained unchanged (Figure 4.11D).  

 

 

Figure 4.11 NK cells and ILC1s express CXCR3 and downregulate its expression after LPS injection. 

(A-C) Representative flow-cytometric plots and graphs showing the frequency of CXCR3+ NK cells (gated as 

in Figure 4.2A) in the liver (A), spleen (B) and blood (C) of PBS- and LPS-injected mice 16 h post-injection. 

(D-E) Representative flow-cytometric plots and graphs showing the frequency of (D) CXCR3- and 

(E) CXCR6-expressing ILC1s (gated as in Figure 4.2A) in the liver. geoMFI, geometric mean fluorescent intensity. 

(A-E) Data are shown as mean ± SEM, analyzed by unpaired Student’s t-Test. *, p<0.05; **, p<0.01; ***, p<0.001; 

****, p<0.0001. Data represent one experiment with 3 mice/group. Iso, Isotype. Symbols represent individual mice. 
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4.1.6 LSECs attract NK cells by engaging CXCR3  

To investigate whether LSEC-secreted chemokines could attract NK cells and ILC1s, 

we cultured LSECs, and performed a migration assay with sorted innate lymphocytes 

(Figure 4.12A). Sorted NK1.1+NKp46+ cells (sorted as shown in Figure 4.12B), 

comprising NK cells and ILC1s, were added into a Transwell insert placed on top of an 

LSEC layer, and were allowed to migrate through a 5 µm pore size membrane for 4 h. 

Afterwards, we counted the migrated NK cells or ILC1s using counting beads and 

flow cytometry. 

 

We observed that, in comparison to medium control, unstimulated LSECs induced the 

migration of NK cells (Figure 4.12C). The migration of NK cells towards the LSEC layer 

was further increased if LSECs were pre-stimulated with IFN-γ for 24 h before the 

assay. Upon blockage of CXCR3 on NK cells, NK cell migration towards 

IFN-γ-stimulated LSECS was abrogated, which indicates that LSECs are attracting 

NK cells mainly via CXCR3. Likewise, LSECs were also able to attract ILC1s (Figure 

4.12D). When comparing the frequency of NK cells and ILC1s among all 

migrated NK1.1+NKp46+ cells, we observed that the migratory behavior of ILC1s 

towards the LSEC layer was increased in all conditions in comparison to NK cells 

(Figure 4.12E). The blockage of CXCR3 on ILC1 reduced but did not completely 

abrogate ILC1 migration, which suggests that ILC1s are not solely attracted in 

a CXCR3-dependent manner by LSECs. 
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Figure 4.12 NK cells are attracted by LSECs in a CXCR3-dependent manner. (A) Schematic illustration 

depicting the migration assay towards an LSEC layer. (B) Single-cell suspensions of liver non‐parenchymal cells 

were prepared from pooled livers of C57BL/6 mice. Hepatic NK cells and ILC1 (NK+ILC1) were sorted as live 

CD45+CD3εnegNK1.1+NKp46+ cells. (C-E) Sorted liver NK cells and ILC1s, treated with αCXCR3 antibody when 

indicated, were placed in an insert with 5 µm pore-size membrane, and incubated with LSECs for 4 h. Relative 

numbers of (C) NK cells (CD3εnegNK1.1+NKp46+CD49anegCD200Rneg) and (D) ILC1 (CD3εnegNK1.1+NKp46+ 

CD49a+CD200R+) that migrated towards endothelial layer were determined by flow cytometry using 

counting-beads, and normalized to medium control. Each symbol represents an individual experiment (n=2) in which 

cells were derived from pooled tissue samples. (E) Frequencies of NK cells and ILC1 among 

migrated NK1.1+NKp46+ cells.  
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4.1.7 The effect of CXCR3 and VCAM-1 on NK cell recruitment to the liver of 

LPS-treated animals 

Leukocyte trafficking to the site of infection involves not only chemokine-supported 

migration via the blood stream, but as well adhesion to endothelium and subsequent 

extravasation from the blood vessels into the tissue. We observed the upregulation of 

the adhesion molecule VCAM-1 on LSECs after LPS injection (Figure 4.4C). It was 

reported that splenic NK cells express VLA-4, the ligand of VCAM-1, and that hepatic 

NK cells, but not ILC1s, express transcripts of Itga4, encoding for VLA-4 (Friedrich et 

al., 2021; Gan et al., 2012). Therefore, we investigated whether the accumulation of 

NK cells in the liver tissue after LPS injection depends on adhesion or migration. 

Therefore, we either blocked CXCR3-dependent migration, VCAM-1-dependent 

adhesion to the vasculature, or both with monoclonal antibodies (mAbs) (Figure 

4.13A). As before, we observed an increase of NK cells in the livers 16 h post-injection 

of LPS in comparison to PBS-injected mice (Figure 4.13B). Neither the blocking of 

CXCR3, nor the blocking of VCAM-1 changed NK cell numbers in the inflamed liver 

tissue after LPS injection. Comparing the frequencies of different lymphocyte 

populations, we observed that the injection of αCXCR3 mAbs depleted ILC1s and NKT 

cells in the liver (Figure 4.13C). Moreover, we observed reduced numbers of hepatic 

T cells and B cells after LPS injection. The injection of αVCAM-1 mAbs did not change 

the distribution of the analyzed lymphocyte populations in the liver of LPS-injected 

mice. 
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Figure 4.13 The role of CXCR3 and VCAM-1 in lymphocyte accumulation in the inflamed liver tissue. 

(A) Schematic illustration depicting the experimental setup. C57BL/6 mice were injected with LPS and monoclonal 

antibodies (mAbs) against CXCR3 or/and VCAM-1. (B) Proportion and cell numbers of NK cells (gated as in Figure 

2A) in the liver of LPS- or PBS-injected mice ± mAbs. Data are shown as mean ± SEM, analyzed by regular 

two-way ANOVA. ****, p<0.0001. Symbols represent individual mice. (C) Proportion of selected lymphocyte 

populations among CD45+ cells in LPS-injected mice ± mAbs presented as pie charts. Frequencies are shown as 

mean ± SEM. (B+C) Data represent one experiment with 4 mice/group. 
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4.1.8 Endothelium-derived CXCL10 supports NK cell recruitment to 

the inflamed liver 

We showed that LSECs are able to secrete CXCL10 upon stimulation with IFN-γ and 

that NK cells are attracted by LSECs in a CXCR3-dependent manner in vitro. 

We hypothesized that LSEC-secreted CXCL10 can recruit NK cells to the inflamed 

liver tissue. To investigate our hypothesis, we used mice with an 

endothelial cell (EC)-restricted deletion of Cxcl10 (Cdh5CreCxcl10fl/fl) and littermate 

controls (Cxcl10fl/fl) in the LPS-induced inflammation model.  

 

To confirm the successful deletion of Cxcl10 from ECs, we isolated LSECs from 

healthy Cxcl10fl/fl and Cdh5CreCxcl10fl/fl mice, cultured them in vitro and stimulated the 

cells with IFN-γ to induce CXCL10 secretion. We measured the amount of 

CXCL10 protein in the supernatant by ELISA 24 h after the stimulation. Indeed, LSECs 

isolated from Cdh5CreCxcl10fl/fl mice were unable to produce CXCL10 after IFN-γ 

stimulation in comparison to LSECs isolated from Cxcl10fl/fl mice (Figure 4.14).  

 

 

Figure 4.14 LSECs from Cdh5CreCxcl10fl/fl mice do not upregulate CXCL10 in 

response to IFN-γ. LSECs were purified from livers of Cxcl10fl/fl mice and 

Cdh5CreCxcl10fl/fl mice and stimulated with IFN-γ for 24 h in vitro. Concentration of 

CXCL10 protein in the cell culture supernatants was quantified by ELISA. Symbols 

represent LSECs derived from individual animals, n=3-4. unstim., unstimulated. 

Data are shown as mean ± SEM, analyzed by ordinary one-way ANOVA. **, p<0.01; 

****, p<0.0001; ns, not significant. 

 
Next, we examined the mice under steady state conditions to exclude an effect of the 

deletion of Cxcl10 from ECs under homeostatic conditions. Cxcl10fl/fl and 

Cdh5CreCxcl10fl/fl mice showed no differences in BW, liver weight and liver-to-BW ratio 

(Figure 4.15A). We analyzed LSECs and the hepatic immune cell composition of the 

mice. The cells were gated as previously described (Figure 4.1C+D and Figure 4.2A). 

Cxcl10 deletion did not affect the number of LSECs in the livers (Figure 4.15B).  We 

also did not observe a change in the numbers of Kupffer cells, Monocytes, CD4+ or 

CD8+ T cells, nor ILC1s in the liver (Figure 4.15C). Cdh5CreCxcl10fl/fl mice did not show 

altered percentage or numbers of NK cells in the liver, spleen or blood (Figure 4.15D). 

This suggests that the deletion of Cxcl10 from ECs has no impact on the immune cell 
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composition of the liver, and does not affect the abundance of NK cells in the liver, 

spleen and blood under homeostatic conditions. 

 

 

 
Figure 4.15 LSECs and hepatic immune cell numbers in Cxcl10fl/fl mice and Cdh5CreCxcl10fl/fl mice. 

Livers, spleens and blood were collected from Cxcl10fl/fl mice and Cdh5CreCxcl10fl/fl mice. Single cell suspensions 

were prepared and analyzed by flow cytometry. (A) Body weight (BW) (left), liver weight (middle) and liver-to-BW 

ratio (right) of Cxcl10fl/fl mice and Cdh5CreCxcl10fl/fl mice. n=8-9 mice/group from three individual experiments. 

(B)Quantification of LSECs (gated as shown in Figure 4A), n=6 mice/group from two individual experiments. 

(C) Cell numbers of indicated immune cell populations (gated as shown in Figure 4.1C+D and Figure 4.2A) in the 

livers of Cxcl10fl/fl mice and Cdh5CreCxcl10fl/fl mice. n=5-6 mice/group from two independent experiments (Kupffer 

cells, Neutrophils, Monocytes) and n=8-9 mice/group from 3 independent experiments (T cells and ILC1s). 

(D) Proportion and numbers of NK cells (gated as shown in Figure 2A) in the liver, spleen and blood of 

Cxcl10fl/fl mice and Cdh5CreCxcl10fl/fl mice. n=6 mice/group from two independent experiments (spleen and blood), 

and n=8-9 mice/group from 3 independent experiments (liver). (A-D) Data are shown as mean ± SEM, analyzed by 

unpaired Student’s t-Test. Symbols represent individual mice.  
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To investigate the role of EC-derived CXCL10 on NK cell trafficking and function under 

inflammatory conditions, we injected Cxcl10fl/fl and Cdh5CreCxcl10fl/fl mice with LPS and 

analyzed the livers, spleens and blood of the mice 16 h post injection (Figure 4.16A). 

We observed a comparable loss of BW and liver weight, and significantly reduced 

liver-to-BW ratio for both groups after LPS-injection (Figure 4.16B). Both, Cxcl10fl/fl and 

Cdh5CreCxcl10fl/fl mice, showed a comparable increase in numbers of Neutrophils and 

Monocytes in the inflamed liver tissue (Figure 4.16C). There was no significant 

reduction, but a trend towards reduced cell numbers of CD4+ and CD8+ T cells upon 

LPS injection. After the injection of LPS, LSECs similarly upregulated the expression 

of ICAM-1 and VCAM-1 (Figure 4.16D), suggesting that endothelial specific deletion of 

Cxcl10 does not affect endothelial activation. 

 

 

(Figure legend on the next page)  
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Figure 4.16 Effect of LPS on immune cell composition in the livers of Cxcl10fl/fl mice and 

Cdh5CreCxcl10fl/fl mice. (A) Schematic illustration of the experimental procedure. (B) Body weight (BW) change 

relative to initial body weight (left), liver weight (middle) and liver-to-BW ratio (right) after treatment with LPS. 

n= 8-9 mice/group from three independent experiments. (C) Cell numbers of indicated immune cell subsets (gated 

as shown in Figure 4.1C+D) 16 h post-injection of PBS or LPS. n=5-6 mice/group from two independent experiments 

(Neutrophils, Monocytes) and n=8-9 mice/group from 3 independent experiments (T cells). (D) Expression of 

ICAM-1 and VCAM-1 on LSECs isolated from PBS- and LPS-injected Cxcl10fl/fl mice and Cdh5CreCxcl10fl/fl mice 

16 h post-treatment; n=3 mice/group from one experiment. (B-D) Data are shown as mean ± SEM, analyzed by 

ordinary one-way ANOVA. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Symbols represent individual mice. 

geoMFI, geometric mean fluorescent intensity; Iso, Isotype. 

 
Lastly, we analyzed the cell numbers of innate NK1.1+NKp46+ cell compartment in the 

livers of Cxcl10fl/fl and Cdh5CreCxcl10fl/fl mice. We could observe a significant increase 

in numbers of hepatic NK1.1+NKp46+ cells in Cxcl10fl/fl mice after LPS injection, but in 

Cdh5CreCxcl10fl/fl the accumulation of NK1.1+NKp46+ cells was abolished (Figure 

4.17A). The numbers of ILC1s in the livers was not altered after LPS injection, neither 

in Cxcl10fl/fl nor in Cdh5CreCxcl10fl/fl mice. While hepatic NK cell numbers in 

Cxcl10fl/fl mice were significantly increased after LPS injection, the deletion of Cxcl10 

in Cdh5CreCxcl10fl/fl mice resulted in a diminished accumulation of NK cells in the liver 

tissue. We observed the upregulation of the activation markers CD25 and CD69 on 

hepatic NK cells from both, Cxcl10fl/fl and Cdh5CreCxcl10fl/fl mice after the injection of 

LPS (Figure 4.17B). Moreover, the ability of NK cells to produce IFN-γ was not 

impaired. These data suggest that LSEC-derived CXCL10 supports NK cell 

recruitment to the liver tissue after LPS injection, but does not affect NK cell 

activation or function.  
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Figure 4.17 Deletion of Cxcl10 in ECs impairs NK cell recruitment to the liver after LPS injection. 

(A) Cell numbers of NK1.1+NKp46+ cells, ILC1s and NK cells (gated as shown in Figure 4.2A) in livers of 

Cxcl10fl/fl mice or Cdh5CreCxcl10fl/fl mice treated with LPS or PBS. (B) Frequency of CD25-, CD69- and 

IFN-γ-expressing NK cells in the livers 16 h post-injection. (A+B) Data are shown as mean ± SEM with each symbol 

representing an individual mouse. Data are analyzed by unpaired ordinary one-way ANOVA. ns, not significant; 

*, p<0.05; **, p<0.01; ****, p<0.0001. n=6 mice/group from two independent experiments, or n=3-4 mice/group from 

one performed experiment (IFN-γ+ NK cells).  
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4.2 Interaction of LSECs and innate lymphocytes in hepatic metastasis 

LSECs form the inner lining of the liver sinusoids, and therefore have a unique position, 

which allows them to interact with circulating cancer cells, as well as with 

tissue-infiltrating and -resident immune cells. The liver provides a unique 

microenvironment for metastatic cancer cells, which is regulated in part by LSECs. 

Understanding how LSECs facilitate or inhibit metastatic cancer cell adhesion, arrest, 

and invasion, and their role in modulating the immune cell response to metastatic cells 

might be a strategy to prevent or treat liver metastasis more effectively. 

 

4.2.1 Effect of tumor cells on LSEC phenotype 

LSECs have been demonstrated to influence the functions of T cells by expressing a 

variety of cell surface membrane proteins that participate in immune responses (Knolle 

and Wohlleber, 2016). To analyze their potential to influence the activation and 

inhibition of innate lymphocytes, we first examined the expression of receptors and 

ligands shown to regulate NK cell and ILC1 function and how the expression of these 

molecules can be influenced by cancer cells. We isolated and cultured primary LSECs, 

co-cultured them together with the colorectal cancer cell line MC38 or the melanoma 

cell line B16, or stimulated the LSECs with tumor cell-derived supernatants for 24 h.  

 

 

Figure 4.18 LSEC phenotype after co-culture with tumor cells or treatment with tumor cell-derived 

supernatant. LSECs were isolated from livers of C57BL/6 mice and treated with MC38, B16 or respective 

supernatants (s/n). LSECs were detached and expression of selected surface molecules was analyzed. Histograms 

show expression of VCAM-1, ICAM-1, MHC I and MHC II (top), and PD-L1, CD155, HVEM and DR5 (bottom) on 

LSECs (gated as shown in Figure 4A). 
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As described above, we observed the ex vivo expression of ICAM-1, VCAM-1, MHC I 

and MHC II, as well as PD-L1, CD155 and HVEM on LSECs from PBS-injected control 

C57BL/6 mice (Figure 4.4). After culture, LSECs expressed both adhesion molecules, 

VCAM-1 and ICAM-1, as well as MHC I, CD155, HVEM and DR5 (Figure 4.18). It was 

shown that LSECs constitutively express MHC II and regulate CD4+ T cell polarization 

(Knolle et al., 1999; Lohse et al., 1996; Wiegard et al., 2005), which was in line with 

our data. However, after culture, LSECs did not express MHC II, and the expression 

remained absent after co-culture with tumor cells or stimulation with tumor cell-derived 

supernatants. We did not detect PD-L1 expression on LSECs after culture, but 

observed PD-L1 expression on LSECs after the co-culture with MC38 tumor cells. 

The expression of VCAM-1 was upregulated after co-culture with both tumor cell lines, 

MC38 and B16. The expression of other molecules was not affected by the co-culture 

of LSECs with B16 tumor cells or the stimulation with their supernatant. The treatment 

with MC38-derived supernatant increased the expression of MHC I and VCAM-1 on 

LSECs. The expression of PD-L1 on LSECs could be induced by MC38-derived 

supernatant, although less than the co-culture with MC38 tumor cells. 

 

Our data suggests that the upregulation of MHC I, VCAM-1 and PD-L1 is 

contact-independent, although for PD-L1 only partially. In summary, we observed that 

LSECs express molecules that are important for the activation and function of innate 

lymphocyte cells.  

 

4.2.2 LSECs change their cytokine and chemokine profile in response to tumor 

cell secreted factors 

To uncover molecules that could be secreted by LSECs in culture and influenced by 

tumor cells, we analyzed their cytokine and chemokine transcriptome. LSECs were 

cultured in the presence of supernatants derived from MC38, B16, 

LL2 (lung carcinoma) or RMA-S (T-leukemia) tumor cell lines for 24 h and selected 

transcript sets were analyzed by qPCR (Figure 4.19A-E). We observed that the 

stimulation with tumor cell-derived supernatants reduced the expression of transcripts 

for Il16, Ccl20, Bmp6, Ltb and Hc (Figure 4.19A-E). Contrary, LSECs upregulated the 

mRNA expression of interferons and interleukins, including Il15, Il22, Il27, Il2 and 

IL12a/b, in response to tumor cell-derived supernatants (Figure 4.19A). In response to 

RMA-S-derived supernatants, LSECs also upregulated the expression of Il4 and Il23a. 
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Figure 4.19 LSEC transcriptome of selected cytokines and chemokines after stimulation with tumor cell 

supernatants. LSECs were cultured and stimulated with supernatants (s/n) derived from MC38, B16, LL2 or RMA-

S tumor cells for 24 h. RNA was isolated and gene sets of cytokines and chemokines were analyzed by qPCR. 

(A-E) Heatmaps displaying scaled relative (to Actin) mRNA expression of interferons and interleukins (A), 

chemokines (B), growth factors (C), TNF superfamily members (D) and other cytokines (E) analyzed by qPCR. 

Data are scaled per row. 
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Transcripts for the chemokines CCL1, CCL3 and CCL4, were increased by the 

stimulation of LSECs with all tested supernatants, whereas the upregulation of 

transcripts for Cxcl9, Cxcl10 and Cxcl11, was restricted to the stimulation of LSECs 

with MC38- and B16-derived supernatants (Figure 4.19B). We observed that 

stimulated LSECs also showed increased transcripts for the growth factors Vegfa, 

Csf3, Bmp4 and Bmp7, independent of tumor cell entity (Figure 4.19C). Transcripts 

encoding for TNF superfamily members, Cd40l, Tnfrsf11b and Fasl, were increased 

by the treatment of LSECs with tumor cell-derived supernatant (Figure 4.19D), as well 

as transcripts for other cytokines like Spp1 and Ctf1 (Figure 4.19E).  

 

4.2.3 LSECs reduce NK cell-mediated killing of target cells in a contact-

dependent manner 

As we observed that LSECs express activating and inhibitory ligands for NK cell and 

ILC1 receptors, and change their phenotype and transcriptome of soluble factors after 

encounter of tumor cells, we wanted to elucidate their impact on innate 

lymphocyte-mediated killing against target cells. We co-cultured sorted hepatic 

NK cells or ILC1s together with LSECs, tumor supernatant pre-exposed LSECs 

(tLSECs), or stimulated them with LSEC-derived supernatant for 24 h. 

Subsequently, we performed a cytotoxicity assay against MC38 colorectal cancer cells 

(Figure 4.20A, sorting strategy in Figure 4.20B). NK cells that were co-cultured with 

LSECs showed a delayed and reduced cytotoxicity against MC38 target cells (Figure 

4.20C+D). When stimulated with LSEC-derived supernatant, this inhibitory effect was 

not observed. Likewise, if LSECs were pre-exposed to tumor cell-derived supernatant 

before the co-culture with NK cells, NK cell cytotoxicity was not reduced or delayed. 

ILC1-mediated cytotoxicity against MC38 was also reduced after co-culture with 

LSECs (Figure 4.20E+F). In addition, the effect was dependent on cell-to-cell contact, 

as stimulation of ILC1s with LSEC supernatant did not reduce ILC1 cytotoxicity. 

Contrary to the results observed for NK cells, tLSECs also reduced ILC1-mediated 

killing. These data indicate that under homeostatic conditions, cell-to-cell contact to 

LSECs has an immunoregulatory effect on hepatic NK cells and ILC1s. In the presence 

of tumor cells, LSECs permit NK cell-, but not ILC1-mediated killing against tumor cells. 
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Figure 4.20 NK cell and ILC1 cytotoxicity is affected by LSECs. (A) Schematic illustration depicting the setup 

for cytotoxicity assay of LSEC-exposed NK cells and ILC1 against MC38 target cells. (B) Single-cell suspensions 

of liver non-parenchymal cells were prepared from pooled livers of C57BL/6 mice. NK cells and ILC1s were gated 

as CD45+CD3εnegNK1.1+NKp46+ cells. NK cells were sorted as CD200RnegCXCR6neg, and ILC1s were sorted as 

CD200R+CXCR6+ cells. (C) Sorted cells were pre-exposed to LSECs, LSEC supernatant (s/n) or tumor cell 

supernatant-stimulated LSECs (tLSECs) for 24 h. NK cell cytotoxicity against MC38 was measured for 36 h in a 3 h 

intervals. n=2-3 independent experiments. (D) NK cell cytotoxicity against MC38 at 18 h time point. (E) Sorted ILC1s 

were pre-exposed to LSECs, LSEC supernatant (s/n) or tumor cell supernatant-stimulated LSECs (tLSECs) 

for 24 h. ILC1 cytotoxicity against MC38 was measured for 36 h in a 3 h intervals. n=2 independent experiments. 

(F) ILC1 cytotoxicity against MC38 at 18 h time point. (C-F) Data are shown as (C+E) mean + SEM and 

(D+F) mean ± SEM. 
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4.2.4 Effect of LSECs on NK cell phenotype 

To elucidate the reduced killing ability of LSEC-exposed NK cells, we examined the 

expression of molecules, including NK cell activating and inhibitory receptors, 

maturation markers and death-receptor ligands on NK cells after the exposure to 

LSECs or LSEC-derived supernatant (Figure 4.21A). 

 

 

Figure 4.21 LSECs induce phenotypic changes of NK cells. (A) Schematic illustration depicting the co-culture 

of sorted hepatic NK cells with LSECs, or their stimulation with LSEC-derived supernatant (s/n). (B) Single cell 

suspensions of liver non-parenchymal cells were prepared from pooled livers of C57BL/6 mice. NK cells were sorted 

as CD45+CD3εnegNK1.1+NKp46+CD200RnegCXCR6neg cells (as shown in Figure 4.20B). Sorted NK cells were 

co-cultured with LSECs or stimulated with LSEC-derived supernatant (s/n) for 24 h. Bar graphs show frequencies 

of NK cells expressing TRAIL, NKG2D, DNAM-1, CD96, TIGIT and KLRG1, analyzed by flow cytometry. 

(D) Quantification of NKG2D, CD62L, NK1.1 and NKp46 expression by NK cells upon co-culture with LSECs or 

exposure to LSEC s/n. (B+C) Data are shown as mean ± SEM, n=3-4 independent experiments. Data are analyzed 

by unpaired ordinary one-way ANOVA. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. rel. geoMFI, relative 

geometric mean fluorescent intensity.  
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Upon co-culture, the proportion of NK cells expressing TRAIL, DNAM-1 and CD96 was 

reduced (Figure 4.21B). TIGIT and KLRG1 expression remained unchanged. 

The expression of the activating receptor NKG2D was significantly downregulated after 

co-culture with LSECs, whereas the expression of NK1.1 and NKp46 was unchanged 

(Figure 4.21B+C). Upon exposure to LSECs, NK cells significantly upregulated the 

expression of CD62L (Figure 4.21C). The stimulation of NK cells with LSEC-derived 

supernatant did not change the expression of the examined molecules, indicating that 

the ability of LSECs to change NK cell phenotype is contact dependent.  

 

4.2.5 Effect of distant, subcutaneous tumors on LSEC phenotype 

As we observed that tumor cell-derived supernatant could change LSEC phenotype 

and transcriptome, we wanted to investigate if LSECs play a role in metastatic niche 

formation and immune cell regulation prior to tumor cell invasion of the liver. Therefore, 

we injected MC38 colorectal cancer cells subcutaneously to the right flank of 

C57BL/6 mice to unravel if distant, subcutaneous tumors can have an impact on 

LSECs in the liver. We monitored the tumor growth for 17 days, or until the tumor 

reached a diameter of 1.5 cm (Figure 4.22A). We neither observed a change in liver or 

spleen weight in tumor-bearing mice in comparison to PBS-injected controls (Figure 

4.22B), nor differences in LSEC numbers (Figure 4.22C). The expression of MHC II 

was increased on LSECs isolated from all three tumor-bearing mice (Figure 4.22D+E). 

We observed increased expression of VCAM-1 and PD-L1, as well as decreased 

expression of MHC I on LSECs from one MC38 tumor-bearing mouse (No. 1) with a 

tumor volume of 800 mm3, but no change in the expression of these molecules on 

LSECs isolated from the other mice bearing much smaller tumors. ICAM-1, CD155, 

HVEM and CD31 expression remained unaffected. These data suggest that the effect 

of distant tumors on LSECs might be dependent on size or state of progression of 

the tumor.  
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Figure 4.22 Phenotype of LSECs in MC38 tumor-bearing mice. MC38 tumor cells (1x10e6 cells/mouse) or PBS 

were injected subcutaneously to C57BL/6 mice. (A) Tumor growth of three individual animals over time. (B) Liver 

and spleen weight of PBS- or MC38-injected mice. (C) Quantification of LSECs isolated from PBS- or MC38-injected 

mice. (C) Histograms of selected surface molecules expressed by LSECs (gated as shown in Figure 4.4A). 

Iso, Isotype (E) Quantification of selected surface molecules expressed by LSECs. Data are shown as mean ± SEM 

with symbols representing individual mice, n=2-3. rel. geoMFI, relative geometric mean fluorescent intensity; 

Iso, Isotype.  
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Next, we analyzed NK cells and ILC1s in liver, tumor tissue and spleen (gated as 

shown in Figure 4.2A). We did not observe a difference in frequencies or cell numbers 

of NK cells or ILC1s in the liver between tumor cell-injected mice or control mice (Figure 

4.23A+B), while the frequencies and cell numbers of NK cells in the spleen of 

MC38-injected mice was decreased (Figure 4.23C). In tumor tissue, mouse No. 1, 

which displayed the biggest tumor, showed the highest number of NK cells (Figure 

4.23D). Contrary to that, ILC1 numbers in the tumor tissue of mouse No. 1 were the 

lowest in comparison to the tumors of the other tumor-bearing mice. 

 

 

Figure 4.23 Quantification of NK cells and ILC1s in MC38 tumor-bearing mice. MC38 tumor cells 

(1x10e6 cells/mouse) or PBS were injected subcutaneously to C57BL/6 mice. Mice were sacrificed and single-cell 

suspensions of lymphocytes isolated from liver, spleen and tumor were analyzed by flow cytometry. (A+B) NK cell 

and ILC1 (gated as shown in Figure 2A) frequencies (A) and cell numbers (B) in the liver of PBS- or MC38-injected 

mice. (C) Cell numbers of NK cells and ILC1s in the spleen. (D) NK cell and ILC1 cell numbers in the tumor tissue 

of individual mice. (A-C) Data are shown as mean ± SEM with symbols representing individual mice, n=2-3.  
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4.2.6 Cytokine and chemokine expression by different tumor cell lines 

To find out which tumor-secreted factors could influence the LSEC phenotype, we 

analyzed the mRNA expression of selected cytokines and chemokines by different 

tumor cell lines: T-leukemia cell line RMA-S, lung carcinoma cell line LL2, colorectal 

cancer cell line MC38 and the melanoma cell line B16 (Figure 4.24). We observed that 

the different tumor cell lines are expressing distinct, but also overlapping mRNA 

transcript profiles. The epithelial-derived tumor cell lines LL2, MC38 and B16 show 

many common transcripts, whereas the leukemia cell line RMA-S pre-dominantly 

expresses transcripts for cytokines, for example Tnf, Lta, Il16, Il17f.  Transcripts for 

genes like Vegfa, Mif, Tgfb2, Csf1 and Sppi are pre-dominantly expressed by the 

epithelial-derived cancer cell lines. In comparison to the other cell lines, LL2 expressed 

more Bmp6, Cxcl3, and Il4 mRNA. MC38 and B16 pre-dominantly expressed 

transcripts for several chemokine genes, like Ccl20, Cxcl10, Cxcl11 and Cx3cl1. 

Relative mRNA expression for Trail, Il6 and C5a where highly expressed by MC38. 

 

 

Figure 4.24 Tumor cell transcriptomes of selected cytokines and chemokines. RNA was isolated from cultured 

RMA-S, LL2, MC38 or B16 tumor cells, and gene transcripts of selected cytokines and chemokines were analyzed 

by qPCR. Heatmap displaying relative (to Actin) mRNA expression of selected genes. Data are scaled per row. 

  



RESULTS 

77 

4.2.7 LSECs and NK cells in hepatic metastases 

To study LSECs and NK cells in the context of hepatic metastases, we injected MC38 

tumor cells via the portal vein to induce metastatic-like tumor growth in the liver. 

We used a luciferase-expressing MC38 colorectal cancer cell line to track the tumor 

growth over 14 days. We observed metastasis growth via bioluminescent imaging. 

Tumors selectively grew in the liver, whereas other organs remained tumor free (Figure 

4.25A+B). Upon dissection, a few macroscopically visible nodules were detected on 

the surface of the organ (Figure 4.25C). Measured body weight (BW), liver weight, 

liver-to-BW ratio and spleen weight were comparable to the PBS-injected 

control animal (Figure 4.25D).  

 

 

Figure 4.25 Establishment of a hepatic metastasis model by portal vein injection of tumor cells. MC38 tumor 

cells (1x106 cells/mouse) or PBS were injected via the portal vein to C57BL/6 mice. (A) Bioluminescence measured 

by in vivo imaging system (IVIS) on day 7, 10 and 14 after tumor cell injection. (B) Quantification of Luminescence 

per region of interest. RLU, relative light unit. (C) Images of livers from PBS- or MC38-injected mice at endpoint. 

Arrows indicate macroscopic metastatic nodules. (D) Body weight (BW), liver weight, liver-to-BW ratio and spleen 

weight of PBS- or MC38-injected mice. (B+D) Data represent one experiment with n = one test animal per group. 
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Next, we compared the expression of selected surface molecules on LSECs isolated 

from PBS-injected control or MC38-injected mice (gated as shown in Figure 4.4A). 

The numbers of LSECs in the metastases-bearing mouse where comparable to the 

control animal (Figure 4.26A). Flow-cytometric data indicated changes in MHC II 

expression on LSECs. (Figure 4.26B). The expression of Lyve-1, CD31, ICAM-1, 

VCAM-1, MHC I, PD-L1 and HVEM was unaffected. 

 

 

Figure 4.26 Phenotype of LSECs in metastatic liver. LSECs were isolated from the liver of PBS- or 

MC38-injected mice and analyzed by flow cytometry. (A) Cell numbers of LSECs. (B) Histograms of selected 

surface molecules expressed by LSECs (gated as shown in Figure 4A). Data represent one experiment with 

n = one test animal per group. Iso, Isotype.  

Contrarily to LSECs, in the liver of the MC38-injected animal, we detected increased 

numbers of NK cells and ILC1s (Figure 4.27A), while NK cell and ILC1 numbers in 

the spleen were decreased (Figure 4.27B). 

 

 

Figure 4.27 Quantification of NK cells and ILC1s in the tumor-bearing liver. Single-cell suspensions were 

prepared from livers and spleens. NK cells and ILC1s (gates as shown in Figure 4.2A) were analyzed by flow 

cytometry. (A) Quantification of NK cells and ILC1s in the livers of PBS- or MC38-injected mice. (B) Number of 

NK cells and ILC1s in the spleen. (A+B) Data represent one experiment with n= one test animal per group. 
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5 DISCUSSION 

5.1 Alterations of LSECs in inflammation and metastasis 

The liver harbors a unique microenvironment with tolerogenic immune functions to limit 

hypersensitivity to food-antigens and bacterial products. LSECs comprise about 20 % 

of the hepatic cells and line the liver sinusoids (Sorensen et al., 2015). In comparison 

to other endothelial cells, they lack a basement membrane but harbor fenestrations, 

enabling a controlled transport of macromolecules from the bloodstream to the liver 

parenchyma (Szafranska et al., 2021). LSECs act as regulators of lymphocyte 

adhesion and migration across the sinusoidal endothelium into the inflamed tissue by 

expressing adhesion molecules and chemokines (Geraud et al., 2017; Geraud et al., 

2013; Harjunpaa et al., 2019). Due to low blood pressure and velocity in the liver 

sinusoids, circulating immune cells slow down and crawl along the sinusoidal 

capillaries to extravasate from the blood stream into the tissue. This prolongs their 

interaction with LSECs, which could enable phenotypic and functional modulation 

of immune cells. Here we characterized the phenotypic changes and the 

cytokine/chemokine profile of LSECs in response to LPS, IFN-γ, and tumor cells or 

tumor cell-secreted factors. 

 

5.1.1 The response of LSECs to inflammatory mediators 

LSECs are the first contact partners for circulating immune cells in the liver, and 

therefore, play a crucial role in shaping the local immune microenvironment in 

homeostasis and disease (Amersfoort et al., 2022). Acute and chronic hepatitis, 

resulting from viral infections, autoimmune disorders, or exposure to toxins, is marked 

by significant infiltration of activated lymphocytes, in both the liver parenchyma and 

perivascular tissue. During hepatitis and in response to LPS, LSECs were shown to 

lose fenestrations, become activated, and form a basement membrane (Cheluvappa 

et al., 2010; Ni et al., 2017; Szafranska et al., 2021). LPS is the major ligand for TLR4, 

which was reported to be expressed by LSECs (Nakamoto and Kanai, 2014; Uhrig et 

al., 2005). LSECs efficiently clear LPS from the blood stream during bacterial 

infections, and in response, secrete pro-inflammatory cytokines and increase the 

expression of adhesion molecules (Cabral et al., 2021; Uhrig et al., 2005). Moreover, 
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it has been demonstrated that LSECs isolated from fibrotic livers produce the 

pro-inflammatory cytokine TNFα, and the chemokines CCL2, CCL3, CCL4, CCL5 and 

CXCL1 (Connolly et al., 2010). In line with this, we observed that LSECs increased the 

expression of the adhesion molecules VCAM-1 and ICAM-1 after the injection of LPS, 

and show a distinct chemokine profile in response to the inflammatory mediators LPS 

and IFN-γ, or tumor cell-derived supernatant. We show that the stimulation of cultured 

LSECs with LPS leads to the increased expression of genes encoding for the 

chemokines CCL2, CCL3, CCL4 and CCL7. Concurrently, we observed that LSECs 

displayed transcripts for these chemokines in LPS-injected mice, but not in 

PBS-injected control mice. CCL2 has been demonstrated to play a role in attracting 

inflammatory monocytes to the liver (Baeck et al., 2012) and the deletion of Ccr2 

resulted in a decreased presence of inflammatory monocytes in a liver fibrosis model 

induced by carbon tetrachloride (CCl4), leading to reduced inflammatory liver damage 

(Mitchell et al., 2009). Furthermore, mice lacking Ccr2 exhibited diminished liver 

damage in models of acetaminophen-induced acute liver injury (Mossanen et al., 2016) 

and non-alcoholic steatohepatitis (Miura et al., 2012). Moreover, we observed the 

transcription of Cxcl1 by LSECs in response to both LPS and IFN-γ. Neutrophils are 

recruited to the liver and undergo activation by binding of CXCL1 to its chemokine 

receptor CXCR2 (Capucetti et al., 2020; Liu et al., 2022). Moreover, LSECs were 

shown to secrete CXCL1 and attract neutrophils in a model of liver fibrosis (Hilscher et 

al., 2019). Notably, in vitro stimulation with LPS and examination of murine liver 

sections have demonstrated that LSECs, together with hepatic stellate cells, are a 

significant source of CXCL1 (Bigorgne et al., 2016). Together with our findings, LSECs 

can be identified as secretors of key chemokines to enable a hepatic immune response 

to inflammatory stimuli. 
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5.1.2 LSECs in hepatic cancer and metastasis 

The liver is a common site for metastasis from colorectal, pancreatic or breast 

adenocarcinomas (de Ridder et al., 2016). Due to nutrient rich blood supply from the 

gut and the immunosuppressive environment of the liver, it is a favorable environment 

for circulating cancer cells. LSECs contribute to the tolerogenic environment by 

expression of inhibitory ligands, lack of co-stimulatory molecule expression, and the 

secretion of TGF-β, IL-10 and PGE2 (Carambia et al., 2013; Carambia et al., 2014; 

Diehl et al., 2008; Rieder et al., 1990). We as well demonstrate here, that in response 

to tumor cell-derived supernatant, LSECs express higher transcripts for Il10 in 

comparison to unstimulated LSECs. It was also shown that CXCL12 is recruiting 

CXCR4-expressing tumor cells and enables transendothelial migration into the tissue 

(Zabel et al., 2009). In our in vitro studies, we observed that LSECs express relative 

mRNA expression of Cxl12 in response to MC38-derived supernatant. Therefore, 

LSECs respond to MC38-secreted factors by increasing the expression of tumor 

cell-attracting chemokines, which could support metastatic spreading of tumors to the 

liver. 

 

Angiogenic factors, like VEGF, angiopoietins, PDGFs, and migration inhibitory factor 

(MIF), contribute to the promotion of angiogenesis in metastasis and are important 

targets for cancer therapies (Ferrara and Kerbel, 2005; Ogawa et al., 2000). Moreover, 

studies show a correlation of the angiogenic activity with a high risk of vascular 

invasion, metastasis, and poor prognosis (Poon et al., 2002; Sun et al., 1999). 

Whereas paracrine VEGF signaling from tumor cells or stromal cells was demonstrated 

to support vessel growth, proliferation, permeability and differentiation, autocrine 

VEGF signaling was indispensable for endothelial survival (Lee et al., 2007; Shibuya 

and Claesson-Welsh, 2006). Moreover, constitutive VEGF signaling is required for the 

maintenance of endothelial fenestrations in pancreatic islands (Kamba et al., 2006). 

Concordantly, we observed Vegfa mRNA expression in tumor cells, but also 

upregulation of Vegfa in LSECs after the treatment with tumor cell-derived supernatant. 

This indicates that tumor cell-secreted factors can induce angiogenic programs in 

LSECs, which could support a pro-metastatic environment in the liver. 
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In a metastasis model, endothelial cells were shown to support myeloid cell 

mobilization and the recruitment of CCR2+Tie2- metastasis-associated macrophages 

via the secretion of G-CSF and CCL2 (Srivastava et al., 2014). The secretion of CCL2 

was triggered by autocrine signaling of Angiopoietin 2 (Ang2) by activated endothelial 

cells, and antiangiogenic therapy with αAng2 antibody, in combination with αVEGFA 

and chemotherapy, reduced the accumulation of pro-tumorigenic myeloid cells and 

metastatic burden. We also observed increased relative mRNA expression of Csf3, 

encoding for G-CSF, and Ccl2 in response to tumor cell-derived supernatant in LSECs, 

postulating that LSECs could be involved in the recruitment of metastasis-associated 

macrophages to the liver to create a pro-tumorigenic environment. 

 

Next to its angiogenic effect, MIF is involved in the upregulation of ICAM-1 and 

VCAM-1 on endothelial cells (Amin et al., 2006). Moreover, exosomes secreted by 

pancreatic ductal adenocarcinomas were shown to carry MIF, which led to a 

pre-metastatic niche formation and increased liver metastatic burden in mice (Costa-

Silva et al., 2015). We observed an upregulation of VCAM-1 on LSECs in response to 

MC38 in a contact-independent manner in vitro, as well as in response to progressing 

distant tumor in vivo, underlining that tumor cells can influence LSECs via soluble 

factors. Mif transcripts were pre-dominantly expressed by the epithelial tumor cell lines 

LL2, B16 and MC38, and upregulated in LSECs after the stimulation with tumor-cell 

derived supernatant. Thus, tumor cell-secreted factors induce transcriptional and 

phenotypic changes in LSECs, which could enhance the attraction and adhesion of 

circulating metastatic cells by the secretion of chemokines and increased expression 

of adhesion molecules on sinusoidal endothelium, supporting the formation of 

metastatic nodules in the liver.  

 

The vascular network within the liver comprises a dual system, consisting of the 

arterial/venous and the sinusoidal endothelium. It is thought that both components play 

a role in the development of hepatocellular carcinoma (HCC) by undergoing a transition 

from a venous to a capillary endothelial cell-like phenotype, characterized by the 

expression of markers typical of continuous, non-fenestrated endothelial cells 

(Nakamura et al., 1997). Tumor-associated ECs from human HCC samples were 

shown to express TNF receptor p75 and the integrins αvβ3 and αvβ5, which increased 

tumor cell adhesion to endothelium (Wu et al., 2008). Moreover, ECs isolated from 
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human HCC samples did not express the LSEC marker Clec4g but were shown to 

upregulate markers of macrovascular ECs, like PECAM, CD34, and PLVAP. These 

vessels showed reduced permeability and could limit lymphocyte recruitment to the 

tumor (Aizarani et al., 2019). Another study showed, that LSECs in murine and human 

HCC lose the expression of Lyve-1, Stab1/2 and CD32b (Geraud et al., 2013). It was 

shown, that tumor cells in growing nodules coopted and remodeled preexisting 

sinusoidal vessels, showing enlarged, CD31hi expressing intratumoral microvessels 

with a basement membrane (Im et al., 2013; Runge et al., 2014). In our model, we did 

not observe changes in the expression of Lyve-1 or CD31 on LSECs after portal vein 

tumor cell delivery and node formation. However, the number of study animals was 

low, and ECs within macroscopic nodules were not investigated and compared to ECs 

from adjacent tissue. The phenotypic changes and remodeling of sinusoidal 

endothelium during liver metastasis requires further inquiry.  

 

Metastasizing tumor cells tend to settle in close proximity to the endothelium of the 

secondary tumor site. It was shown that primary tumors induce a systemic 

reprogramming of the endothelium and foster a pro-metastatic niche via the expansion 

of NG2+ perivascular cells in the lung (Singhal et al., 2021). Moreover, another study 

revealed that lung ECs promote stem cell properties and survival of disseminated 

tumor cells, after endothelial reprogramming by metastasis-associated macrophages, 

and an induction of a pro-metastatic vascular niche (Hongu et al., 2022). Recently, it 

has been published that lung endothelium-derived homeostatic Wnt signaling drives 

the induction of latency in metastasizing tumor cells, promoting a tumor-suppressive 

environment (Jakab et al., 2024). However, metastasizing-proliferative tumor cells 

could induce gene sets in niche-specific ECs resembling the primary tumor site, 

supporting tumor cell proliferation and outgrowth. We showed here that LSECs react 

to distant, subcutaneous primary tumors by phenotypic changes, including 

upregulation of VCAM-1, MHC II and PD-L1, which seemed to be dependent on the 

progressive state of the primary tumor. In our liver metastasis model, induced by the 

injection of MC38 tumor cells via the portal vein, we also observed the upregulation of 

MHC II on LSECs 14 days after tumor cell injection.  
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Together, our data support the hypothesis that distant tumors could promote a 

metastatic niche formation in the liver by modulating the sinusoidal endothelium via 

soluble factors or exosomes, leading to enhanced transcription of immunosuppressive 

cytokines and increased expression of tolerogenic surface molecules by LSECs. 

 

5.2 NK cells and ILC1s in inflammation and metastasis 

While NK cells primarily exert cytotoxic functions against infected or transformed cells, 

tissue-resident ILC1s contribute to tissue homeostasis and immune surveillance in 

barrier tissues, such as the liver. Investigating how these cell populations interact and 

collaborate with the liver microenvironment during inflammation and metastasis can 

provide strategies for therapies to enhance the cytotoxic activity of NK cells or 

promoting the tissue-protective functions of ILC1s. 

 

5.2.1 NK cells are the major producers of IFN-γ in LPS-induced endotoxemia 

NK cells contribute to LPS-induced inflammation and mortality of mice by the secretion 

of IFN-γ and TNF-α (Chan et al., 2014; Emoto et al., 2002; Heremans et al., 1994). 

It has also been shown that ILC1s protect against CCl4- and acetaminophen-induced 

acute liver injury via the production of IFN-γ, which induced Bcl-xL expression in 

hepatocytes, and this protected from hepatocyte apoptosis (Nabekura et al., 2020). 

The neutralization of IFN-γ or the depletion of innate lymphocytes with monoclonal 

antibodies were effective to reduce mortality of mice in response to LPS injection, 

whereas the depletion of CD4+ or CD8+ T cells did not affect the disease course 

(Heremans et al., 1994; Heremans et al., 1990). NK cells show a fast reactivity to LPS 

in vivo, shown by the upregulation of CD25 and CD69 at 3 – 6 h post injection, 

especially in the spleen (Rasid et al., 2016). The re-analysis of deposited single cell 

RNA sequencing data showed that NK cells upregulated Ifng in a sepsis model, 

induced by poly:IC/LPS injections, and showed highest transcript amounts when 

compared to other cellular compartments, like NKT cells and T cells (Papaioannou et 

al., 2023; Sun et al., 2022). Moreover, it has been demonstrated that murine NK cells 

from spleen, lung and peritoneum are substantial sources of IFN-γ and granzyme B in 

response to LPS in mice (Rasid et al., 2016). 
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In our study, NK cells, but not ILC1s or T cells, accumulated in the livers 16 h 

post-injection of LPS. In line with the literature, we observed the upregulation of the 

CD69 and CD25, as well as increased expression of CD11c and Ly6C on hepatic 

NK cells after LPS injection, indicative of NK cell activation. Additionally, the frequency 

of IFN-γ-producing NK cells in liver, spleen and blood increased 6 h after, and was 

maintained until at least 16 h after the injection of LPS. In comparison to other 

lymphocytes, we identified NK cells to be the major producers of IFN-γ, followed by 

ILC1s. It was shown that memory CD8+ T cells in the spleen and lymph nodes also 

serve as an early source of IFN-γ in LPS-injected mice, but to a lower extend than NKT 

cells and NK cells (Kambayashi et al., 2003). It is possible that the minor contribution 

of T cells to the pool of IFN-γ-producing cells in liver, spleen and blood in our study 

might be associated with the early time points of investigation, the route or dose of LPS 

administration. 

 

IFN-γ production by NK cells is synergistically induced by IL-12 and IL-18, among 

others (Fehniger et al., 1999; Lusty et al., 2017). We observed that hepatic monocyte 

and KCs expressed mRNA for Il12a and Il18, and KCs were already reported to secrete 

IL-12 and IL-18 in response to LPS in vitro (Seki et al., 2001). Therefore, KCs could 

provide these cytokines in the liver microenvironment and induce the production of 

IFN-γ by tissue-resident ILC1s and accumulating NK cells. IFN-γ neutralization was 

shown to limit lymphocyte infiltration, Fas-induced apoptosis of hepatocytes, and 

production of pro-inflammatory cytokines, and was protective against 

acetaminophen-induced acute liver injury and lethality (Ishida et al., 2002). Moreover, 

NK cell derived IFN-γ was reported to contribute to Concavalin A-induced liver injury 

(Kusters et al., 1996) and to dampen liver regeneration after partial hepatectomy (Sun 

and Gao, 2004). Given its role in LPS-induced mortality (Chan et al., 2014), limiting the 

recruitment of NK cells to the liver might be beneficial to reduce liver damage during 

endotoxemia or liver injury. On the other hand, IFN-γ is important to increase antigen 

presentation by APCs to bridge innate and adaptive immunity during anti-viral and 

anti-tumor responses in the liver, and to activate KCs (Crispe, 2009). Therefore, 

therapeutic strategies aimed at modulating NK cell recruitment should consider 

maintaining the beneficial effects of IFN-γ in hepatic immune responses.  
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Overall, we could show that during LPS-induced endotoxemia, activated NK cells 

accumulate in the liver and secrete IFN-γ, which might be supported by activated KCs 

providing the pro-inflammatory cytokines IL-12 and IL-18.  

 

5.2.2 NK cells and ILC1s in the liver tumor microenvironment 

The importance of circulating and tissue-resident innate lymphocytes to protect against 

metastasis was demonstrated by a study in which the genetic deletion of Mcl-1 from 

Ncr1-expressing cells resulted in the complete absence of 

NK1.1+NKp46+ innate lymphocytes and the development of multiorgan metastasis 

after the injection of B16F10 melanoma cells (Sathe et al., 2014).  Moreover, innate 

lymphocyte depletion by antibodies (αNK1.1 and α-asialo-GM1) increased metastatic 

burden in lung, liver and brain (Diefenbach et al., 2001; Malladi et al., 2016; Spiegel et 

al., 2016). The susceptibility of Rag2-/-Il2rg-/- mice (which lack T cells, B cells and NK 

cells) to lung and liver metastasis, could be rescued by the adoptive transfer of NK 

cells (Chan et al., 2014; Martinet et al., 2015). In the liver, NK cells have been shown 

to contribute to the control of CRC liver metastasis, which was supported by 

KC-secreted IL-18 (Dupaul-Chicoine et al., 2015). IL-18 production by KCs was 

induced by the activation of the inflammasome by tumor-derived agonists. IL-18 

mediated NK cell maturation and anti-tumor activity, which was independent of IFN-γ, 

but rather mediated by FasL-mediated killing. In another study, activated hepatic 

stellate cells (HSCs) limited NK cell anti-metastatic functions through the secretion of 

CXCL12 in response to liver injury (Correia et al., 2021). NK cell activity could be 

restored via IL-15, resulting in disseminated cancer cells quiescence, subsequently 

reducing metastatic burden in the liver. A recent study investigated the synergy of 

liver-resident ILC1s and circulating NK cells in controlling liver metastasis (Ducimetiere 

et al., 2021). It was shown that hepatic ILC1s impeded the seeding of metastasizing 

tumor cells, whereas circulating NK cells controlled metastasis progression. Moreover, 

it was observed that, depending on the tumor entity, nodule-infiltrating NK cells showed 

distinct transcriptomic profiles, phenotypes and functions. A subset of 

CD49a+Eomes+ NK cells was observed to infiltrate MC38- and CT26-derived 

metastases and retained key features of differentiation and functionality, represented 

by the expression of IFN-γ and granzyme B. Cells with this phenotype were not 

detected in LLC-derived metastases. The authors postulated that the CD49a+Eomes+ 

intranodular NK cell population was shaped by TGF-β signaling, supported by the 
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observation that metastatic nodules were enriched in Tgfb1 expression. Accordingly, 

the deletion of the Tgfbr2 gene from NKp46+ cells effectively enhanced control of MC38 

metastasis in the liver (Ducimetiere et al., 2021). Similar phenotype of tumor-infiltrating 

NK cells, characterized by the upregulation of CD49a on Eomes+ NK cells and loss of 

anti-tumor activity, was induced by TGF-β in the tumor microenvironment of 

MCA-induced fibrosarcomas and B16F10 lung metastasis (Gao et al., 2017). These 

previous studies demonstrate the importance of NK cells in limiting tumor growth and 

metastasis formation and highlight the need to modulate the tumor microenvironment 

to preserve NK cell-mediated anti-tumor functions. 

We used a model whereby tumor cell-derived nodules grew in the liver upon the 

injection of MC38 tumor cells via the portal vein, and observed an increase of NK cell 

and ILC1 numbers in the livers of the tumor injected mouse, concomitant with 

decreased numbers of NK cells and ILC1s in the spleen. We also observed decreased 

numbers of NK cells in the spleen after LPS injection and subcutaneous injection of 

tumor cells, rising the hypothesis that NK cells might be recruited from the periphery to 

the tumor or metastatic sites. In vitro, we observed that both NK cells and ILC1s 

exerted cytotoxicity against MC38 tumor cells. Here, ILC1s showed a fast onset of 

target killing. In comparison, NK cells displayed a later onset, but a prolonged and 

higher cytotoxicity against MC38 tumor cells.  

 

To assess soluble factors that could affect a metastatic niche and the tumor 

microenvironment in favor of the tumor cells, and dampen immune cell-mediated 

anti-tumor responses, we analyzed the cytokine and chemokine profiles of different 

tumor cell lines. Hereby, MC38 and B16 expressed Tgfb2 and Il23. Tgfbr gene deletion 

from NKp46+ cells was shown to reduce MC38-derived metastasis in the liver and 

prevented the emergence of a nodule-specific CD49a+ NK cell subset with reduced 

effector functions (Ducimetiere et al., 2021). Endogenous IL-23 in the tumor 

microenvironment was revealed to suppress NK cell-mediated tumor control by 

reducing perforin and IFN-γ production by NK cells (Teng et al., 2010). Neutralization 

and deficiency of IL-23p19 reduced the number of B16F10 lung metastases in an NK 

cell dependent manner, and seemed to be mediated by a greater availability of IL12, 

promoting NK cell effector functions.  
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In summary we showed that NK cells and ILC1s accumulate in the metastasis-bearing 

liver and are cytotoxic against colorectal cancer cells in vitro. Promoting NK cell 

attraction to the liver, and preventing the loss of innate lymphocyte anti-tumor 

capacities due to the tolerogenic environment in the liver or tumor-secreted factors, 

may enhance the efficacy of immunotherapeutic strategies against liver metastasis. 

 

5.3 The crosstalk of LSECs and innate lymphocytes 

NKp46+ immune cells, which include NK cells and ILC1s, were shown to reside on the 

luminal side of the sinusoids in healthy liver tissue (Ducimetiere et al., 2021), and are 

therefore continuously interacting with LSECs. Due to their close proximity, we 

hypothesized that LSECs and innate lymphocytes might regulate each other’s function 

in liver inflammation and hepatic metastasis. 

 

5.3.1 LSECs regulate NK cell and ILC1 phenotype and function 

LSECs express MHC II and have the potential to act as APCs (Limmer et al., 2000; 

Racanelli and Rehermann, 2006). However, due to their low expression of the 

costimulatory molecules CD80/86 (Diehl et al., 2008) and the production of IL-10 and 

prostaglandin E2 (Knolle et al., 1998), LSECs do not function as other professional 

APCs, and do not drive CD4+ T cell differentiation to Th1 cells under homeostatic 

conditions (Carambia et al., 2013). Rather, they are involved in the development of 

regulatory T cells (Knolle et al., 1999; Kruse et al., 2009). Additionally, LSECs were 

shown to express B7-H1, along with a low expression of co-stimulatory molecules, 

which results in a balanced of stimulatory versus inhibitory signaling, that supports the 

induction of CD8+ T cell tolerance (Diehl et al., 2008; Hochst et al., 2012). LSECs also 

indirectly regulate CD4+ and CD8+ T cell function by reducing the expression of 

CD80/86 and IL-12 by dendritic cells in a contact-dependent manner (Schildberg et al., 

2008). However, LSECs were also demonstrated to prime CD8+ T cells and initiate 

their effector functions in the presence of CD4+ T cell help via co-presentation of 

antigens (Wittlich et al., 2017). As LSECs were shown to regulate the function of 

T cells, we wanted to assess their potential role in controlling phenotype and function 

of NK cells. We observed that in vitro co-culture of LSECs and NK cells decreased 

expression of CD96 and TRAIL, and the activating receptors NKG2D and DNAM-1 on 



DISCUSSION 

89 

NK cells, which is in line with transcriptomic data (Papaioannou et al., 2023). 

Concordantly, NK cell and ILC1 cytotoxicity against the MC38 tumor cells was reduced 

upon co-culture with LSECs. This initial interaction required cell-to-cell contact, as the 

stimulation of NK cells or ILC1s with LSEC-derived supernatant did not alter their 

cytotoxicity. NK cell cytotoxic activity against MC38 target cells was not limited after 

co-culture with LSECs that have been treated with MC38-derived supernatant 

(tLSECs). This effect was restricted to NK cells, as killing of target cells by ILC1s was 

reduced by both LSECs and tLSECs. We observed that LSECs express CD155, the 

ligand of CD96, DNAM-1 and TIGIT.  It was reported that binding of NK cells to 

plate-bound CD155 reduced CD96 and DNAM-1 surface expression, suggesting that 

CD155 can induce ligand-mediated internalization or capping of the receptor from NK 

cells (Chan et al., 2014). Also, NK cells isolated from DNAM-1-deficient mice were less 

cytotoxic against CD155-expressing target cells in vitro, and DNAM-1-deficient mice 

showed increased MCA-induced fibrosarcomas (Iguchi-Manaka et al., 2008). 

In another study, DNAM-1- and DNAM-1/CD96-deficient mice bared more 

B16F10-induced lung metastasis in comparison to WT control animals (Chan et al., 

2014). Thus, CD155-expressing LSECs could mediate the downregulation of CD96 

and DNAM-1 on NK cells during co-culture, and reduce their ability to kill target cells 

in vitro.  

 

We also observed that LSECs express PD-L1 under homeostatic conditions and 

upregulate PD-L1 expression after LPS injection, and in response to MC38 tumor cells 

in vitro. It was previously shown that LSECs suppressed the secretion of IFN-γ by Th1, 

and IL-17 by Th17 cells in vitro via PD-L1 and limited expression of co-stimulatory 

molecules (Carambia et al., 2013). Moreover, it was reported that lymphatic ECs and 

tumor-associated ECs express Rae-1, the ligand for the activating receptor NKG2D, 

which caused the internalization of NKG2D from the cell surface of NK cells and 

resulted in reduced NK cell antitumor response (Thompson et al., 2017). If any of these 

mechanisms result in the reduction of NK cell effector functions against target cells, 

and how tumor cell-imprinted LSECs authorize NK cell cytotoxicity needs to be further 

investigated.  

 

 

  



DISCUSSION 

90 

5.3.2 Feedback regulation of innate lymphocytes and LSECs mediated by IFN-γ  

It was shown that IFN-γ supports chemokine production, including CXCL9, CXCL10, 

and CXCL11 (Cole et al., 1998; Farber, 1990; Luster et al., 1985), and the expression 

of adhesion molecules, such as ICAM-1 and VCAM-1 (Ren et al., 2010). CXCL9/10/11 

are ligands for CXCR3 that contribute to an accumulation of activated lymphocytes, 

such as NK cells and effector T cells, in inflamed and transformed tissues (Bugide et 

al., 2021; Dufour et al., 2002; Wendel et al., 2008). We observed that LSECs from 

LPS-injected mice increased Cxcl9/10/11 mRNA expression, and displayed the 

highest relative amounts of these transcripts in comparison to other analyzed cellular 

compartments. We have also recently analyzed deposited single cell RNA sequencing 

data by Sun et al., and showed that, in the context of endotoxemia (polyI:C+LPS), 

LSECs upregulated Cxcl10 comparable  to the myeloid cell compartment 

(Papaioannou et al., 2023; Sun et al., 2022). Our in vitro experiments showed, that 

LPS could not enhance Cxcl9/10/11 transcripts, but rather required exposure of LSECs 

to IFN-γ. IFN-γ exposure resulted in both transcription and protein secretion of CXCL10 

by LSECs. We observed that NK cells were the major producers of IFN-γ in the liver 

after LPS injections, and could therefore support CXCL10 secretion by LSECs. 

Moreover, we showed that LSECs increased IL-12/18-induced production of IFN-γ by 

NK cells in a contact-dependent manner (Papaioannou et al., 2023), and could be 

mediated by the expression of activating ligands or trans-presentation of soluble 

factors by LSECs. We observed that LSECs express CD155 and HVEM, the ligands 

to the activating receptors DNAM-1 and CD160, respectively. Additionally, NK cells 

downregulated the expression of DNAM-1 during co-cultures with LSECs, indicating 

receptor-ligand engagement. We also show that LSECs express transcripts for Il15 in 

LPS-injected mice, which has also been reported previously in other models (Cabral 

et al., 2021; Guilliams et al., 2022). Therefore, it is possible that LSECs produce and 

trans-present IL-15 to NK cells, in turn priming for enhanced IFN-γ production. 

 

In conclusion, we identified LSECs and NK cells as interacting partners during 

LPS-induced endotoxemia. LSECs provide stimulatory signals to enhance IFN-γ 

production of NK cells in the presence of pro-inflammatory cytokines, which in turn 

supports chemokine production by LSECs.  
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5.3.3 LSECs support the chemotaxis of NK cells and ILC1s 

LSECs have been reported to support the retention, attraction and entry of immune 

cells in the liver. For example, they produce CXCL16, and recruit sinusoid-patrolling 

CXCR6+ NKT cells (Geissmann et al., 2005; Heydtmann et al., 2005; Mossanen et al., 

2019). LSEC-secreted CXCL16 promoted the accumulation of NKT cells in the liver, 

which were important for anti-tumor surveillance in primary and metastatic liver cancer 

(Ma et al., 2018). We observed that hepatic ILC1s expressed CXCR3 and CXCR6, the 

chemokine receptors for CXCL10 and CXCL16, respectively. Both unstimulated and 

IFN-γ-treated LSECs were able to attract ILC1s in vitro. The migration of ILC1s towards 

IFN-γ-stimulated LSECs was only partially dependent on CXCR3, which hints that 

IFN-γ also induced other chemokines, which could attract ILC1s under inflammatory 

conditions. Our data show that endothelial specific deletion of Cxcl10 did not have an 

impact on ILC1 retention under homeostatic condition in the liver, and did not influence 

their numbers in LPS-induced liver inflammation. As we observed that LSECs showed 

the highest relative transcript amounts for Cxcl16 in comparison to other analyzed 

cellular compartments, CXCL16 could play a prominent role in LSEC-mediated 

retention of ILC1s. 

 

NK cells were shown to be recruited from the BM to the liver via the CXCR3-CXCL10 

axis during non-alcoholic steatohepatitis (NASH) and to play a protective role against 

the progression of fibrosis (Bourayou et al., 2024; Fan et al., 2020). We observed 

increased numbers of NK cells in the liver after the injection of LPS to mice. This 

correlated with the downregulation of CXCR3 expression on NK cells, indicating 

receptor-ligand engagement (Meiser et al., 2008). Moreover, the accumulation of NK 

cells in the liver coincided with an increase of CXCL10 concentration in serum and with 

the increased mRNA expression of Cxcl10 in the liver tissue, and by sorted LSECs. 

We revealed that the transcription of Cxcl10 and the secretion of CXCL10 by LSECs 

are not induced by LPS itself, but rather required exposure to IFN-γ, which was mainly 

secreted by NK cells in the inflamed liver tissue. We showed that NK cells can be 

recruited by IFN-γ-stimulated LSECs in a CXCR3-dependent manner in vitro. 

Moreover, endothelial-specific deletion of Cxcl10 reduced NK cell accumulation in the 

liver of LPS-injected mice. Therefore our data reveal a positive feedback loop between 

LSECs and innate lymphocytes to support NK cell migration to the liver via 

endothelial-derived CXCL10 during LPS-induced endotoxemia. 
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CXCR3 ligands were also reported attract immune cells to tumor tissue (Bugide et al., 

2021; Chheda et al., 2016; Reynders et al., 2019; Wendel et al., 2008). 

Moreover, CXCR3-mediated trafficking at the tumor vasculature enabled the 

extravasation of cytotoxic T lymphocytes to the tumor bed (Mikucki et al., 2015). 

A recent study also showed that capillary ECs in lung metastasis upregulated the 

angiokine genes Cxcl10, Ccl5, Slit3, Lrg1 and Angpt2 (Hongu et al., 2022; Jakab et al., 

2024; Singhal et al., 2021). Tumor-associated high-endothelial venules were shown to 

express mRNAs encoding for the inflammatory chemokines CXCL9 and CXCL10, as 

well as mRNAs encoding the adhesion molecules ICAM-1 and VCAM-1 (Asrir et al., 

2022). During our study, we also observed increased expression of Cxcl9 and Cxcl10 

mRNA transcripts by LSECs, as well as the upregulation of VCAM-1 expression on 

LSECs in response to tumor cell-derived supernatants and distant, subcutaneous 

tumors. Although the role of the chemokines CXCL9 and CXCL10 has been 

demonstrated, the molecular and functional characteristics of tumor blood vessels 

mediating lymphocyte attraction into tumors remain poorly defined. We demonstrated 

that LSECs were able to attract NK cells in a CXCR3-dependent manner in vitro, and 

that endothelial cell-derived CXCL10 supports the recruitment of NK cells to the 

inflamed liver after LPS-induced endotoxemia. Moreover, we observed that LSECs 

upregulate mRNAs encoding for CXCL9/10/11 in response to tumor cell-derived 

supernatant. We therefore postulate that LSEC-derived CXCL10 is not only supporting 

NK cell attraction during liver inflammation, but could also play a fundamental role in 

the recruitment of NK cells to hepatic tumor tissue in context of metastatic growth in 

the liver.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chemokine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cxcl10
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6 SUMMARY 

The liver is enriched in innate lymphocytes, mainly comprising circulating Natural Killer 

(NK) cells and liver-resident type 1 innate lymphoid cells (ILC1s), which continuously 

interact with Liver Sinusoidal Endothelial Cells (LSECs). LSECs line the liver sinusoids 

and have high endocytic capacities, clearing endo- and exogenous macromolecules 

from the blood. Innate lymphocytes provide the early defense against infections and 

malignancies by exerting cytotoxicity and by secreting pro-inflammatory cytokines. 

However, the local tissue microenvironment that supports NK cell and ILC1 functions 

in the liver remains not fully explored.  

 

Here, we show that LSECs exposed to inflammatory or tumor cell-derived stimuli, 

displayed changes in their phenotype and cytokine/chemokine expression profile. 

LSECs exposed to tumor cells or tumor-conditioned media upregulated the surface 

expression of PD-L1 and MHC I, the ligands of inhibitory receptors expressed by innate 

lymphocytes. Co-culture of NK cells and ILC1s with healthy purified LSECs altered 

their phenotype and reduced their cytotoxicity against the colon carcinoma cell line 

MC38. In contrast, NK cell cytotoxicity was not reduced after encountering tumor cell 

supernatant pre-exposed LSECs. Thus, LSECs are able to regulate NK cell and ILC1 

cytotoxic function against target cells in dependency of received exogenous signals. 

 

During inflammation, LSECs supported NK cell migration via the production of immune 

cell-attracting chemokines. In livers of LPS-injected mice, accumulating NK cells were 

the major source of IFN-γ, whereas activated LSECs produced CXCL10. IFN-γ 

promoted the production of CXCL10 by LSECs, and NK cells migrated towards LSECs 

in a CXCR3-dependent manner. We show that conditional Cxcl10 gene-deletion in 

endothelial cells curtailed NK cell accumulation in the liver after LPS treatment in vivo. 

 

In conclusion, our findings unveil that LSECs responded to microbial antigens, 

immune-derived inflammatory signals, and tumor cell-secreted factors, leading to 

LSEC activation and chemokine production. We identified LSECs as an important 

player in NK cell recruitment and anti-tumor functions. Acting as central regulators, 

LSECs fuel a positive feedback loop of NK cell attraction and activation within the 

inflamed liver tissue. 
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8 ABBREVIATIONS 

7-AAD 7-aminoactinomycin D 

ACK Ammonium-chloride-potassium buffer 

Ahr Aryl hydrocarbon receptor 

APC Allophycocyanin 

APC Antigen presenting cell 

APC-Cy7 Allophycocyanin conjugated with cyanine7 

BCR B cell receptor 

BV Brilliant violet 

CCL CC motif chemokine ligand 

CCl4 Carbon tetrachloride 

CCR CC motif chemokine receptor 

CD Cluster of differentiation 

cDNA complementary DNA 

CHILP Common helper-like ILC progenitor 

CILP Common ILC progenitor 

CSF Colony-stimulating factor 

CXCL CXC motif chemokine ligand 

CXCR CXC motif chemokine receptor 

DAMP Damage-associated molecular pattern 

DMSO Dimethylsulphoxide 

DNA Deoxyribonucleic acid 

DNAM-1 DNAX accessory molecule-1 

EC    Endothelial cells 

ELISA Enzyme-linked immunosorbent assay 

Eomes Eomesodermin 

FACS Fluorescence-activated cell sorting 

FITC Fluorescin isothiocyanate 

Flox Flanked by LoxP 

FoxP3 Forkhead box P3 

FSC-A Forward scatter area 

GATA3 GATA-binding protein 3 

h Hour(s) 
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HCC Hepatocellular carcinoma 

HSC Hepatic stellate cell 

IFN Interferon 

IFN-γ Interferon gamma 

IL Interleukin 

ILCs Innate lymphoid cells 

Iso Isotype 

KC Kupffer cell 

KO Knockout 

LPS Lipopolysaccharide 

LSECs Liver sinusoidal endothelial cells 

MACS Magnetic-activated cell sorting 

MCMV Mouse Cytomegalovirus 

MFI Mean fluorescence intensity 

MHC Major histocompatibility complex 

MIF Macrophage migration inhibitory factor 

min Minute(s) 

Mono Monocyte 

NASH Non-alcoholic steatohepatitis 

n.s. Not significant 

NK cells Natural killer cells 

NKT Natural Killer T cell 

PAMP Pathogen-associated molecular pattern 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PD-1 Programmed cell death protein 1 

PD-L1 Programmed death-ligand 1 

PE Phycoerythrin 

PE-Cy7 Phycoerythrin conjugated with cyanine7 

PRR Pattern recognition receptor 

p-value Probability value 

rpm revolutions per minute 

RT Room temperature 

RT-PCR Real time polymerase chain reaction 
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s Second(s) 

SEM Standard error of the mean 

SSC-A Side scatter area 

Tbet T-box protein expressed in T cells 

TCR T cell receptor 

TGF-β Transforming growth factor beta 

Th1 Type 1 helper T cell 

Th17 Type 17 helper T cell 

Th2 Type 2 helper T cell 

TLR Toll-like receptor 

TNF-α Tumor necrosis factor alpha 

TRAIL TNF-related apoptosis-inducing ligand 

Treg Regulatory T cell 

VEGF Vascular growth factor  

WT Wild type 

XCL XC motif chemokine ligand 
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