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Summary 

Intrahepatic myeloid-cell aggregates form in response to Toll-like receptor 9 (TLR9) signaling in 

a TNF-dependent fashion and provide a unique anatomic structure that drives local 

proliferation of cytotoxic CD8 T cells (iMATEs) and confers protection against viral infection. 

Yet, the identity and functional profile of the iMATE-defining myeloid cell population remained 

elusive. The current study was undertaken to identify the iMATE-forming myeloid cell 

population to gain mechanistic insights into iMATE-formation and T cell expansion and to 

characterize a molecular marker that predicts iMATE-formation. 

The phenotype of myeloid cells in the murine liver after TLR9 activation was analyzed 

systematically using a set of different methodologies. Initial flow cytometric phenotypic 

characterization and tSNE analysis revealed a complex composition of monocytes and newly 

differentiating macrophages that hinted towards a sequential replacement of liver-resident 

macrophages followed by repopulation through bone marrow derived inflammatory 

monocytes. Laser-capture microdissection and genome wide analysis of gene expression 

identified a set of marker proteins that were validated by flow cytometry and led to the 

definition of a particular phenotype of CD40-expressing monocyte-derived macrophages that 

are exclusively found in iMATEs but not elsewhere in the host. Further genomic 

characterization employing RNA sequencing revealed substantial differences to liver-resident 

Kupffer cells and identified specific metabolic properties relevant for local induction of 

immunity. Functional assays of these iMATE-defining monocyte-derived macrophages revealed 

metabolic competence with high-level glycolysis and revealed that these cells are highly potent 

in the induction of CD8 T cell proliferation, in the differentiation towards GzmB expression 

rendering them efficient killer cells and in cross-presenting soluble antigens to CD8 T cells. Liver 

macrophages, in contrast, displayed a low glycolytic rate and failed to provide any support for 

T cell proliferation and did not show significant cross-presentation capacity. The transient 

presence of iMATE-defining monocyte-derived macrophages in the liver indicates that 

protective hepatic T cell immunity is determined by the dynamics of the changes in inhibitory 

vs stimulatory macrophage populations, that do not fall into the conventional M1/M2 

categories but are related to iMATE formation. 
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Zusammenfassung 

Intrahepatischer myeloider Zellaggregate (iMATEs) bilden sich auf Grund des durch Toll-like 

Rezeptor 9 (TLR9) induzierten TNF Signalings. Sie stellen einzigartige anatomische Strukturen 

da, die die lokale Proliferation zytotoxischer T Zellen fördern und Schutz gegen virale 

Infektionen darstellen. Die Identität und das funktionale Profil der iMATE-bildenden Zellen sind 

bis jetzt noch unbekannt. Sie sollten mit Hilfe der vorliegenden Studie identifiziert werden, um 

Einblicke in die mechanistischen Vorgänge der iMATE Bildung und T Zellexpansion zu gewinnen. 

Des Weiteren sollte ein molekularer Marker für die Prognostik der iMATE Formation bestimmt 

werden. 

Der Phänotyp der myeloiden Zellen in der murinen Leber nach der Anwendung des Liganden 

für TLR9 wurde mit Hilfe verschiedener Methoden systematisch analysiert. Die initiale 

phänotypische Charakterisierung mit Durchflusszytometrie und tSNE Analyse offenbarte eine 

komplexe Zusammensetzung von Monozyten und neu differenzierten Makrophagen. Alles wies 

darauf hin, dass leberresidente Makrophagen nach und nach durch inflammatorische 

Monozyten aus dem Knochenmark ersetzt werden. Eine Gruppe von Markerproteinen wurden 

mit Laser-Mikrodissektion und anschließender genomweiter Analyse der Genexpression 

bestimmt und durchflusszytometrisch validiert. Dabei konnte ein bestimmter Phänotyp CD40 

exprimierender von Monozyten abstammender Makrophagen definiert werden, der nur in 

iMATEs auftaucht. Weiterführende genomische Charakterisierung durch RNS Sequenzierung 

konnte zeigen, dass substanzielle Unterschiede zwischen CD40 exprimierender von Monozyten 

abstammender Makrophagen und leberresidenten Kupfferzellen bestehen. Des Weiteren 

wurde spezifische metabolische Fähigkeiten identifiziert, die für die Induktion lokaler 

Immunität von großer Bedeutung sind.  

Die metabolische Kompetenz der iMATE definierenden von Monozyten abstammender 

Makrophagen wurde mit Hilfe funktioneller Assays untersucht und zeichnete sich vor allem 

durch eine hohe glykolytische Aktivität aus. Darüber hinaus sind diese Zellen äußerst potent in 

der Kreuzpräsentation löslicher Antigene zu T-Zellen und der Induktion von T-Zellproliferation 

und Differenzierung hin zur Granzyme B Expression, was diese Zellen zu effizienten Killerzellen 

macht. Im Gegensatz dazu konnte bei Lebermakrophagen nur eine geringe glykolytische Rate 

festgestellt werden. Die T-Zellproliferation wurde nicht unterstützt und eine signifikante 

Kreuzpräsentationskapazität konnte nicht festgestellt werden. 

Die transiente Präsenz iMATE-definierender von Monozyten abstammenden Makrophagen in 

der Leber spricht dafür, dass die protektive hepatische T-Zellimmunität durch die dynamischen 

Veränderungen in den Populationen der inhibitorischen und stimulatorischen Makrophagen, 

die nicht in die konventionellen M1/M2 Kategorien fallen, bestimmt wird und mit der Bildung 

von iMATEs zusammenhängt. 
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1 Introduction 

1.1 The 24-hour factory of the body – the liver  

The liver is the largest solid internal organ in the body and has metabolic, clearance as well as 

immunological functions, thereby supporting other organs as well as impacting almost all 

physiological systems1. Even though classically perceived as a non-immunological organ it is 

involved in complex immunological activities. It harbours the largest population of tissue 

resident macrophages and the greatest density of NK and NKT cells. The hepatic reticulo-

endothelial network of immune sentinels and effector cells is highly dynamic and complex and 

forms the primary line of defence. Its size is unparalleled elsewhere in the body2.  

1.1.1 Storehouse, manufacturing hub and processing plant 

The liver is central to a proper and efficient metabolism of nutrients and clearance of toxins. It 

is involved in the formation and secretion of bile as well as  the metabolism of carbohydrates, 

fats and proteins3. It clears the body from drugs, toxins, steroids and hormones and synthesizes 

plasma proteins like albumin or clotting factors. It is constantly exposed to high levels of fat and 

carbohydrates4. Whereas carbohydrates are taken up and stored as glycogen within 

hepatocytes, dietary fats are broken down to lipoproteins that are used as cholesterol and 

triglycerides throughout the whole body5.  

Glucose, the basic element of carbohydrates, is stored within muscles and the liver as glycogen. 

Whereas the hepatic glycogen is used to regulate the blood glucose levels the muscular 

glycogen can only be used for muscle activity. Therefore, it is of great importance that the 

hepatic glycogen reservoirs get restored continuously6. Glucose coming from the intestines 

over the portal blood is taken up by hepatocytes via Glut transporter molecules. The 

glucokinase will phosphorylate glucose to glucose-6-phosphate that can be either used in 

glycolysis or stored as glycogen. Even though glycolysis can provide energy, most of the hepatic 

energy need is covert by amino and fatty acid oxidation. Therefore, most of the absorbed 

glucose will be stored. The liver is also the main site of gluconeogenesis, a process similar to 

glycolysis just reverse7. 

The liver has a central role in the lipid metabolism, as it is the main site for fatty acid and 

lipoprotein synthesis, conversion and regulation of the energy balance8. It produces the bile 

that is needed for intestinal lipid absorption, secrets the cholesterol that is used in lipid 

metabolism and produces as well as clears lipoproteins from the circulation9.  

The metabolic processes are tightly linked to inflammation. Excessive metabolite production or 

dysregulated processes can induce inflammatory processes. Metabolites like succinate or 

cholesterol as well as triglycerides can have inflammatory effects as well8,10, inducing fatty liver 

disease11,12, chronic inflammation10 or NASH13. 

1.1.2 Immune surveillance with a default to tolerance 
 

1.1.2.1 Hepatic architecture 

The liver has a unique microanatomical and immunological environment14. It is localized at the 

confluence of arterial blood from the hepatic artery and venous blood from the portal vein and 

filters around 30% of the total blood volume per minute15. About 80% of the blood is derived 
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from the portal vein, blood rich in nutrients and pathogen-derived molecules from the gut, that 

had bypassed primary immune sentinel structures like the spleen or lymph nodes. The 

remaining 20% are derived from the hepatic arteries16. This creates low oxygen tension and 

perfusion pressure as well as a slow irregular blood flow. Arterial blood entering the liver rapidly 

loses speed as the liver is permeated by of net of small sinusoids, that are capillary like vessels. 

The sudden increase in total cumulative vessel diameter slows down the blood flow, maximizing 

the immune cell – gut-derived antigen interaction time and enabling detection and uptake by 

immune cells like liver sinusoidal endothelial cells lining the sinusoids17. The immune cells 

create a fenestrated sinusoidal endothelium allowing for a direct contact of blood and 

hepatocytes.  

1.1.2.2 Preferential induction of immune tolerance over immunity in the liver   

The liver is a primary entity of immune surveillance for blood-borne pathogens and serves as a 

buffer between gut-derived antigens and the systemic circulation18. Despite the constant 

exposure to antigens as well as frequent tissue remodelling and changing metabolic activity, 

the liver is not in a constant state of inflammation19, but developed highly specialized 

mechanisms of immune tolerance1 to assure tissue homeostasis20. The inherent tolerogenicity 

of the liver is mainly due to its unique antigen presenting cell populations, cell autonomous 

molecular pathways that regulate inflammation and locally produced mediators that regulate 

innate and adaptive immunity14. Gut derived microbial antigens can trigger low-level 

inflammation that is rapidly regulated, allowing metabolic functions to be continued unaffected 

and leaving the tissue undamaged19. Additional activity is only tolerated under pathogenic 

conditions18. The liver needs to balance immune tolerance towards harmless molecules against 

being alert for possible infectious agents. The hepatic anatomy and a specific set of resident 

cell populations form a distinct local immune environment with a unique cytokine / growth 

factor milieu that favours a state of tolerance, which can be reversed to local immunity21. This 

is supported by a complex collaborative network between antigen presenting, lymphoid and 

nonparenchymal liver cells19. Immune tolerance in the liver is enabled by nonconventional 

immune cells, which maintain an immature phenotype and mainly produce tolerogenic 

cytokines like IL10 which was attributed to the specific microenvironment shaped by hepatic 

parenchymal cells22. Tolerance is not only defined by immunoregulatory cytokines but also by 

silencing of T cells in an antigen-specific fashion23 or interaction with inhibitory molecules24, as 

well as the failure of effective antigen presentation by nonconventional antigen presenting cells 

like hepatic stellate cells or hepatocytes16. 

1.1.2.3 Antigen presenting cells in the liver 

Antigen presentation systems have evolved to direct T cells towards possible threads as they 
cannot process free antigen by themselves25. In the liver it is not only the classical professional 
antigen presenting cells like dendritic cell that presents antigen.  Rather also liver cell 
populations, like liver sinusoidal endothelial cells (LSEC), hepatocytes, hepatic stellate cells and 
Kupffer cells have antigen presentation capacity26. They recognize microbial associated 
molecular patterns (MAMP) as well as damage-associated molecular patterns (DAMP). 
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Figure 1: “Anatomical location of hepatic antigen-presenting cells (APCs) and the factors that regulate their 
function14.” 

1.1.2.3.1 Dendritic cells 

Several populations of dendritic cells (DCs) can be found in the liver primarily located in the 
periportal areas and around the central veins26. They arise from bone-marrow derived 
hematopoietic stem cells that enter the liver in an immature state but also from circulating 
monocyte precursors27. Within the liver they do not mature the same way DCs do in secondary 
lymphoid tissues and remain in  less mature state with respect to their phenotype and 
function28–30. Liver resident DCs are comprised out of myeloid/conventional (CD11b+; moDCs), 
crosspresenting (CD103+) and plasmacytoid (B220+; pDC) as well as CD11c+CD8+DCs. Like 
regular DCs, they internalize antigen and transport it to draining lymph nodes, where they 
induce T cell activation. However, this activation is not as efficient as compared to non-hepatic 
DCs. Most of the hepatic DCs have rather tolerogenic properties. This has been related to their 
unique functional properties and the local hepatic cytokine milieu that is high in IL-10 but low 
in IL-1229 and constrains the expression of MHCs and co-stimulatory molecules to very low 
levels. Especially moDCs, monocytes that differentiate into dendritic cells, attenuate the T cell 
response by producing IL-10 and indoleamine 2,3-dioxygenase (IDO) instead of IL-1229. They 
supress local T cell proliferation and can induce apoptosis of cytotoxic T cells. The constitutive 
expression of PD-L1 by pDCs and PGE2 by moDCs limit the effective onset of an adaptive 
immune response14,31. It remains controversial whether monocytes represent DC precursors32. 
Most of them display an antigen-specific and transient hypo-responsiveness that had been 
termed endotoxin tolerance in the context of LPS33. Another type of DCs found in the liver 
belongs to a rarely found subpopulation of DCs – the NK-DCs. Those cells have characteristics 
of both NK cells as well as DCs and are found to be enriched in the liver34. Together with the 
CD11c+CD8+DCs they support the development and activation of cytotoxic T cells (CTLs). Their 
activation via pathogen-associated molecular patterns (PAMPs) can potentiate the immune 
response by production of large amounts of cytokines like IFNγ35. 

 

1.1.2.3.2 Liver sinusoidal endothelial cells 

The first immune cells that get into contact with blood-borne pathogens are the liver sinusoidal 
endothelial cells (LSEC). LSECs account for 50% of liver non-parenchymal cells and line the liver 
sinusoids. They separate the hepatocytes from the blood and form a fenestrated endothelium. 
LSECs are able to detect, capture and present pathogenic particles to lymphocytes inducing the 
development and maintenance of T cell tolerance36. LSECs express several adhesion molecules 
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like intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM1) and 
vascular adhesion protein-1 (VAP-1) at higher levels than found in other tissues37. Furthermore 
their expression of MHC class I and II and molecules for co-stimulation (CD80, CD86, CD40) that 
would make them really efficient in antigen presentation38, if they were not expressed at low 
levels under steady state conditions39. LSECs can activate T cells but Il-10 and PGE2 that are 
expressed by Kupffer cells and the LSECs themselves impair their maturation to effector T cells. 
LSECs as well as dendritic cells remain at a rather immature level of differentiation and PAMPs 
cannot trigger their functional maturation14.  

1.1.2.3.3 Hepatocytes 

Hepatocytes are the parenchymal cells of the liver making up make up for 80% of all hepatic 

cells. They are primarily engaged in the metabolism, protein production and clearance of toxins. 

Nonetheless they can activate innate and adaptive immunity, as they can detect pathogens and 

present antigens. Hepatocytes mediate inflammation via complement and acute phase 

proteins such as C-reactive protein, transforming growth factor beta (TGF-β), tumour necrosis 

factor alpha (TNFα), Il-6 and opsonizing proteins. The acute phase proteins do not only trigger 

systemic inflammation for pathogen clearance but are also capable of limiting excessive 

inflammation40,41. In addition, hepatocytes can directly activate naïve T cells via MHC class I and 

II expression. This activation commonly induces the apoptosis of activated T cells42. The Il-10 

rich environment inducing the expression of PD-L1 also influences hepatocytes.  

1.1.2.3.4 Hepatic stellate cells 

Hepatic stellate cells (HSC) also known as Ito cells are another member of the hepatic sentinels. 

They are characterized by their astral phenotype and can be found between hepatocytes and 

LSECs. They account for 5-8% of all NPCs and are mainly involved in vitamin A and lipid storage 

as well as fibrinogenesis. On the other hand, they express molecules for antigen presentation 

like MHCs and co-stimulation like CD80/86 and are capable of direct T cell activation in the 

inflamed liver43. Retinoic acid derived from vitamin A and TGFβ is the tolerogenic driver of the 

HSCs next to their expression of PD-L144,45. 

1.1.2.3.5 Kupffer cells 

Kupffer cells form the largest tissue resident population of macrophages. They account for 80-

90% of all tissue macrophages and 35% of the NPCs in the liver. Their ontogeny remains under 

debate. For a long time, they were described to originate from the bone marrow, entering the 

liver as monocytes and to differentiate locally in the liver46. Nowadays, more and more 

evidence is found that Kupffer cells are yolk sac derived cells seeded in the liver during 

embryogenesis with self-renewing capacity47. Nevertheless, if Kupffer cells are depleted for any 

reason, the Kupffer cell niche will be replenished by immigrating monocytes that re-

differentiate to Kupffer cells. After a differentiation period48 they reach the same functionality 

but may still differ in their transcriptomic signatures49. Interestingly it is rather liver derived 

factors that imprint the Kupffer cell functionality than the constant exposure to microbial 

molecular patterns48. Keeping the varying and dynamical environmental conditions in mind, it 

is not surprising that the Kupffer cells do not form a homogenous population50. 

Kupffer cells are stationary located in the vasculature and adhere to LSECs50 where they stay 

adherent over a longer period of time. As competent sentinels, Kupffer cells capture and 

internalize pathogens and pathogenic molecules out of the blood stream with a massive array 
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of scavenger, Toll-like (TLR), complement and antibody receptors. Apart from the immune 

regulation they are also involved in tissue repair and liver regeneration51. Even though Kupffer 

cells can release pro-inflammatory cytokines like Il-1, Il-6 and TNFα and carry the full repertoire 

needed for antigen cross-presentation (MHC; co-stimulatory molecules) they are poor 

activators of the adaptive immune response52. Their production of additional inflammatory 

cytokines like Il-12 and Il-18 which activate NK cells is rapidly followed by production of anti-

inflammatory Il-1052. Kupffer cells are continuously in contact with common gut bacteria and 

thus are more active in preventing immunity. Nevertheless, inflammatory cytokines or 

pathogen associated molecules can render them rapidly from tolerogenic to potent antigen 

presenting cells53. 

In addition to the clearance of pathogens, Kupffer cells bind to neutrophils, platelets and 

activated host cells. Depending on the receptor they are bound to this immune clearance can 

induce the secretion of anti- or pro-apoptotic cytokines54 and mount an intravascular 

immunity14.  

1.1.2.3.6 Liver resident lymphocytes 

Apart from antigen presenting cells a set of heterogenous resident and transiting lymphocytes 

with many additional functional characteristics is also found in the liver. Especially innate 

lymphocytes are highly enriched55 and differ in numbers and function from lymphocytes found 

in other tissues or the blood. Most of those lymphocytes belong to the group of unconventional 

T cells that express TCRs with a limited diversity and can influence both innate and adaptive 

immune responses56. Up to 50% are natural killer (NK) cells, sentinels for viral and bacterial 

infections, found at unusual high numbers compared to the blood for example57. The same is 

true for γδ-T cells. In the rest of the body they are only found at low concentrations, in the liver 

they account for 15-20% of all hepatic lymphocytes and form one of the largest populations of 

γδ T cells in the whole body58. Natural killer T cells (NKT) make up for the remaining 20-30% of 

innate lymphocytes in the liver. The hepatic NKT cells actively patrol the vasculature and are 

activated by a diverse array of signals. They can be pro- or anti-inflammatory and rapidly 

produce cytokines upon activation. The hepatic innate lymphocytes are derived from the bone 

marrow and complete their maturation locally within the liver59. Liver resident T cells do not 

undergo thymic selection. Only around 50% of the CD3+cells express the T cell receptor at 

intermediate amounts. The ratio of CD4+ to CD8+cells in the liver - 1:2 - is opposite to the ration 

in the blood.  

NK cells are traditionally classified as either cytolytic or immunoregulatory60. The hepatic NK 

cells are different from the conventional ones in terms of function, phenotype and origin and 

have been compared to innate lymphoid cells that present immunoregulatory properties61. γδ 

T cells express rearranged antigen receptors and recognize stress-inducible proteins like MICA 

and MICB as well as glycolipids62. NKT cells are lymphocytes with a restricted set of αβ TCR and 

NK cell markers and multiple cytotoxic activities63. NKT cells recognize glycoproteins and lipids 

presented on CD1d and by MHCI and kill their target cells and secret growth factors as well as 

cytokines64,65. 

T cells are the central players of the adaptive immune response. They are trapped within the 

liver by adhesion molecules like ICAM-1 or VCAM-1 expressed by LSECs or Kupffer cells. Upon 
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TCR ligation they active B cells, lyse the target cells and release several cytokines like Il-2, IFNγ 

and TNFα that influences other immune cells. Some hepatic T cells also produce Il-4, a cytokine 

that has been linked to a rather regulatory T cell type. To further support the hypothesis of the 

unique hepatic environment a population of non-MHC restricted killer cells (lymphokine 

activated killing (LAK) cells) has also been discovered within the liver66.  

Mucosal-associated invariant T (MAIT) cells make up for one of the largest populations of T cells 

within the human liver where they have an important role in the hepatic firewall defending in 

the first line67. In contrast to that the murine livers only harbors a very small population even 

though the highest frequency is found in the liver68.  

Regulatory T cells (Tregs) are important for central and peripheral tolerance. In the liver they 

work together with Kupffer cells in creating a local immunosuppressive milieu by producing Il-

10 and actively suppressing the activation of effector T cells69.  

1.1.2.4 Platelets 

Not only liver resident cells participate in the immune surveillance but also components of the 

blood namely the platelets. Under steady state conditions they can shortly interact with Kupffer 

cells (touch & go) scanning for pathogens. If a pathogen is captured platelets not only touch 

but also adhere and form aggregates around the pathogen. This probably shields the pathogen 

from other immune cells and prevents an inflammatory immune response70. In addition, 

platelets can produce defensins and other antimicrobial molecules. Altogether the mechanisms 

how platelets are involved in the immune response are in need for more detailed analysis.  

1.1.2.5 Receptors for pathogen recognition 

For the detection of pathogens immune cells are equipped with two types of receptors: pattern 

recognition (PRRs) and humoral receptors.  

The PRRs identify endo- and exogenous, self- and pathogen-derived molecular patterns. This 

diverse class of multifunctional receptors is not specific for single pathogens but recognizes a 

limited set of pathogen-associated molecular patterns (PAMPs). The array includes scavenger, 

carbohydrate, cytoplasmic and Toll-like receptors (TLRs). Scavenger receptors are mainly found 

on LSECs and bind to PAMPs circulating in the blood. The mannose receptor, part of the 

carbohydrate receptor family, recognizes specific sugar tags on circulating particles and induces 

internalization. This receptor is also found on LSECs. The cytoplasmic receptors are expressed 

by hepatocytes and are important for the detection of intracellular infections. They bind to viral 

RNA (MDA-5, RIG-I) and parts of bacterial cell walls (NOD-like receptors) and induce the 

production of pro-inflammatory cytokines71,72. TLRs can be found on the cell surface (1, 2, 4, 5, 

6) and within endosomes (3, 7, 8, 9). They are key upstream mediators of inflammation and 

some of them are found on hepatic cells. Kupffer cells express TLR2, TLR4 and TLR9. 

Hepatocytes express TLR2 and 4 but their response to stimulation is rather weak. Hepatic 

stellate, dendritic and sinusoidal endothelial cells have been shown to express TLR473. They 

induce cellular activation, cytokine production and can modify cellular functions. And again, the 

immune response evoked by TLRs expressed in the liver differs from TLRs found in other organs. 

Lipopolysaccharide (LPS) for example that binds to TLR4 is a potent immuno-activator of 

circulating leukocytes. In the liver it induces the production of IL-10, an anti-inflammatory 

cytokine and interferes with antigen presentation36. This immune evasion14 is essential as the 
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liver is constantly exposed to large amounts of bacteria-derived molecules from the gut within 

the portal blood. It has been proposed that common concentrations of TLR ligands detected by 

hepatic TLRs dampen the immune response. Higher concentrations, on the contrary, can 

overcome the tolerance and induce a fully blown immune response74.   

1.1.3 Immune cell recruitment to the liver 

The recruitment of immune cells to the liver is induced by chemotactic cytokines like MCP1 and 

IL875 that are small protein mediators secreted by antigen presenting cells upon their activation 

due to hepatic injury or inflammation76. Especially chemokines drive the migration of immune 

cells. The cells will migrate along a gradient of increasing chemokine concentrations in direction 

of the source of chemokine production77. Recruited immune cells will produce further pro-

inflammatory cytokines amplifying the inflammatory response. Their recruitment does not 

follow the classical pattern of leukocyte adhesion cascade and is tightly regulated78. Several 

adhesion molecules are involved in this process that differ according to the site of adhesion, 

mainly the hepatic sinusoids. Neutrophils use selectins in postcapillary venules79. Within the 

liver sinusoids hyaluronan has been shown to be a key ligand for the adhesion80. Many 

leukocytes use CD44, Mac-1 and Icam-181 for adhesion. The NKT cells rather rely on Vla4 and 

Vap-1. For the recruitment of some monocytes subsets CCR1 and CCR2 seem to play an 

important role82,83, for others it is rather CCR5, CX3CR1 and CCR684–86. Monocytes are not only 

recruited to the liver due to liver damage or ongoing inflammation. They can replenish the 

Kupffer cell niche and contribute to the macrophage pool in the liver. In addition to filling in the 

Kupffer cell niche they gradually adopt a Kupffer cell like transcriptional profile and become 

self-renewing, long-lived cells.  They then strongly resemble embryonic yolk-sac derived Kupffer 

cells and even compete with them for niche repopulation87. Monocytes are also recruited from 

the circulation to control infections and tissue repair88. Many of them will differentiate into an 

alternatively activated phenotype with regulatory properties. They transiently contribute to 

local inflammation and promote its resolution until the homeostasis is restored89,90. Myeloid 

derived suppressor cells (MDSCs) are attracted by serum amyloid A an acute phase protein77. 

The main route of infiltration for immune cells into the liver is via the blood stream. However, 

recently J Wang et al. described mature peritoneal macrophages that rapidly infiltrated the liver 

at infectious sites, shedding light onto a different route of immigration into the liver91. 

Neutrophils that are recruited to the liver upon infection clear viruses and bacteria from the 

circulation. They will interact with the endothelium, crawl along the sinusoids and extravasate 

or remain sessile within. A tight regulation of neutrophil recruitment enables to balance 

pathogen control against immunopathology63. 

The liver is not a classical secondary lymphoid organ but as a frontline sentinel it has the unique 

capacity to induce immune tolerance and hypo-responsiveness on the one and a rapid and 

robust immune response on the other side. The complex interactions between the liver 

resident cell populations enable this finely tuned balance. The low abundance of MHCs and co-

stimulatory molecules creates an environment that does not support induction of immunity. T 

cells can be primed locally in the liver, but typically are devoid of licensing cytotoxic effector 

functions. One of the inhibitory molecules involved in local induction of immune tolerance is 

PD-L1 that is expressed by LSECs and is operational to induce immune tolerance in T cells. 

Furthermore it has been described that DCs that directly interact with LSECs induce T cell 
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tolerance92. It can be described as a default to immune non-responsiveness or tolerance29,42,93. 

The liver function relies on the balance between immunity and tolerance. Tissue damage and 

remodelling are induced by excessive inflammation due to non-pathogenic molecules. 

Insufficient immunity prepares the ground for chronic infections and cancer. 

1.2 The myeloid cells of the mononuclear phagocyte system (MPS) 

Myeloid cells are descendants from hematopoietic precursors in the bone marrow and key 

factors for innate and adaptive immune responses. The term mononuclear phagocyte system 

was introduced by Van Furth et al. 197294. It is used to condense all highly phagocytic 

mononuclear cells namely monocytes, macrophages and dendritic cells into one group. The 

classification is based on the similarities found in function, origin, morphology and phagocytic 

kinetics94. Members of the MPS are immune cells of the innate immune system that originate 

from the bone marrow and are constantly released into the circulation. They are not only 

crucial effectors of the innate immune response but also important for the regulation of the 

adaptive immunity. 

1.2.1 Origin and differentiation 

Myeloid cells originate from multipotent hematopoietic stem cells in the bone marrow that are 

the origin of all blood and immune cells. The stem cells can develop into two different lineages 

– the myeloid and the lymphoid lineage with a common myeloid, dendritic cell and lymphoid 

progenitor. A transcription factor network tightly regulates commitment to the respective 

lineage. The myeloid progenitor, induced by PU.195, further differentiates into megakaryocytes, 

erythrocytes, mast cells and myeloblasts. The myeloblast gives rise to baso-, neutro- and 

eosinophil granulocytes as well as monocytes that mature into macrophages and dendritic cells 

(Fig. 2). Whereas transcription factors regulate the commitment to either differentiation, 

specific colony-stimulating factors determine the terminal maturation. The list of transcription 

factors is small and includes factors as PU.1, CCAAT/enhancer binding protein alpha (C/EBPα), 

C/EBPβ, C/EBPε, growth-factor independent 1 (GFI1), interferon regulating factor 8 (IRF8), the 

runt-related transcription factor 1 (Runx1) and others96. 
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Figure 2: (A,B) Two different views on the hematopoietic development. “(A) Depiction of the classic hierarchical 
representation of hematopoietic development in the bone marrow; hematopoietic stem cells (HSC) or multipotent 
precursors (MPP); granulocyte macrophage precursors (GMP); monocyte-macrophage/dendritic cell precursors 
(MDP); dendritic cell precursors (CDP); common monocyte precursors (cMoP); plasmacytoid DC (pDC); common 
lymphocyte precursors (CLP); common myeloid precursors (CMP); megakaryocyte/erythrocyte progenitors (MEP); 
main transcription factors involved in monocyte development are shown (B) Development of the hematopoietic 
system based on single-cell analysis97. ” 

1.2.2 Monocytes 

The term monocyte describes the third member of the MPS that consists of various distinct 

functional subsets that are shaped by different developmental pathways. Monocytes are active 

phagocytes that can differentiate into antigen-presenting cells (APC) like macrophages or 

dendritic cells98. They are key players for both the innate and adaptive immune response and 

account for 4% of nucleated cells in the blood85. Even though their short half-life is only about 

20 hours they account for a cellular system of great plasticity and dynamic. Even within one 

organ they can be highly heterogenous and harbour a multitude of functional modules. 

According to the local microenvironment they can recapitulate their phenotype and functional 

features towards induction or resolution of inflammatory reactions97. Activation by 

inflammatory stimuli induces rapid migration to the site of inflammation where the monocytes 

differentiate according to the tissue-specific factors into monocyte-derived effector cells99 and 

complement the tissue-resident phagocytic compartment. Most physiological processes that 

monocytes have been described to be involved in so far, are macrophage or DC-like activities. 

Additional inherent monocytic activities are still under debate. Just recently it was suggested 

that they might promote angiogenesis and arteriogenesis100.  

Under steady state conditions most monocytes are found circulating in the blood in different 

states of differentiation relating to size, phenotype and function. They express a variety of 

receptors that sense environmental changes and induce the differentiation of inflammatory or 

anti-inflammatory subsets. Phenotypic profiling classified them into ‘patrolling’ ones which are 

CX3CR1hi, Ly6Clow, CCR2neg, CD62LnegCD43hi and remain as sentinels in the vasculature. The 

‘classical’ ones have a high phagocytic capacity due to TLRs and scavenger receptors for PAMP 

recognition, can be rapidly mobilized  and are CX3CR1midLy6ChiCCR2+CD62L+CD43low 101. 
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Monocytes remove pathogenic materials, lipids and dead cells and produce effector molecules 

like cytokines and superoxides which can initiate inflammation. The expression level of Ly6C 

indicates for how long the monocytes have already been circulating. Monocytes with high Ly6C 

expression just recently left the bone marrow. If they do not get recruited they greatly 

downregulate Ly6C102. Several distinct transient states that were discovered remain almost 

uncharacterized103. Monocytes that get recruited and extravasate into tissues can differentiate 

into macrophage-like or DC-like cell types with comparable functional properties. Furthermore, 

they secrete ROS, TNFα, NO and Il-1β. In contrast, patrolling monocytes mainly secrete Il-10. 

Additional activities originate from their inherent plasticity98. C Jakubzick et al (2013) 

introduced the term ‘tissue-resident monocytes’ for monocytes that persist in their circulating 

phenotype within the tissue. They have the capacity to migrate and might transport antigen to 

the lymph nodes, but their functional classification still awaits definition.  

Their ability of a dynamic and rapid recruitment qualifies them as an emergency squat that 

provides a transient supplement of pro-inflammatory or resolving activities104. 

1.2.3 Macrophages 

Macrophages are distributed strategically throughout the body and are either tissue-resident 

or a mature differentiated form of monocytes that extravasated into tissue, consequently 

called monocyte-derived macrophages. Their main functions include phagocytosis, antigen 

processing, danger signal recognition and cytokine release105. They orchestrate tissue 

development, homeostasis and inflammation and can be protective but also pathogenic by 

adopting a variety of activation phenotypes. Macrophages have a long half-life time.  

Tissues resident macrophages do not form a homogenous group, but every tissue harbours its 

own type of macrophages with a unique, tissue-dependant ontogeny, morphology, and 

function like Kupffer cells in the liver (described in detail before) or microglia in the brain. Most 

of them originate from embryonic precursors that seed the tissues before birth, get locally 

imprinted and maintain themselves by self-renewal98. Others like macrophages from the 

marginal splenic pool are replenished by definite hematopoiesis106 or are of mixed origin. It is 

proposed that the tissue itself has major influence on balancing persistence versus 

recruitment107 as well as the functionality108. This was confirmed just recently by D Rückerl et 

al. (2017). Their results indicate that the tissue-specific functionality outweighs cellular 

plasticity109. Under steady state conditions tissue-resident macrophages are mainly involved in 

programmed cell removal that works with “eat me” and “do not eat me” signalling pathways 

and immune inhibition as well as deactivation of auto-reactive T cells110. In addition to 

development and tissue homeostasis they are also important factors for the resolution of 

inflammation and wound repair. Under pathological conditions they can also induce 

inflammation and consequently the influx of inflammatory leukocytes111.  

Inflammatory signals recruit additional macrophages, monocyte-derived macrophages into the 

tissue that have a critical role as effector cells by either establishing a local inflammatory 

response or by orchestrating resolution of the latter. The respective orientation is controlled 

by the dynamic changes of tissue environment that influences the direction of programming, 

activation, and functionality.  Phenotype and activity are ‘tailored’ according to the activating 

stimulus112. 
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Over decades the classification of macrophages relied on the model of dichotomous states99. 

The classical, M1 type is described as an effector cell that gets activated by IFNγ and TNF 

expressed by NK cells. Following activation, it also starts to produce proinflammatory cytokines 

like Il-1, Il-6 or Il-23 as well as inflammatory mediators like reactive oxygen species (ROS) and 

nitric oxide (NO). The alternatively activated, M2 type gets activated by PGE2, Il-10 or apoptotic 

cells. It will start to produce TGFβ or Il-10 and downregulate Il-12 production. Even though high 

levels of costimulatory molecules like CD80 or 86 have been found on its surface it is regarded 

as a regulatory cell113. Just research of the recent years started to describe more and more 

diverse phenotypes and functions114,115.  

1.2.4 Dendritic cells  

Dendritic cells form a heterogenous cellular network of bone-marrow derived immune cells 

with a stellate morphology and endowed with specific functions, best known for their efficient 

antigen presentation and T cell priming. They capture, process and present antigens on their 

surface to T cells and thereby serves as the nexus between adaptive and innate immune 

responses. Furthermore, they are also involved in the fine tuning between tolerance and 

immunity116. Several subpopulations have been described whose classification is depending on 

origin, location and function. Their differentiation is dependent on cytokine signalling 

modulating  transcription factor expression117. Dendritic cells were found in the circulation and 

residing in lymphoid and non-lymphoid tissues where they act as sentinels. Antigen 

presentation to T cells occurs locally or within the lymph nodes and its result is dependent on 

DC maturation state and subset as well as location and cytokine signature118.  

Many subsets of DCs defined by their development and functionality have been reported, but 

the three main groups comprise plasmacytoid dendritic cells (pDCs) and conventional/classical 

dendritic cells type 1 and 2 (cDC1 and cDC2). Their migratory potential is pronounced and 

tightly regulated119. Migratory processes, mainly in the direction of the lymph nodes, induce 

the upregulation of MHCII. If the migration is induced by inflammation cytokine production and 

co-stimulatory molecules are also affected120. 

pDCs have smooth surfaces and are mainly found in primary or secondary lymphoid tissues 

(lymph nodes, spleen). They are defined by low expression of MHC class I and II along with poor 

antigen presentation potential, high expression of TLR7 and 9, B220, PDCA1 and Siglec-h, as 

well as abundant expression of type I interferons (IFNs). They are engaged in antiviral and -

bacterial responses – recognizing PAMPs and secreting large amounts of TNFα, Il-6 and type I 

IFNs121. 

cDCs are mainly found in tissues where they sense antigens, transport it to the lymph nodes 

and induce either immunity or tolerance. cDCs are defined by their phenotype, the expression 

of CD11c, MHCII, CD135 (fms-like tyrosine kinase 3), c-kit and CCR7. Furthermore, their 

response to environmental stimuli is reflected in phenotypical changes which aggravates the 

classification of distinct subsets. The phenotypic plasticity of DCs especially manifests during 

inflammation122. 

Non-lymphoid tissues harbour CD103+CD11bneg and CD11b+cDCs. The CD103+cDCs DCs account 

for about 30% of all cDCs and do not express typical macrophage markers like F4/80 or 

CD11b123. CD11b+cDCs are a mixture of tissue cDCs and monocyte derived DCs. A clear 
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separation can only be achieved by ontological analysis, as their phenotype is tissue 

dependant124. Lymphoid tissues harbour CD8+CD11bneg and CD4+CD11b+cDCs. CD8+cDCs are 

phenotypical immature and express CD205, Clec9A and langerin125. CD4+CD11b+cDCs display a 

more mature phenotype and produce more chemotactic cytokines like CCL17 or 22126. Both 

subsets proliferate in situ. 

CD103+cDCs from non-lymphoid tissues and CD8+cDCs from lymphoid tissues share the same 

functions and have been grouped as CD8α+ lineage127or cDC1
122. They sense pathogens and 

tissue damage and can activate naïve CD8+T cells especially via MHCI and Il-12 production. 

cDC1s have a strong cross-presentation capability which explains their strong priming 

potential128 and important role in the induction of adaptive immune responses. Furthermore, 

they are equipped with a unique immune checkpoint repertoire – Tim3hi, PD-L1low and lack of 

ILT2 129. The two CD11b+cDCs subsets are important sentinels of the non- CD8α+ lineage127 or 

cDC2 that activate CD8+ and CD4+T cells130. Their cross-presentation capacity is not as 

pronounced, and they are rather relying on MCHII131 for antigen presentation. cDC2s are well 

suited for activation of CD4+T cells and humoral immunity132. CD8+T cell activation involves the 

cooperation with CD4+T helper cells (TH). CD4+THcells activation induces their polarization 

towards an anti-inflammatory, immunoregulatory or proinflammatory phenotype. pDCs and 

cDCs are central players in the education of immune cells. Central and peripheral tolerance is 

achieved by the selection of developing lymphocytes and priming of T regulatory cells (Treg) in 

the thymus and deletion of auto-reactive T cells in the periphery133. 

Inflammatory properties that are linked to activation and maturation manifest in phenotypical 

changes like upregulation of CD86, CD80 or CD40 and production of cytokines like Il-1, -6, -7, -

12, -15, -18, TNF, TGF, M/GM-CSF. Regulatory properties are not so easy to grasp. For a while 

it seemed as if immune regulatory and tolerogenic functions where mainly linked to immature 

DCs which circulate in the blood or migrate into peripheral tissues searching for foreign 

antigens. No co-stimulatory signal 2 is present when antigen is presented to naïve T cells which 

results in T cell anergy and deletion134. Recent studies however detected mature DCs involved 

in regulatory activities which suggested that regulatory properties are not restricted to one 

distinct phenotypical subset, but they rather belong to a distinct functional state135.  

Monocytes that differentiate into DCs upon inflammatory stimuli locally in the tissue or in 

lymph nodes are called inflammatory dendritic cells (iDCs) or monocyte-derived DCs (moDCs). 

They are inconspicuous under steady state conditions. moDCs are characterized by low CD11c 

and high MHCII, TNFα and iNOS expression and participate in direct anti-microbial defense as 

well as the induction of adaptive immunity132. Hitherto conflictive results have been reported 

ranging from high to no potential in induction of the adaptive immunity136,137. Differences in 

TH polarization indicate that the potential might be depending on the type of inflammatory 

stimuli. Their transient appearance and phenotypical heterogeneity complicate a distinct 

classification. Recent research described a division of labor between moDCs and cDCs138. 

Other cells that also belong to the group of DCs but will not be described in more detail are 

epidermal Langerhans cells, semi-mature DCs, follicular DCs, Tip-DCs and NK-DCs117. 
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1.3 Intrahepatic myeloid cell aggregates for T cell population expansion (iMATE) 

L Huang et al. (2013) were the first to discover intrahepatic myeloid cell aggregates for T cell 

population expansion (iMATEs). They are one example for how the hepatic tolerance can be 

overcome by specific stimuli. Furthermore, they are a unique anatomical structure as local T 

cell proliferation has been only described for T memory cells (Tmem) so far.  

iMATEs are dense cocoon-like non-perfused structures that arise in the liver within 2 days after 

i.v. TLR9-L application (Fig.1). They develop in a dynamic way and gradually disappear within 6 

to 8 days. iMATEs arise from inflammatory monocyte-derived cells that comprise 

CD11b+F4/80+cells that are either Ly6ChiMHCIIneg, Ly6ChiMHCII+ or Ly6CdimMHCII+. Kupffer cells, 

neutrophils, dendritic cells or NK cells do not have a prominent role in formation of these focal 

inflammatory structures. They are distinct from tertiary lymphoid structures as no collagen IV, 

smooth muscle actin, platelet derived growth factor receptor beta or lymphotoxin beta-

receptor could be detected. Even though they are not demarcated from their surrounding 

tissue, iMATEs are distinct anatomical compartments. Experiments with mice deficient in 

recombinant-activating gene 2 (RAG-/-) that are devoid of B and T cells did show that their 

formation does not rely on a crosstalk between myeloid cells and B or T cells. It was rather 

suggested that TNF signalling pushes iMATE formation via a local feed forward loop. 

 

 

Figure 3: 3D image of an iMATE with T cells (pink: CD31 for vessels, yellow: Ly6C for inflammatory monocytes, 
turquoise: CD8 for T cells). 

iMATEs exist in 3 different distinct structures: the condensed form with generally few 

proliferating cytotoxic T lymphocytes (CTLs) is found 24 to 48 hours after TLR9-L application; 
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the dispersed form harbors many proliferating CTLs and is found 72 hours after TLR9-L 

application; the diffuse form which has only few CTLs left can be observed after 4 days and will 

rapidly disperse with no trail left.   

The results for CTL proliferation were obtained with adoptively transferred pre-activated T cells. 

Endogenous T cells did also undergo this second phase of expansion but not to the same extent. 

Even though the CTL population expansion detected was massive it did not come along with 

pronounced liver damage. This is probably owed to the fact that CTL proliferation is restricted 

to the iMATE structures. Experiments with splenectomy and or application of sphingosine 1-

phosphate antagonist FTY720, which blocks the egress of lymphocytes from the lymph nodes 

could prove these data. Furthermore, no Ki67+ or BrdU+ hepatic T cells were found outside of 

the iMATEs and CTLs colocalized with CD11b+MHCII+ cells. The expansion was induced antigen 

independent as no MHCI restricted antigen recognition was observed. Instead, an important 

role for co-stimulatory molecules like OX40 was detected. Nevertheless, iMATEs can improve 

antigen-specific responses. In experiments with acute viral infection the viral clearance was 

facilitated when viral specific CTLs were transferred. It was also shown that acute viral infection 

alone could induce iMATEs. This induction was absent in chronic viral infections.  

TLR9-L had earlier already been shown to overcome hepatic regulatory cues139, but this was 

not accompanied by local T cell proliferation. Here the myeloid cells serve as nursing cells that 

form a shelter which protects T cells from the local inhibitory signals74.  

The formation of inflammatory foci has been known for a long time. T cells recruited to an 

infected site will secrete cytokines that induce other immune cell which in turn secrete 

chemokines for recruitment of further immune cells140. Alternatively such a foci might be a 

sight of activation for naïve T cells by either hepatocytes, HSCs or LSECs43,141,142. The iMATE 

concept is a radical new vision of these notorious structures143. Nevertheless, it remains 

debateable whether iMATEs are a liver specific phenomenon that arises due to a strong 

artificial PAMP stimulus or whether they are used in many tissues to secure an appropriate 

supply of CD8 T cells. Recent research did not address this problem, but could show that 

MAPKAP kinase 2 prevents formation of iMATEs144. Furthermore, iMATEs can be induced in a 

hepatic tumour microenvironment and are able to affect the tumor growth negatively145. 
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2 Aim of the study 
The liver is a lymphoid organ whose default is set to tolerance. The constant exposure to foreign 

antigens coming from the intestine would otherwise lead to continuous inflammatory 

processes, which could damage the liver and lead to constant systemic inflammation as well. 

Several liver resident immune and parenchymal cells secure the tolerogenic function of the 

liver. A certain threshold of inflammatory stimuli must be reached before tolerance turns to 

immunity. The application of TLR9-L did provide sufficient stimulation and enabled the 

formation of intrahepatic myeloid cell aggregates and the population expansion of cytotoxic T 

cells within those structures. 

This study was aiming for a detailed phenotypic and functional characterization of the iMATE-

forming myeloid cells to identify a biomarker for their identification and to understand how T 

cell activation within iMATEs is achieved.  
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3 Material and Methods 

3.1 Material 
3.1.1 Equipment 
 

Equipment Name Supplier 

Cell dissociation sieve     

Cell seperator autoMACS Pro Separator 
Miltenyi Biotec B.V. & Co. KG, Bergisch-

Gladbach, DE 

cell sorter SH6800S SONY Biotechnology, Champaign, USA 

Centrifuges 
- Heraeus® Fresco 17 Thermo Fisher Scientific, Waltham, 

MA/USA - Heraeus® Multifuge X3R 

CO2 Incubator HERAcell 150i 
Thermo Fisher Scientific, Waltham, 

MA/USA 

 Counting chamber Neubauer chamber Karl Hecht GmbH, Sondheim, DE 

Electrophoresis system Mini-PROTEAN® Tetra Cell BioRad, Hercules, USA 

Freezer 
-20°C Comfort No Frost Liebherr, Bulle, DE 

-80°C Thermo Fisher, Champaign, USA 

fully automated IHC & ISH 

stainer 
Bondmax Rxm Leica Biosystems, Nussloch, DE 

Flow cytometer; spectral cell 

analyzer 

SA3800 
SONY Biotechnology, Champaign, USA 

SP6800 

Fluorescence and absorbance 

plate reader 
Infinite M1000 Pro Tecan, Männedorf, CH 

Flux-Analyzer 
Seahorse XFe96 Extracellular 

Flux Analyzer 

Agilent Technologies, Santa Clara, 

CA/USA 

Gel chamber   BioRad, Hercules, USA 

Imaging-System ChemiDoc™ XRS Bio-Rad Laboratories, Feldkirchen, DE 

Infrared lamp IL21 Beurer, Ulm, DE 

Microscope 
 DMi8 Leica, Wetzlar, DE 

Axio Zeiss, Oberkochen, DE 

Multiplexing Instrument Luminex® Bio Plex 200 Bio-Rad Laboratories, Feldkirchen, DE 

Paraffin Embedding System  Cool Unit TBS88 Medite GmbH, Burgdorf, DE 
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PCR-Cycler ProFlex PCR System 
Applied Biosystems, Foster City, 

CA/USA 

Perfusion pump 
Masterflex® L/S® Digital 

Standard Drive 
Cole-Parmer, Vernon Hills, Il/USA 

Perfusion pump 
Masterflex® L/S® Digital 

Standard Drive 
Cole-Parmer, Vernon Hills, Il/USA 

pH-Meter inoLab® pH 7110 WTW (Xylem Analytics), Weilheim, DE 

Pipettes 

Research plus 

Eppendorf, Hamburg, DE 
0,1 – 10 μL 

2 – 20 μL 

20 – 200 μL 

100 - 1000μL 

Power supply PowerPac™ Basic Bio-Rad Laboratories, Feldkirchen, DE 

Presicion scale Analysenwaage ABS Kern & Sohn, Balingen, DE 

Refrigerator   Liebherr, Bulle, DE 

RNA-Sequencing NextSeq 500 Illumina, San Diego CA/USA 

Rotary bath Thermolab® 1092 GFL, Burgwedel, DE 

Scale 
S72 

Kern, Balingen, DE 
ABS - N 

Slide-Scanner Aperio AT2 Leica Biosystems, Nussloch, DE 

Smart tissue processor ASP300 Leica Biosystems, Nussloch, DE 

Table centrifuge Heraeus Pico 17 ThermoFisher, Champaign, USA 

Thermomixer  compact Eppendorf, Hamburg, DE 

Thermomixer MaxQ4000 
Thermo Fisher Scientific, Waltham, 

USA 

Vibratom  VT1000S  Leica Biosystems, Nussloch, DE 

Waterbath  TW8 Julabo, Seelbach, DE 

 

3.1.2 Consumables 
 

Consumables Name Supplier 

Cell culture plates 
Microplate, 96-/ 24-/ 12-well Greiner Bio-One International, 

Kremsmünster, A 
F-Bottom, chimney-well: 
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- white, lumitrac 

- µ-clear, black 

Cell culture bottles 
TC bottle, T25 

Sarstedt, Nümbrecht, DE 
TC bottle, T75 

Centrifugation 

tubes 

Falcon™ tubes 50ml 
Greiner Bio-one, Solingen, DE 

Falcon™ tubes 15ml 

Insulin syringe Omnican® Insulinspritzen B.Braun, Melsungen, DE 

Cannula (20G, 22G, 

27G) 
Sterican® Injektionskanülen B.Braun, Melsungen, DE 

Cannula  Supra Misawa Medical, Kasama City, JPN 

Microreactiontube Eppi™ 0,5ml, 1,5ml, 2ml Eppendorf, Hamburg, DE 

Microscope slides SüsseFrostPlus Süsse, Stuttgart, DE 

Pasteur pipette Cellstar® (2mL, 5mL, 10mL, 25mL) Greiner Bio-one, Solingen, DE 

PCR Strip Tubes  Sapphire Greiner Bio-one, Solingen, DE 

Petri dish 
PS, 94/16mm 

Greiner Bio-one, Solingen, DE 
PS, 145/20mm 

Scalpels Feather® No.11 Feather, Osaka, Japan 

Seahorse 96well 

Platte 
XF96 cell culture microplates 

Agilent Technologies, Santa Clara, 

CA/USA 

Seahorse XFe96 

Cartridge 
Extracellular Flux Assay Kit 

Agilent Technologies, Santa Clara, 

CA/USA 

Sterile filter 0.2 µm Acrodisc®  Pall, Cornwall, UK 

Syringes 5, 10, 20ml B.Braun, Melsungen, DE 

Tips 

10μl 

Greiner Bio-one, Solingen, DE 100μl 

1000μ 

Tissue molds  Tissue-Tek® Cryomolds 
Sakura Finetek Europe B.V., Alphen 

aan den Rijn, NLD  

 

3.1.3 Chemicals and Reagens 
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Chemical / Reagens Supplier 

0,9% NaCl (isotonische Kochsalzlösung) Deltamedica, Reutlingen, DE 

1,6-Diphenyl-1,3,5-hexatrien Sigma-Aldrich, St. Louis, MO/USA 

Agarose Ultrapure™ Invitrogen, Life Technologies, Carlsbad, USA 

Antigenfix P0016 Diapath, Martinengo, BG 

AntimycinA Sigma-Aldrich, St. Louis, MO/USA 

ATP (aus ATP Detektions-Kit) Roche, Basel, CH 

β-Mercaptoethanol AppliChem, Darmstadt, DE 

Bromphenoblue Sigma-Aldrich, St. Louis, MO/USA 

BSA AppliChem, Darmstadt, DE 

BSA (Fettsäure-frei) Sigma-Aldrich, St. Louis, MO/USA 

CaCl2 x 2 H2O Sigma-Aldrich, St. Louis, MO/USA 

Carboxyfluorescein succinimidyl ester (CFSE) ThermoFisher, Scientific, Waltham, MA/USA 

Calibration beads (AlignCheck, 8-Peak, Automatic 

Setup) 
SONY Biotechnology, Champaign, USA 

CCCP Sigma-Aldrich, St. Louis, MO/USA 

CsCl AppliChem, Darmstadt, DE 

Cytochrom C Sigma-Aldrich, St. Louis, MO/USA 

DMEM GIBCO, Life Technologies, Carlsbad, USA 

DMSO Sigma-Aldrich, St. Louis, MO/USA 

DTT AppliChem, Darmstadt, DE 

EDTA Sigma-Aldrich, St. Louis, MO/USA 

EGTA AppliChem, Darmstadt, DE 

Essigsäure Merck, Darmstadt, DE 

Ethanol AppliChem, Darmstadt, DE 

FCS (fetal calf serum) PAN-Biotech, Aidenbach, DE 

H2O (qPCR) Roche, Basel, CH 

H3PO4 (Phosphat) Sigma-Aldrich, St. Louis, MO/USA 

HCl AppliChem, Darmstadt, DE 

Heparin B.Braun, Melsungen, DE 
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HEPES Carl Roth, Karlsruhe, DE 

GBSS PAN-Biotech, Aidenbach, DE 

Glutamat (C5H9NO4) Sigma Aldrich, St. Louis, USA 

Glutamine (L-), (200 mM) GIBCO, Life technologies, Carlsbad, USA 

Glycin Carl Roth, Karlsruhe, DE 

HBSS Sigma Aldrich, St. Louis, USA 

Isofluran CP® CP-Pharma, Burgdorf, DE 

Isopropanol AppliChem, Darmstadt, DE 

KCl AppliChem, Darmstadt, DE 

KH2PO4 AppliChem, Darmstadt, DE 

KOH Sigma-Aldrich, St. Louis, MO/USA 

Methanol Merck, Darmstadt, DE 

MgCl2 x 6 H2O AppliChem, Darmstadt, DE 

Na2HPO4 x 2 H2O AppliChem, Darmstadt, DE 

NaCl AppliChem, Darmstadt, DE 

NaOH Merck, Darmstadt, DE 

Natriumdeoxycholat Sigma-Aldrich, St. Louis, MO/USA 

Nigericin Sigma-Aldrich, St. Louis, MO/USA 

Normal mouse serum (NMS) Thermo Fisher Scientific, Waltham, MA, USA 

Oligomycin Sigma-Aldrich, St. Louis, MO/USA 

Paraformaldehyd (PFA) AppliChem, Darmstadt, DE 

Penicillin (10000 U/mL)/Streptomycin (10 mg/mL) GIBCO, Life Technologies, Carlsbad, USA 

Percoll™ GE Healthcare, Chalfont St. Giles, UK 

poly-L-Lysin Sigma-Aldrich, St. Louis, MO/USA 

Ponceau S AppliChem, Darmstadt, DE 

Potassium chloride Merck, Darmstadt, DE 

Protease-Inhibitor (RIPA), cOmplete tablets mini Roche, Basel, CH 

Pyruvat Sigma-Aldrich, St. Louis, MO/USA 

Q-VD-OPh Biomol, Hamburg, DE 

RLT buffer Qiagen, Hilden, DE 
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Rotenon Sigma-Aldrich, St. Louis, MO/USA 

RPMI GlutaMAXX GIBCO, Life Technologies, Carlsbad, USA 

SDS AppliChem, Darmstadt, DE 

Spectra™ Multicolor Broad Range Protein Ladder Thermo Fisher Scientific, Waltham, MA/USA 

Succinat Sigma-Aldrich, St. Louis, MO/USA 

Sucrose AppliChem, Darmstadt, DE 

TCL buffer Qiagen, Hilden, DE 

Tes Carl Roth, Karlsruhe, DE 

Tetraphenylphosphonium-Chlorid (TPP+) Sigma-Aldrich, St. Louis, MO/USA 

Tissue-Tek® O.C.T.™ Compound 
Sakura Finetek Europe B.V., Alphen aan den 

Rijn, NLD  

Tris Carl Roth, Karlsruhe, DE 

Tween 20 Sigma-Aldrich, St. Louis, MO/USA 

Williams Medium E PAN-Biotech, Aidenbach, DE 

XF Calibrant pH 7,4 Agilent Technologies, Santa Clara, CA/USA 

 

3.1.4 Buffer and Media 
 

Blocking buffer 

Tris 0.1 M  

1% (w/v) BSA 

1% (m/v) GCWFS 

0.3% (v/v) Triton X-100 

Calcium deprived buffer 

distilled water  

0.1 mM L-Aspartic Acid 

0.2 mM L-Threonine 

0.3 mM L-Serine 

0.5 mM Glycine 

0.6 mM L-Alanine 

0.9 mM L-Glutamic Acid 

0.9 mM L-Glutamine 

20 mM D (+) Glucose 
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20 mM Fructose 

197 mM Sucrose 

3 mM KCl, 0.7 mM NaH2PO4-H2O 

0.5 mM MgCl2 

10 mM HEPES  

25 mM NaHCO3 

pH 7,4 

ELISA blocking buffer 

PBS 

0,1M Na2HPO4 

pH 9 

ELISA washing buffer 
 PBS 

0,05% Tween 

ELISA stop buffer  2% H2SO4 (0,1M) 

Erythrocyte Lysis buffer (Ammonium-chloride-

Potassium, ACK) 

Distilled water  

0.15 M Ammonium chloride (NH4Cl) 

10 mM Potassium bicarbonate (KHCO3 

1 mM EDTA disodium salt 

pH 7.2 

FACS buffer 

PBS 

1% FCS 

0,01% sodium azide 

MACS buffer 

PBS 

1%FCS 

2mM EDTA 

Phosphate-buffered saline (PBS) 

137 mM NaCl 

2,7 mM KCl 

10 mM Na2HPO4 

1,8 mM KH2PO4 

pH 7,4 

Biochrom GmbH (Berlin) 
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P-buffer 

100 ml distilled, sterile water  

81 ml sterile 0.2 M Na2HPO4  

19 ml sterile NaH2PO4 

pH 7.4 

Sucrose, 30% 
P-buffer 

30% sucrose 

TBST 

20 mM Tris 

137 mM NaCl 

pH 7,6 (mit HCl) 

0,1 % (v/v) Tween 20 (apply freshly) 

T cell medium  

RPMI 1640 

10%FCS 

5ml L-Glutamine 

5ml Penicillin-Streptomycin 10000 U/mL 

500μl b-Mercaptoethanol 

TE buffer 

10 mM Tris-HCl (pH 8,0) 

1 mM EDTA 

pH 8,0 

 

3.1.5 Antibodies 
 

Antigen Conjugate Usage Application Clone Company 

CCR2 BV421 1:200 FACS SA203G11 Biolegend 

CD3 FITC 1:200 FACS 17A2 Thermo Fisher 

CD4 eF450 1:200 FACS RM4-5 Thermo Fisher 

CD8a PE 1:200 FACS 53-6.7 Thermo Fisher 

CD8a PE Cy7 1:200 FACS 53-6.7 Thermo Fisher 

CD8a BV510 1:300 IF 53-6.7 Biolegend 

CD11b AF488 1:100 IF M1/70 Thermo Fisher 

CD11b PE Cy5 1:200 FACS M1/70 Thermo Fisher 

CD11a PE Cy7 1:200 FACS M17/4 Thermo Fisher 
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Antigen Conjugate Usage Application Clone Company 

CD11c eF450 1:200 FACS N418 Thermo Fisher 

CD11c PE-Cy7 1:200 FACS N418 Thermo Fisher 

CD18 PE 1:200 FACS M18/2 Thermo Fisher 

CD19 FITC 1:200 FACS eBio1D3 Thermo Fisher 

CD24 APC Cy7 1:200 FACS M1/69 Thermo Fisher 

CD25 eF450 1:200 FACS PC61.5 Thermo Fisher 

CD25 PerCp/Cy5.5 1:200 FACS PC61.5 Thermo Fisher 

CD27 PE Cy7 1:200 FACS O323 Thermo Fisher 

CD30 AF647 1:200 FACS Mec 13.3 Thermo Fisher 

CD40 PE 1:200 FACS 1C10 Thermo Fisher 

CD40 PerCp/Cy5.5 1:200 FACS 3/23 Thermo Fisher 

CD40 AF647 1:200 FACS HM40-3 Thermo Fisher 

CD40L PE 1:200 FACS MR1 Thermo Fisher 

CD44 APC 1:200 FACS IM-7 Thermo Fisher 

CD44 PerCp/Cy5.5 1:200 FACS IM-7 Thermo Fisher 

CD45.1 APC 1:200 FACS A20 Thermo Fisher 

CD45.1 PerCp/Cy5.5 1:200 FACS A20 Thermo Fisher 

CD58 PE 1:200 FACS TS2/9 Thermo Fisher 

CD64 BV711 1:200 FACS X54-5/7.1 BioLegend 

CD68 FITC 1:200 FACS FA-11 Thermo Fisher 

CD69 PE Cy7 1:200 FACS H1.2F3 Thermo Fisher 

CD80 PE 1:200 FACS B7-1 Thermo Fisher 

CD86 eF450 1:200 FACS B7-2 Thermo Fisher 

CD86 PE-Cy7 1:200 FACS B7-2 Thermo Fisher 

CD97 FITC 1:200 FACS VIM3b BioLegend 

CD102 AF488 1:200 FACS 3C4 Thermo Fisher 

CD107b PerCp/Cy5.5 1:200 FACS ABL-93 Thermo Fisher 

CD115 PE Cy7 1:200 FACS AFS98 Thermo Fisher 

CD117 AF700 1:200 FACS 2B8 BioLegend 
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Antigen Conjugate Usage Application Clone Company 

CD120a PE 1:200 FACS HM104 Thermo Fisher 

CD135 PE 1:200 FACS A2F10 Thermo Fisher 

CD137L PE 1:200 FACS TKS-1 Thermo Fisher 

CD146 FITC 1:200 FACS P1H12 Thermo Fisher 

CD162 BV421 1:200 FACS KPL-1 BioLegend 

CD177 APC 1:200 FACS MEM-166 BioLegend 

CD184 PE 1:200 FACS 2B11 Thermo Fisher 

CD194 PE Cy7 1:200 FACS D8SEE Thermo Fisher 

CD195 PerCp/Cy5.5 1:200 FACS HM-CCR5 BioLegend 

CD206 PE 1:200 FACS MR6F3 Thermo Fisher 

CD244.2 FITC 1:200 FACS 2B4 Thermo Fisher 

CD252 APC 1:200 FACS RM134L Thermo Fisher 

CD273 PE 1:200 FACS B7-DC Thermo Fisher 

CLEC4F - 1:200 FACS 
Polyclonal Goat 

IgG 
R&D systems 

CLEC4F - 1:200 FACS/IHC rat IgG2 R&D systems 

CLEC4A PE 1:200 FACS 9E8 BioLegend 

CX3CR1 PE 1:200 FACS SAO11F11 Biolegend 

CX3CR1 PE Cy7 1:200 FACS SAO11F11 Biolegend 

CXCR6 BV421 1:200 FACS SA051D1 BioLegend 

GznB PE 1:200 FACS GB12 Thermo Fisher 

F4/80 BV421 1:200 FACS BM8 Biolegend 

F4/80 PerCp/Cy5.5 1:200 FACS BM8 BioLegend 

F4/80 PE Cy7 1:200 FACS BM8 BioLegend 

IFNg PE 1:200 FACS XMG1.2 Thermo Fisher 

IRF8 PE 1:200 FACS V3GYWCH Thermo Fisher 

IRF8 APC 1:200 FACS V3GYWCH Thermo Fisher 

Ly6A PerCp/Cy5.5 1:200 FACS D7 Thermo Fisher 

Ly6A FITC 1:200 FACS D7 Thermo Fisher 

Ly6A PE Cy7 1:200 FACS D7 Thermo Fisher 

https://www.thermofisher.com/antibody/product/17-9852-82
https://www.thermofisher.com/antibody/product/17-9852-82
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Antigen Conjugate Usage Application Clone Company 

Ly6A AF700 1:200 FACS D7 Thermo Fisher 

Ly6C FITC 1:200 FACS RB6-8C5 Thermo Fisher 

Ly6C BV605 1:200 FACS HK1.4 BioLegend 

Ly6C PE-Cy7 1:200 FACS HK1.4 Thermo Fisher 

Ly6C AF700 1:200 FACS HK1.4 Biolegend 

Ly6C APC eF780 1:200 FACS HK1.4 BioLegend 

Ly6G FITC 1:200 FACS RB6-8C5 Thermo Fisher 

Ly6G APC 1:200 FACS RB6-8C5 Thermo Fisher 

Ly6G AF700 1:200 FACS RB6-8C5 Thermo Fisher 

MHCII AF700 1:200 FACS M5/114.15.2 Biolegend 

MHCII PE 1:200 FACS M5/114.15.2 Biolegend 

NK1.1 FITC 1:200 FACS PK136 Thermo Fisher 

Nkp46 FITC 1:200 FACS 29A1.4 Thermo Fisher 

Rat IgG2a PE 1:100 FACS r2a-21B2 Thermo Fisher 

TER119 FITC 1:200 FACS TER-119 Thermo Fisher 

TER119 PE eF610 1:200 FACS TER-119 Thermo Fisher 

Tim3 APC 1:200 FACS 8B.2C12 Thermo Fisher 

Tim4 PerCp/eF710 1:200 FACS RM-T4-54 Thermo Fisher 

TNFa PE Cy7 1:200 FACS MP6-XT22 Thermo Fisher 

VSIG4 FITC 1:200 FACS NLA14 Thermo Fisher 

XCR1 BV421 1:200 FACS ZET BioLegend 

XCR1 PE 1:200 FACS ZET BioLegend 

CD16/32 - 1:100 
FACS block 

Anti-FcγRII+III 
2.4G2 Own production 

 

 

3.1.6 Kits 
 

Kit Supplier 

2-NBDG Glucose uptake assay Abcam, Cambridge, UK 

https://www.thermofisher.com/antibody/product/17-5871-82
https://www.thermofisher.com/antibody/product/25-7321-82
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ATP Bioluminescence Assay Kit CLS II Roche, Basel, Schweiz 

Bond Polymer Refine Detection 
Leica, Wetzlar, DE 

Bond Polymer Refine Red Detection 

Caspase-Glo® Assay (3/7 und 8) Promega, Madison, WI/USA 

eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set 
Thermo Fisher Scientific, Waltham, 

USA 

eBioscience™ Intracellular Fixation & Permeabilization Buffer 

Set 

Thermo Fisher Scientific, Waltham, 

USA 

FITC BrdU Flow Kit BD Bioscience, San Jose, CA, USA 

Hexokinase Activity Assay Abcam, Cambridge, UK 

MitoProbe™ DilC1(5) 
Thermo Fisher Scientific, Waltham, 

USA 

MItoTracker™ Green FM 
Thermo Fisher Scientific, Waltham, 

USA 

NucleoSpin® RNA Macherey-Nagel, Düren 

NucleoSpin® Tissue Macherey-Nagel, Düren 

ProcartaPlex™ Multiplex Immunoassay Invitrogen, Waltham, USA 

SensiFAST™ cDNA Synthesis Kit Bioline Reagents, London, UK 

 

3.1.7 Dextramer 
 

MHC Allel Fluorochrome Concentration Peptid No. Supplier 

H-2Kb PE 01:10 SIINFEKL JD2163-PE Immudex, Kopenhagen, DNK 

H-2Kb PE 01:10 SIYRYYGL JD2164-PE Immudex, Kopenhagen, DNK 

 

3.1.8 Enzymes 
 

Enzyme Supplier 

DNAse I Roche Diagnostics, Risch, CH 

Trypsin PAN Biotech, Aidenbach, DE 

Kollagenase Type II Worthington Biochemical Corporation, Lakewood, USA 
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Kollagenase NB 4G SERVA Electrophoresis GmbH, Heidelberg, DE 

 

 

3.1.9 Recombinant cytokines and proteins 
 

Name No. Supplier 

Class B CpG ODN 1668 (200ug = 31.24nmol) tlrl-1668-blk InvivoGen, Toulouse, FR 

IL-2  130-120-662  Miltenyi 

ODN 1668 control tlrl-1668c-5 InvivoGen, Toulouse, FR 

Lipopolysaccharid (LPS) - E.coli O111:B4 L2630 Sigma-Aldrich, St. Louis, USA 

Polyinosinic acid potassium salt (Poly-I) P4154 Sigma Aldrich, St.Louis, MO, USA 

Polyinosinic: polycytidylic acid (Poly-I:C) P9582 Sigma Aldrich, St.Louis, MO, USA 

Ovalbumin A5503 Sigma-Aldrich, St. Louis, USA 

Ova257-264 (SIINFEKL)  6-7015-901 Iba Lifesciences, Göttingen, DE 

Tumor necrosis factor (TNF) PMC3013 ThermoFisher Scientific, Waltham, MA, USA 

 

3.1.10 Beads 
 

Name No. Supplier 

CD8 (TIL) MicroBeads, mouse 
130-116-

478 

Miltenyi Biotec, Bergisch-

Gladbach, DE 

CD11b MicroBeads, mouse 
130-049-

601 

Miltenyi Biotec, Bergisch-

Gladbach, DE 

CountBright™ Absolute Counting Beads C36995 
ThermoFisher Scientific, 

Waltham, MA, USA 

Dynabeads™ Mouse T-activator CD3/CD28 for T-cell 

expansion and activation 
11453D 

ThermoFisher Scientific, 

Waltham, MA, USA 

 

3.1.11 Mice 
 

strain description origin  

C57BL/6J wildtype mice Janvier labs 
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CD40-/- cells lack the expression of CD40 C Weber 

CD40L-/- cells lack the expression of CD40L C Weber 

OT-I 
transgenic CD8+T cells with a TCR (Vα2Vβ5.1) specific 

for SIINFEKL peptide derived from hen egg ovalbumin 

The Jackson 

Laboratory 

OT-1 x CD45.1 

OT-I genotype with additional specific variant of the 

CD45 molecule that is not present in wildtype C57Bl/6 

mice 

Own breeding 

RAG-/- 
no production of mature B or T cells – “non-leaky” 

immune deficiency 

The Jackson 

Laboratory 

 

3.1.12 Software 
 

Software Supplier 

Adobe Illustrator Adobe, San José, CA, USA 

FlowJo Tree star, Ashland, OR, USA 

Image Lab Bio-Rad Laboratories, Inc., CA, USA  

i-control 2.0 Tecan Group, Männedorf, CH 

LivingImage 4.3.1 Caliper Lifesciences, Waltham, MA, USA 

Magellan Tecan, Männedorf, CH 

Mendeley Mendeley Ltd., DE 

Microsoft Office Microsoft, Redmond, VA, USA 

Prism for Mac GraphPad, La Jolla, CA, USA 

R Studio   

SeaHorse XF Software SeaHorse, MA, USA 

 

 

3.2 Methods 

3.2.1 Injections 

Intravenous injections were applied into the tail vein of mice after gentle warming under an 

infrared lamp. Mice were immobilized in special restrainers during injection. If not stated 

otherwise, all injections were carried out in a volume of 100 µl for intravenous (i.v.) injections 
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3.2.2 Preparation of murine tissue 

Mice were euthanized with spinal dislocation, disinfected using 70 % ethanol and dissected 

under the laminar flow. The organs of interest were harvested under sterile conditions: spleen, 

lung, kidney and lymph nodes were removed and kept in PBS on ice until further use. 

3.2.3 Single cell isolation from tissues 

3.2.3.1 Hepatic non-parenchymal cells 

The mice were euthanized, and the abdomen opened. The liver was perfused via the portal 

vein with 5ml pre-warmed (37°C) 0.05% Collagenase IA / Ca+-deprived medium with a 0.4 x 

20mm syringe and a perfusion pump. After excision, the liver was transferred into a PBS filled 

Falco tube and put on ice. The liver was put into a petri dish and minced into small parts using 

scissor blades. The parts were transferred to a 50ml tube together with 5ml of 0.04% 

Collagenase IA / GBSS. The tube was incubated in a rotary water bath with shaking speed of 

250rpm for 18min at 37°C. Afterwards the cell suspension was passed through a metal mesh 

(250μm) using the plunger of a 2ml syringe. The mesh and old tube were washed trough with 

pre-warmed GBSS. The suspension was centrifuged at 50g and 4°C for 2min. The supernatant 

was transferred to a new 50ml tube and centrifuged at 800g and 4°C for 10min, the pellet was 

discarded. The cells were washed with ice-cold PBS and pelleted down by repeating the 

previous centrifugation step. After removing the supernatant cells were resuspended in 20ml 

of ice-cold PBS. With a 10ml syringe and 0.9 x 120mm long needle a layer of 6ml 25% Percoll 

and 5ml 80% Percoll were added under the cell suspension. The gradient was performed at 

1369g and 4°C for 30min. The acceleration speed was put to 5 and the deceleration speed to 

1. The non-parenchymal cells were collected at the interface between the two Percoll 

concentrations and transferred to a new 50ml tube. The tube was filled up to 50ml with ice-

cold PBS and centrifuged at 1600rpm for 6min. The cells were filtered through a 100μm nylon 

mesh and washed once again. Cells then could be used for staining or further experiments. 

3.2.3.2  Non-parenchymal cells from spleen, lung, kidney and lymph node 

A plunger of a 2ml syringe was used to is pass the organ through a metal mesh (250μm) into a 

50ml tube. The mesh was washed with ice-cold PBS and the cells were pelleted down by 

centrifugation – 1600rpm, 6min. The cells were resuspended in 2ml of AcK lysis buffer and 

incubated for 2min. The cells were washed with ice-cold PBS and filtered through a 100μm 

nylon mesh before the final washing step. Cells now could be used for staining or further 

experiments. 

3.2.3.3 Blood myeloid cells 

Blood was withdrawn by puncture of the central hepatic vein with a syringe that contained a 

small volume of heparin. Blood was transferred to a 15ml Falcon™ tube and filled up with PBS 

up to 10ml. 3ml of Pancoll are layered under the blood – PBS – Mix. Centrifugation of the 

Pancoll gradient was carried out at 2200rpm and 4°C for 20 min with reduced acceleration (7 

of 10) and no brake. The interface between the upper PBS and the lower Pancoll layer was 

collected with the help of a Pasteur pipet, washed with MACS buffer and stained for flow 

cytometric analysis or fluorescent-activated cell sorting. 

3.2.3.4 Isolation of OT-I T cells and adoptive T cell transfer 

OT-I transgenic mice were sacrificed by cervical dislocation and spleen and lymph nodes were 

harvested in sterile 1x PBS. The organs were dissociated by grinding through metal cell 
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dissociation sieves with 1x PBS and cells were collected by centrifugation at 800 g for 10 min. 

Erythrocyte lysis was performed in 1x ACK buffer for 3 min and after washing with 1x PBS and 

filtration through nylon gauze, CD8+ T cells were isolated by MACS (CD8+ T cell isolation kit, 

mouse) according to manufacturer’s instructions. 10 000 OT-I T cells were transferred in 1x PBS 

intravenously. 

3.2.4 Surface marker staining and FACS analysis 

The surface marker staining for FACS analysis was performed with cells isolated from liver, 

blood and spleen. The antibodies were used as indicated in 3.1.5 and diluted in FACS buffer. Up 

to 5x106 Cells were stained in 50 µl FACS buffer in 96-well plates with different combinations 

of antibodies for at least 15 min or overnight at 4°C and washed with FACS buffer. Anti-CD16/32 

antibody was added at 10 µg/ml for Fc-receptor blocking. Dextramer staining was performed 

in 20 µl 1x PBS with the addition of 4 µl Dextramer and 40 µg/ml anti-CD16/32 antibody for 

10 min at room temperature before 50 µl FACS buffer supplemented with desired antibodies 

was added and further incubated for 15 min at 4°C. 

A known number of fluorescent counting beads were added directly before acquisition of the 

sample if a determination of absolute cell numbers was required. Flow cytometric 

measurement was performed with SP6800 and SA3600 and data analysis was carried out with 

the help of FlowJo software. Absolute cell numbers were calculated with the help of the 

number of counting beads acquired. 

3.2.5 Granzyme B staining 

The surface staining for other markers was performed before the GzmB staining. Cells were 

washed with FACS buffer and resuspended in 100µl of freshly prepared Foxp3 

Fixation/Permeabilization solution (1xFoxp3 Fixation/Perm concentrate + 3x Foxp3 

Fixation/Perm diluent). The cells were incubated for 30-60min at 2-8°C before they were 

washed with 200µl of 1xPerm/Wash buffer. Each sample was divided into two wells to perform 

additional isotype control. The antibody and the isotype control were prepared in Perm/Wash 

buffer at a concentration of 1:100. Each sample was resuspended in 50µl of either antibody or 

isotype control and incubated for 2hours at 2-8°C. The cells were washed with Perm/Wash 

buffer and resuspended in 200 µl FACS buffer for FACS analysis.  

3.2.6 Intracellular staining 

Before intracellular staining, the cell surface staining is performed (3.2.4). The cells were fixed 

with fixation buffer in the dark for 20min at room temperature. The cells were centrifuged at 

350 x g for 5 minutes, the supernatant was discarded. For permeabilization the cells were 

resuspended in 200 µl Permeabilization Wash buffer and centrifuged at 350g for 5-10min twice. 

The intracellular antibodies were diluted (as indicated in 3.1.5) in Permeabilization Wash buffer. 

The staining was performed in the dark at RT for 20min. Cells were washed twice with 

Permeabilization Wash buffer and resuspended in FACS buffer for subsequent FACS analysis.  

3.2.7 CFSE staining 

Isolated T cells were resuspended in PBS – 5-10x106 cells / ml – and 1uM CFSE was added. Cells 

were incubated at room temperature (RT) for 10min in the dark. The labelling was stopped by 

adding medium and storage at 4°C for 5min. Afterwards the cells were washed three times with 

medium and plated on a 96 Well plate that had been coated with anti-CD3/CD28 (5µg/ml) on 

the day before. Two to three days later the proliferation was measured with the SP6800. 
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3.2.8 Cell Sorting 

The surface marker staining was performed as described in 3.2.4. The SH6800S was used for 

cell sorting. The cells were sorted into medium or RLT buffer in case of the RNA sequencing 

probes. 

3.2.9 RNA-sequencing and bioinformatic analysis 

The cell populations I wanted to analyze were sorted directly into TCL buffer and stored at -

80°C. The whole RNA-sequencing process was performed by Dr. Rupert Öllinger (2. 

Medizinische Klinik, Klinikum rechts der Isar, Munich). The bioinformatic analysis was 

performed by Dr. Sainitin Donakonda (Institut für Molekulare Immunologie, Klinikum rechts der 

Isar, Munich). 

3.2.9.1 RNA sequencing 

Isolated cells were subjected to single-cell RNA sequencing analysis using the Chromium System 

(10x Genomics, California, USA). Per sample, 1000 cells were used with a recovery rate of about 

60%. Sequencing was performed on Illumina NextSeq 550 (paired-ends, 2×75bp), resulting in 

60000 reads per cell and ~4×108 total reads per Illumina chip. 

Library preparation for bulk 3’-sequencing of poly(A)-RNA was done as described previously146. 

Briefly, the barcoded cDNA of each sample was generated with a Maxima RT polymerase 

(Thermo Fisher) using oligo-dT primer containing barcodes, unique molecular identifiers (UMIs) 

and an adapter. 5’ ends of the cDNAs were prolonged by a template switch oligo (TSO) and 

after combining of all samples full-length cDNA was augmented with primers binding to the 

TSO-site and the adapter. cDNA was augmented with the Nextera XT kit (Illumina) and 3’-end-

fragments finally amplified using primers with Illumina P5 and P7 overhangs. The library was 

sequenced on a NextSeq 500 (Illumina) with 75 cycles for the cDNA in read1 and 16 cycles for 

the barcodes and UMIs in read2. The sample and gene wise UMI tables were analyzed using 

Drop-seq pipeline (https://github.com/broadinstitute/Drop-seq). GRCm38 reference genome 

was used for the alignment. ENSEMBL annotation release 75 was used for Transcript and gene 

definitions. DESeq2 R package147 was used to process the read count table and to identify the 

differentially expressed genes (DEGs, Fold change 2 and adjusted p-value (padj) ≤ 0.05). To 

calculate the transcript abundance, the mean Transcripts per million (TPM) values were 

computed from sequence read counts. Principal component analysis (PCA) was performed 

using ‘prcomp’ function in R and 2D PCA plot was visualized using ggplot2 R package. The 

Euclidean distance between the samples was calculated and clustered using the heatmap.2 

function in R.  

3.2.9.2  Construction of gene co-expression modules, validation and identification of 

hub genes 

We constructed gene co-expression modules of DEGs in (CD40 vs KC) using the Weighted co-

expression network analysis (WGCNA R-package)148. Correlations between all pairs of genes 

across the samples were converted into an adjacency matrix by taking their absolute value and 

fostering them to the power β. The Power β is translated as a soft-threshold of the correlation 

matrix, which was set at 20. The TOM matrix was made and topological overlap (TO) based 

dissimilarity was used to perform average linkage hierarchical clustering. The following 

parameters was used to build co-expression modules: The dynamic deep split:2, minimum 

module size 30 and merge height: 0.03. To assess the co-expression modules, we used the 

modulePreservation function in the WGCNA R package. We randomly permutated the gene 

https://github.com/broadinstitute/Drop-seq
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labels 500 times and computed the log p-values and the Z-scores for module quality statistics 

such as module membership and connectivity. The Z-score and p-value suggest how significant 

the modules are related to a random module. Z-summary ≥ 2 and a p-summary of ≤ 0.05 were 

used to identify the statistically significant gene co-expression modules in comparison to 

random module149. Module Eigengene (ME) was calculated for each gene as described 

previously149. This module membership also specifies the intramodular connectivity (kME) of 

genes in the module. In our signed gene co-expression modules, we expect positive kME values 

and we considered the top 10% of kME as hub genes in the gene co-expression modules. For 

clarity, only the hub gene connections are visualized using Cytoscape v3.7.1150. 

3.2.9.3 Transcription factor analysis 

To predict the transcription factors (TFs) regulate (CD40 vs KC) DEGs, we used Binding Analysis 

for Regulation of Transcription (BART) prediction tool 2.0151 with default settings. We 

overlapped the Mouse transcription factor atlas152 and differentially expressed genes to 

identify TFs regulated by CD40. The transcription network was constructed using RTN R 

package153 centered on TFs which are differentially expressed in CD40 by predicting the target 

genes using the mutual information. We predicted the top TF regulated by computing the 

number of targets (Degree) using the igraph R package (https://igraph.org/). 

3.2.9.4 Gene set enrichment and pathway analyses 

We performed Gene Set enrichment Analysis (GSEA) using following gene sets: Interferon 

(alpha, beta and gamma) from Molecular signature database (MsigDB)  

(http://software.broadinstitute.org/gsea/msigdb/index.jsp), TNF alpha pathway gene set was 

extracted from Wikipathways (https://www.wikipathways.org/index.php/Pathway:WP231) 

and gene set related to Cell surface protein atlas (CSPA) was downloaded from 

(http://wlab.ethz.ch/cspa/). Human gene symbols were converted to mouse homologs using 

custom Biomart R script. Gene set enrichment was performed using GSEA v3.0154 using the 

DEGs (CD40 vs KC) which were ranked according to the log2 foldchanges provided by DESeq2. 

The PreRanked tool from GSEA was used to compute the normalized enrichment score (NES) 

and FDR q ≤ 0.25 is measured as a statistically significant NES. The co-expression modules were 

subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways was using 

Metascape (http://metascape.org/gp/index.html#/main/step1)155. We considered pathways as 

statistically significant at a P ≤ 0.05. 

3.2.10 ELISA 

On the day prior to the ELISA a 96-Well plate with F-bottom was coated with the primary 

antibody – 1:100 in Elisa-coating buffer, 50µl per well, 4°C. On the following day the primary 

antibody was discarded and replaced by 100µl 1%BSA in PBS. The plate was incubated for one 

hour at 4°C and washed with ELISA washing buffer. The standard series with recombinant IL-2 

(40, 20, 10, 5, 2,5, 1,25 and 0ng/ml) was prepared in medium and incubated for 2h at RT. The 

supernatant of the cell culture that was supposed to be analyzed was put on the plate at the 

same time. Afterwards the plate was washed twice before adding the secondary antibody 

(1:200 in medium), 100µl per well, 30min at 37°C. The plate was washed three times before 

peroxidase (1:1000 in PBS) was added and incubated for 30min at 37°C. The plate was washed 

four to five times and 50µl 3,3’,5,5’-Tetramethylbenzidin (TMB) were added for 5-10min until 

the wells reached a darker blue tint. The reaction was stopped with 50 µl of ELISA stop buffer 

and the plate was analyzed with the Tecan reader (absorption: 450nm, measuring time: 3s) 

https://igraph.org/
http://software.broadinstitute.org/gsea/msigdb/index.jsp
https://www.wikipathways.org/index.php/Pathway:WP231
http://wlab.ethz.ch/cspa/
http://metascape.org/gp/index.html#/main/step1
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3.2.11 BrdU pulse chase 

One mg / mouse of BrdU was injected i.v. one and twelve hours prior to sacrificing the mice. 

The blood, splenic and hepatic cells were isolated as described () and surface staining was 

performed (). The cells were washed with FACS buffer and afterwards resuspended in 100μl BD 

Cytofix / Cytoperm buffer and incubated for 30min on ice. For the permeabilization cells were 

washed with 100μl Perm / Wash buffer. Afterwards they were resuspended in 100μl Cytoperm 

Plus Buffer and incubated 10min on ice. The cells were washed with 100μl BD Perm / Wash 

buffer and resuspended in 100 μl BD Cytoperm / Cytofix buffer and incubated 5min on ice. After 

that they were washed again, resuspended with 100 μl DNase (300 μg/ml in PBS) and incubated 

for one hour at 37°C. Cells were washed with 200 μl Perm / Wash buffer, resuspended with 50 

μl FITC-BrdU in 1x BD Perm / Wash buffer (1:75) and incubated for 20min at RT. After that the 

cells were washed twice and resuspended in 200 μl FACS buffer before analyzing them with the 

SP6800. 

3.2.12 DilC1 (5) 

Prior to the experiment the vials of DiIC1 (5) and CCCP were equilibrated to room temperature. 

For each sample, the cells were suspended in 1 mL warm medium at approximately 1 x 

106 cells/ml. For the control tube, 1 μL of 50 mM CCCP (50 μM final concentration) were added 

and incubated at 37°C for 5 minutes. 5 μL of 10 μM DiIC1 (5) (50 nM final concentration) were 

added to the other cells and incubated at 37°C, 5% CO2, for 15 to 30 minutes. Cells were washed 

with warm medium and resuspended in 500 μL PBS. The analysis was performed with the 

SP6800. 

3.2.13 MitoTracker® Green 

The MitoTracker® was diluted to the final working concentration (25-500nM) in RPMI medium 

and 200 μL were added to each well. The cells were incubated for 15-45min at 37°C and washed 

in pre-warmed medium. Pre-warmed medium with 2–4% formaldehyde was used to fix the 

cells at 37°C for 15 minutes. After fixation cells were washed several times with buffer and 

analyzed with the SP6800. 

3.2.14 Cross-presentation assay 

Myeloid cells were sorted with the SH6800S according to the cell populations that should be 

analyzed. They were seeded onto a 96-well plate – 1x105 cells per well and loaded with 200μg 

OVA /ml. Cells were incubated at 37°C for 60min.  OT-I CD8 T cells were isolated from the spleen 

of OT-mice. Splenic leukocytes were isolated as described (), incubated with anti-CD8 beads 

and subjected to the AutoMACS. Freshly isolated CD8 T cells were put on top of the OVA-loaded 

myeloid cells- 2x105 / well. The plate was incubated overnight. The supernatant was subjected 

to an IL-2 ELISA the next day. As a negative control I used either single myeloid or single CD8 T 

cells. As a positive control I added SIINFEKEL to either a coincubation or a pure T cell well.  

3.2.15 T cell coincubation assay 

For the T cell coincubation assay I used the SH6800S to sort the hepatic myeloid populations I 

wanted to analyze. I used the spleen to isolate CD8 T cells as described (3.2.3.2) and stained 

them with CFSE as described (3.2.7). The T cells needed some low dose prior activation, so I 

added 10U of IL-2 and 1:2 CD3/CD28 dynabeads (2μl contain 8x104 beads). I seeded 4x104 T 

cells per well in 96 U bottom plates and put the same number of myeloid cells on top. The plate 

was incubated at 37°C for 3 days. At day 3 T cells were subjected to FACS analysis to analyze 
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markers like CD25, CD44 and CD69 as well as the CFSE labeling to determine the proliferation 

rate.  

3.2.16 Hexokinase assay 

About 1x106 cells are resuspended in 200 μL of assay buffer and centrifuged for 5min at 4°C 

and 12000rpm. The supernatant is collected and 50 μL of the reaction mix (68% assay buffer, 

4% enzyme mix, 4% developer, 4% coenzyme, 20% hexokinase substrate) are added. Additional 

wells were prepared with the standard (preparation described in the supplier’s manual) and for 

sample background and positive control and also topped with reaction mix. The plate was 

incubated for 20-60min at room temperature and afterwards measured with the Tecan reader 

(OD 450nm).  

3.2.17 Measurement of the extracellular acidification rate (ECAR) 

The extracellular acidification rate of the myeloid cells was measured with a flux analyzer 

(Seahorse XFe96 Extracellular Flux Analyzer). The measuring fluorophores were incubated in XF 

calibrant at 37°C overnight. The myeloid cells were adjusted to 1x106 / well in 20 μL MAS buffer. 

Before starting the measuring the cells were centrifuged at 1600rpm for 2min to get them 

down to the bottom of the plate and 160 μL of MAS buffer were added on top. The four ports 

of the plate were filled with oligomycin 2μM (port A), CCCP 0,8μM (port B), deoxy-glucose 

50mM (port C) and calibrant (port D). The ports were injected at this same order into the wells 

during the analysis. The respiration was measured after each injection for 3 cycles and the 

oxygen concentration was regenerated each time after wards. The whole measuring was 

performed at 37°C. 

Operation time [min] repetitions 

Kalibration   

Wait 3  

Mix 1,75 3 

Measure 3  

Inject port A   

Mix 2 2 

Measure 2  

Inject port B   

Mix 2 2 

Measure 2  

Inject port C   

Mix 2 2 

Measure 2  



42 
 

Inject port D  

Mix 2 2 

Measure 2  

 

3.2.18 2-NBDG assay 

The cells were suspended in 100 μL Williams E medium with additional 2-NBDG (1:1000) and 

incubated for 30min at 37°C. The cells were washed twice with ice-cold PBS and resuspended 

in 100 μL PBS for subsequent FACS analysis.  

3.2.19 ProcartaPlex™ multiplex Immunoassay 

The assay was started with the preparation of the antigen standard (preparation described in 

the supplier’s manual) and the pre-wetting of the plate with reading buffer. In the following the 

antibody magnetic beads were prepared and added to each well. The supernatant of myeloid 

cells incubated overnight with different stimulants was added on the top and incubated for 60-

120min at RT, in the dark and continuously shaking. The detection antibody was added and 

incubated for 30min at RT in the dark. After washing for 3 times Streptavidin-PE was added and 

incubated for 30min at RT in the dark, continuously shaking. The plate was washed three more 

times and reading buffer was added. The plate then was submitted to the Luminex instrument 

for analysis.  

3.2.20 Immunohistochemistry of liver sections 

The histochemistry was performed together with the Institute of Pathology (Technical 

University Munich) headed by Dr. Katja Steiger and with the help of Anne Jacob. Parts of hepatic 

lobes were fixed for 48 hours in 4% paraformaldehyde (PFA) and subsequently transferred to 

PBS. The tissue samples were dehydrated before they were embedded into paraffin. 2μm thin 

liver sections were deparaffinated before they were submitted to the staining process. The 

staining was executed by a BondMax Rx™ and primary antibodies against Clec4F, CD11b and 

Ly6C were used. DAB or Fast Red were used as secondary antibodies. Hematoxylin was used to 

do counterstains of the sections.  

3.2.21 Immunofluorescence of liver tissue 

Cryo- or vibratom-sections were needed for the immunofluorescent staining of hepatic 

sections. Thus, livers were perfused with Antigen Fix and incubated in AntigenFix at 4°C 

overnight. Another incubation of 24hours in 30% sucrose-solution was needed to dehydrate 

the tissue.  

For the cryosections the tissue was transferred to tissue molds, embedded in embedding 

medium (Tissue-Tek® O.C.T.) and transferred to -80°C for at least 4 hours. A cryostat was used 

to generate 30μm thick sections at -20°C which were then transferred to microscopy slides. 

The sections were dried at RT for about 20min and stored at -80°C for long-term storage. 

Stainings were performed directly on the slide. The sections were rehydrated with 0.1M TRIS 

in H20 for 10min at RT and after that circled with a PAP pen. They were covered with 300μl of 

blocking buffer and incubated for 2h at RT in a wet chamber. The primary staining was 

performed in 300μl blocking buffer overnight at RT. The slides were washed with 0.1M TRIS 

three times, the last wash incubated for 10min. If secondary staining was necessary, it was 
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performed in 300μl of blocking buffer and incubated for 6-8hours at RT. The washing step was 

repeated. The sections were mounted with 50μl Mowiol and left drying for at least 2 hours 

before they were analyzed by microscopy. 

For the vibratom-sections the tissue was fixed on the cutting table with superglue and 300μm 

sections were generated. They were transferred to a 24 well plate filled with PBS + 0,02% 

sodium azide. The sections were incubated in blocking buffer overnight. Stainings were 

performed in 24 well plates in blocking buffer. The primary staining was incubated for at least 

48h, the secondary for at least 24h, both at 4°C. For the staining I used Ly6C (APC), CD8 (BV421), 

CCR2 (BV421) and MHCII (BV510) (see). The sections were mounted using iSpacers to create a 

mold that was filled with 200-300μl of Mowiol and left drying for at least 12 hours. The sections 

were visualized with the microscope. 

3.2.22 Statistical Analyses 

Data was analyzed with the help of Excel 2011 and Prism 5 for Mac. If not indicated otherwise, 

data of one representative experiment out of at least two is shown. Bar graphs and scatter dot 

plots show mean values and standard deviation (SD) for the given group size (n). For statistical 

analyses of data comparing two groups with normal distribution, a two-tailed student’s t-test 

was used. For statistical analyses of data comparing 3 or more groups, a One-way ANOVA 

analysis and a subsequent Tukey’s Multiple Comparison test as a post-test was used. 

Significances are indicated by star symbols where * = p≤ 0.05, ** = p≤ 0.01, *** = p≤ 0.001 and 

ns = not significant. 

  



44 
 

4 Results 

4.1  Dynamics of myeloid cell composition after TLR9-L application 

iMATE formation is characterized by a rapid influx of myeloid cells. This study was designed for 

phenotypic, functional and metabolic characterization of these cells.  

4.1.1 Transient disappearance of Kupffer cells and increase influx of CD11b+ cells 

iMATEs were described to appear within 24 hours after TLR9-L application and to disappear 

completely within 6 days74. Therefore, the myeloid cell population of the liver was analyzed 1 

to 6 days after the application of TLR9-L. All hepatic non-parenchymal leukocytes were isolated 

and analyzed by multicolor flow cytometric. T cells (CD3, 4, 8), B cells (CD19) and NK cells (Nk46, 

Nk1.1) were excluded from the analysis (Fig. 4A) as well as erythrocytes using TER119 to 

decrease noise/background signals. The analysis of the remaining cells led to the discovery that 

CD11b+Clec4F+Ly6Cneg Kupffer cells disappeared within 24 hours after the application of TLR9-

L (Fig. 4B,C). This was also confirmed by immunohistochemistry with anti-Clec4F staining 

(Fig.1D). Kupffer cells did not reappear before 72 hours after TLR9-L application and did not 

return to steady state conditions until the end of the analysis at day 6 (Fig. 4B,C).  

 

Figure 4: (A-D) Hepatic myeloid cells after the application of TLR9-L. (A) Gating strategy for the analysis of hepatic 

myeloid cells. Data are representative for n≥3 experiments. (B) FACS analysis of Clec4F Kupffer cell before and after 

the application of TLR9-L. Data are representative for n≥3 experiments. (C) Quantification of (A). Pooled data from 

3 experiments (n=4). Mann-Whitney t test. ***p < 0.001 (D) Anti-Clef4F immunohistochemistry of the liver. 

Representative data for 5 independent experiments. 

Whereas the Kupffer cells disappeared due to the application of TLR9, a strong increase in 

numbers of the CD11b+Ly6C+ inflammatory cells was detectable (Fig. 5A). Within 48 hours after 

TLR9-L application a dramatic increase in numbers of CD11b+Ly6C+ inflammatory cells was 

observed. The numbers had increased 10-fold. Immunohistochemical staining with anti-CD11b 

confirmed the rapid influx of CD11b+cells (Fig. 5B). The CD11b+cells formed cocoon-like clusters 

termed iMATEs before74. iMATEs were distributed throughout the entire liver tissue (Fig. 5B). 
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Further staining using anti-Ly6C antibody did show the same cocoon-like structures as anti-

CD11b staining, indicating that most of the CD11b+cells within the iMATEs co-express Ly6C (Fig. 

5C). 72 hours after the application of TLR9-L the numbers of CD11b+cells did decrease 

drastically and returned to a basal level. No further increase was detectable until the last time 

point analyzed at day 6. The CD11b+Ly6Cneg monocytes presented themselves with a similar 

pattern – a strong increase in numbers between day 1 and 2 after TLR9-L application and a 

sudden drop in numbers between day 2 and 3 (Fig. 5A).  

 

 

Figure 5: (A-C) Analysis of CD11b+ cells after the application of TLR9-L. (A) Quantification of CD11b+ cell numbers 

after the application of TLR9-L. Pooled data from 2-3 experiments (n=4). (B) Anti-CD11b immunohistochemistry 

displays densely packed iMATE structures two days after the application of TLR9-L. (C) Anti-Ly6C 

immunohistochemistry displays densely packed iMATE structures two days after the application of TLR9-L.(B,C) 

Data are representative for n≥3 independent experiments.  

These data show that the application of TLR9-L induces the transient disappearance of Kupffer 

cells and simultaneously a transient influx of inflammatory myeloid cells (Fig. 6). 

 

Figure 6: The immunogenic window. Cell numbers of Clec4F+Kupffer cells and liver Ly6C+myeloid cells. Pooled data 
from n≥3 independent experiments (n=4).  

4.1.2 TLR9-L application does affect other lymphoid organs as well 

In order to analyze the effect of TLR9-L application on other lymphoid organs156, splenic myeloid 

cells were purified, although iMATEs have not been detected in the spleen yet74. Furthermore, 
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comparing splenic and hepatic myeloid cells was supposed to help identify iMATE-specific 

myeloid cells. In the spleen the number of CD11b+Ly6Cneg monocytes already started increasing 

around 24 hours after the TLR9-L application (Fig. 7A). The peak was reached at day 2 with an 

about 3,5-fold increase. Numbers started to decrease at day 3 after TLR9-L application but did 

not return to the prevailing conditions within the analyzed time period. The development of 

CD11b+Ly6C+ inflammatory cells in the spleen did resemble the hepatic one. An about 10-fold 

increase from day 1 after TLR9-L application to day 2 was observed. The numbers strongly 

decreased between day 2 and day 3.  

As it was hypothesized that most of the myeloid cells found in the liver at day 2 were recruited 

from the circulation, blood myeloid cells were included into the analysis. The effect of TLR9-L 

application did not influence the population size of CD11b+Ly6C+ cells in the blood. CD11b+cells 

however displayed a strong increase in cell numbers two days after the application of TLR9-L. 

Those numbers started decreasing at day 3, hit a plateau at day 4 and returned to steady state 

conditions during day 5 and 6 (Fig. 7B).   

In addition to spleen and blood the kidneys and the liver draining lymph nodes were analyzed 

before and after the application of TLR9-L. The kidneys were not affected by the application of 

TLR9-L. A slight increase in CD11b+Ly6Cneg monocytes was detected but it was not significant. 

The numbers of CD11b+Ly6C+ inflammatory cells did not change (Fig.4C). In the lymph nodes a 

significant increase of both cell populations was observed, but this can be explained by the 

hepatic recruitment of myeloid cells from the circulation (Fig. 7C). 

 

Figure 7: (A-C) Influence of TLR9-L on myeloid cells in blood, spleen, kidney and lymph nodes. (A) Quantification of 

splenic myeloid cells after the application of TLR9-L.  (B) Quantification of blood myeloid cells after the application 

of TLR9-L. (C) CD11b+Ly6C+/neg cells in lymph nodes and kidney before and after the application of TLR9-L. (A-C) 

Pooled data from 3 independent experiments (n=4). Mann-Whitney t test. ***p < 0.001 



47 
 

In conclusion these data show that the application of TLR9-L application affects the myeloid 

population in other organs as well and induces an elevated availability. Nevertheless, the drastic 

increase in myeloid cell numbers was only observed within the liver. 

 

4.2 The disappearance of CD11b+Clec4F+Ly6Cneg Kupffer cells is not a prerequisite for iMATE 

formation 

The application of TLR9-L induces a quick disappearance of Kupffer cells and appearance of 

CD11b+Ly6C+ myeloid cells (Fig. 4). This led to the hypothesis that the disappearance of the 

Kupffer cells created a niche that enables the strong influx of CD11b+Ly6C+myeloid cells. 

Furthermore, the niche might not only create an opportunity but might be indispensable for 

the iMATE formation. In order to test this hypothesis, poly-inosinic acid (poly-I), a ligand for 

scavenger receptor A157 was used to block the uptake of TLR9-L into Kupffer cells. This blockade 

should prevent the disappearance of Kupffer cells. Poly-I was applied 5min before the 

application of TLR9-L and the effects were analyzed 24, 48 and 72 hours later.  

The additional application of poly-I did counteract the effect of TLR9-L. One third less Kupffer 

cells disappeared within the first 24 hours after the application of the two substances (Fig. 

8A,B). This effect was not permanent as about half of the remaining Kupffer cells did disappear 

within the next 24 hours. The repopulation of the Kupffer cell niche did start around the same 

time in both experimental setups. Even though only a portion of the Kupffer cells was rescued, 

the influx of CD11b+Ly6C+ myeloid cells was considerably retarded. It first started around day 3 

after the application of TLR9-L and poly-I, and further analysis is needed to monitor the 

development. Anti-CD11b immunohistochemistry did show iMATE structures within the poly-I 

treated animals (Fig. 8C) as well as anti-Clec4F staining Clef4F+Kupffer cells at day 2 after TLR9-

L application. The Kupffer cells were not located within iMATEs but in their environment (Fig. 

8C).  
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Figure 8: (A-C) Kupffer cell disappearance is slowed down by additional poly-I treatment. (A) Kupffer cell populations 

after the application of TLR9-L w/o poly-I. Data are representative for 2-3 experiments. (B) Quantification of (A). 

Pooled data from 2-3 experiments (n=3). Mann-Whitney t test. ***p < 0.001 (C) Anti-Clec4F and anti-CD11b 

immunohistochemistry. Data are representative for 2-3 independent experiments. 

The detection of iMATE structures in the histological sections did raise the question whether 

iMATEs in Poly-I treated animals had the potential to expand hepatic CTLs. Therefore, the 

number of endogenous CD8+ T cells at 72 hours after the application of both poly-I and TLR9-L 

were analyzed. Elevated numbers of CD8+T cell (Fig. 9A) were detected but like the 

disappearance of Kupffer cells and the appearance of inflammatory myeloid cells, the 

expansion of endogenous CD8+T cells in the liver was reduced due to the application of poly-I.  

The effect of poly-I was tested also in blood and spleen as well. A stronger increase in splenic 

cell numbers within all CD11b+populations compared to TLR9-L application alone was detected, 

which indicates that poly-I does also impact the splenic environment (Fig. 9B). Blood myeloid 

cells were not affected at all (Fig. 9B). 

 

 

Figure 9: (A-B) Effect of poly-I application on myeloid cells in spleen and blood. 

(A) T cell population expansion after the application of TLR)-L w/o poly-I. (B) Quantification of CD11b+cells in spleen 

and blood after the application of TLR9-L w/o poly-I. (A,B) Pooled data from 3 independent experiments. Mann-

Whitney t test. ***p < 0.001 
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Altogether, these data suggest that poly-I prevented TLR9-L binding to TLR9 and thereby had 

multiple effects. Even though the immigration of myeloid cells was retarded functional iMATEs 

did form and induced intrahepatic T cell population expansion. 

4.3 iMATE formation is only induced by TLR9-L 

TLR9 belongs to a family of microbial-sensing proteins that can initiate adaptive or innate 

immune responses (TRL1-9). The effects of further TLR-ligands like TLR3 (poly(I:C)) or TLR4 (LPS) 

on T cell expansion have already been described elsewhere74. The ligand for TLR3 poly-inosinic 

poly-cytidylic acid (poly(I:C)) is described to induce inflammation158 and uses TRIF for its 

signaling cascade. The ligand for TLR4 lipopolysaccharide (LPS) is known to impair liver 

homeostasis and metabolism159 and uses TRIF and MyD88. So far it has never been investigated 

whether they can induce iMATEs. In order to answer this question, mice were treated with 

10μg LPS or 30μg poly(I:C) and analyzed 48 hours later. 

Both ligands induced Clec4F+Kupffer cell disappearance as observed with TLR9-L (Fig. 10A,B). 

This was also confirmed by liver immunohistochemistry with anti-Clec4F (Fig. 10C). An increase 

in CD11b+Ly6C+cells, however, was only observed in animals treated with LPS (Fig. 10D) but no 

myeloid cell clusters in the liver were detected (Fig. 10C). Nevertheless, endogenous CD8+T 

cells expansion was detectable although to a lesser degree than after TLR9-L (Fig. 10E). The 

treatment with poly (I:C) did not increase the numbers of hepatic CD11b+Ly6C+cells and 

consequently also neither caused formation of iMATEs nor CD8+T cell expansion (Fig. 10E).  
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Figure 10: (A-E) Analysis of myeloid cells after the application of different TLR ligands. (A) FACS analysis of 

Clec4F+Kupffer cells after the application of TLR ligands. Data are representative for n≥3 experiments. (B) 

Quantification of (A). Pooled data from n≥3 experiments. (C) Anti-Clec4F immunohistochemisty after the 

application of TLR ligands. Data are representative for n≥3 experiments. (D) Quantification of CD11b+ cells after 

the application of TLR ligands. Pooled data from 4 independent experiments. (E) Quantification of T cell expansion 

after the application of TLR ligands. Pooled data from 3 experiments. Mann-Whitney t test. ***p < 0.001 

These data show that the recruitment of inflammatory myeloid cells into the liver and the 

disappearance of Kupffer cells were not only induced by the application of TLR9-L. 

Nevertheless, the formation of iMATEs is exclusive to the application of TLR9-L whereas the 

increase in the CD8 T cell population is not. It was not analyzed however whether the increasing 

numbers of T cells in the LPS treated animals are due to local proliferation or immigration. 

Referring to the results of the previous section the data show that the hepatic recruitment of 

myeloid cells is dependent on the disappearance of Kupffer cells, but not the formation of 

iMATEs. 

4.4 iMATE forming myeloid cells originate from the circulation 

The myeloid cells found in the liver at steady state conditions, apart from yolk sac derived 

Kupffer cells, originate from circulating monocytes in the blood47. The strong increase in 
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numbers within a short time frame after the application of TLR9-L raised the question whether 

local proliferation within the liver might be involved in this rapid increase in cell numbers. To 

address this question, pulse-chase experiments with bromodeoxyuridine (BrdU) were 

performed. Mice injected with TLR9-L received BrdU 12 for 1 or 12hrs before cell isolation was 

performed. Very few BrdU+ cells were found after both pulses, indicating that the strong 

increase in numbers of CD11b+cells is due to recruitment from the circulation and not to local 

proliferation (Fig. 11). 

 

 

Figure 11: FACS analysis of one and 12h pulse chase experiment with BrdU and TLR9-L. Data are representative for 

4 independent experiments. 

The data indicate that the myeloid cells found in the liver after the application of TLR9-L 

originate from the circulation and accordingly from the bone marrow and were not derived 

from local proliferation within the liver.  

4.5 TRL9L induces a specific cytokine expression profile not only in the liver. 

According to Huang et al (2013)74 iMATE formation is driven by TNFα signaling. The analysis of 

liver, spleen, kidney tissue and blood after the application of TLR9L was aimed to determine 

which additional signaling molecules are involved. In the liver TNFα, IL6 and MIP1α expression 

increased by more than 3 log levels within 1 hour. The other cytokines were barely affected. 

Whereas MIP1α displayed a sustained expression until 72 hours, IL6 levels were gradually 

reduced. TNFα levels did decrease, increase and decrease again. The second increase was 

accompanied by raising IFNγ levels, that continued rising until having reached its highest point 

after 72 hours. It then fell back to basal levels together with TNFα. Within the spleen MIP1α 

was the only cytokine that displayed elevated levels. In the blood TNFα, IL6, MCP1 and MIP1α 

expression increased more than 3 log levels within 1 hour before returning to about basal levels 
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within the next 3 hours. Like in the liver IFNγ levels did raise more slowly in the blood. They did 

reach their limit after 48 hours and did not induce another increase in TNFα levels. In the kidney 

little to no difference in cytokine levels were detectable (Fig.12A). The level of TNFα in liver 

cells was analyzed additionally by flow cytometry. CD11b+cells at day 2 after the application of 

TLR9L expressed TNFα, but this expression was not higher than that in Kupffer cells. The same 

results were achieved for the expression of iNOS. Whereas Kupffer cells expressed ROS only 

little expression was found in CD11b+cells at day 2, indicating that TLR9L did not trigger 

oxidative stress. 

 

Figure 12: (A-C) Cytokine expression in different organs after the application of TLR9L at day 2.  

(A) Cytokine expression profile of CD11b+ cells of different organs. Pooled data from 3 experiments. (B) Expression 

of TNFα and iNOS by Kupffer cells and CD11b+ cells after the application of TLR9L. Data are representative for 4 

experiments. (C) Expression of ROS by Kupffer cells and CD11b+ cells after the application of TLR9L. Data are 

representative for 4 independent experiments. 

The results show that TLR9L signaling induces a tightly regulated cytokine response mainly in 
the myeloid cells of liver and blood without triggering excessive oxidative stress. 

4.6 Phenotypical plasticity observed after the application of TLR9-L in the liver 

The study was aiming to characterize iMATE-forming myeloid cells. Therefore, a detailed 

phenotypic analysis was performed. 
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4.6.1 Four markers display the heterogenous nature of myeloid cells  

F4/80, CX3CR1, CCR2 and MHCII were chosen for the first phenotypical screening. F4/80 also 

known as EGF-like module-containing mucin-like hormone receptor-like 1 and a member of the 

adhesion G-protein coupled receptors (GPCRs) is a maker that is widely used for murine 

macrophage populations160. CX3CR1 the fractalkine receptor of GP(C) R13 is expressed on most 

leukocytes and can mediate their chemotaxis. It was described in the context of tissue 

homeostasis and promotion of cell survival161. CX3CR1+cells are involved in either pro- or anti-

inflammatory responses162 qualifying CX3CR1 as mononuclear phagocyte marker163. CCR2 the 

C-C chemokine receptor type 2 is the receptor for monocytes chemoattractant protein 1. It is 

involved in monocyte infiltration and mediates chemotaxis164,165. MHCII a class of major 

histocompatibility (MHC) molecules are commonly expressed on antigen presenting cells 

where they present antigenic fragments to the immune system166.  

The inflammatory myeloid cells (CD11b+Ly6C+) under steady state conditions did not express 

MHCII and only few of them F4/80. About 50% of them were positive for CX3CR1 and two thirds 

of those co-expressed CCR2. The monocytes (CD11b+Ly6Cneg) were more versatile. There was 

only little CX3CR1 and CCR2 found but F4/80 and MHCII were expressed together and alone on 

more than two thirds of the cells (Fig.7A). Invading CD11b+Ly6C+ inflammatory cells analyzed at 

day 2 after TLR9-L application were mainly positive for CCR2 (Fig. 13A), a marker needed for 

monocyte and macrophage recruitment165. They were partially double positive for CX3CR1.  

About 20% of them were positive for F4/80 whereas MHCII expression was barely found. The 

CD11b+Ly6Cneg monocytes found at day 2 did not express MHCII or F4/80 and only very few 

were found to be positive for CCR2. Expression of CX3CR1 was found on about 30% of the cells, 

pointing towards a naïve type of myeloid cell (Fig. 13A). 
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Figure 13: (A,B) Phenotypic analysis of myeloid cells at steady state and two and six days after TLR9-L application. 
(A) FACS analysis of Ly6C, CCR2, CX3CR1, MHCII, F4/80 expression on CD11b+ cells. Data are representative for n≥3 
experiments. (B) FlowSOM analysis of (A) (analysis was performed in collaboration with Sainitin Donakonda). 
Pooled data are from 4 independent experiments.  

The phenotype of both the CD11b+Ly6C+ and CD11b+Ly6Cnegcells found at day 6 strongly 

resembled the myeloid cells detected under the steady state conditions (Fig. 10A). The fluent 

dynamic in surface marker expression during the analyzed time course was displayed with 

FlowSOM analysis (Fig. 13B). This algorithm uses self-organizing maps together with two-level 

clustering and can visualize the data in several ways like star or pie charts as well as grid or tree 

structures. It gives an overview about the entire marker on all cells and is able to detect subsets 

that might be missed otherwise. 

The data display the plasticity of myeloid cells and the transient nature of their surface marker 

expression further diversified by the application of TLR9-L. 

4.6.2 Additional phenotypical characterization did not result in an iMATE-specific marker  

Conventional phenotyping approaches for myeloid cells used markers such as CD11c, CD11b, 

major histocompatibility complex (MHC)-II or CD68. This reduced selection is not suited to fully 

reflect the heterogeneity of these cells due to the lack of proper lineage markers and the high 

cellular plasticity2. 

The surface markers used so far had already illustrated the heterogeneity of the hepatic 

myeloid cells. Further screening was used to target a suitable biomarker for iMATE-forming 

myeloid cells. The focus was put on the myeloid cells 2 days after TLR9-L application compared 

to steady state.  

4.6.2.1 Co-stimulatory surface molecules 

The work of Huang et al.74 showed that cytotoxic CD8+ T cells (CTLs) undergo a second round 

of proliferation within the iMATEs. It has not been described yet how the iMATE forming 

myeloid cells induce this T cell expansion. One possible explanation could be the activation of 

T cells via co-stimulatory surface molecules. Therefore, several of known costimulatory 

molecules were analyzed on liver myeloid cells. 

The protein B7-2 or CD86 is expressed on antigen presenting cells and provides co-stimulatory 

signals that are needed for T cell activation and survival167. The application of TLR9L induced 

increased expression on the myeloid cells especially on Ly6C+ cells. CD86 works in tandem with 

CD80 also known as B7-1168. The expression level of CD80 did not change on Ly6C+ cells due to 

the application of TLR9L. However, a slight increase was detectable on Ly6Cneg cells. The T Cell 

immunoglobulin and mucin domain containing 4 (Tim4) is a phosphatidyl-serine receptor that 

is involved in regulating T cell proliferation and lymphotoxin signaling169,170. A strong expression 

of Tim4 was detected on Kupffer cells like it had been described by van de Laar et al. (2016)171. 

Less expression of Tim4 on Ly6Cneg cells was found on Ly6Cneg cells after the TLR9L application 

mainly due to the loss of Kupffer cells. No changes were found in the group of Ly6C+ cells. The 

TNF superfamily member 4, also known as OX40L mediates interactions of T cells and APCs and 

co-stimulates T cell proliferation and cytokine production172,173. Its low expression on Ly6C+ / 
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neg was not affected by the application of TLR9L. CD58 also known as lymphocyte function-

associated antigen 3 that is a ligand for CD2 on T cells and is involved in adhesion and activation 

of T lymphocytes174. TLR9L application induces the downregulation on Ly6C neg cells. Low to 

no expression was detected on Ly6C+ cells and was not affected. Tim3, a phosphatidyl-serine 

receptor that has been described to modulate innate and adaptive immune responses rather 

in a regulatory manner175 by activating the TH1 response that leads to induction of peripheral 

tolerance176. Tim3 is mainly found on Ly6C+ cells and was slightly downregulated. A small 

increase in expression levels was detectable on the Ly6Cneg cells. CD195 also known as CCR5 

is one of the receptors that bind RANTES, a proinflammatory CC-chemokine that induces the 

production of proinflammatory cytokines177. A little reduction in expression levels were 

detectable on both Ly6C+/neg cells (Fig.14). 

 

Figure 14: Quantification of marker expression at steady state and two days after the application of TLR9-L in 

CD11b+ cells. (CD11b+Ly6Cneg cells at steady state correspond to Clec4F+ Kupffer cells). Pooled data are from 4 

independent experiments. 

None of the analyzed marker is strongly affected by TLR9-L application and could explain the 

exclusive local proliferation of T cells (Fig. 14). Accordingly, local expansion of T cells could not 

be explained by these results and led me to look for other so far unknown mechanisms. 

4.6.2.2 Surface molecules for intercellular adhesion  

The iMATEs are dense cocoon-like non-perfused structures. Their cohesion could not be 

explained by a fibrous ring or fibrocytes surrounding the iMATE74. An up-regulated expression 

of adhesion molecules might be a possible explanation for this phenomenon. 

Intercellular adhesion molecule 1 (ICAM1, CD54) is an integrin continuously expressed in low 

concentrations by cells of the immune system, whose expression is increased by cytokine 

stimulation leading to transmigration into tissues178. The expression of CD54 did not change 

due to the application of TLR9L. The β2 integrin subunit α L CD11a combines with the subunit 

β 2 (CD18) to form the integrin lymphocyte function-associated antigen 1 (LFA-1) that plays an 

important role in intercellular adhesion by interacting with ICAMs like CD11b26 and is involved 

in the regulation in the key aspects of immune cell function180. The expression of CD11a and 

CD18 did not change in the group of Ly6C+ cells, but it got upregulated on Ly6Cneg cells. CD162 

also known as selectin P ligand is a glycoprotein that serves as a high affinity counter receptor 

for cell adhesion molecules on myeloid cells and plays an important role in leukocyte trafficking 

during inflammation181. CD162 was highly expressed on both Ly6C+/neg cells and no changes 
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in the expression levels were detected. Macrosialin, a surface protein and member of the LAMP 

(lysosome associated membrane protein) proteins, is a cell adhesion molecule highly expressed 

by members of the monocyte lineage, by phagocytes and tissue resident macrophages182 

whose function remains unknown. Only little expression was found in the steady state. This was 

reduced on the Ly6Cneg cells and slightly increased on the Ly6C+ cells. The integrin subunit α 

2 or CD49b mediates the adhesion to the extracellular matrix183. The expression of CD49b was 

at basal levels in the steady state and did not much increase due to the application of TLR9L. 

Integrin α X, also known as CD11c, is a type I transmembrane protein expressed on monocytes, 

granulocytes and macrophages that is commonly described as a marker for dendritic cells184. 

The population of Ly6CnegCD11c+ cells did not change whereas the Ly6C+ cells started 

upregulating CD11c. The lysosomal associated membrane protein 2 (LAMP2) or CD107b is 

involved in the protection, maintenance and adhesion of lysosomes185,186 as well as cell-cell 

adhesion187 and was not affected by the application of TLR9L. Nevertheless, its expression was 

markedly elevated on the Ly6C+ cells. Intercellular adhesion molecule 2 (ICAM2), also known 

as CD102 is a type I transmembrane glycoprotein that amongst others plays a role in 

lymphocyte recirculation and adhesive interactions188. The expression of CD102 got 

downregulated in both the Ly6C+ and Ly6Cneg cells (Fig. 15). 

 

Figure 15: Quantification of marker expression at steady state and two days after the application of TLR9-L in 

CD11b+ cells. (CD11b+Ly6Cneg cells at steady state correspond to Clec4F+ Kupffer cells). Pooled data are from 4 

independent experiments. 

Even though several markers were affected by the application of TLR9-L none of them was 

suited to be used as biomarker. The most pronounced changes were detected in the expression 

of CD11c, but as a marker for dendritic cells it is not exclusively found in iMATE-forming cells. 

(Fig. 15). 

4.7 Genetic profiling of iMATE tissue identifies CD40 as a potential biomarker 

The extensive phenotypic characterization of myeloid cells found in the liver after TLR9-L 

application did show a diverse composition, but none of the analyzed marker was found to be 

exclusive. Furthermore, for the analysis of the iMATE-forming cells all hepatic myeloid cells 

were isolated impeding the classification of iMATE specific marker. This obstacle was bypassed 
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by laser-capture microdissection of single iMATEs that were subjected to micro-array analysis 

that was used to create a genetic profile of iMATE forming cells. Areas without iMATEs were 

used as a tissue control. RAG-/- mice lacking B and T cells were used to determine myeloid cell 

specific genes. The tissue sections used for this experiment are displayed in Suppl. Table 1. The 

genetic profile of iMATE-forming cells was used to detect molecular mechanisms involved in 

and quantitative biomarkers for iMATE formation. 

The overall numbers of differentially expressed genes are displayed in suppl. table 2. The 

numbers of (shared) significantly up- and down-regulated genes are displayed in Fig. 16A,B. 

Throughout d2, 3 and 4 a big proportion of the same genes was downregulated. 47% stay 

downregulated until day 5. This strong consistence was not observable in the group of 

upregulated genes. Only few genes stay upregulated until day 5 and only 21% more are 

upregulated at day 2, 3 and 4. Whereas day 3 and day 4 share a significant number of 

upregulated genes, these genes can be no longer found at day 5. iMATE sections from day 3 

displayed the highest number of up- and downregulated genes (Fig. 16A,B).  

 

A 
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Figure 16: (A-B) Visualization of the overlap of the significantly up-regulated genes by iMATEs day2 vs hepatocytes, 

iMATEs day 3 vs hepatocytes, iMATEs day4 vs hepatocytes and iMATEs day5 vs hepatocytes (A) Number of (shared) 

significantly down-regulated genes. (B) Number of (shared) significantly up-regulated genes. Data are pooled from 

4 independent experiments. 

These data show the plasticity of myeloid cells once again. Each day has a special set of myeloid 

cells with a different gene expression profile. 

4.7.1 Potential iMATE specific markers 

The markers that were grouped under the term iMATE specific marker by the collaboration 

partner were collected from the analysis of day 2 and 3. They were differentially expressed 

both in C57BL/6J and RAG-/- mice, indicating the specificity for myeloid cells. The discovered 

genes are involved in inflammatory processes (IFNγ189, Cybb190, GzmB191,192, Cst7193,194, IRF8, 

Clec4e195–197, Traf1198,199), co-stimulation & T cell activation (CD40200, MHCII16), lymphoid 

lineage (Ly6i201,202, Ly6A203,204), regulatory processes (Il1rn205–207, Irg1208, Ifit2209,210), 

chemotaxis & cell recruitment (CCRL2211,212, CXCL10213,214, Ms4a4c215,216) and metabolic 

processes (Sl2a6217–220) (Fig. 17). 

 

B 
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Figure 17: Genetic expression profiles of hepatic cells. Representative plots for upregulated iMATE specific genes in 

hepatic cells of Bl6 and RAG-/- mice treated with either TRL9-L or non-TLR9-L. 

Expression of the surface markers CD40, MCHII and Ly6A was analyzed by flow cytometry and 

immunohistochemistry to confirm the data of the microarray. 

The Tumor Necrosis Factor Receptor Superfamily Member 5 CD40 is a costimulatory receptor 

on antigen-presenting cells. It has a pivotal role in initiation and progression of immune and 

inflammatory responses of the innate and adaptive immune system221,222. Its ligand CD40L 

(CD154) is transiently expressed on T cells and other non-immune cells223. A 4-fold upregulated 

expression of CD40 in the iMATE sections compared to iMATE-free liver tissue both in C57BL/6J 

and RAG-/- mice (Fig. 18A) was detected. This result was also proven with flow cytometric 

analysis. Only few CD40+ cells were detected in the steady state liver. The number of CD40+ 

cells increased 10-fold within 48 hours after TLR9-L application (Fig. 18B) especially on 

CD11b+Ly6C+ inflammatory cells. CD40 was not found on CD11b+Clec4F+Ly6Cneg Kupffer cells 

and only few CD11b+Ly6Cneg monocytes did stain positive. It was not possible to show CD40 

expression with immunohistological staining.  

 

Figure 18:(A,B)  Upregulated CD40 expression after the application of TLR9-L. (A) CD40 expression in control hepatic 

tissue, iMATEs of wildtype and RAG-/- mice. (B) CD40, Clec4F and Ly6C expression on CD11b+cells. Data are 

representative for n≥3 independent experiments. 

The lymphocyte antigen 6A (Ly6A) also known as stem cell antigen-1 (Sca-1) is a member of the 

family of Ly6-alloantigens that were described to be involved in T cell activation203. Ly6A is a 
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GPI-anchored cell surface protein that is developmentally regulated. It is suggested to be 

involved in several biological processes like T cell signaling, cell adhesion, immune-

responsiveness and promotion of T cell maturation204. Ly6A expression was found to be 

upregulated about 2,6-fold in the iMATE sections of both C57BL/6J and RAG-/- mice (Fig. 19A). 

The expression of Ly6A was found on most CD11b+Clec4F+Ly6Cneg Kupffer cells, as well as 

CD11b+Ly6Cneg monocytes and CD11b+Ly6C+ inflammatory cells (Fig. 19B). Anti-Ly6A 

immunohistochemical staining located Ly6A in iMATE-like structures (Fig. 19C). 

 

 

Figure 19:(A-C) Upregulated Ly6A expression after the application of TLR9-L.  
(A) Ly6A expression in control hepatic tissue, iMATEs of wildtype and RAG-/- mice. (B) Ly6A and Ly6C expression on 
CD11b+cells. (C) Anti-Ly6A immunohistochemistry. (B,C) Data are representative for n≥3 independent experiments. 

The major histocompatibility complex class II (MHCII) is expressed on antigen presenting cells 

and presents peptides from lysosomal antigen degradation processes to CD4+T cells224,225. 

Within the iMATE sections more MHCII was detected and the results from the RAG-/- mice 

confirmed that this result was specific for myeloid cells (Fig. 20A). The FACS analysis failed to 

confirm the microarray data, but it can only detect the MHCII molecules that are expressed at 

the surface (Fig. 20B). Therefore, additional intracellular staining would need to be performed 

to verify the microarray data. 

 

Figure 20:(A,B)  Upregulated MHCII expression after the application of TLR9-L.  

(A) MHCII expression in control hepatic tissue, iMATEs of wildtype and RAG-/- mice. (B) MHCII and CD11b expression 

on hepatic cells. Data are representative for n≥3 independent experiments.  
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Based on the results of the iMATE - specific marker set and subsequent FACS analysis, CD40 

represented a promising candidate for a quantitative biomarker. This assumption was 

challenged in the following section (4.8). 

 

4.7.2 Overall differentially expressed genes 

Principal component analysis of the differentially expressed genes of time points and cell types 

demonstrates a clear separation of liver and iMATE-specific genes at day 2. The distance of this 

separation gradually got smaller with time (Fig. 21).  

 

 

Figure 21: Principal component analysis in 3 dimensions, colored by time and shaped by cell type.  

The analysis of the differential expression of genes at the analyzed time points in iMATEs and 

hepatocytes (Fig. 22) display a large number of differentially up- and downregulated genes. 

Genes for migration and chemoattraction (CCL5, Vim), metabolic activity (Ms4a4, aa467197, 

Slc2a6), antiviral activity / inflammation (Ifit1 / 2, Gbp2, Chil3), costimulation (CD40, Rsad2) and 

cell proliferaton and differentation (Slfn4, CCnd2, Pyhin1, S100a4) belong to the top 

upregulated. CD40 also belongs to the group of top upregulated genes indicating an important 

role during iMATE formation. Genes for the glucocorticoid transport (serpina6), the 

carbohydrate and lipid metabolism (Gpd1) and for steroid and lipid synthesis (cyp4a10) belong 

to the top downregulated.  

These data illustrate the plasticity of myeloid cells and the dynamic changes that are induced 

by the application of TLR9L within the liver. Immigrating myeloid cells that form the iMATEs 

display a specific genetic profile that changes throughout the time period analyzed. 
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Figure 22: Volcano plot of the gene differential expression effects between iMATEs versus Hepatocytes per Time 

point for day 2 after TLR9L application. Data pooled from 4 independent experiments. Genes with significant effect 

(p-value <0.05) are colored in blue and non-significant genes in grey. The top 20 genes with highest significance 

and/or highest fold change are highlighted. 

4.8 Validation of the potential role of CD40 as a biomarker  

The TNF receptor CD40 was one of the markers that were classified as an iMATE specific marker 

by gene array analysis. First explorative flow cytometric analysis confirmed this. There was only 

little expression found in the steady state and elevated expression after application of TLR9-L 

on CD11b+Ly6C+ inflammatory cells (Fig.18). CD40 appeared to be a potential biomarker. In 

order to investigate this hypothesis, it was challenged in different settings. 

4.8.1 Transient expression of CD40 on hepatic CD11b+Ly6C+ cells after TLR9-L application 

Monitoring of CD40 expression was performed over the iMATE time course, meaning day 0 

until day 6. As described before only few cells expressed CD40 under steady state conditions 

and 24 hours after the application of TLR9-L. 48 hours after the application the expression had 

risen significantly together with the strong influx of CD11b+Ly6C+cells. CD40 expression was 

primarily detected on those cells. At day 3 after the application no more CD40 expression was 

detectable and numbers of CD11b+Ly6C+ cells were clearly reduced. Until the end of the 

analysis at day 6 CD40 expression remained low or undetectable on CD11b+Ly6C+ cells (Fig. 

23A,B). A small population of CD11b+Ly6CnegCD40+cells was found throughout the whole 

analysis. These results so far supported the biomarker hypothesis. 
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Figure 23: (A-B) Transient expression of CD40 on hepatic CD11b+Ly6C+ cells after TLR9-L application.  

(A) FACS analysis of the expression of CD40 and Ly6C on CD11b+cells. Data are representative for n≥3 independent 

experiments (B) Quantification of (A). Pooled data from 3 independent experiments (n=4); Mann-Whitney t test. 

***p < 0.001. 

The data show, that CD40 expressing Ly6C+ myeloid cells only transiently appear after the 

application of TLR9L.  

4.8.2 CD40 expression on Ly6C+ cells is only found in the liver 

In the next step it was investigated whether the transient CD40 expression was also occurring 

in other organs. Myeloid cells of spleen and blood at steady state, two and six days after the 

application of TLR9-L were analyzed. Under steady state conditions, no CD40 expression was 

observed in blood or spleen. This did not change within the analyzed time course (Fig. 24). This 

indicates that the CD40 expression induced by TLR9-L application was liver specific. 

  

Figure 24: Expression of CD40 and Ly6C on CD11b+cells in spleen and blood. Data are representative for n≥3 

independent experiments. 

The data show that the appearance of CD11b+Ly6C+CD40+ cells is restricted to the liver. 
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4.8.3 CD40 is the only TNF receptor that is significantly upregulated due to the application of 

TLR9-L 

Signaling via TNF is causing the iMATE formation74 and the CD40 as member of the TNF receptor 

superfamily appears transiently after application of TLR9-L. This coincidence raised the 

question whether other TNF receptors might also be involved in iMATE formation. To address 

this question, multicolor flow cytometry was applied to search for other TNFRs that might have 

been also affected by the application of TLR9-L. For the first explorative analysis untreated and 

mice 48 hours after the application of TLR9-L were used. 

CD137 is the TNF receptor superfamily member 9. This receptor induces proliferation of 

peripheral monocytes, enhances T cell apoptosis, promotes Th1 cell response and contributes 

to clonal expansion, survival and development of T cells. Even though CD137 has been 

described to be especially expressed on T cells, expression on myeloid cells has also been 

confirmed226. The results showed that CD137 was not expressed on any of the analyzed cell 

populations (Fig. 25). 

CD27 the Tumor Necrosis Factor Receptor Superfamily, Member 7 is exclusively expressed on 

B and T cells and required for generation and long-term maintenance of T cell immunity227. The 

results showed no CD27 expressed at all in CD11b+ cells in the liver at steady state or after the 

application of TLR9-L (Fig. 25). 

CD30 the Tumor Necrosis Factor Receptor Superfamily, Member 8 is expressed by lymphocytes 

and highly expressed in thymus and spleen. It was described to direct cytokine secretion and 

production by T cells228. Whereas CD30 expression could not be detected after the application 

of TRL9-L, a substantial population of cells was expressing CD30 under steady state conditions 

(Fig. 25). This indicates that CD30 could be expressed on the Kupffer cells and therefore be 

involved in the primary TNF signaling events induced by the application of TLR9-L that disappear 

within the following 24 hours. 

The TNF Receptor Superfamily Member 1A, also known as CD120a is found both membrane-

bound and as a soluble form. It can interact with membrane bound and soluble TNF. This 

interaction has influence on cell survival, apoptosis and inflammation. The cross-linking of 

CD120a and b activates the mitogen-activated protein kinase (MAPK) cascade229–231. This 

receptor could not be found on neither of the analyzed populations (Fig. 25).  

The results showed that TNF signaling via specific TNF receptors is involved in the formation of 

iMATEs – CD30 in the beginning, then followed by CD40. 
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Figure 25: Expression of TNF receptors under steady state conditions and after the application of TLR9-L on 

CD11b+Ly6C+ cells. Data are representative for 3independent experiments. 

4.8.4 CD11b+Ly6C+CD40+cells form a rather homogenous cell population 

Previous in-depth phenotypical screening of hepatic myeloid cells by me and other groups232 

found that they separate into very diverse subpopulations. The transient appearance of the 

CD40 expression led to the hypothesis that the CD11b+Ly6C+CD40+cells might form one group 

of myeloid cells with unique phenotypic properties. This hypothesis was characterized with 

multicolor flow cytometric analysis of CD11b+Ly6C+CD40+cells.  

Most of the CD11b+Ly6C+CD40+cells were positive for CCR2 and CX3CR1. About half of the cells 

were expressing CX3CR1. The expression of MHCII was not very prominent and only found on 

around one fitfth of the cells. The majority of them co-expressed Ly6A and F4/80 (Fig. 26A).  

Out of the large number of additionally analyzed markers especially markers that are involved 

in co-stimulation (CD273, CD86), differentiation & cell growth (CD135), immunoregulation 

(CD68) and adhesion & migration (CD102, CD97) were found on CD11b+Ly6C+CD40+cells and 

rendered them a rather homogenous cell population (Fig. 26B). 
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Figure 26: (A,B) FACS analysis of co-expressing markers on CD11b+Ly6C+ cells.  

(A) Phenotypic analysis of CD11b+Ly6C+CD40+CCR2+ cells. (B) Co-expression of different marker with CD40 on 

CD11b+Ly6C+ cells. Data are representative for n≥3 independent experiments. 

The data illustrate a homogeneity in the group of CD11b+Ly6C+CD40+cells that demarcates 

them from the very heterogenous group of the other immigrating myeloid cells. 

4.8.5 CD11b+Ly6C+CD40+cells are not found in the liver after the treatment with other TLR 

ligands 

Even though it already had been described (4.3) that the ligands for TLR3 and 4 do not induce 

iMATE formation, it hadn’t been analyzed so far whether they are able to induce CD40 

expression. Therefore, mice were treated with TLR3 and 4 ligands as described above. The 

expression of CD40 on CD11b+Ly6C+ cells was analyzed with flow cytometry. Neither the ligand 

for TLR3 nor for TLR4 induced CD40 expression on Ly6C+CD11b+ cells in the liver (Fig. 27A,B). 

These results indicated that CD40 might be a suitable surrogate marker for iMATE-forming 

inflammatory myeloid cells. 

Figure 27: (A-B) CD40 expression after the application of different TLR-L.  
(A) FACS analysis of CD40 and Ly6C expression after the application of TLR ligands. Data are representative for 
n≥3 experiments. (B) Quantification of (A). Pooled data from 3 independent experiments (n=4); Mann-Whitney t 
test. ***p < 0.001. 
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The appearance of CD11b+Ly6C+CD40+cells within the liver is restricted to the application of 

TLR9L. 

4.8.6 No elevated expression of CD40L was detected in the liver after application of TLR9-L 

The elevated expression of CD40 after TLR9L application coincides with several publications 

describing the essential role of CD40 in immunity200,233,234. For this role the ligand of CD40 - 

CD154 – is needed. Consequently, the expression of CD40L was analyzed on several different 

cell types. No expression was detectable on CD11b+Cy6C+CD40neg cells and only few 

CD11b+Ly6C+CD40+monocytes did express CD154 (Fig. 28A), undermining the hypothesis of a 

self-amplifying cascade. No expression of CD40L was detectable on CD8+ or CD4+ T cells (Fig. 

28B). 

 

 

Figure 28: Expression of CD154 on hepatic myeloid (A) and T cells(B). Data are representative for n≥3 independent 

experiments. 

No elevated levels of CD40L were detectable in the liver after the application of TLR9L indicating 

an alternative signaling mechanism for CD40. 

4.8.7 CD11b+Ly6C+CD40+cells have a specific cytokine expression profile 

In order to determine the functionality of CD11b+Ly6C+CD40+ monocytes ex vivo FACSorted 

hepatic CD11b+ cells were subjected to TLR9-L or TLR3-L stimulation followed by bead-array 

based detection of secreted cytokines. Clec4F+ Kupffer cells, CD11b+Ly6C+CD40neg and 

CD11b+Ly6C+CD40+ monocytes showed different response patterns to TLR9-L and TLR3-L 

stimulation. The cellular response of Clec4F+ Kupffer induced by TLR9-L or TLR3-L stimulation 

was not as pronounced as the one of hepatic CD11b+Ly6C+ cells (Figure 29). Nevertheless, a 

more prominent secretion of Gro  and IL-6, and a weak IL-2 expression was detected. This is in 

line with their role in antigen-presentation to CD8 T cells235. No major differences between 

hepatic CD11b+Ly6C+CD40neg compared to CD11b+Ly6C+CD40+ monocytes were detected. 

However, hepatic showed a pronounced expression of IL-6, TNF, M-CSF, type I IFN and IFN  

was detected in CD11b+Ly6C+CD40neg monocytes. CD11b+Ly6C+CD40+ monocytes in contrary 

had higher levels of IL-22 and IL-15 (Figure 29). This illustrates functional differences between 

liver resident Clec4F+ Kupffer cells and CD11b+Ly6C+ monocytes recruited to the liver. 

Furthermore, CD11b+Ly6C+CD40+ cells may support the iMATE restricted T cell expansion 

rather by the expression of T cell stimulatory cytokines like IL-15 than by pro-inflammatory 

cytokines. 
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Figure 29: Cytokine expression profile of FACSorted Clec4F+ Kupffer cells or hepatic Ly6C+CD40+ compared to 
Ly6C+CD40neg cells after TLR-L stimulation ex vivo. Data are pooled from 3 independent experiments. 

The analysis of the bead array showed a distinct cytokine expression profile of 

CD11b+Ly6C+CD40+ cells that differed from the one of Kupffer cells. 

 

4.8.8 CD40 expression is not necessary for iMATE formation and CD8+T cell expansion 

The results gathered so far were strongly suggesting a potential role of CD40 expression on 

CD11b+Ly6C+ inflammatory cells as a biomarker for iMATE-forming myeloid cells. CD40+ cells 

were only detected in the liver, only after TLR9L application and the expression was transient 

as were the iMATEs. In order to analyze the role of CD40 expressing cells in iMATE formation 

and T cell expansion CD40-/- and CD40L-/- mice were used.  

The influx of inflammatory CD11b+Ly6C+cells after TLR9L was not significantly influenced in 

neither of the knockouts (Fig. 30A). The recruitment of CD11b+cells after application of TLR9-L 

was not significantly affected in CD40L-/- mice. This was confirmed by anti-CD11b 

histochemistry that did not show any impairment in the formation and structure of iMATEs (Fig. 

30B). A significant difference in the recruitment was detected in the CD40-/-mice, but the 

number of CD11b+cells still reached high levels. Immunohistochemical analysis showed 

reduced iMATE formation and a less as densely packed structure. Nevertheless, the expansion 

of T cells was not impaired. In CD40L-/- mice a significant difference in CD8 T cells expansion 

was detected but the T cells did expand even though not at such a high number. In both CD40-

/- and CD40L-/- mice iMATE structures were detectable by anti-CD11b immunohistochemistry 

(Fig. 30C).  
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Figure 30: (A-C) Effect of TLR9-L on hepatic myeloid cells of CD40-/- and CD40L-/- mice.  
(A) Quantification of CD11b+ cells before and after TLR9-L application in CD40-/- and CD40L-/- mice. (B) 
Quantification of T cell expansion after the application of TLR9-L in CD40-/- and CD40L-/- mice. (A,B) Pooled data 
from 3 independent experiments (n=4); Mann-Whitney t test. ***p < 0.001. (C) Anti-CD11b immunohistochemistry 
in CD40-/- and CD40L-/- mice. Data are representative for 3 independant experiments. 

These results indicate that CD40 was not a co-stimulatory molecule involved in T cell expansion. 

Furthermore, CD40 cannot be used as a bio- but a surrogate marker.  

 

4.9 mRNA sequencing identifies a unique set of genes that is differentially expressed by 

CD11b+Ly6C+CD40+cells 

Notwithstanding that CD40 was not causally involved in T cell expansion after TLR9-L, CD40 

expressing cells in the liver were still unique to the application of TLR9-L. Further 

characterization was performed in contrast to Kupffer cells and CD40neg inflammatory 

monocytes. These cell populations were sorted and subjected to RNA-sequencing. The 

bioinformatic analysis was performed as outlined in Fig. 31. 

 

Figure 31: Workflow of bioinformatic analysis. (analysis was performed in collaboration with Sainitin Donakonda) 

4.9.1 Comparing Ly6C+CD40+myeloid cells to Clec4F+Kupffer cells identifies fundamental 

differences 

The principal component analysis (PCA) that was used as a first overview, demonstrated that 

the 3 analyzed cell populations could be distinguished from each other (Fig.32A). Both 

CD11b+Clec4F+Ly6Cneg Kupffer cells and CD11b+Ly6C+CD40+ cells were clustering closely 

together, indicating rather homogenous populations. They were nicely separated from each 

other forming distinct populations. The CD11b+Ly6C+CD40negcells presented themselves as 
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widely separated demonstrating a rather heterologous composition that had been already 

reflected by the diversity of phenotypic characteristics analyzed before.  

The analysis of the differentially expressed genes did confirm the difference between Kupffer 

cells and CD40 expressing cells that had been observed before (Fig.32A). At a p-value ≤ 0,01 

more than 3000 genes (> 0.66-fold log2) were differentially expressed when comparing 

CD11b+Ly6C+CD40+cells to Clef4F+ Kupffer cells (Fig. 32B). This result illustrated profound 

differences in the cellular profiles of these two groups. Further analysis was aiming to analyze 

these differences in detail. 

Figure 32: (A-B) Bioinformatic analysis of gene expression data of CD11b+Ly6C+CD40neg and Clef4F+ Kupffer cells. 
(A) Principal component analysis (PCA) of hepatic myeloid cells after the application of TLR9-L. (B) Comparison of 

RNA sequencing data from FACSorted hepatic CD11b+Ly6C+CD40+ cells two days after TLR9-L application with 

Clef4F+ Kupffer cells at steady state. Pooled data from 4 independent experiments. (analysis was performed in 

collaboration with Sainitin Donakonda) 

Around one third (1407) of all differentially regulated genes when comparing 

CD11b+Ly6C+CD40+cells to Clec4F+Kupffer cells were upregulated (the complete list of 

sequencing experiments is found in suppl. Table 3). The list of the 20 most affected genes is 

displayed in suppl. Table 4. The processes those genes are involved in ranged from apoptosis 

(Bcl2l14) to cell proliferation (IL12β). They could not be attributed to one specific function.  

The peptide hormone secretin has mainly been investigated in the gastrointestinal 

system236,237. F4/80 has been described to be homologous to the secretin receptor family238. 

Just recently the expression of secretin in the cholangiocytes and its role in hepatic fibrosis was 

investigated239. S Afroze et al.240 describe it as a neuroendocrine hormone with pleiotropic 

effects on several organ systems. Until today the expression of secretin by members of the 

myeloid system has not been described. Therefore, it could only be hypothesized which role 

secretin might play in iMATE formation and T cell expansion. One possible direction was given 

by K.Sato et al. who described the role of secretin in the inflammatory cell-cell communication 

of cells treated with LPS241. 
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The apoptosis regulator Bcl-G is a pro-apoptotic intracellular protein that has been identified 

just a couple of years ago242. Even though recent research by M Giam et al.243 suggested that 

Bcl-G is rather involved in protein trafficking inside the cell instead of functioning in the classical 

stress-induced apoptosis pathway, there are a few factors that strongly support the pro-

apoptotic functionality. Not only could I detect an up-regulation of the ubiquitin-like protein 

MNSFβ that covalently binds to intracellular Bcl-G244, but additionally I saw an up-regulation of 

Ptgs2os2. This gene is downregulating Cox-2 in macrophages. The down-regulation of Cox-2 in 

macrophages has been described as enhancer of the pro-apoptotic effect of the MNSFβ-Bcl-G 

interaction245. With this pro-apoptotic effect Bcl-G is a potential driver of the iMATE 

degradation that started between day 2 and 3 after the application of TLR9L. 

Around two thirds (2056) of all differentially regulated genes were downregulated. The list of 

the 20 most affected genes is displayed in suppl. Table 5. Most of those genes are involved in 

differentiation and proliferation processes of cells. This could indicate that most of the 

CD11b+Ly6C+CD40+ cells are fully differentiated. This assumption is in line with the rapid 

disappearance of the CD11b+Ly6C+CD40+ cells that starts between day 2 and 3 after TLR9L 

application. The genes downregulated in CD11b+Ly6C+CD40+cells are upregulated in 

Clec4F+Kupffer cells. None of those genes stood out. 

Apart from the genes that were strongly up- or downregulated, several further genes did 

sharpen the genetic profile of the CD11b+Ly6C+CD40+ cells. The list of chemokines upregulated 

in CD11b+Ly6C+CD40+cells (suppl. Table 6) was headed by Ccl12. Ccl12, the monocyte 

chemotactic protein 5 (MCP-5), is a chemokine that attracts eosinophils, monocytes and 

lymphocytes in this case to the liver. Even though MCP-5 is predominantly found in lymph 

nodes and the thymus, its expression can strongly be induced in macrophages246,247. The data 

indicate that Ccl12 is the main driver of monocyte recruitment to the liver after TLR9-L 

application. Same as Ccl12, Ccl5 is also involved in chemotaxis as a potent chemoattractant for 

immune cells248. Its receptors CCR5 and CCR1 are upregulated on the CD11b+Ly6C+CD40+cells 

indicating that Ccl5 cooperates with Ccl12 in recruiting. Furthermore, Ccl5 is also a potent T-

cell recruiter248 and might be involved in the T cell expansion within iMATEs. The list of 

chemokine receptors was led by CCR7 and CCR2. The more important receptor, not only due 

to its lower p-value, was CCR2. The expression of this receptor had been verified prior by FACS 

analysis. As well as CCR5, CCR2 directs leukocytes to sites of inflammation, forming the primary 

chemokine axis for recruitment of monocytes and macrophages together with its ligand Ccl2249. 

Cxcl12 and 13 are the most prominent downregulated chemokine genes. The binding of Cxcl12 

to its receptor Cxcr4 initiates signals that are related to cell survival and/or proliferation and 

gene transcription250 which might be involved in the self-renewing program of Kupffer cells. 

Cxcl13 is known as a B-lymphocyte chemoattractant. It supports the co-migration of T cells and 

TH cells into B follicles251. These results confirmed the hypothesis, that the strong increase in 

numbers of CD11b+Ly6C+cells detected two days after the application of TLR9-L was due to the 

recruitment from the circulation.  
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The list of differentially regulated surface markers when comparing CD11b+Ly6C+CD40+cells to 

Clec4F+Kupffer cells includes mainly co-stimulatory and activating molecules (suppl. Table 7). 

Some are involved in adhesion processes and antigen scavenging as well as presentation. The 

leader of the list the lymphocyte antigen 75 (Ly75) is a scavenging receptor for CpG the ligand 

for TLR9252. Another gene that is directly regulated by TLR9-L signaling is Tarm1, an activating 

receptor on myeloid cells that enhances TLR-mediated signaling253. CD53 and CD52 gene 

upregulation was highly significant. The role of CD52 is unknown so far whereas CD53 is a 

member of the transmembrane 4 superfamily and transduces signals that are involved in 

development, activation and motility254.  A marker of great interest was CD134 (OX40; 

TNFRSF4) that had already been described as a molecule of great importance for the CTL 

population expansion in iMATEs74. CD134 was significantly upregulated compared to Kupffer 

cells. The list of surface markers that were downregulated in CD11b+Ly6C+CD40+ cells and 

therefore upregulated in Clec4F+Kupffer cells consisted mainly of molecules involved in 

adhesion, scavenging and apoptosis inhibition. The strong downregulation of Clec4F and Vsig4 

further confirmed that CD11b+Ly6C+CD40+cells did not arise from Clec4F+Kupffer cells.  

TLR9-L application also affected interleukins and their receptors (suppl. Table 8). Most of the 

upregulated cytokine genes had pro-inflammatory or co-stimulatory functions for T cells. 

Especially Il12b acts as a growth factor for T cells. The cytokines that are upregulated in the 

Clec4F+Kupffer cells are rather involved in proliferation or survival as well as the induction of a 

TH2 immune response.  

It was hypothesized that a strong expression of different adhesion molecules might be the 

reason why iMATE-forming cells cluster together. The data for differentially expressed genes 

could not confirm this hypothesis. Most of the molecules involved in intercellular adhesion 

could not be found in CD11b+Ly6C+CD40+cells. Especially not the signature adhesion molecules 

of the liver: siglec-9 and 10, VAP-1, VLA4, VCAM-1255. The ones found were mostly 

downregulated. Nevertheless, the first molecule found in the list, glycoprotein VI, is highly 

upregulated. GPVI has been described as a platelet collagen receptor, the central receptor for 

platelet-collagen interaction. GPVI couples to FcRγ and induces intracellular signaling 

molecules256. GPVI expression on myeloid cells hasn’t been described so far. It could be possible 

that platelets have been sticking to the cells during the sorting process, but this would have 

happened to the Kupffer cells as well and they are even bigger. On the other hand, GPVI could 

be involved in the coherence of the iMATEs, as several FcRγ chains are also upregulated. Most 

of the other upregulated adhesion molecules belong to the family of integrins. These molecules 

are important for the trans-endothelial migration. They often work in concert with each other. 

ItgaX for example combines with Itgb2 and the so formed receptor is not only involved in 

adhesion but also phagocytosis of complement-coated particles. Itgb2 can also combine with 

ItgaL to form the lymphocyte function-associated antigen 1 (LFA-1). The combination with 

ItgaM forms the macrophage-1 antigen (Mac-1), a complement receptor. These data cannot 

explain the clustering of the iMATE-forming cells but support the hypothesis that most of them 

are recruited from the circulation. 
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The analysis of the differentially expressed genes comparing CD11b+Ly6C+CD40+cells to Clef4F+ 

Kupffer cells demonstrated significant differences within their expression profiles that could 

not be dedicated to one specific function or signaling but are more complex. 

 

4.9.2 Data generated by RNA sequencing are partially found in the gene array 

The results of the RNA sequencing analysis were compared to the results of the gene 

microarray at day 2 in order to detect any similarities. Even though the starting setup was a 

little bit different both times a transcriptome profiling was performed and the correlation 

between gene expression profiles that have been generated by either of this platforms has 

been described as high257. With the microarray whole iMATEs were analyzed, including 

lymphocytes and other hepatic cells as well. The RNA sequencing was focused on the 

CD11b+Ly6C+CD40+ cells. Comparing the results of these two analyses was supposed to give an 

idea whether CD11b+Ly6C+CD40+ cells could be located within the iMATEs. About one fifth of 

the genes from the microarray were also found to differentially regulated in the RNA seq data. 

Giving the fact that the microarray included all cells that are found within an iMATE it can be 

concluded that CD11b+Ly6C+CD40negcells are located within the iMATE structure. 

In more detail about 70% of the top 20 most affected genes that were detected in the analysis 

of the microarray data were also found in the data of the RNA seq analysis (Table 1). 

 

Symbol logFC adj.P.Val RNA Seq 

Pyhin1 4.0 6.0-09 - 

Ms4a6d 3.9 6.0-09 x 

Vim 3.9 4.9-09 x 

Rsad2 3.6 3.3-11 x 

Cd40 3.4 1.0-09 x 

Gsn 3.3 6.4-09 x 

Ifit1bl1 3.3 6.0-09 x 

Slamf7 3.2 6.4-09 x 

S100a4 2.8 1.7-11 x 

Fxyd5 2.7 4.1-10 x 

Upp1 2.6 4.9-09 x 

Slc2a6 2.6 2.3-09 x 

AA467197 2.1 3.3-10 - 

Ptpro 1.7 1.3-08 x 

Mxd1 1.2 1.3-08 x 

Ccnd2 0.7 2.9-09 - 

Tst -1.7 1.3-08 - 

Gpd1 -2.3 3.0-09 - 

Retsat -2.9 1.3-08 x 

Serpina6 -3.4 1.3-09 - 
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Table 1: The 20 most affected genes of the microarray at day 2; data were compared to the differentially expressed 

genes comparing CD11b+Ly6C+CD40+ cells at day 2 with Clec4F+ KCs. (analysis was performed in collaboration 

with Sainitin Donakonda) 

The gene microarray was also performed for samples isolated at day 3, 4 and 5 after TLR9-L 

application. Data from day 3, 4 and 5 were additionally included in order to monitor, which 

genes stay up- or downregulated over a longer period of time. Around 60% of the 20 most 

strongly affected genes at day 3 after TLR9L application, all of them downregulated, were also 

detected as downregulated in the in the RNA seq analysis (suppl. Table: 9). The microarray data 

of the iMATEs was compared to the microarray data of iMATE-free liver tissue. So, it was even 

more surprising that many genes were found in both analyses, indicating a strong regulation 

that was restricted to the CD11b+Ly6C+CD40+cells. The number of genes downregulated in both 

analyses started to decline at day 4 (suppl. Table 10). At day 5 after the application of TLR9-L 

still half a dozen genes were differentially regulated in both data sets. At day 5 

CD11b+Ly6C+CD40+cells are no longer present in the hepatic tissue indicating that those genes 

are also differentially regulated in CD11b+Ly6C+CD40neg cells (suppl. Table 11). 

These data indicated that the cells sorted from liver tissue are also present in iMATEs as they 

display a comparable gene expression profile as the iMATE cells isolated by laser capture 

microdissection. 

4.9.3 Pathway and gene set enrichment analysis illustrated the pro-inflammatory nature of 

CD11b+Ly6C+CD40+cells 

The data so far showed that CD11b+Ly6C+CD40+cells have a specific gene expression profile. 

Further analyses were supposed to elucidate where those genes are involved in. Therefore, the 

differentially expressed genes in CD11b+Ly6C+CD40+cells were submitted to KEGG pathway 

analysis. This analysis is used to analyze high-level functions and utilities of the biological 

system. The pathways that were detected include inflammatory responses, cytokine signaling 

and T cell activation (Fig. 33A). Additionally, gene set enrichment analysis verified the cytokine 

signaling profile (Fig. 33B). This analysis was used to look for the cytokines that were affected 

by the upregulation of genes involved in regulation of cytokine production. A result found 

earlier in the KEGG pathway analysis. The expression of type I interferons is significantly 
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enriched. These data support the hypothesis that CD11b+Ly6C+ CD40+cells play a major role in 

iMATE formation and induction of T cell activation and expansion.  

 

Figure 33: (A,B) Additional analysis of gene expression data of CD11b+Ly6C+CD40+ cells compared to Clec4F+Kupffer 

cells.  

(A) KEGG pathway analysis of genes differentially expressed in CD11b+Ly6C+CD40+ cells compared to Clec4F+ Kupffer 

cells. (B) Gene set enrichment for genes involved in cytokine signaling. (analysis was performed in collaboration 

with Sainitin Donakonda) 

The performed pathway analysis followed by gene set enrichment attributed strong 

inflammatory and stimulatory properties to the CD11b+Ly6C+CD40+cells. 

4.9.4 Transcription factor analysis detects an IRF8 core signature 

The RNA sequencing showed that many genes in CD11b+Ly6C+CD40+cells are differentially 

regulated in comparison to Clec4F+ cells. The regulation of gene expression is performed by 

transcription factors. Therefore, the identification of the transcription factors that induced the 

changes was important to understand the regulatory network that had been affected by TLR9L. 

Transcription factor analysis without significance cut-off resulted in many transcription factors 

that either regulate CD11b+ Ly6C+CD40+cells or are regulated by them. This numbers were 

reduced when tested for their significance (Table 2).   

 

 

 No. of differentially 

regulated TFs 

No. of significantly (p-value 

≤ 0,01) up- regulated TFs 

No. of significantly (p-

value ≤ 0,01) down-

regulated TFs 

TFs regulating CD11b+ 

Ly6C+CD40+cells 
567 50 44 

TFs regulated by CD11b+ 

Ly6C+CD40+cells 
174 38 60 

 

Table 2: Differentially regulated transcription factors (TF) expressed in in CD11b+Ly6C+CD40+ cells compared to 

Clec4F+ Kupffer cells. (analysis was performed in collaboration with Sainitin Donakonda) 
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The analysis suggested that interferon-regulating factor 8 (IRF8) was one of the main drivers of 

gene expression in Ly6C+ monocytes (Fig. 34A). A gene set enrichment analysis confirmed the 

IRF8 core signature of CD11b+Ly6C+CD40+cells (Fig. 34B). 

 

 

Figure 34: (A-B) Transcription factor analysis of data from CD11b+Ly6C+CD40+ cells compared to Clec4F+Kupffer 

cells.  

(A) Transcription factors (TF) involved in the differentiation of CD11b+Ly6C+CD40+cells (z-score: number of target 

genes). (B) Gene set enrichment analysis for IRF8 signaling. (analysis was performed in collaboration with Sainitin 

Donakonda) 

Noticeably IRF8 was also detected in the list of transcription factors that were up- or 

downregulated (suppl. Table 12) due to the BatF3-dependant autoactivation258. The number 

one of the list C/EBPβ is a transcription factor involved in immune and inflammatory responses. 

It is activated in response to IFNγ259 and can act as a nuclear factor for Il-6260, a cytokine whose 

expression was also upregulated. 

The IRF8 target signature (suppl. Table 13) included many of the genes that are highly 

upregulated in CD11b+Ly6C+CD40+cells, indicating that IRF8 might be one of the main drivers in 

the polarization and differentiation process. Most importantly CD40 expression is regulated by 

IRF8. The other genes include the Bcl family that can be either pro- or antiapoptic243, the Slc 

family who is involved mainly involved in the glucose transport261, several transcription factors 
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(SpiB, IRF5, IRF7) and surface molecules involved in intercellular communication (XCR1, CD274, 

CD69, CD52, CD74).  

These data indicate an important role of IRF8 during iMATE formation and for its functionality. 

4.9.5 An elevated glycolytic capacity in CD11b+Ly6C+CD40+cells is detected by weighted gene 

correlation analysis (WGCNA) 

Weighted gene correlation analysis was performed to further refine the profile of 

CD11b+Ly6C+CD40+cells. It is a data mining method that allows studying biological networks 

and detecting their correlation patterns. Genes do not work alone but interact with each other 

in networks. Identifying specific networks allows to predict functions and detect the genes with 

key roles in the respective network148. WGCNA not only detects the networks but assigns them 

to modules highlighting the respective central genes – hub genes. This allows a detailed 

characterization of the cells. The analysis identified 4 different modules within the differentially 

expressed genes. Two modules (one and two) represented genes that were upregulated, the 

other two (three and four) genes that were downregulated. Most of the upregulated genes 

were clustered in module one (Fig. 35A,B). Most of the downregulated genes were clustered in 

module 3. Their difference was pronounced with a low standard deviation. This was different 

in module 2 and 4. Both displayed a high standard deviation probably due to the low number 

of included genes. Gene ontology analysis of the modules one and two identified cytokine 

signaling and metabolic pathways. Module three and four are involved in the lipoprotein 

metabolism and mitotic cell cycle (Fig. 35C). 

 

 

Figure 35: (A-D) Gene co-regulation analysis of genes differentially expressed in CD11b+Ly6C+CD40+ cells compared 

to Clec4F+Kupffer cells.  
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(A) Dendrogram of the module clustering. (B) Eigenprotein analysis within the 4 modules and identification of the 

main hub genes for the individual modules. (C) Gene ontology analysis of four modules of differentially expressed 

genes in Clec4F+Kupffer cells compared to CD11b+Ly6C+CD40+cells that were identified by WGCNA. (D) Differential 

expression of genes involved in glycolysis in Clec4F+Kupffer cells compared to CD11b+Ly6C+CD40+cells. (analysis was 

performed in collaboration with Sainitin Donakonda) 

The results of the WGCNA initiated the screening for genes that are involved in metabolic 

pathways. The most prominent finding was the upregulation of most of the genes that are 

involved in glycolysis. Among those were also glycolysis rate-limiting enzymes like hexokinase 

and phosphofructokinase (Fig. 35D). In addition, the upregulation of IKKε, a serine/threonine 

kinase that has recently been described to be essential for the increase of glycolysis induced by 

TLR262 was detected. Many Glucose transporters were also found to be differentially regulated 

but the ratio of up- and downregulation was balanced (suppl. Table 14). 

Taken together the results confirmed the proinflammatory potential of CD11b+Ly6C+CD40+cells 

and the anti-inflammatory functions of Clec4F+cells. The cells were substantially different from 

each other contradicting the hypothesis that Kupffer cells might have re-differentiated and 

integrated into the pool of iMATE-forming cells.   

4.9.6 The strong differences in gene expression cannot be found when compared to other 

cell types. 

The profound differences found when comparing CD11b+Ly6C+CD40+ to Clec4F+ Kupffer cells 

could not be detected when comparing CD11b+Ly6C+CD40+ to CD11b+Ly6C+CD40negcells and 

Clec4F+ Kupffer cells to CD11b+Ly6C+CD40neg cells (Table 3). At a p-value ≤ 0,01 only 299 genes 

were differentially expressed in the first comparison and with 13 genes in the second one even 

less. These striking differences in the number of differentially expressed genes can be explained 

by the heterologous nature of the CD11b+Ly6C+CD40neg cells that is already displayed in the PCA 

and the very strict cut of at a p- value of ≤ 0,01 used for bioinformatic analysis. 

 

 

Table 3: Number of differentially expressed genes in the different combinations. 

Despite the low number of differentially regulated genes when comparing CD11b+Ly6C+CD40+ 

to CD11b+Ly6C+CD40negcells, there is still a reasonable number of gene that are specific for 

either population (suppl. Table) and genes that differentiate CD11b+Ly6C+CD40+ cells from both 

CD11b+Ly6C+CD40neg and Clec4F+ Kupffer cells (Table 4). 
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Genes log2FC padj 

Il12b 4,90636001 6,43224-20 

Ccl8 3,38793891 3,01505-03 

Xcr1 3,37718302 6,97532-04 

Il4i1 3,21746021 3,89354-03 

Ccl12 2,50936528 2,01E-06 

Vcam1 1,98390113 2,88564-03 

Nos2 1,95589505 1,0795-04 

Cd86 1,68474352 2,43E-10 

Cd63 1,61803695 8,8835-04 

Spic 1,42292155 4,8917-04 

Cd74 1,42156348 2,85293-03 

Batf3 1,21551006 1,26E-05 

Ly6i 1,12984549 3,56805-03 

Ly6a 1,10635665 4,4699-04 

Irf7 1,05456283 6,25481-03 
 

Table 4: Genes specific for CD11b+Ly6C+CD40+ cells – upregulated in the analysis against Clec4F+ Kupffer cells and 

CD11b+Ly6C+CD40negcells. 

The small differences in gene expression between Clec4F+ Kupffer cells and 

CD11b+Ly6C+CD40neg cells are on the one hand due to high cut off p-value of ≤ 0,01. The 

elevation to a p-value of ≤ 0,05 resulted in 14134 significantly regulated genes. On the other 

hand, the Clec4F+ Kupffer cells are also a more heterogenous population, which was already 

displayed in the PCA (Fig. 33).  

The gene array analysis illustrated a unique transcriptomic profile that shapes the pro-

immunogenic metabolic phenotype of the CD11b+Ly6C+CD40+cells. This profile is especially 

pronounced when compared to Clec4F+ Kupffer cells whereas the differences towards other 

CD11b+Ly6C+ cells are not as prominent. 

 

4.10 CD11b+Ly6C+CD40+cells display a glycolytic phenotype and an increased capacity to 

induce CD8+T cell proliferation 

Following up on the results from the RNA sequencing, several assays to analyze the metabolic 

and functional properties of the CD11b+Ly6C+CD40+cells were performed. Clec4F+cells and 

CD11b+Ly6C+CD40negcells were used for comparison.  

The fluorescent glucose-analog 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-

glucose (2-NBDG) was used to measure the glucose uptake at the level of individual cells. 2-

NBDG is taken up by glucose transporters but cannot be fully utilized for glycolysis and thus 

accumulates within cells. The fluorescence generated by 2-NBDG can then be measured in a 

quantitative fashion263. The uptake of 2-NBDG was significantly elevated in 
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CD11b+Ly6C+CD40+cells compared to Clec4F+cells and CD11b+Ly6C+CD40negcells (Fig. 36A,B). 

This suggested that CD40+ cells should display more glycolytic activity. We therefore FACSorted 

CD11b+Ly6C+CD40+, CD11b+Ly6C+CD40neg and Clec4F+Kupffer cells and subjected them to 

metabolic analysis employing the Seahorse XF analyzer platform.  This platform measures the 

oxygen consumption (OCR) and extracellular acidification rate (ECAR) of live cells thereby 

providing information about the mitochondrial respiration and glycolysis. This allows evaluation 

key aspects of cellular metabolism. The results obtained show that CD11b+Ly6C+CD40+cells had 

by far the highest glycolytic capacity. Addition of glucose to these cells led to rapid acidification 

of the medium, which was dependent on glycolysis because addition of 2-deoxyglucose (which 

serves as inhibitor of hexokinase) stopped acidification (Fig. 36C). Importantly, 

CD11b+Ly6C+CD40negcells showed a weaker glycolysis and Clec4F+Kupffer cells had almost no 

measurable glycolytic capacity (Fig. 36C)., which is consistent with their lack of glucose uptake 

shown in (A).  

 

 

Figure 36: (A-C) CD11b+Ly6C+CD40+cells have a higher glycolytic capacity than Kupffer cells or 
CD11b+Ly6C+CD40negcells. 
(A,B) 2-NBDG (glucose) uptake by hepatic CD11b+ cell populations determined by flow cytometry, and 
quantification (B); representative results from ≥ 5 experiments. (C) Glucose stress test FACSorted Clec4F+ Kupffer 
cells compared to hepatic CD11b+Ly6C+CD40+cells or CD11b+Ly6C+CD40negcells. (A-C) Pooled data from 3 
independent experiments (n=4); Mann-Whitney t test. ***p < 0.001. 

In order to use glucose in glycolytic processes glucose needs to enter the cells. There was no 

upregulation in glucose transporter expression detectable in the RNA sequencing (suppl. Table 
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14). This indicates that CD11b+Ly6C+CD40negcells have a glucose transport mechanism that 

hasn’t been described so far or that their uptake is more efficient. 

 

In the next step the cellular respiration was analyzed by measuring the mitochondrial 

membrane potential with the MitoProbe DilC1 (5), a cationic cyanine dye that accumulates in 

the cells depending on the respective membrane potential. No significant differences between 

the three analyzed groups were detectable. Nevertheless, the heterologous composition of the 

CD11b+Ly6C+CD40negcells was illustrated again, as their peak was really broad spanning several 

log steps (Fig. 37A,B). In addition to the membrane potential the mitochondrial mass was 

assessed. No significant differences were detected either (Fig. 37C).  

 

 

Figure 37: (A-C) ) Mitochondrial respiration is not elevated in CD11b+Ly6C+CD40+cells.  
(A,B) Mitochondrial membrane potential in different hepatic CD11b+ cell populations isolated at steady state 
(Clec4F+ Kupffer cells) or d2 after TLR9-L application determined by fluorescence activity of the potentiometric 
DilC(5) dye measured by flow cytometry, and quantification of fluorescence intensity  (B); (C) Mitochondrial mass 
in different hepatic CD11b+cells measured by flow cytometry with Mitotracker-Green. (A-C) Pooled data from 3 
independent experiments (n=4); Mann-Whitney t test. ***p < 0.001. 

Huang et al. (2013)74 described the proliferation of T cells in the liver outside of lymph nodes. 

The expansion of T cells is restricted to iMATEs and did not require antigen-presentation but 

was further increased if T cells recognized their specific antigen. CD11b+Ly6C+CD40+ cells 

appeared rapidly after TLR9-L application and led me to investigate whether these cells were 

involved in T cell proliferation.   

An elevated glycolytic potential has been linked to an increased capability of dendritic cells to 

activate T cells264 via both TCR and co-stimulatory signaling. Co-stimulatory receptors on T cells 

like CD28 bind to co-stimulatory molecules on myeloid cells like CD86. Importantly, I found that 

CD11b+Ly6C+CD40+cells had increased of CD86 and other co-stimulatory molecules like CD68 

and Tim4 compared to CD11b+Ly6C+CD40negcells and Clec4F+Kupffer cells (Fig. 38). This was 

shown with FACS analysis and partially in the RNA seq data. It indicated that 

CD11b+Ly6C+CD40+cells might provide an immune-metabolic stimulus to CD8 T cells. 
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Figure 38: FACS analysis of the expression of CD86, CD68 and Tim4 on CD11b+Ly6C+CD40+ cells, 

CD11b+Ly6C+CD40negcells and Clec4F+Kupffer cells. Data are representative for 3 independent experiments. 

However, I wondered whether the increased glycolytic capacity of CD11b+Ly6C+CD40+cells 

themselves might have a stimulatory function on CD8 T cells even in the absence of antigen-

specific stimulation through the T cell receptor. To this end, I investigated the effect of the 

glycolytic potential of myeloid cells on T cells during vitro co-incubation assays. FACSorted CD8 

T cells were incubated with CD11b+Ly6C+CD40+ cells, CD11b+Ly6C+CD40negcells and 

Clec4F+Kupffer cells. I found a significantly increased expression of the cytotoxic enzyme 

granzyme B (GzmB) in CD8+T cells that were incubated with CD11b+Ly6C+CD40+ cells (Fig. 39A). 

The incubation with CD11b+Ly6C+CD40negcells and Clec4F+Kupffer cells did not influence GzmB 

expression in T cells. Also, the T cell activation marker CD25 was significantly upregulated 

compared to CD11b+Ly6C+CD40negcells and T cells without activation stimulus. The difference 

between CD11b+Ly6C+CD40+ and Clec4F+Kupffer cells was not significant (Fig. 39B). 

Furthermore, a sustained induction of CD8+T cell proliferation was only induced by 

CD11b+Ly6C+CD40+ cells (Fig. 39C). CD11b+Ly6C+CD40negcells stimulated T cell proliferation, but 

only little increase in numbers was detected and the numbers started to decline after 48 hours 

(Fig. 39C). Clec4F+Kupffer cells had a regulatory effect on activated CD8+T cells. They did reduce 

T cell numbers about 25% within 48hours (Fig. 39C). T cells that were not incubated with 

FACSorted myeloid cells rapidly lost their proliferative potential and displayed reduced cell 

numbers over the time analyzed (Fig. 39C).  
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Figure 39: (A,B) Influence of CD11b+Ly6C+CD40+, CD11b+Ly6C+CD40neg and Clec4F+Kupffer cells on CD8 T ells.  
(A) Expression levels of GzmB in activated polyclonal CD8 T cells in presence of FACSorted Clec4F+ Kupffer cells 
compared to hepatic CD11b+Ly6C+CD40+cells or CD11b+Ly6C+CD40negcells. (B) Expression levels of CD25 on 
activated polyclonal CD8 T cells in presence of FACSorted Clec4F+ Kupffer cells compared to hepatic 
CD11b+Ly6C+CD40+cells and CD11b+Ly6C+CD40negcells. (C) Time kinetics of expansion of activated CD8 T cells co-
cultured with FACSorted hepatic CD11b+ cells. (A-C) Pooled data from 3 independent experiments (n=4); Mann-
Whitney t test. ***p < 0.001. 

The results did show that CD11b+Ly6C+CD40+ cells are metabolically highly active and have an 

elevated potential for the induction of T cell activation and proliferation compared to Kupffer 

cells and other inflammatory myeloid cells. Even though CD86 was the only costimulatory 

molecule that was differentially expressed on CD11b+Ly6C+CD40+ cells and its expression was 

only detected on 40% of the CD11b+Ly6C+CD40+ cells, CD11b+Ly6C+CD40+ cells were the only 

ones to induce T cell population expansion in vitro. 
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5 Discussion 
In this thesis I demonstrate the dynamic nature of the myeloid cells that form iMATEs after 

TLR9-L application, identify a new surrogate marker for iMATEs and attempt to elucidate the 

mechanisms determining expansion of T cells within iMATEs.  

The liver is not a classical secondary lymphoid organ but is location makes it a frontline sentinel. 

Even though the induction of induce immune tolerance and hypo-responsiveness would be the 

primary response to foreign patterns of it has the unique capacity to induce a rapid and robust 

immune response as well21. The complex interactions between the members of the liver 

resident cell populations enable this finely tuned balance265. The low abundance of MHCs and 

co-stimulatory molecules additionally attribute to creating an environment in the liver that 

rather dampens immune responses266. T cells can get activated locally and will expand but they 

miss licensing cytotoxic effector functions14. The expression of PD-L1 by LSECs even drives them 

toward tolerance16. Furthermore it has been described that DCs that directly interact with 

LSECs induce T cell tolerance92. It can be described as a default to immune non-responsiveness 

or tolerance29,42,93.  

Liver function and integrity rely on the balance between immunity and tolerance. Excessive 

inflammation due to non-pathogenic molecules inducing tissue damage and remodelling has 

to be avoided without disabling pathogens clearance267. Insufficient immunity prepares the 

ground for chronic infections and cancer268. The application of TLR9-L does break the 

immunological tolerance in the liver but simultaneously does cause excessive inflammation and 

liver damage74. The intrahepatic structures that arise due to this application are local hubs for 

a short-term CTL population expansion74. They have no to little effect on the liver health and 

disappear without leaving scar tissue behind. All these findings indicated a dynamic regulation 

of induction of immunity and re-establishment of immune tolerance. 

5.1 iMATEs arise within an immunogenic window 

The initial Kupffer cell disappearance followed by recruitment of inflammatory monocytes from 

the circulation led to the hypothesis that an immunogenic window was formed by TLR9-L 

application. This requires a temporal silencing of the hepatic tolerance that is set to default. 

This TLR9-L provides the required stimulus that induces Kupffer cell disappearance as well as 

the recruitment of myeloid cells that are responsible for a low-level inflammation and 

immunity. Kupffer cells as frontline sentinels take up TLR9L and secrete TNF that induces the 

recruitment of myeloid cells to the liver269. Apart from inducing TNF secretion TLR9L also 

triggers the disappearance of Kupffer cells. The reason and mechanism for this event remain 

elusive so far. It can be hypothesized that the disappearance of the Kupffer cells leaves behind 

a non-tolerogenic gap that is quickly filled with immigrating inflammatory monocytes. 

Furthermore, the Kupffer cell disappearance disrupts ongoing tolerance mechanism270. Even 

though, LSECs, HSCs and hepatocytes are also secreting anti-inflammatory cyto- and 

chemokines, with the Kupffer cells thus the majority of regulating cells missing after TLR9-L 

application, it seems unlikely that the remaining regulating cells can keep up the tolerogenic 

environment. Furthermore, LSECs have been shown to secrete TNFα upon stimulation with 
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TLR9-L271 which is a driver of iMATE formation. This opens a window of opportunity for 

inflammatory monocytes to migrate into the liver, cluster with others and secrete inflammatory 

cyto- and chemokines for their part recruiting further immune cells. What seems as a feed 

forward loop of inflammatory signaling and could lead to excessive inflammation and liver 

damage is silenced within a short period of time. The inflammatory stimuli of the inflammatory 

myeloid cells are not strong enough to suppress the reemerging hepatic tolerance leading to 

the disappearance of iMATEs. The processes leading to iMATE formation are now reversed: 

inflammatory myeloid cells disappear and Kupffer cells reemerge.  

The results indicated that the TLR9-L induced disappearance of Kupffer cells enables iMATE 

formation. To test this hypothesis, TLR9-L uptake into Kupffer cells was blocked with poly-

I272,273. The decelerated loss of Kupffer cells in poly-I and TLR9-L treated animals did confirm 

the correlation of TLR9-L application and Kupffer cells disappearance. Furthermore, the influx 

of inflammatory myeloid cells was retarded until day 3 linking the immigration of myeloid cells 

with the disappearance of Kupffer cells. Not all Kupffer cells were rescued by the application of 

TLR9L indicating that poly-I had to be used at a higher concentration and for several times. 

Apparently, the blockade is reversible. Nevertheless, the strong influx of inflammatory 

monocytes is inhibited. This could be due to either the large number of Kupffer cells present in 

the hepatic tissue or the absence or low level of chemokines. In follow-up experiments, poly-I 

could be applied daily over a longer period of time. It would be interesting to see whether TLR9-

L will be taken up by other cells, or whether it would remain in the tissue and induce the loss 

of Kupffer cells as soon as poly-I application is stopped. The recruitment of inflammatory 

monocytes might be completely abolished. Thus, Clec4F+ Kupffer cell depletion and subsequent 

replenishment imprinted a transitory proinflammatory signature in the hepatic 

microenvironment, suggesting that such changes in the cellular composition could explain the 

rapid infiltration of phagocyte precursors48. The formation of iMATEs on the other hand is not 

directly dependent on the disappearance of Kupffer cells. This was confirmed by the application 

of TLR3 and 4 that did induce Kupffer cell disappearance but no iMATE formation. This indicates 

that not the activation of Kupffer cells but of another cell population triggers the formation of 

iMATEs. Alternatively, the activation of Kupffer cells with TLR9L is more pronounced and 

therefore induces TNF secretion and Kupffer cell death / disappearance. 

In conclusion it can be hypothesized that the disappearance of Kupffer cells together with the 

subsequent recruitment of monocyte-derived macrophages induced by the application of 

TLR9L open the immunogenic window that allows for the expansion of the T cell population. 

5.2 The dynamic changes in the composition of hepatic myeloid cells after TLR9-L application 

The hepatic myeloid cells found at steady state conditions are mostly Kupffer cells, defined by 

their expression of Clec4F and lack of Ly6C87. Further phenotypical analysis did not result into 

the homogenous group of cells they are normally revered to274, but several different ones, all 

of them CD11b+Clec4F+ Ly6Cneg but with different expression of CX3CR1, MHCII, F4/80 or Ly6A. 

This heterogeneity in liver macrophages has been described before and is attributed to the 

origin, the location, environmental stimuli and time of establishing residence48,275–278. In 
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Kupffer cells it is mostly attributed to their different origin279. Kupffer cells in a not yet 

challenged liver almost exclusively originate from yolk-sac derived precursors that seed the liver 

before birth280,281. These cells have a self-renewing potential that is driven by M-CSF and reside 

within the vasculature which led researchers to name them “sessile Kupffer cells”278. The 

remaining Kupffer cells are derived from either the bone-marrow, fetal liver macrophages or 

tissue-macrophages281. They share the same morphology and phagocytic properties, but only 

the not-yolk-sac derived engage into inflammatory responses. In addition, the discovered 

heterogeneity could be linked to hepatic zonation just recently described by S Ben-Moshe et 

al.(2019)282. This zonation influences gene expression as well as epigenetic features in 

hepatocytes as well as non-parenchymal cells. Alternatively different differential stages, as they 

are subject to continuous renewing processes47, could cause this heterogeneity. Either way the 

group of Kupffer cells is even more diverse than described before279. Just recently published 

data on the human liver cell atlas support these results. N Aizarani et al. (2019)283 used single-

cell RNA-sequencing to map all human liver cells and detected heterogeneous cell populations 

and previously unknown cell subtypes, supporting the hypothesis of the high plasticity of 

hepatic myeloid cells. Even though human liver cells were used for this work, similar results can 

be expected with murine livers.  

The hepatic CD11b+Ly6Cneg and CD11b+Ly6C+cells detected under steady state conditions are 

subdivided into even more groups due to their differential expression of MHCII, F4/80, CCR2, 

CX3CR1. This has been confirmed elsewhere, as the simple classification into Ly6C+ and Ly6Cneg 

comprises a multitude of different cell groups that are found in the liver like DCs, moDCs, 

macrophages, monocyte-derived macrophages, inflammatory monocytes and others255.  

The application of TLR9-L induces drastic changes in the hepatic population of myeloid cells. 

The Clec4F+Kupffer cells vanish within 24 hours and the CD11b+Ly6C+cells expand their 

population about 20-fold, the CD11b+Ly6Cneg cells about 4 to 5-fold. Most of the 

CD11b+Ly6C+cells did co-express CCR2 which points towards bone-marrow derived myeloid 

cells that were recruited from peripheral blood284. The low co-expression of CX3CR1 was also in 

line with this assumption285. Only few of the CD11b+Ly6Cneg cells were positive for CCR2. This 

indicates that they either use another mechanism of immigration or that they are derived from 

hematopoietic liver resident precursor cells that were activated due to the disappearance of 

the Kupffer cells286. Some of them might even be Kupffer cells that did not disappear but 

changed their surface marker expression profile. None of the additional markers chosen for 

further phenotypic characterization was suited to be used as a biomarker for iMATE – forming 

cells, as their expression was not exclusively linked to iMATE formation. Nevertheless, this 

additional phenotypic analysis did substantiate the diversity of hepatic myeloid cells before and 

after TLR9-L application. Especially after the application of TLR9-L both cells with pro-

inflammatory (CD135, CD115, MHCI, CD86) but also regulatory phenotypes (CD273, CD274, 

VSIG4), as well as cells of different differential states and functions are present. This might be 

influenced by the zonation of the liver. S Ben-Moshe et al.(2019)282 just recently described the 

influence of location within the liver on gene expression as well as epigenetic features in 

hepatocytes as well as non-parenchymal cells. Furthermore, hepatic myeloid cells have been 
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described to be less mature than cells from other secondary lymphoid organs14. Consequently, 

additional phenotypic or functional differentiation steps are more likely to happen.  

BrdU pulse chase experiments could not confirm the hypothesis of local proliferation of myeloid 

cells supporting the strong increase in numbers of myeloid cells. This was in line with previous 

research that did show local proliferation of tissue resident cells only in the context of self-

maintenance287 with an exception of macrophages in adipose tissue288. This result does 

contribute to the heterogeneity of cells as local population expansion would produce hubs of 

homogenous cells. 

5.3 iMATE specific gene set reflect its local microenvironment 

Laser capture microdissection was performed on TLR9-L treated livers to isolate iMATEs from 

liver tissue and from these tissue sample then generate by subsequent micro-array analysis 

transcriptomic profiles of iMATEs as compared to normal liver tissue. The set of genes 

differentially expressed in iMATEs that was obtained, included genes involved in co-stimulation 

of T cells, inflammatory responses, cell recruitment and lymphocyte antigen along with genes 

for regulatory and metabolic processes. They help to further characterize iMATE structures.  

Sl2a6 also known as Glut9 is a glucose and urate acid transporter that is highly expressed by 

hepatocytes218,219 and leukocytes289. Glut9 is also expressed in hepatocytes. This implies that 

its expression in leukocytes is highly elevated, as the iMATE sections are compared to untreated 

liver tissue that is mainly formed by hepatocytes. Urate acid is involved in metabolic processes, 

immunoregulation and -stimulation. It is an antioxidant that is transported by Glut9 when 

activated by increased ROS-levels290 as well as a danger signal elicited by dying cells291. Within 

the iMATEs its high expression is probably induced by ROS. Glut9 might contribute to the 

phenomenon of little liver damage despite the massive influx of inflammatory cells.  

The upregulation of genes involved in chemotaxis and cell recruitment most likely supports 

immigration of myeloid cells from the circulation to the liver.  CXCL10 is potently chemotactic 

for immune cells and recent data state that it mainly affects macrophages292 whereas others 

stress its effect on lymphocytes293. Either way it is upregulated and drives cell recruitment. 

CCRL2 stimulates chemotaxis of DCs and macrophages to the site of inflammation211 and has 

already been described in the context of TLR signaling212. 

The group of genes that are involved in regulatory processes are a product of the iMATE 

environment. The TLR9-L application only transiently overrode the hepatic tolerance. 

None of the analyzed surface markers defined a distinct cell population exclusively found within 

iMATEs, apart from CD40.  Nevertheless, they are in line with iMATE functionality. The sialo-

glycoprotein CD24 modulates growth and differentiation signals. It provides both costimulatory 

signals for T cells as well as regulatory294,295, balancing immunity versus tolerance. CD84, the 

signaling lymphocytic activation molecule (SLAM) family member 5 is ubiquitously expressed 

within the hematopoietic lineage and engages in receptor-mediated signaling as a homophilic 

adhesion molecule. SLAMs are essential for the regulation of both innate and adaptive 

immunity296. The highest levels of expression have been documented on monocytes297. It is of 
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special interest that CD84 inhibits the proteolytic degradation of IRF8 a transcription factor that 

was also found to be upregulated within iMATEs. CD244, the signaling lymphocytic activation 

molecule (SLAM) family member 4 belongs to the same family of immunoregulatory receptors 

like CD84. CD244 is expressed on several hematopoietic cells and its expression on monocytes 

has been described to influence immune tolerance mechanisms298. CD191, the macrophage 

inflammatory protein 1 alpha receptor (MIP-1αR) is a member of the beta chemokine receptor 

family. Besides MIP-1α it also binds to ‘regulated on activation normal T expressed and 

secreted’ protein (RANTES), monocyte chemoattractant protein 3 (MCP-3) and myeloid 

progenitor inhibitory factor-1 (MPIF-1). The ligation induces signaling that impacts on the 

recruitment of effector immune cells to the site of inflammation. Recently published data 

describe increasing expression of CCR1 during the monocyte to macrophage differentiation177. 

This is in line with the large portion of monocyte-derived macrophages found after TLR9L 

application. Tetraspanin 25 (CD53) is a member of the transmembrane 4 family which mediates 

signals in the regulation of cell development, activation, growth and motility and complexes 

with integrins and influence growth regulation. Just recently CD53 was reported as a novel 

correlate of a proinflammatory phenotype, with its expression being regulated by cytokines299. 

Additionally, LPS induced expression of CD53 has been observed300, indicating that TLR9-L 

might have a similar effect. Increased surface expression of the above-mentioned molecules 

may participate in the delivery of activation signals to T cells that result in local T cell 

proliferation and cell expansion. 

The gene ontology analysis of the transcriptome profiles of CD40+ cells pointed towards a role 

of lipids and lipoprotein metabolism. It detected elevated regulation of plasma lipoprotein 

particles and response to IFNγ as well as monooxygenase and lipid transport activity. These 

findings can be explained by recent research. York et al. (2015)301 linked decreased lipid de 

novo synthesis and increased lipid import to stimulation with IFN. The influence of IFN signaling 

reached into the gene expression regulation and is thought to limit the availability of lipid 

metabolites to pathogens302. Lipids are needed for both proliferation, as a part of newly 

forming membranes, as well as energy source for highly active cells.  

In conclusion the gene expression data analysis showed that the application of TLR9L induces 

the immigration of proinflammatory, metabolically highly active cells whose genetic expression 

profile gets shaped by their environment.  

5.4 CD40 is a surrogate marker for a distinct myeloid cell population with specific properties 

involved in iMATE formation 

The gene array of iMATE-forming myeloid cells identified the costimulatory molecule CD40 as 

a potential biomarker. It was upregulated only within iMATEs (laser-capture microdissection), 

it was not found on Kupffer cells and only transiently appeared on hepatic CD11b+Ly6C+myeloid 

cells isolated 48 hours after TLR9-L application. Further analysis did show that it was only 

upregulated upon the application of TLR9-L and not others like TLR3 or TLR4-L. CD40 expression 

after TLR9-L application was only detected in the liver and not in spleen or blood. All these 

results pointed towards an important role of CD40 in the induction of CTL expansion in the liver. 
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Nevertheless, the proof of concept experiments with CD40-/-mice did not support this 

hypothesis. Neither iMATE formation nor hepatic CTL expansion were substantially affected. 

This indicates that additional costimulatory molecules or T cell activation processes were 

involved in the T cell expansion within iMATEs. These results were confirmed by using CD40L-/-

mice with the same experimental setup.  

Even though CD40 cannot be used as a biomarker it still is a marker that defines a distinct cell 

population within the liver. Additional phenotypic characterization did tell something about the 

ontogeny as well as the function. The expression of several surface proteins involved in cell 

recruitment, adhesion and transmigration (CX3CR1161, CD107b187, CD97303, CD102304) apart 

from CCR2 and CD11b indicate that CD11b+Ly6C+CD40+ cells are recruited from the circulation. 

The absence of CD40 expression on myeloid cells in the blood suggests that the upregulation 

of CD40 expression is part of a maturation or differentiation process within the liver. The 

receptor-type tyrosine-protein kinase Flt3 (CD135) that is primarily found on immature 

hematopoietic cells305 is also expressed at low levels on some of the CD40+cells supporting the 

hypothesis of immigrating immature myeloid cells. The expression of low to intermediate levels 

of CD86 and XCR1 point towards an involvement of CD11b+Ly6C+CD40+cells in the activation of 

CTL population expansion. The heavily glycosylated glycoprotein macrosialin (CD68) marks 

mononuclear phagocytes. Even though its scavenger function still awaits its confirmation it is 

potentially involved in antigen processing and presentation306 and therefore used to describe 

macrophage-like cells. Already this first analysis of CD11b+Ly6C+CD40+cells paints a picture of a 

cell population with unique features. The expression of CD68, and CD86 was also confirmed by 

the data of the RNA sequencing. The picture that is painted with the results of the RNA 

sequencing is neither black nor white. There is a long list of cyto- / chemokines and their 

receptors which are rather stimulatory and pro-inflammatory. There is a strong signature of 

IFN- and TNF-signaling and an upregulation of costimulatory molecules like CD40, OX40 or 

CD86. In the list of the surface markers stimulatory molecules (CD18, CD205, CD69) are 

upregulated next to regulatory molecules (CD274, CD273). The analysis of coregulated genes 

by WGCNA classified the differentially regulated genes into four modules, that describe the role 

of the upregulated (1 and 2) and downregulated (3 and 4) genes in CD11b+Ly6C+CD40+ cells. 

The results from the various high-content assays employed in this thesis do not come to a 

unifying conclusion on the classification of CD11b+Ly6C+CD40+ cells. The expression of markers 

like CD11b, MHCII and CD68, as well as the strong upregulation of M1-type related genes like 

Nos2, Il-12β, Stat1 or Il-6 would argue for a classification of CD11b+Ly6C+CD40+ cells as 

macrophages101,105,307. On the other hand, there are transcription factors (BatF3, IRF3-8, Stat5, 

PU.1) and surface markers (CD11c, CD8a, Dectin1, CD40) pointing towards a DC-like 

progeny122,132,308–311. The functional assays also did not help to reach a final decision on this 

question. Their high expression of CCR2 and Ly6C suggest that CD11b+Ly6C+CD40+ cells are 

derived from circulating inflammatory monocytes that are recruited into the liver104. Given the 

rapid development of circulating monocytes into CD11b+Ly6C+CD40+ cells and their 

disappearance after 1 to 2 days, suggest that this transient differentiation process represents 

a so far unrecognized dynamics in the organ-specific development of immune stimulatory cells. 
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KEGG-pathway analysis highlighted the increased production of proinflammatory mediators 

and the upregulation of metabolic pathways, which could be confirmed by metabolic and 

functional assays. The CD11b+Ly6C+CD40+ myeloid cells took up more glucose and their 

glycolytic capacity was superior to CD11b+Ly6C+myeloid or Clec4F+ Kupffer cells. These factors 

describe higher glycolytic activity that might be linked to a cellular metabolic polarization that 

is known as the Warburg effect266,312 or aerobic glycolysis. The cells choose glycolysis over the 

TCA cycle for generation of energy and metabolic building blocks. Considering the tightly 

packed iMATEs without any vascularization the Warburg effect is not likely the reason for 

elevated glycolysis. In addition, polarization of macrophages towards the pro-inflammatory M1 

type was linked with increased glucose uptake and glycolysis as well as a disrupted Krebs cycle 

inducing the secretion of proinflammatory cytokines like TNFα, Il-6 or ROS313. The increased 

glucose uptake in macrophages is due to an overexpression of the glucose transporters (GLUT) 

1314. In CD11b+Ly6C+CD40+ cells overexpression of Glut 2 and 6 was detected. Their increased 

glycolytic activity was also accompanied by upregulation of most of the genes involved in 

glycolysis like hexokinase and phosphofructokinase315. The modulation of the metabolism is a 

central player during immune cell activation. Its rewiring due to changes in environmental 

metabolites influences the diversity of functions and responses313,316. The pro-inflammatory 

polarization of CD11b+Ly6C+CD40+ cells is also driven by changes in other metabolic processes 

like fatty acid synthesis – the key enzyme Acsl1 is upregulated – and glutamine catabolism – 

elevated expression of its main transport Slc1a5313. In addition a clear downregulation of genes 

that are involved in alternative activation towards regulatory activity is detected: CD36 plays a 

crucial role in metabolic adaptation for alternative polarization317  as it takes up triglycerides 

for FAO that is needed for the Krebs cycle; monoglyceride Lipase (Mgll) catalyzes the  final step 

during lipolysis. Their specific metabolic properties could also be linked to their elevated 

potential for T cell activation and proliferation induction compared to CD11b+Ly6C+CD40neg and 

Clec4F+ Kupffer cells. This potential is supported by an upregulation of cytokines, chemokines, 

their co-stimulatory receptors, interferon signaling and other co-stimulatory molecules like 

CD86. According to the results of the functional assays they are the key drivers of T cell 

activation and proliferation. This might be due to metabolic activation of T cells. Their metabolic 

activity is tightly connected with their activation status. The quiescence exit includes the switch 

to aerobic glycolysis coupled with the TCA cycle for biosynthesis and energy production318,319. 

Glucose and glutamine metabolism are key drivers of T cell activation and functional 

specialization320,321. The strong glycolytic activity of the CD11b+Ly6C+CD40+ cells could influence 

the glycolytic activity of T cells. This could be further enhanced by IL-2 and IL-15 signaling 

secreted by CD11b+Ly6C+CD40+ cells322.  

In conclusion even though CD40 expression is not necessary for T cell activation and population 

expansion, CD11b+Ly6C+CD40+ cells are superior to CD11b+Ly6C+CD40neg and Kupffer cells in 

the before mentioned. Together with their homogenous phenotypic profile it leaves them as 

an attractive surrogate marker with distinct metabolic properties.  
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5.5 Implications for future research 

The present study was initially started to identify a biomarker for iMATE-forming cells that could 

be measured in peripheral blood. The results obtained provided more insight how the hepatic 

immune tolerance is overcome by TLR9-L application and why this local activation of T cell 

immunity is not accompanied by excessive inflammation and liver damage. This knowledge 

could be useful in the context of chronic liver diseases like HBV, HBC, and parasitic infections 

with malaria or schistosomiasis or hepatic cancer. All these diseases are characterized by the 

continuous conversion of effector immune cells into exhausted tolerized cells, the promotion 

of effector cell death and the education of regulatory cells that all promote clonal deletion, 

exhaustion or inhibition of T cell immunity323. First results into this direction were already 

achieved by Y Lin et al. (2018)145 who was able to expand effector CD8+T cells within iMATEs 

induced by systemic application of TLR9-L, that were able to control hepatic tumor growth.  

Further studies could address the fate of the Kupffer cells after TLR stimulation in more in detail. 

The mechanisms determining their rapid disappearance remain unclear, and it needs to be 

answered whether all Kupffer cells disappear or whether a small population of self-renewing 

cells survived and are involved in repopulation of the liver with macrophages 270. Additional 

experiments should analyze the influence and involvement of the other liver-resident cells 

during iMATE formation and disappearance. Even though they might not be directly located 

within iMATEs it is hard to believe that they are not affected at all. Better understanding of 

these mechanisms could help to further improve the fine-tuning of iMATEs and prepare the 

ground to use iMATEs to improve therapeutic vaccination. Analyzing the interaction routes of 

myeloid cells with hepatocytes could solve the question how hepatocytes avoid an exuberant 

activation of macrophages within the immunogenic window even though glucose is abundantly 

present in the liver. It could also disclose whether hepatocytes and macrophages/monocytes 

are in direct contact to each other or whether the communication is executed via secretion of 

signaling molecules. It would be of great interest to characterize whether the presence of 

iMATEs as well as the T cell expansion could be prolonged by repeated TLR9-L application. At 

first, one would need to detect the perfect timing for additional applications. It is possible that 

both iMATE preservation and prolonged T cell expansion respond to different time kinetics. It 

is not known whether T cell expansion happens exclusively within densely clustered iMATEs. In 

the standard experimental setup for iMATEs, T cell expansion is detected when iMATE 

disintegration is already well under way. In the following it could be analyzed whether repeated 

application of TLR9-L has a similar effect, wears off due to memory formation or induces liver 

damage because restoration of tolerance is affected. Another open question relates to the 

clustering of the myeloid cells. It is unclear how this tight clustering of cells is achieved. RNA 

sequencing did not reveal significantly upregulated adhesion molecules. Another possible 

explanation would be tissue specific peculiarities and could explain why only certain 

inflammatory stimuli lead to recruitment of inflammatory myeloid cells and iMATE formation.  

In addition to that it was not analyzed what predicts the localization of iMATEs within the tissue 

and whether this localization coincides with Kupffer cell niches. Disappearing Kupffer cells leave 

an empty space behind – the Kupffer cell niche. Guilliams et al. (2017)324  hypothesize that there 
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is only a restricted number of such niches available in the liver. iMATEs could be located within 

or within the vicinity of these niches. Consequently, reemerging Kupffer cells could be one of 

the reasons why the iMATEs start to dissolve. The analysis of which cells are taking up the TLR9-

L would provide for a deeper understanding of the mechanisms behind this immunogenic 

window. D Movita et al. (2012)274 described expression of Il-10 and no upregulation of 

costimulatory molecules like CD80/86 or CD40 and no ROS production by Kupffer cells upon 

stimulation with TLR9-L. The current these will provide the ground for further studies that will 

address the mechanisms determining the formation of iMATEs as well as the mechanisms 

relevant for local T cell activation and expansion.  
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6.4 Supplementary Tables 

 

    Mouse 6 7 8 11 12 13 14 15 17 18 19 20 21 22 23 24 16 

Celltype   Days                                 

Hepatocytes   Day2     4 1 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

    Day3     0 0 0 2 2 2 1 1 0 0 0 0 0 0 0 0 0 

    Day4     0 0 0 0 0 0 0 0 2 2 3 3 0 0 0 0 0 

    Day5     0 0 0 0 0 0 0 0 0 0 0 0 1 2 2 3 0 

iMATEs   Day2     2 4 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

    Day3     0 0 0 4 4 3 0 0 0 0 0 0 0 0 0 0 0 

    Day4     0 0 0 0 0 0 0 0 3 4 0 0 0 0 0 0 3 

    Day5     0 0 0 0 0 0 0 0 0 0 0 0 5 4 4 0 0 

Supplementary Table 1: Tissue sections of the different mice and areas. 

 

Genes affected by 
nSignGenes 

%SignGenes 
nTotal nUp nDown 

differential expression in iMATEs versus Hepatocytes at day 2 1773 775 998 10.11 

differential expression in iMATEs versus Hepatocytes at day 3 1067 270 797 6.09 

differential expression in iMATEs versus Hepatocytes at day 4 1312 462 850 7.48 

differential expression in iMATEs versus Hepatocytes at day 5 123 16 107 0.7 

differential expression in iMATEs at day 2 versus the average of all Hepatocytes 2484 1062 1422 14.17 

differential expression in iMATEs at day 3 versus the average of all Hepatocytes 3478 1790 1688 19.84 

differential expression in iMATEs at day 4 versus the average of all Hepatocytes 3283 1710 1573 18.72 

differential expression in iMATEs at day 5 versus the average of all Hepatocytes 639 252 387 3.64 

differential expression in iMATEs at day 3 versus day2 250 143 107 1.43 

differential expression in iMATEs at day 4 versus day2 133 78 55 0.76 

differential expression in iMATEs at day 5 versus day2 232 65 167 1.32 
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differential expression in Hepatocytes at day 3 versus day2 164 107 57 0.94 

differential expression in Hepatocytes at day 4 versus day2 12 3 9 0.07 

differential expression in Hepatocytes at day 5 versus day2 4 3 1 0.02 

 

Supplementary Table 2: Overall differentially expressed genes. Genes are considered significant if adjusted p-
values <0.05. 

 

 
No. of differentially 

expressed genes 
No. of up-

regulated genes 
No. of down-

regulated genes 

CD11b+Ly6C+CD40+ vs 
CD11b+Clec4F+Ly6Cneg 

3463 1407 2056 

CD11b+Ly6C+CD40+ vs 
CD11b+Ly6C+ d2 

299 129 170 

CD11b+Clec4F+Ly6Cneg 
vs CD11b+Ly6C+ d2 

13 13 0 

Supplementary Table 3: Results of all performed RNA sequencing experiments. 

 

Genes log2FC p-value p-adj Log2TPM aliases 

Sct 7,34958155 0,0001499 0,00051546 2,97527774 Secretin 

Bcl2l14 6,940000328 7,49-10 5,35E-09 3,818813606 apoptosis regulator Bcl-G 

Adgrg5 6,67073306 9,48-08 5,43E-07 3,23661161 adhesion G-protein coupled receptor G5 

Prm1 6,636621139 1,58-09 1,09E-08 3,421490325 Protamine 1 

Ccl12 6,486464658 8,89-29 2,50E-27 6,474326289 C-C motif chemokine ligand 12 

Defb52 6,390371122 3,22-60 3,53E-58 9,087795643 defensin beta 52 

Gp6 6,165039892 1,10-14 1,24E-13 4,393987102 glycoprotein 6 

Anpep 6,141982643 1,18-09 8,29E-09 2,157234785 aminopeptidase M 

Il12b 6,110508923 1,33-12 1,24E-11 3,530112631 Interleukin 12 beta 

Ffar2 6,078304068 3,22-07 1,73E-06 2,4593503 free fatty acid receptor 

Ido1 5,969147615 8,73-07 4,36E-06 1,99588914 Indoleamine-2,3 Dioxygenase 

Ly75 5,838958359 2,53-07 1,38E-06 1,163604201 lymphocyte antigen 75 

Vdr 5,832513893 1,85-07 1,02E-06 1,44571324 Vitamin D receptor 

Tnp2 5,741808039 5,40-11 4,33E-10 4,465184548 transition protein 2 

Kcnn4 5,654750997 1,52-11 1,28E-10 3,149816256 potassium channel protein 4 

Saa3 5,575415865 7,84-63 9,63E-61 12,16526162 serum amyloid 3 

Tmem171 5,567094093 2,45-07 1,34E-06 2,649514131 transmembrane protein 

Gpnmb 5,528374633 2,17-06 1,02E-05 2,868504087 glycoprotein 

Rhov 5,466091902 4,36-07 2,29E-06 2,289613834 Ras homolog family member V 

Rmi2 5,442766154 2,78-06 1,29E-05 1,353908328 open reading frame 

Ptgs2os2 5,387869521 4,15-07 2,19E-06 2,249937887 prostaglandin-endoperoxide synthase 2; 

Supplementary Table 4:  The 20 most upregulated genes comparing CD11b+Ly6C+CD40+ cells at day 2 with 
Clec4F+KCs under steady state conditions. 

 

Genes log2FC pvalue padj Log2TPM aliases 

Colec10 -6,67434102 9,14E-12 
7,85E-

11 2,622425156 collectin 

Adrb1 -6,7443938 2,49E-08 
1,53E-

07 2,53561442 adrenoreceptor beta 1 

Nkd1 -6,74842266 4,03E-15 
4,70E-

14 3,04153021 NKD inhibitor of Wnt signlaing pathway 1 
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Il13ra2 -6,75691208 4,16E-10 
3,05E-

09 2,83746061 Interleukin 13 receptor subunit alpha 2 

Mcc -6,78747043 2,89E-10 
2,15E-

09 1,96631715 MCC Regulator Of WNT Signaling Pathway 

Tmem132
e -6,7878564 7,11E-11 

5,62E-
10 2,5622778 transmembrane protein 132E 

Tcf7l1 -6,81976614 7,15E-16 
8,82E-

15 3,37333619 Transcription Factor 7 Like 1 

Tmem56 -6,87588768 9,82E-13 
9,29E-

12 3,74714957 transmembrane protein 56 

Ppfia2 -7,0657665 8,32E-11 
6,53E-

10 1,83775214 PTPRF Interacting Protein Alpha 2 

Dnah8 -7,15280056 3,82E-11 
3,10E-

10 1,36005754 Dynein Axonemal Heavy Chain 8 

Ston1 -7,16495952 6,24E-11 
4,97E-

10 2,42798132 Stonin 1 

Pik3c2b -7,17197357 1,15E-11 
9,77E-

11 3,53035599 
Phosphatidylinositol-4-Phosphate 3-Kinase Catalytic Subunit Type 2 

Beta 

Ttc28 -7,2209217 2,42E-11 
2,01E-

10 1,55737944 Tetratricopeptide Repeat Domain 28 

Cav1 -7,24166055 9,15E-12 
7,86E-

11 2,98412738 Caveolin 1 

Ntn4 -7,28712939 5,54E-12 
4,87E-

11 4,15644277 Netrin 4 

Vstm4 -7,34842675 7,12E-12 
6,20E-

11 2,96366709 V-Set And Transmembrane Domain Containing 4 

Pcolce2 -7,4019567 3,22E-12 
2,91E-

11 2,64100578 Procollagen C-Endopeptidase Enhancer 2 

Ankrd29 -7,478509 2,99E-12 
2,71E-

11 2,50451368 Ankyrin Repeat Domain 29 

Chp2 -7,51722905 3,20E-12 
2,90E-

11 3,11460533 Calcineurin Like EF-Hand Protein 2 

St6galnac3 -7,6081805 4,54E-13 
4,43E-

12 3,94827396 ST6 N-Acetylgalactosaminide Alpha-2,6-Sialyltransferase 3 

Supplementary Table 5: The 20 most downregulated genes comparing CD11b+Ly6C+CD40+ cells at day 2 with 
Clec4F+KCs under steady state conditions. 

 

Genes Log2FoldChange p-value p-adj 

Ccl12 6,486465 8,89E-29 2,50E-27 

Ccl22 3,96616 2,218-03 5,925-03 

Ccl5 3,96165 1,21E-143 1,44E-140 

Ccr7 3,837886 3,29-04 1,06-03 

Ccr2 3,763255 1,29E-36 5,50E-35 

Cxcl11 3,693161 2,63E-24 5,64E-23 

Ccl3 3,387046 1,82E-28 5,08E-27 

Ccl4 3,23802 1,14E-42 6,19E-41 

Ccl8 3,108213 2,726-03 7,119-03 

Ccr1 2,827669 5,68E-08 3,36E-07 

Ccrl2 2,726271 1,54E-32 5,27E-31 

Ccl2 2,695946 2,87E-13 2,87E-12 

Cxcl9 2,342395 3,95E-31 1,25E-29 

Ccl9 2,214091 2,77E-07 1,50E-06 

Isg20 3,157117 1,62E-32 5,52E-31 

Cxcr4 1,802777 5,18E-05 1,94-04 

Cxcl2 1,623257 1,29E-05 5,34E-05 

    

Tgfa -3,165445 1,43E-07 8,01E-07 

Tnfaip1 -3,207461 1,41E-62 1,70E-60 

Cxcl1 -4,019875 1,92E-22 3,72E-21 
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Ccl24 -4,379429 8,77E-26 2,06E-24 

Cxcl13 -5,971218 6,09E-18 8,67E-17 

Cxcl12 -6,277776 1,74E-48 1,19E-46 

Supplementary Table 6: Chemokines and receptors differentially regulated in CD11b+Ly6C+CD40+ cells compared 
to Clec4F+Kupffer cell. 

 

Genes Log2FoldChange p-value p-adj 

Cd40 4,14151814 4,59-31 3,95E-29 

Cd274 (PDL1) 3,61239714 2,12-23 1,02E-21 

Cd7 2,738611505 2,135709-03 8,032891-03 

Cd86 2,208234712 1,66-15 3,85E-14 

Itgax (CD11c) 3,32235512 3,36-07 2,94E-06 

Cd74 3,246436555 2,00-15 4,60E-14 

Tnfrsf4 (OX40) 3,1756283 3,5167-03 8,9327-03 

Cd69 3,080541568 4,42-11 6,64E-10 

Cd74 3,616544 3,44-24 7,31E-23 

Cd69 3,198555 1,49-18 2,22E-17 

Cd53 2,38424 2,31-44 1,32E-42 

    

Cd34 -1,76634 2,934-03 0,007599 

Cd9 -1,972961 2,39-25 5,44E-24 

Cd36 -3,018269 1,51-25 3,49E-24 

Cd81 -3,54 1,25-23 2,58E-22 

Icam2 (CD102) -3,540551944 3,61-21 1,44E-19 

Cd27 -3,61517 1,79-05 7,23E-05 

S1pr1 (CD363) -3,708924 1,40-12 1,31E-11 

Cd209b -4,669297 5,45-07 2,82E-06 

Cd55 -5,434695 8,40-40 4,10E-38 

Mcam(CD146) -5,494036 1,20-14 1,34E-13 

Cd59a -5,494708 5,26-40 2,60E-38 

Cd5l -5,593434 1,30-181 2,45E-178 

Clec4f -5,992594 3,76-197 1,24E-193 

Cd207 -6,185497 1,53-26 3,78E-25 

Vsig4 -6,520186 1,75-77 3,42E-75 

Cd163 -6,65995 7,24-14 7,63E-13 
Supplementary Table 7: Surface markers differentially regulated in CD11b+Ly6C+CD40+ cells compared to 
Clec4F+Kupffer cell. 

 

Genes Log2FoldChange p-value p-adj 

Il12b 6,110509 1,33E-12 1,24E-11 

Il1rn 4,466613 2,69E-57 2,70E-55 

Il4i1 4,217903 3,31E-06 1,52E-05 

Il27 3,869522 3,47E-23 6,98E-22 

Il12rb2 3,509197 1,9-04 6,4-04 

Il15ra 2,481224 2,54E-21 4,61E-20 

Il18 2,284814 1,13E-09 7,91E-09 

Il10ra 2,171028 9,72E-20 1,56E-18 
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Il6 1,905244 2,86E-05 1,12-04 

Il1b 1,266207 2,86E-10 2,13E-09 

    

Il1a -2,189725 2,12E-15 2,53E-14 

Il17rc -3,544996 3,15E-06 1,44E-05 

Il6st -3,817353 3,63E-26 8,73E-25 

Il33 -4,043921 5,19E-07 2,70E-06 

Il1r1 -6,203315 2,17E-12 1,99E-11 

Il13ra2 -6,756912 4,16E-10 3,05E-09 
Supplementary Table 8: Interleukins and receptors differentially regulated in CD11b+Ly6C+CD40+ cells compared 
to Clec4F+Kupffer cell. 

 

symbol logFC adj.P.Val genefamily genename RNA Seq 

Acbd4 -1.2 7.5e-08  acyl-Coenzyme A binding domain containing 4  

Ghr -1.4 7.5e-08 Secreted growth hormone receptor  

Cpt1a -1-1 1.8e-08  carnitine palmitoyltransferase 1a, liver  

Serpinf1 -2.0 1.1e-08 Secreted serine (or cysteine) peptidase inhibitor, clade F,  

Cyp2d22 -2.1 1.8e-08  cytochrome P450, family 2, subfamily d, polypeptid x 

Adtrp -2.2 1.8e-08  androgen dependent TFPI regulating protein  

Tlcd2 -2.5 1.3e-08  TLC domain containing 2 x 

Rarres2 -2.6 5.7e-08 Secreted retinoic acid receptor responder (tazarotene induc x 

Pttg1ip -2.7 1.4e-08  pituitary tumor-transforming 1 interacting protein x 

Agpat2 -2.7 1.4e-08  1-acylglycerol-3-phosphate O-acyltransferase 2 (ly upregulated 

Apoc4 -2.9 3.6e-09 Secreted apolipoprotein C-IV x 

Col18a1 -2.9 1.1e-08 Secreted collagen, type XVIII, alpha 1 x 

Tmprss6 -3.0 1.8e-08 peptidase transmembrane serine protease 6 x 

Serpina6 -3.0 7.5e-08 Secreted serine (or cysteine) peptidase inhibitor, clade A,  

Cyp8b1 -3.1 7.0e-09  cytochrome P450, family 8, subfamily b, polypeptid  

Apoa2 -3.3 3.0e-08 Secreted apolipoprotein A-II x 

Cyp2d10 -3.6 1.8e-08  cytochrome P450, family 2, subfamily d, polypeptid  

Abcb4 -3.6 5.2e-08 transporter ATP-binding cassette, sub-family B (MDR/TAP), memb x 

C8g -3.8 5.2e-08 transporter complement component 8, gamma polypeptide x 

Apoa1 -4.0 7.5e-08 Secreted apolipoprotein A-I x 

Supplementary Table 9: The 20 most affected genes of the microarray at day 3; data were compared to the 
differentially expressed genes comparing KCs with CD11b+Ly6C+CD40+ cells at day 2 

 

symbol logFC adj.P.Val genefamily genename RNA Seq 

S100a4 2.3 5.6e-08  S100 calcium binding protein A4 x 

Spi1 1,9 3.1e-08  spleen focus forming virus (SFFV) proviral integra x 

Pik3r5 1.5 1.8e-07 kinase phosphoinositide-3-kinase, regulatory subunit 5, p x 

Ghr -1.4 5.9e-07 Secreted growth hormone receptor  

Slc25a15 -1.8 4.2e-08 transporter solute carrier family 25 (mitochondrial carrier or  
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Cyp2j5 -1.8 4.0e-07  cytochrome P450, family 2, subfamily j, polypeptid  

Dpyd -2.0 2.9e-07  dihydropyrimidine dehydrogenase x 

Masp2 -2.0 5.9e-07 peptidase mannan-binding lectin serine peptidase 2  

Igfbp4 -2.0 5.9e-07 Secreted insulin-like growth factor binding protein 4 x 

Adtrp -2.1 4.8e-07  androgen dependent TFPI regulating protein  

Aldh8a1 -2.3 2.9e-07  aldehyde dehydrogenase 8 family, member A1 x 

Otc -2.4 3.2e-07  ornithine transcarbamylase  

Abcb11 -3.1 4.4e-07 transporter ATP-binding cassette, sub-family B (MDR/TAP), memb  

C4bp -3.2 1.8e-07  complement component 4 binding protein  

Pxmp2 -3.3 6.9e-07  peroxisomal membrane protein 2  

Slc22a1 -3.6 1.8e-07 transporter solute carrier family 22 (organic cation transport x 

Ehhadh -3.6 1.8e-07  enoyl-Coenzyme A, hydratase/3-hydroxyacyl Coenzyme  

Cyp2c54 -3.6 2.9e-07  cytochrome P450, family 2, subfamily c, polypeptid  

Cyp4a14 -3.9 4.2e-08  cytochrome P450, family 4, subfamily a, polypeptid  

Cyp4a10 -4.4 3.6e-07  cytochrome P450, family 4, subfamily a, polypeptid  

Supplementary Table 10: The 20 most affected genes of the microarray at day 4; data were compared to the 
differentially expressed genes comparing KCs with CD11b+Ly6C+CD40+ cells at day 2 

 

symbol logFC adj.P.Val genefamily genename RNA seq 

Arrb2 1.1 1.4e-04  arrestin, beta 2  

Mical1 1.2 2.1e-04  microtubule associated monooxygenase, calponin and x 

Ltb 1.3 1.4e-04  lymphotoxin B  

Gimap3 2.3 1.2e-05  GTPase, IMAP family member 3  

Ctsw 2.3 4.3e-05 peptidase cathepsin W  

H2-Ob 1.4 6.5e-05  histocompatibility 2, O region beta locus  

Laptm5 1.5 1.8e-05  lysosomal-associated protein transmembrane 5  

Emp3 1.9 1.9e-04  epithelial membrane protein 3 x 

Coro1a 2.6 4.9e-05  coronin, actin binding protein 1A x 

H2-Eb1 2.9 7.1e-05  histocompatibility 2, class II antigen E beta  

Asgr2 -0.7 6.5e-05  asialoglycoprotein receptor 2  

Ptprf -0.8 2.0e-04 phosphatase protein tyrosine phosphatase, receptor type, F  

AI317395 -1.2 7.1e-05 peptidase expressed sequence AI317395  

Tmem19 -1.2 1.1e-04  transmembrane protein 19  

Ociad2 -1.4 1.2e-04  OCIA domain containing 2  

Dpys -1.4 1.5e-04  dihydropyrimidinase  

C1ra -1.6 1.2e-04 peptidase complement component 1, r subcomponent A x 

Insig2 -1.7 1.7e-04  insulin induced gene 2 x 

Adtrp -1.9 1.0e-05  androgen dependent TFPI regulating protein  

Retsat -2.5 1.0e-05  retinol saturase (all trans retinol 13,14 reductas x 

Supplementary Table 11: The 20 most affected genes of the microarray at day 5; data were compared to the 
differentially expressed genes comparing KCs with CD11b+Ly6C+CD40+ cells at day 2 
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Genes Degree  Log2FC P adj Log2TPM 

Cebpb 177 1,60098 8,8-12 9,79639 

Irf8 49 1,33033 1,3-12 8,46819 

Irf5 148 3,04194 2-108 8,337 

Mrpl28 107 1,24915 3,8-07 8,23895 

Batf3 31 2,11211 6,4-10 8,08337 

Ikzf1 75 2,37304 1,5-11 8,0297 

Batf 47 2,14657 1,9-13 7,89074 

Nfkbib 34 1,73725 8,7-14 7,75116 

Tgif1 111 1,89143 1,4-15 7,69762 

Stat1 166 3,49817 1,1-44 7,63159 

Arid5a 58 2,46906 6,2-17 7,47778 

Nr1h3 29 1,19268 1,6-05 7,40305 

Hmgn3 34 3,0341 1-11 7,17734 

Relb 63 2,06045 9-08 7,02261 

Mlx 121 1,2504 7,8-09 6,6256 

Lyl1 54 1,95676 5,4-14 6,55138 

Bhlhe40 38 1,98209 4,9-06 6,13232 

Mier2 46 1,57891 3,7-09 6,1277 

Zfp524 31 1,24795 1,93-03 6,12726 

Nfkb2 35 1,98378 7,2-09 5,9975 

Hmgb2 27 1,38792 1,4-06 5,98098 
Supplementary Table 12: Transcription factors affected downstream of differentially regulated genes in 
CD11b+Ly6C+CD40+ cells compared to Clec4F+Kupffer cells. (degree ≡ number of targets) 

Genes Log2FC p adj 

Bcl2a1d 4,94714 2,34382-29 

Slc2a6 4,72117 3,40252-42 

Bcl2a1a 4,64386 1,74607-53 

Spib 4,45513 1,062222-03 

Traf1 4,20703 2,20866-38 

Cd40 4,17224 2,67887-48 

Ciita 4,1008 5,01466-19 

Xcr1 3,97568 1,39912-03 

Ccl5 3,96165 1,4448-140 

Cd52 3,81788 2,8305-100 

Cd74 3,61654 7,30607-23 

Cd274 3,5576 7,42262-38 

Stat1 3,49817 1,07783-44 

Cd69 3,19856 2,22022-17 

Isg20 3,15712 5,5246-31 

Irf5 3,04194 1,8403-108 

Irf7 2,84458 4,42939-57 

Ccrl2 2,72627 5,27242-31 

Isg15 2,6812 1,13233-61 
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CD52 2,38424 1,3245-42 

 Supplementary Table 13: IRF8 target signature expressed in CD11b+Ly6C+CD40+ cells. 

 

Genes log2FoldChange p value p adj Log2TPM 

Slc2a6 4,721166861 6,01E-44 3,40E-42 6,8538525 

Slc4a11 4,089193834 0,0013859 0,0039177 0,9732412 

Slc7a11 3,976825751 5,06E-08 3,01E-07 2,0421601 

Slc28a2 3,817096522 2,07E-13 2,09E-12 3,8264232 

Slc16a3 3,652679698 1,55E-36 6,58E-35 6,9740793 

Slc2a1 3,324413494 4,52E-23 9,03E-22 4,9975236 

Slc36a3os 3,18057681 9,82E-16 1,20E-14 6,5789037 

Slc16a10 3,046423178 4,57E-10 3,32E-09 2,9793848 

Slc38a1 2,506252609 1,17E-07 6,61E-07 2,5452592 

Slc29a3 2,321974093 4,96E-15 5,73E-14 4,1774244 

Slc35c2 2,303455786 4,03E-22 7,64E-21 7,5361196 

Slc25a13 1,921835574 0,0012779 0,0036434 2,729395 

Slc1a5 1,913554155 1,92E-06 9,13E-06 3,9439572 

Slc11a1 1,782069818 1,58E-07 8,81E-07 7,2250922 

Slc15a4 1,625424072 4,95E-12 4,40E-11 5,8924999 

Slc6a6 1,527505187 1,44E-11 1,21E-10 5,8987687 

Slc35c1 1,447462654 5,40E-08 3,20E-07 5,0432051 

Slc25a20 1,441856751 2,26E-08 1,39E-07 5,8853621 

Slc26a2 1,422600562 0,0002709 0,0008865 3,4685289 

Slc15a3 1,368805286 2,14E-07 1,18E-06 7,5584758 

Slc52a2 1,292832311 0,0006076 0,0018644 4,2562494 

Slc31a1 1,273881261 2,37E-08 1,46E-07 6,4136413 

Slc12a9 1,156980615 0,001021 0,0029785 4,030917 

Slc8b1 1,11461362 1,88E-05 7,59E-05 6,4301132 

Slc7a8 1,05807218 0,0018283 0,0049812 4,56381 

Slc25a12 1,025357996 0,0011373 0,0032837 3,8991127 

Slc25a45 1,014546332 1,94E-05 7,80E-05 5,9259497 

Slc43a2 -1,013914035 0,0001029 0,000364 9,1177401 

Slc50a1 -1,143999582 5,65E-13 5,46E-12 8,7515697 

Slc39a10 -1,267182986 0,0022368 0,0059689 2,7716369 

Slc38a2 -1,410779586 9,66E-11 7,56E-10 5,7703172 

Slc38a10 -1,44252906 5,86E-07 3,01E-06 4,749099 

Slc35a1 -1,637902556 7,84E-09 5,09E-08 5,3126906 

Slc37a3 -1,883043352 0,0003554 0,0011386 2,888062 

Slc36a4 -1,941694963 4,02E-08 2,42E-07 4,7929792 

Slc35b3 -1,95300411 1,53E-09 1,06E-08 5,4571034 

Slc35d1 -2,121003459 0,000663 0,0020172 2,3438289 

Slc25a35 -2,307367217 4,32E-05 0,0001632 3,3781283 
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Slc22a15 -2,368880173 0,0019005 0,0051585 2,235384 

Slc25a29 -2,526931165 1,33E-05 5,52E-05 3,5175844 

Slc7a5 -2,946431012 1,34E-06 6,52E-06 2,5750958 

Slc2a8 -3,094636617 7,13E-17 9,31E-16 4,5599706 

Slc17a9 -3,290521493 0,0008104 0,002413 1,9966675 

Slc12a2 -3,295669292 1,49E-06 7,19E-06 1,8658524 

Slc44a1 -3,534051008 1,48E-12 1,38E-11 3,8368878 

Slc9a9 -3,539374198 6,05E-23 1,20E-21 4,2288884 

Slc27a3 -3,736074927 0,0016038 0,0044405 1,8500146 

Slc46a1 -3,989138632 1,67E-18 2,47E-17 4,1964095 

Slc16a2 -4,114144322 7,11E-08 4,13E-07 2,2022345 

Slc29a1 -4,119803832 5,38E-57 5,36E-55 8,2311769 

Slc22a17 -4,150775682 0,0010797 0,0031354 1,1260609 

Slco1b2 -4,194627866 0,0007763 0,0023301 1,3745511 

Slco2b1 -4,287500351 1,05E-06 5,19E-06 1,8992111 

Slc26a10 -4,352613019 2,07E-34 7,89E-33 4,9569531 

Slco2a1 -4,398365528 1,26E-23 2,58E-22 4,7851205 

Slc5a3 -4,449730815 3,96E-16 4,92E-15 2,1385374 

Slc43a3 -4,617585859 7,91E-27 1,99E-25 9,7130147 

Slc12a5 -4,693960573 7,88E-10 5,61E-09 4,5481144 

Slc16a9 -4,735078521 0,0001603 0,000548 1,2252947 

Slc40a1 -4,77842372 4,04E-67 5,59E-65 6,3420594 

Slc45a3 -4,827299112 1,70E-09 1,17E-08 2,8190674 

Slc16a12 -4,959344465 0,0002076 0,0006937 1,015009 

Slc9a3r2 -5,309103389 1,02E-15 1,24E-14 7,7507566 

Slc24a5 -5,453342715 1,07E-27 2,83E-26 4,446546 

Slc35g2 -5,477233141 1,24E-06 6,07E-06 2,5048186 

Slc10a6 -5,56695592 7,78E-07 3,92E-06 2,297682 

Slc18b1 -6,061164394 6,86E-08 4,00E-07 2,2605409 

Slc39a8 -6,389751476 3,50E-42 1,87E-40 4,3935872 

 

Supplementary Table 14: Glucose transporters differentially expressed in CD11b+Ly6C+CD40+ cells compared to 
Clec4F+Kupffer cells. 
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6.6 Abbreviation 
 

2-NBDG 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose 

AF  Alexa Fluor 

AHR  aryl hydrocarbon receptor 

APC  antigen presenting cell 

BM  bone marrow 

BrdU  Bromodeoxyuridine 

Clec  C-type lectin family member 

CCR  C-C chemokine receptor type  

CD  cluster of differentiation 

C/EBP  CCAAT/enhancer binding protein 

CpG  CpG – dinucleotide 

CSF  colony stimulating factor 

CTL  cytotoxic T lymphocyte 

d  day 

DAMP  danger/damage-associated molecular pattern 

DC  dendritic cell 

DEG  differentially expressed genes 

ECAR  extracellular acidification rate 

ELISA  enzyme-linked immunosorbent assay 

FACS  fluorescence activated cell sorting 

FcR  immunoglobulin receptor 

FlowSOM visualization for cytometry data, by using Self-Organizing Map clustering 

Fig  figure 

FITC  fluorescein 

GFP  green fluorescent protein 

GLUT  glucose transporter 

GPI  glycophosphatidylinositol 

GP(C)R  G-protein coupled receptor 
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GSEA  gene set enrichment analysis 

GzmB  granzyme B 

h  hour(s) 

HSC  hepatic stellate cells 

ICAM  intercellular adhesion molecule 

IDO  indoleamine 2,3-dioxygenase 

IFN  interferon 

IL  interleukin 

iNOS  nitric oxide synthase 

IRF  interferon regulating factor 

iMATE  intrahepatic myeloid cell aggregate for T cell expansion 

iv  intravenous  

JNK  c-Jun N-terminal kinase 

KC  Kupffer cell 

LAK  lymphokine activated killing 

LAMP  lysosome associated membrane protein 

LPS  Lipopolysaccharide 

LSEC  liver sinusoidal endothelial cell 

MAIT  mucosal-associated invariant T cells 

MAMP  microbial associated molecular patterns 

MAPK  mitogen activated protein kinase 

MCP  monocyte chemoattractant protein 

Mgll  Monoglyceride Lipase 

MHC  major histocompatibility complex 

MIP  macrophage inflammatory protein  

moDCs  monocyte-derived dendritic cells 

MPIF  myeloid progenitor inhibitory factor 

MPS  mononuclear phagocyte system 

NfκB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

NK  natural killer cell 
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NKT  natural killer T cell 

NO  nitric oxide 

NPC  non-parenchymal cell 

ODN  oligo di-nucleotide 

OVA  ovalbumin 

PAMP  pathogen-associated molecular pattern 

PBS  phosphate buffered saline 

PCA  principal component analysis 

pDC  plasmacytoid dendritic cell 

PE  phycoerythrin 

PFA  paraformaldehyde 

Poly-I  polyinosinic acid 

Poly-IC  polyinosinic:polycytidylic acid 

PPR  pattern recognition receptor 

Q-VD-O-Ph carboxy terminal phenoxy group conjugated to valine and aspartate 

RANTES regulated on activation normal T expressed and secreted protein 

RFP  red fluorescent protein 

RNA  ribonucleic acid 

ROS  reactive oxygen species 

RT  room temperature  

Runx  runt-related transcription factor 

SPF  specific pathogen free  

TCR  T cell receptor 

TGF-β  transforming growth factor beta 

TH  T helper cell 

Tim  T-cell immunoglobulin and mucin-domain containing 

Tip  TNF/iNOS-producing 

TLR  toll-like receptor 

TLR-L  toll-like receptor ligand 

TMB  3,3’,5,5’-Tetramethylbenzidin 
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TNF  tumor necrosis factor 

TNFR  tumor necrosis factor receptor 

TRAF  TNF receptor associated factor 

TRAIL  TNF-related apoptosis-inducing ligand 

Treg  regulatory T cell 

VSIG4  V-set and immunoglobulin domain containing 4 

WGCNA weighted gene correlation network analysis 

YFP  yellow fluorescent protein 

μ  micro  
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