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1 ABSTRACT 

 

1.1 Abstract (English) 

 

Cytotoxic T lymphocytes (CTL) are effector cells of the adaptive immune system, that are specialized 

for the defense against intracellular pathogens such as viruses. To fulfil that task, pathogen-specific 

CTL need to be activated by certain stimuli provided through the interaction with Mononuclear 

phagocytes (MNP). In this thesis the relevance of MNP is addressed in the control of primary CTL 

responses upon intradermal immunization with Vaccinia virus as well as of the secondary response in 

the skin, that is mediated by local antiviral CD8+ memory T cells. 

 

First, we study the response to acute Vaccinia virus infection, that is mediated by synergizing innate 

and adaptive immune cells. Over the course of infection, we identified massive changes in the 

composition of the MNP network within the infected skin and identified subsets dependent on CCR2- 

and/or FLT3- signaling for their residency in skin. We demonstrate that antigen presentation and co-

stimulatory molecule expression on CCR2 dependent cells controls the sustained antiviral response, 

the differentiation of CTL into memory precursor cells and the establishment of CD8+ tissue resident 

memory T cells (TRM) in the skin. 

 

In a second study, we addressed how CD8+ TRM in skin can be antigen-specifically recalled to fight 

reinfection in situ. Located in the uppermost layer of the skin, keratinocytes are the target cells of skin-

tropic viruses, thus infected keratinocytes might be the first site where antigen becomes visible to skin 

resident CD8+ TRM. Our experiments revealed that antigen derived from keratinocytes is cross-

presented by Langerhans cells (LC) for CD8+ TRM recall, thus LC are crucial in the protection against 

reinfection of the skin. 
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1.2 Zusammenfassung (deutsch) 

 

Zytotoxische T-Lymphozyten (CTL) sind Effektor-Zellen des adaptiven Immunsystems, die auf die 

Abwehr von intrazellulären Krankheitserregern wie Viren spezialisiert sind. Um diese Aufgabe zu 

erfüllen, bedarf es der gezielten Aktivierung von antiviralen CTL durch bestimmte Stimuli, welche durch 

die Interaktion mit mononukleärer Phagozyten (MNP) vermittelt werden. In dieser Dissertation wird 

die Bedeutung von MNP für die Kontrolle von primären CTL-Antwort nach intradermaler 

Immunisierung mit dem Vaccinia-Virus sowie der sekundären durch antivirale Gedächtniszellen 

vermittelten Immunantwort in der Haut untersucht. 

 

Zunächst wurde die akute Immunreaktion auf eine Vaccinia-Virus-Infektion der Haut untersucht, diese 

Reaktion setzt sich zusammen aus der Aktivierung und Rekrutierung von angeborenen sowie adaptiven 

Immunzellen. Im Verlauf einer akuten Vaccinia-Virus-Infektion der Haut haben wir massive 

Veränderungen in der Zusammensetzung des MNP-Netzwerks der infizierten Haut beobachtet und 

Untergruppen identifiziert, deren Lokalisation in der Haut jeweils von CCR2- und/oder FLT3-Signalen 

abhängig sind. Wir konnten zeigen, dass die Antigenpräsentation und die Expression von ko-

stimulierenden Molekülen auf CCR2-abhängigen Zellen die anhaltende antivirale Antwort, die 

Differenzierung von CTL zu Gedächtnisvorläuferzellen und die Etablierung von CD8+ gewebes-

residenten Gedächtnis-T-Zellen (TRM) in der Haut kontrollieren. 

 

In einer zweiten Studie untersuchten wir, wie persistierenden CD8+ TRM in der Haut antigen-spezifisch 

erneut aktiviert werden und so eine Reinfektion im Gewebe bekämpfen. In der obersten Schicht der 

Haut gelegen, sind Keratinozyten die Zielzellen für hauttropische Viren. Infizierte Keratinozyten 

könnten daher der erste Ort sein, an dem virales Antigen für die in der Haut ansässigen CD8+ TRM 

sichtbar wird. Unsere Experimente zeigen, dass von Keratinozyten stammendes Antigen von 

Langerhans-Zellen (LC) kreuzpräsentiert wird und dann antigenspezifisch CD8+ gewebsresidenten 

Gedächtniszellen aktivieren können. Daher sind LC entscheidend für den Schutz vor erneuter Infektion 

der Haut. 
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2 INTRODUCTION 

 

 

2.1 The Immune system 

The immune system is a complex network of effector molecules, specialized cells, tissues and organs 

designed to protect organisms from pathogens, such as viruses, bacteria, uni- and multicellular 

eukaryotes. In addition to its vital role in defending against microbial invaders, the immune system 

also initiates defense mechanisms against abnormal cells within the body that have become malignant 

or infected. The immune system faces the challenging task of distinguishing between the harmful and 

the harmless to prevent damage and, subsequently, to ensure the organism’s survival. 

 

 

2.1.1 Hematopoiesis 

The cells of the mammalian immune system originate after embryogenesis from pluripotent 

hematopoietic stem cells (HSC) at regular intervals (Wilson and Trumpp, 2006; Morrison and Scadden, 

2014). In contrast to other immune cells, only Langerhans cells and several tissue macrophages 

predominantly originate from early progenitors of the yolk sac or fetal liver and once resident in the 

tissue they self-renew locally (Chorro et al., 2009). The common stem cell of all other immune cells, 

the HSC, reside in the bone marrow and can differentiate into common progenitors of the myeloid and 

the lymphoid lineage (Kondo, 2010). The common lymphoid progenitor serves as a precursor for B 

cells, T cells, Natural Killer cells (NK cells) or Innate Lymphoid cells (ILC) and contribute to plasmacytoid 

dendritic cells (pDC); in contrast, granulocytes, monocytes, macrophages, mast cells and most 

dendritic cells (DC) are part of the myeloid lineage. The myeloid lineage includes also non-classical 

immune cells like platelets, known primarily for contributing to hemostasis e.g. in wound healing, and 

erythrocytes, which are responsible for oxygen delivery. (Murphy et al., 2009; Poltorak and Schraml, 

2015) 

 

 

2.1.2 Innate and Adaptive Immunity 

The immune system comprises two complementary branches with distinct tasks and properties: the 

innate and the adaptive immune system (Medzhitov and Janeway, 2000). Both systems work together 

synergistically to mount efficient and enduring defense against invading pathogens. 
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The innate immune system is responsible for immediate unspecific responses, whereas adaptive 

immunity mediates long-lasting specialized responses. This collaboration involves utilizing both the 

humoral and cellular components of the immune system (Hoebe et al., 2004; Iwasaki and Medzhitov, 

2010). The innate immune system is described as the first line of defense as it is activated immediately 

after infection (Murphy et al., 2009). Thus, innate effector mechanisms curtail the infection until 

adaptive immune cells are matured. Innate immune cells recognize conserved molecular patterns of 

microbes by germline-encoded, so-called pattern recognition receptors (PRR) located on their surface 

or intracellularly (Kimbrell and Beutler, 2001; Uematsu and Akira, 2008). Once a microbe is detected, 

host defense pathways are activated by regulating the expression of various immune response genes 

and initiating enzyme cascades (Iwasaki and Medzhitov, 2010; Medzhitov and Janeway  Jr., 2000). 

Innate immune cells include phagocytes, which seek, engulf and destroy pathogens. Phagocytes can 

be divided in macrophages and granulocytes. The family of granulocytes comprise of neutrophilic, 

basophilic and eosinophilic granulocytes. All granulocytes in common is the possession of cytotoxic 

granules, which they release to fight microbes. Neutrophils are the most abundant and earliest cell 

infiltrating inflamed tissue immediately at the start of an immune response. Neutrophils have the 

special ability to form neutrophil extracellular traps (NETs) and reactive oxygen species to catch and 

kill microbes directly and attract other immune cells (Burn et al., 2021). Together with anti-microbial 

peptides, the complement system and phagocytes take direct effect within minutes and up to hours 

after infection. In addition, innate immune cells can recruit and activate adaptive immune cells, 

contributing to controlling the spread of the pathogen. 

 

Adaptive immune responses take longer to develop compared to innate immune responses. It typically 

takes around four days for a sufficient number of adaptive immune cells, i.e. lymphocyte clones, to be 

generated and differentiated into effector cells (Bonilla and Oettgen, 2010). Only this mature effector 

cell state permits adaptive immune cells to participate actively in host defense. At first glance, this 

process may appear inefficient. However, the adaptive response is tailored, highly effective and 

provides long-term protection. Once the adaptive immune cells have matured and successfully fought 

pathogen invasion, most undergo apoptosis, but some are retained and have the ability to mount rapid 

and robust secondary responses. This memory capability of the adaptive immune system to react 

faster and more effectively upon re-exposure to the same pathogen was initially described by Edward 

Jenner in 1798 during his pioneering work on smallpox vaccination (Brunham and Coombs, 1998). The 

key mediators of the adaptive immune system, responsible for a memory response adapted to the 

pathogen, are lymphocytes. These lymphocytes are further divided into B cells and T cells. 
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This thesis addresses the question of how mononuclear phagocytes or keratinocytes modulate 

CD8+ T cell-mediated primary and secondary immune responses of the skin. Accordingly, the 

mononuclear phagocyte system, the structure of the skin compartment and the development and 

function of CD8+ T cells will be described in depth in the following. 

 

 

2.2 The Mononuclear phagocyte system 
 

 

2.2.1 The History of the Mononuclear phagocyte system 

Already in 1883, Metchnikoff discovered the significance of phagocytosis, which play an important role 

in host defense as they engulf whole microbes or particulate material and were later found to be 

required for processing pathogenic material for being utilizable for lymphocytes (Gordon, 2016). 

Phagocytic active cells are called phagocytes. Based on the morphology of the phagocyte's nucleus, 

they are divided into polymorphonuclear phagocytes, i.e. granulocytes with multi-lobed nuclei, and 

mononuclear phagocytes having a round nucleus. Van Furth et al. introduced the concept of the 

mononuclear phagocyte system, as a network of monocytes, macrophages and precursor cells 

spanning the whole body, stating that all macrophages within tissues are derived from blood 

monocytes (van Furth et al., 1972). After the discovery of dendritic cells by Steinman and Cohn 

(Steinman and Cohn, 1973), they were also integrated into van Furth’s mononuclear phagocyte (MNP) 

system (van Furth, 1981). All of such cells of the MNP system belong to cells of the myeloid lineage, 

which generally have a high turnover rate, unlike lymphoid cells, and can be quickly mobilized after 

pathogen detection. However, the initial theory of monocytes as the transient precursor reservoir for 

mononuclear phagocytes in tissues was later found to be only valid during inflammation or in epithelia 

exposed to microbiota (Ginhoux and Jung, 2014), when Ly-6Chigh monocytes differentiate into 

infiltrating macrophages or DC. Differently, under homeostatic conditions, most tissue-resident 

macrophages in adults are independent of monocytes (Hashimoto et al., 2013; Yona et al., 2013). 

Today’s definition of MNP system includes monocytes, macrophages, DC and all precursor cells, these 

cells contribute to tissue integrity, innate immunity, pathogen clearance and the induction of adaptive 

immune responses (Merad et al., 2013; Ginhoux and Jung, 2014; Varol et al., 2015). MNP have been 

well defined across tissues and species under steady state conditions, though during inflammation, it 

is still an ongoing challenge to phenotypically dissect subsets of the MNP compartment, in particular 

the separation of cDC and other MNP. Reasons for that is that MNP possess a high phenotypical and 

functional plasticity, that have led to inconsistencies in nomenclature among previous studies in this 



2 INTRODUCTION 

 6 

field. Thus, a revised definition of MNP system suggested a classification of cells based on ontogeny 

rather than on location, function and phenotype (Guilliams et al., 2014; Jenkins and Hume, 2014). In 

this thesis, MNP of the skin during viral infection were characterized phenotypically and functionally 

based on ontogeny for this purpose. 

 

 

2.2.2 Inflammatory and Patrolling Monocytes 

Monocytes arise from myeloid precursor cells in the fetal liver during embryonic hematopoiesis 

(Hoeffel et al., 2015). In adults, monocyte reservoirs are the bone marrow (van Furth and Cohn, 1968) 

the blood and the spleen (Swirski et al., 2009), from there they are mobilized upon tissue injury. In 

mice, two principal subsets of monocytes with distinct migratory properties and functions were 

identified: the inflammatory monocytes (Ly-6Chigh) and patrolling monocytes (Ly-6Clow) (Geissmann et 

al., 2003). In general, inflammatory monocytes (Ly-6Chigh) express CCR2, which allows them to respond 

readily to inflammatory chemokines such as CCL2 and CCL7. The release of CCL2 by inflamed tissues 

triggers the egress of inflammatory monocytes (Ly-6Chigh) from the bone marrow, enabling circulation 

through the bloodstream (Auffray et al., 2007; Serbina et al., 2008). Within blood, circulating 

inflammatory monocytes (Ly-6Chigh) are short-lived, but these circulating monocytes can extravasate 

by active recruitment along chemokine gradients produced by inflamed peripheral tissues (Boring et 

al., 1997; Palframan et al., 2001). Pro-inflammatory cytokines and microbial products released from 

inflamed tissues can initiate an ‘emergency’ myelopoiesis in the bone marrow, when cells at various 

stages of the myeloid life cycle have the potential to be released from the bone marrow, reflected by 

the heterogeneity of monocytes and related cells observed in circulation and peripheral tissues, where 

they can differentiate into monocyte-derived phagocytes, such as monocyte-derived macrophages or 

DC, both differing from tissue-resident macrophages (Tsou et al., 2007; Auffray et al., 2009; Ng et al., 

2023). The counterparts of inflammatory monocytes are patrolling monocytes (Ly-6Clow), which live 

longer than inflammatory monocytes (Ly-6Chigh). In homeostasis, patrolling monocytes (Ly-6Clow) 

function as differentiated blood-resident macrophages by continuously patrolling the vasculature 

(Auffray et al., 2007; Carlin et al., 2013). They contribute to tissue repair by engulfing debris and the 

recruitment of other immune cells during inflammatory conditions (Thomas et al., 2015). 

 

 

2.2.3 Infiltrating and Tissue-resident Macrophages 

The name macrophage is Greek and means ‘big eater’, which is what they do: They remove apoptotic 

cells, debris and microbes by phagocytosis. Macrophages move within tissues by amoeboid 
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locomotion, are distributed across tissues and express typical surface markers such as F4/80, CD64 and 

CD11b. Two subsets of macrophages are distinguished based on their origin. Infiltrating macrophages 

develop upon inflammatory stimuli from circulating inflammatory monocytes (Ly6high), whereas tissue-

resident macrophages develop independently from circulating monocytes; tissue-resident 

macrophages reside in tissues early in life in two distinct waves from yolk sack and fetal liver (Ginhoux 

and Jung, 2014). In adults, these long-living tissue-resident macrophages renew themselves by low-

level local proliferation in situ, unlike other myeloid cells, which primarily originate from the bone 

marrow (Ginhoux and Guilliams, 2016). 

 

 

2.2.4 Monocyte-derived Cells 

While early studies have suggested, that monocytes can differentiate into inflammation induced DC, 

more recent work revealed that pre-cDC are precursors of these DC. Early in vitro studies describe 

monocytes from blood differentiating in presence of growth factors into a DC-like phenotype(Inaba et 

al., 1992; Sallusto and Lanzavecchia, 1994; Jonuleit et al., 1997). In vivo, Ly-6Chigh monocytes were 

described to upregulate Major-Histo-Compability Complex (MHC) II and CD11c expression and migrate 

to lymph nodes to induce CD4 responses or prime CD8 T cells in non-lymphoid tissues (León and 

Ardavín, 2008; Wakim et al., 2008; Nakano et al., 2009; Aldridge et al., 2009). These finding lead to the 

assumption, that these cells can orchestrate adaptive immune responses depending on the immune 

microenvironment and external stimuli (Murphy et al., 2009). More recently an international group of 

scientists led by Bart Lambrecht discovered a novel type of antigen-presenting cell, the inflammatory 

cDC2, which holds a phenotype reminiscent of monocyte derived Cells (CD11b+ sirp1𝛼+ CD64+), but 

derives from blood pre-cDC. They demonstrated that monocyte-derived Cells (moC) exist across 

tissues but do not present antigens, indicating that moC as potent inducers of immune responses 

described in previous studies might be a case of mistaken identity, since moC fractions might have 

been contaminated by the recently identified inflammatory cDC2. This inflammatory cDC2 emerges 

after inflammation in peripheral tissues, hold migratory capacities and combines features of 

monocytes, macrophages and conventional DC, to induce optimal immune responses to respiratory 

virus infections, house dust mite induced asthma, human adjuvant system AS01 and mycobacterial 

infection of the skin (Bosteels et al., 2020b; a). However, the function of both cells, namely monocyte-

derived Cells and inflammatory cDC2, during viral infection of the skin remains elusive. 
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2.2.5 Dendritic Cells 

Dendritic cells (DC) were first described in the spleen of mice by Steinman and Cohn (Steinman and 

Cohn, 1973). Under the light microscope, they observed cells with features distinct from typical 

macrophages and monocytes: a type of cell forming many dendrites (Steinman and Cohn, 1973; 

Steinman et al., 1979). This initial observation sparked the discovery of DC in nearly all lymphoid and 

non-lymphoid tissues; however, an enrichment of DC was found in compartments that face the 

external environment, i.e. epithelial tissues such as the skin (Alvarez et al., 2008). In mice, DC are 

defined as MHC-II+ CD11c+ cells (Metlay et al., 1990; Nussenzweig et al., 1981; Steinman et al., 1979). 

As the sentinels of the immune system, DC usually represent a rare cell population compared to other 

cell types. However, their low number is compensated by the fact that a single DC can interact with up 

to 500 T cells per hour (Bousso and Robey, 2003), making them to potent inducers of immune 

responses. DC are specialized in antigen processing and presentation after they have scavenge dead 

cells, pathogens, and other debris. DC are equipped with various intracellular and extracellular 

receptors that allow them to sense the presence of pathogens or inflammatory cell death. After 

exogenous or endogenous material is ingested and specific receptors are stimulated, innate and 

adaptive immune responses can be induced (Gordon, 2002). In detail, the cells get activated through 

the recognition of either 1) pathogen-associated molecule patterns (PAMPs) by pattern recognition 

receptors (PRRs), or 2) the Fc part of antibodies decorating the pathogens' surface by Fc receptors. 

Once activated by these innate receptors, the APC, harboring foreign material, can mature and migrate 

to the draining lymph nodes. For example, skin draining lymph nodes filter lymph draining from the 

skin, collect antigens from distal sites and provide a platform to bring rare cell populations in close 

proximity. Inside these secondary lymphoid organs, APC present the pathogen-derived peptides on 

MHC to naïve lymphocytes. Among all APC, DC exhibit the most comprehensive ability to prime naïve 

T cells because even without T helper cells they can directly activate naïve T Lymphocytes, which 

highlights their role as a key link between innate and adaptive immunity, as described in the work of 

Paul Ehrlich and Ilya Metchnikov (Nobel Prize in Physiology or Medicine in 1908). Based on ontogeny, 

gene expression profiles, and subsequent surface molecules, DC can be discriminated from monocytes 

and macrophages (Malissen et al., 2014). DC show a very heterogeneous range of phenotypes and 

function depending on the tissue localization and the presence or absence of inflammation. In general, 

DC comprise of three groups: plasmacytoid DC (pDC), conventional DC (cDC), and eventually 

monocyte-derived cell (MC). In the skin, information about the unique function of distinct DC 

subpopulations is still limited, in particular under inflammatory conditions. 
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2.3 The Skin is a Barrier Tissue 

The skin acts as a protective barrier, shielding the body from external threats. The prevention of water 

loss, thermoregulation and protection against invading pathogens are the main tasks of the skin. 

Protection mechanisms of the skin include the mechanical barrier function, the secretion of chemicals 

and a dense network of cutaneous immune cells providing immune surveillance. For the latter, various 

immune cell populations reside in the skin tissue. Each population fulfils its unique function while 

collaborating closely within the tissue and the systemic network of the body. 

 

The skin is an epithelial tissue structured in anatomically distinct layers, which are traversed by hair 

follicles, sebaceous glands, nerve fibers (Cohen et al., 2020), blood and lymphatic vessels (Tripp et al., 

2008). Each layer of the skin has its specific predominant structural cell that builds as a bulk of cells the 

stratified appearance of the tissue. The outermost layer is the epidermis, which is separated by the 

basement membrane from the subjacent dermis. The dermis is connected to the subcutaneous fatty 

layer, also known as hypodermis or subcutis. 

 

 

2.3.1 The Epidermis 

The epidermis lacks nerve fibers and vessels in contrast to the dermis. The most abundant cell type of 

the epidermis is the keratinocyte. Within the epidermal layer of skin keratinocytes are arranged in four 

strata, representing progressive stages of differentiation. Mitotically active keratinocytes are located 

close to the basement membrane. From there, they differentiate over time into corneocytes until they 

reach the outermost stratum of stratified keratinocytes. This layer of cornified, highly compressed cells 

prevents water loss from the body (Chambers and Vukmanovic-Stejic, 2020). Keratinocytes are 

involved in sensing pathogens and danger signals (Heath and Carbone, 2013) by expressing several 

PPRs such as TLR 1-6 and 9 (Di Meglio et al., 2011). Upon infection, keratinocytes can secrete 

inflammatory cytokines, chemokines, and antimicrobial peptides (AMPs) to initiate defense 

mechanisms. Keratinocytes were also found to be able to respond to T helper cell 1 derived cytokines 

(Albanesi et al., 2001) and regulate the recruitment of LC (Malissen et al., 2014).  

 

Besides keratinocytes other cells are embedded within the epidermal strata, these are melanocytes, 

Langerhans cells (LC) (Merad et al., 2008), tissue-resident memory CD8 T cells (Gebhardt et al., 2009, 

2011), murine 𝛾𝛿 T cells (Nielsen et al., 2017) and innate lymphoid cells (ILC) (Kobayashi et al., 2020). 

Melanocytes produce UV radiation absorbing Melanin, which prevents UV rays from penetrating 

deeper layers and thus protects from DNA damage and reactive oxygen species.  
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LC are the sentinel and the only mononuclear phagocyte of the healthy epidermis, they contribute to 

both immunity and tolerance. Murine LC originate from monocytes derived from the fetal liver, with a 

minor contribution from myeloid cells of the yolk sac derived (Hoeffel et al., 2012). Before birth, these 

progenitors seed the skin, where LC maintain themselves in situ and express the surface markers 

Langerin (CD24), CD11c, MHC-II and EpCAM. LC self-renew in situ and are resistant to high doses of 

ionized radiation due to the expression of the cell cycle inhibitor Cdkn1a (Price et al., 2015), thus they 

remain of host origin in bone marrow chimeric mice (Merad et al., 2002). In contrast, other dermal DC 

undergo a constant turnover by getting replaced by circulating BM-derived precursors and are thus 

dependent on radio-sensitive HSC. In mice, tissue-resident CD8+ memory T cells lodged in the 

epidermal layer are the first line of defense against reinfection by recognizing peptide antigens 

(Topham and Reilly, 2018). These cells are supplemented in monitoring the epidermis by 𝛾𝛿 T cells that 

sense stress-induced molecules and non-peptide antigens. 

 

 

2.3.2 The Dermis 

The dermis is traversed by vessels and nerve fibers, rich in immune cells and the predominant 

structural cell is the fibroblast. The hypodermis, on the other hand, is composed mainly of adipocytes 

and connective tissue (Watt, 2014). Different populations of myeloid and lymphoid immune cell 

populations are located in the dermis. In contrast to the epidermis, the dermal mononuclear 

phagocyte network is more heterogenous, comprising different subsets of dendritic cells (DC) and 

macrophages (Tamoutounour et al., 2013). Furthermore, the dermal layer contains innate lymphoid 

cells, NK cells, CD8 and CD4 T cells, B cells, granulocytes, mast cells and monocytes. Immune cells can 

also traffic through the tissue, which results in highly dynamic changes in the composition of cell 

populations in the dermis, especially when it comes to inflammation (Pasparakis et al., 2014).  

 

Dermal cDC and moC have a short lifespan under steady state conditions, they are continually replaced 

by extravasating bone marrow derived precursors. Their differential dependence on FLT3 and CCR2 is 

commonly utilized in mouse models to investigate the role of the different DC subsets in the formation 

of immune responses. The generation of cDC from pre-cDC depends on the interaction of FMS-related 

tyrosine kinase 3 (FLT3) and its ligand (Guilliams et al., 2016), whereas the migration of moC precursor, 

meaning Ly-6Chigh monocytes, from bone marrow into the skin depends on CCR2 signaling (Domínguez 

and Ardavín, 2010; Serbina et al., 2008). moCs were suggested to function like DC (Tacke et al. 2007), 

due to their ability to induce adaptive immunity, such as activation of CD8+ memory cells (Wakim et 
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al., 2008), and a similar transcriptomic profile as CD11b+ cDC (Tamoutounour et al., 2013). However, 

their involvement in the induction of adaptive immunity is controversial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The skin is divided into the epidermis and the dermis. Among the mononuclear phagocytes only Langerhans cells reside in the 
epidermis, all other mononuclear phagocytes belong to the dermal compartment. Tissue macrophages and Langerhans cells 
originate from embryonic progenitors and both are capable of self-renew. The dermis is traversed by blood vessels, that allows 
the recruitment of blood-born cells in the skin tissue. Blood Ly-6Chigh monocytes extravasate into the dermis in an CC-
chemokine receptor 2 (CCR2)-dependent manner, where they differentiate in dermal monocyte-derived cells and probably 
also in Macrophages (indicated by the dashed arrow). Similarly, blood-derived pre-cDC precursors enter the dermis in a Fms-
related tyrosine kinase 3 (FLT3)-dependent manner and reside in the dermis as differentiated Conventional dendritic cells 
(cDC). cDC2 or pre-cDC2 have the capability to adopt a hybrid inflammatory cDC2 phenotype dependent on CCR2-signalling, 
which exhibit shared characteristics in terms of phenotype, gene expression, and function with both cDC and monocyte-
derived cells. Created with Biorender.com. 

 

In contrast to moC, cDC express the surface marker CD26 and undergo homeostatic maturation under 

steady-state conditions to continuously deliver self-antigen to T cell zones of draining lymph nodes for 

the establishment of peripheral tolerance to prevent responses of auto-reactive T cells (Probst et al., 

2003; Sporri and Reis e, 2005; Waithman et al., 2007). After activation in response to innate stimuli 

cDC in the skin undergo terminal differentiation, up-regulate the expression of co-stimulatory 

molecules and migrate through afferent lymphatic vessels (Tripp et al., 2008) to skin-draining lymph 

nodes, where they promote clonal expansion of naïve antigen-specific T cells and orchestrate T cell 

effector function (Clausen and Stoitzner, 2015). Dermal cDC can be further divided into two subsets: 

cDC1 and cDC2 (Malissen et al., 2014; Henri et al., 2010). cDC1 were found to have a pivotal role in 

cross-presentation of antigen (Bedoui et al., 2009; Henri et al., 2010) and are identified as 

Langerin(CD24)+ XCR1+ DC in the murine dermis. Activator protein-1 (AP-1) family transcription factor 

basic leucine zipper transcriptional factor ATF-like 3 (BATF3), together with Interferon regulatory factor 

Figure 1. Schematic Representation of mononuclear Phagocytes resident in the murine Skin 
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8 (IRF8) controls their late development. cDC2 are dependent on Interferon regulatory factor 4 (IRF4) 

and form a specific population of mouse dermal DC expressing CD11b+ sirp1𝛼+. 

 

Recently a subset similar to the phenotype of CD11b+ cDC2 has been described in the dLN and infected 

tissues. This subset, termed inflammatory (infl.) cDC2 (CD11b+ IRF4+) displays a hybrid phenotype of 

cDC1, monocytic and cDC2, which is reflected by the expression of CD64, Mar-1 and intracellular IRF8 

expression. Through the gained Fc receptor expression infl. cDC2 can internalize immune complexes 

to boost MHC-II restricted CD4+ T cell responses and can induce CD8+ T cell responses (Bosteels et al., 

2020b). Upon activation, antigen bearing cDC migrate in an CCR7 dependent manner to the dLN, where 

they can prime naïve T cells (Hintzen et al., 2006; Vermaelen et al., 2000). 

 

 

 

2.4 The antiviral CD8+ T cell Response 

 

 

2.4.1 Pox virus Infection of the Skin 

The virus Variola major is a DNA virus of the orthopox family and is the causative agent of small pox. 

Due to its high contagiousness it probably killed more people than any other disease in human history. 

In the twentieth century alone smallpox has been responsible for 400 million deaths (Parker et al., 

2014). Edward Jenner proved that cowpox can protect against small pox infection, which sparked the 

brilliant concept of using vaccination as a prophylaxis against transmittable diseases. Finally, a 

worldwide vaccination program using vaccinia virus (VACV) as a small pox vaccine led to the certified 

eradication in 1980 (Hammarlund et al., 2003; Stewart and Devlin, 2006). Immunization with VACV 

results in an acute infection in human as well as mice, that provokes the development of an adaptive 

immune response. Experimentally intradermal VACV infection of the skin is induced by the application 

of virus into the cutaneous tissue at the murine ear pinnae. Due to the local virus replication in cells of 

the skin, disease progression becomes evident locally: the clinical picture is characterized from 4 days 

post infection (dpi) on by cutaneous lesions and tissue thickening, that is caused by massive cell 

infiltration (Tscharke and Smith, 1999). The tissue infiltrating cells comprises first subsets of Ly-6C+ and 

Ly-6G+ phagocytes, and is followed a few days later by T cell infiltration. With increasing numbers of T 

cells the viral titer is decreasing (Fischer et al., 2011), which reflects directly the important role of 

cytotoxic CD8+ T cells in the progress of virus clearance. Importantly, in the protection against VACV 

reinfection the T cell response plays a pivotal role, rather than neutralizing antibody production (Liu et 
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al., 2010). After infection clearance the majority of antiviral T cells are resident in skin (Jiang et al., 

2012), we investigated how these antiviral CD8+ T cell are formed and how they get recalled. 

 

 

2.4.2 Origin and Maturation of CD8+ T lymphocytes 

Bone marrow-derived lymphocytes express a single kind of structurally unique receptors, in 𝛼𝛽 T cells 

these receptors consist of an 𝛼 chain assembled with a 𝛽 chain and can recognize protein derived 

antigen. Through recombination (Grawunder et al., 1998) and the imprecise joining of an array of gen 

segments coding for the two chains, the repertoire of antigen receptors among T lymphocytes is 

tremendous (Jeske et al., 1984). This increases the probability to recognize certain antigens (Medzhitov 

and Janeway, 2000).  

 

Immature T lymphocytes leave the bone marrow and colonize the thymus to undergo T cell receptor 

(TCR) rearrangement and maturation, including positive and negative selection (Takahama, 2006). In 

the thymus only T lymphocytes that express a TCR capable of recognizing antigens on self-MHC are 

positively selected; this process is also called self-restriction (Zinkernagel and Doherty, 1997). 

Depending on their ability to recognize either MHC-I or MHC-II, double positive T lymphocytes (CD4+ 

CD8+) differentiate either in single positive CD8 (if recognizing MHC-I) or single positive CD4 (if 

recognizing MHC-II) T cells respectively (Carpenter and Bosselut, 2010). In the second step, which is 

called negative selection, auto-reactive T cells are eliminated. For the purpose of central tolerance, T 

cells holding a TCR with no or low affinity to self-antigen survive (Sprent et al., 1988; Starr et al., 2003). 

After thymic selection the remaining T cells can identify foreign antigens on self MHC, egress the 

primary lymphoid organ as mature but naïve T cells and thus enter circulation to encounter their 

cognate antigen. 

 

 

2.4.3 The Formation of an anti-viral CTL mediated Adaptive Immune Response 

Viruses attach to cells and replicate inside the host cells by using its cellular pathways for the synthesis 

of new viral particles (Modrow et al., 2013), by doing so they also feed viral material into the host’s 

protein recycling machinery. Inside the host’s cells non-functional, misfolded endogenous proteins, as 

well as viral proteins during infections, are ubiquitinated and sub-sequentially degraded by 

proteasomes into peptides to recycle amino acids and thus prevent intracellular protein aggregation. 

Linearized fragments, with between 8 to 11 amino acids in size, derived of formerly intracellular 

proteins are loaded on MHC-I molecules. Due to two distinct processes for antigen loading on MHC, 
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intracellular antigens are in principle loaded on MHC-I, whereas extracellular antigens are associated 

with MHC-II. CD8+ T cells exclusively recognize MHC-I restricted antigens, while CD4+ T cells are 

dependent on antigens presented on MHC-II molecules. Antigen loading is followed by presenting the 

antigen-MHC complex on the cell’s surface. From the site of infection antigen-loaded APCs migrate to 

the draining lymph nodes or the spleen. The lymph nodes collect antigen draining through the lymph 

from the periphery, whereas the spleen is specialized to present blood born antigens. Priming of naïve 

T cells predominantly occurs in these two secondary lymphoid organs, namely lymph nodes and spleen 

(Abbas Abul K. et al., 2014). The antigen-MHC complex is recognized by naïve T cells through TCR 

ligation. If additional accessory signals such as co-stimulation and cytokines are delivered, naïve T cells 

are activated and differentiate into effector T lymphocytes, this process is called T cell priming. 

Depending on the stimulus, APC modulate the outcome of lymphocyte-mediated immune responses 

through either surface expression of activating or inhibiting co-stimulators as well as the secretion of 

cytokines or chemokines. Thus, APC such as dendritic cells (DC) play a key role in orchestrating T cell 

responses, because they provide all of these three signals for T cell activation. DC are most efficient in 

priming of T cells and thus hold specializations for antigen processing, presentation and T cell 

activation, such as constitutive expression of co-stimulatory molecules and MHC-II. 

 

Priming of T cells is followed by a process called clonal selection, a term established by Frank 

Macfarlane Burnet (Burnet, 1976). This process ensures that only adaptive immune cells are activated, 

which are antigen specific. Only these specific cells can undergo clonal expansion by autocrine IL-2 

signaling and consequentially can differentiate into effector cells to form a specific defense against a 

certain pathogen. Cytotoxic T Lymphocytes (CTL) are effector T cells derived from CD8+ 𝛼𝛽 T cells. Once 

activated, effector T cells express activation specific surface molecules, such as CD44. They enter the 

blood circulation and traffic to inflamed non-lymphoid tissues, such as epithelial surfaces, where 

immune responses are required. Depending on the target tissue, effector T cells express certain 

addressins and selectins (e.g. CD62L for the egress in lymphoid tissues) to find their way throughout 

the body. The recognition of cognate antigens on the MHC-I complex of infected cells occurs through 

the TCR on the CTL’s surface and takes place at the site of infection, where the subsequent killing of 

the target cells is initiated. CTL induce apoptosis in target cells via two alternative ways: through the 

usage of Fas/Fas-ligand interaction or by unidirectional release of cytotoxic substances such as 

Granzyme B and Perforin. Additionally, CTL produce antiviral cytokines such as IFN𝛾, TNF𝛼 and IL-2, 

which are also essential for the resolution of infections. In viral infections IFN𝛾 was found to be the 

most important cytokine, since it induces the upregulation of an array of genes, whose expression is 

responsible for diverse antiviral responses for example through IFITM3 (Ariotti et al., 2014). For 

instance, IFN𝛾 upregulates the expression of MHC molecules, which in turn boosts antigen 
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presentation and thus T effector cell election (Zhou, 2009; Früh and Yang, 1999). Through the removal 

of pathogenic material and infected cells, replicative viral particles are eliminated and the infection is 

cleared. The absence of pathogen derived antigen and concurrent danger stimuli, approximately 14 

days after infection, leads to the contraction of the number of CTLs. Most CTLs undergo apoptosis, but 

a small fraction of T cells persist and become long-living memory T cells. (Abbas Abul K. et al., 2014). 

 

 
Figure 2. The Course of a primary and secondary antiviral CD8+ T cell mediated adaptive Immune Response 
After virus infection naive CD8+ T cells encounter viral antigen and get primed by antigen-presenting cells (APC) in secondary 
lymphoid organs. Priming induces proliferation and the differentiation into cytokine producing cytotoxic T lymphocyte (CTL), 
which can eliminate the virus. Upon virus clearance the CTL response contracts, but a small number of memory lymphocytes 
persists to ensure long term immunity to the target virus. Upon reinfection the antigen specific recall of memory T cells is 
induce through the encounter of cognate antigen, which is presented on an APC. The recall of memory T cells leads to an 
enhanced response and thus to a more rapid virus clearance in comparison to the primary immune response. Created with 
Biorender.com. 
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2.4.4 CD8+ T cell derived immunological Memory 

Memory T cells account for the highly efficient long-term immunity against local and systemic 

reinfection (Abbas Abul K. et al., 2014). These cells are characterized by their ability to respond most 

rapidly to cogante antigen encounter and their prolonged survival (Cui and Kaech, 2010). The longevity 

of memory T cells is programmed during the conversion from effector to memory T cell, when IL-7 

signaling induces low level proliferation and the expression of anti-apoptotic proteins. Compared to 

naïve T cells, persisting memory cells mount an enhanced response to secondary antigen reencounter, 

leading to an accelerated clearance of a homologous reinfection (Ochsenbein et al., 2000; Wherry et 

al., 2003a). 

 

Memory T cells are heterogeneous in their tissue localization, their ability to migrate to different 

compartments and accordingly in their expression pattern of adhesion molecules and chemokine 

receptors required for homing. In the early stages of memory T cell research two lineages were 

described in blood (Sallusto et al., 1999). Memory T lymphocytes expressing the receptors CCR7, 

CD127 and CD62L for the homing to secondary lymphoid organs (SLOs) were termed central memory 

T cells (TCM). It was proposed, that those provide a pool of cells for recall responses by giving rise to a 

second wave of effector T cells, which traffic to SLO, where they get access to antigens presented by 

APC. Besides TCM another population was identified, which not only recirculates from blood to SLO, but 

also egresses blood or lymphatics to enter peripheral tissues, e.g. skin. These cells were termed 

effector memory T cells (TEM) and can be distinguished from TCM by the absence of CCR7 as well as lack 

of CD62L on their surface (Sallusto et al., 1999) combined with heightened levels of effector molecule 

expression (Rosato et al., 2017). In the periphery TEM respond to antigenic stimulation by rapidly 

producing effector cytokines to initiate immune responses. 

 

Soon the model of two memory T cell populations underwent revision, when non-circulating memory 

T cells were observed in the periphery and highly enriched at sites of previous infection. Thus the idea 

of memory T cells residing in the periphery, remaining there permanently without recirculation 

through lymphatics or blood, arose (Masopust et al., 2001). Indeed, these non-circulating were 

identified at epithelial tissues such as the skin or mucosa and called tissue resident memory T cells 

(TRM)  (Gebhardt et al., 2009; Jiang et al., 2012; Mackay et al., 2015; Steinert et al., 2015). In skin, the 

composition of the local pool of TRM is shaped by cross-competition of local antigen, which fine-tunes 

the repertoire of antigen specific memory cells (Muschaweckh et al., 2016; Khan et al., 2016). Thus, 

TCR stimulation of antigen-specific CD8+ T cells at the site of infection controls TRM development. TRM 

are kept resident in skin because they express the C-type lectin receptor, CD69 and the alpha subunit 

of the Eβ7 integrin, CD103 (Gebhardt and Mackay, 2012). The interaction of TRM with E-cadherin of 
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epithelial cells mediates retention and survival of this subpopulation of memory T cells in the skin 

(Carbone et al., 2013). It was found, that this third population of memory CD8+ T cells is crucial for 

surveying and mounting rapid immune responses in situ upon reinfection (Schenkel and Masopust, 

2014). TRM cells are lodged at the frontline sites of infection, in order to respond immediately. In case 

of reencounter of their cognate antigen TRM produce rapidly IFN𝛾, that leads to the upregulation of the 

addressin VCAM-1, which recruits leukocytes into non-lymphoid tissues (Schenkel et al., 2014a). Thus, 

TRM provide rapid immunity against local attacks, surpassing the protection mediated by their 

circulating counterparts (TCM) or antibodies, which was shown upon viral challenge with HSV-1 and 

vaccinia virus in mice (Liu et al., 2006; Gebhardt et al., 2009; Jiang et al., 2012) as well as in human 

disease (Clark et al., 2012). Nevertheless, the precise mechanism of how TRM are reactivated and which 

cells are involved in that process remain largely unresolved.  

 

 

2.4.5 The Recall of CD8+ Memory T cells 

In general, CD8+ T cell responses to intracellular pathogens are initiated by TCR stimulation by cognate 

antigen bound to MHC-I of an antigen-presenting cell. Since the fast majority of cells (except red blood 

cells) express MHC-I molecules, any cell can in principle act as an APC to provide the antigenic stimuli 

for activation. Furthermore, non-professional APC, which normally do not express MHC-II, were found 

to respond to conditions like inflammation, infection, stress or tissue injury, with the upregulation of 

MHC-I and -II expression (Hershberg et al., 1997), increase in antigen and inflammatory cytokines and 

the release of damage-associated-molecular patterns (DAMP), IL-33, ATP, etc. (Arosa et al., 2017). T 

cells located in the same area, such as TRM, sense those danger-signals through the expression of the 

antigen specific TCR, killer Ig-like receptor, leukocyte Ig-like receptor, NKG2A, DAMP receptors, IL-33 

receptors, purinergic receptors, and others (Arosa et al., 2017). Naïve T cells require a tightly controlled 

activation mediated through a multi-signal process mediated by bone-marrow derived APC (Sigal et 

al., 1999; Sigal and Rock, 2000; Lenz et al., 2000). In contrast memory cells hold a more efficient TCR 

signaling machinery than naive T cells (Bachmann et al., 1999) and in their activation speed might take 

priority over control mechanisms, as persisting memory cells have already proven to be effective. 

 

It was suggested that TRM, unlike naïve T cells, might be directly activated by TCR stimulation through 

nearby infected nonprofessional antigen-presenting cells, allowing the initiation of an immediate 

immune response at the site of antigen encounter (Crowe et al., 2003). However, despite some 

evidence the formal proof for the functional relevance of a non-pAPC for memory recall responses 

remains elusive. More recent studies revealed, that the recall of CD8+ memory T cells requires CD28 

co-stimulation for their optimal expansion and cytolytic function (Borowski et al., 2007), this co-
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stimulation is provided by DC (Zammit et al., 2005). Interestingly, through restoration of IL-2 signaling 

(Fuse et al., 2008) or by CD137 stimulation (Bertram et al., 2004) the dependence on CD28 co-

stimulation for the activation of memory T cells, but not naïve T cells, can be overcome. However, the 

crucial role for DC for the initiation of a secondary response to pathogen infection was shown in vivo: 

By utilizing bone marrow chimeras expressing either appropriate MHC molecules on the radioresistant 

or the radiosensitive compartment, bone marrow derived DC were found to be required for the 

secondary immune response to influenza virus infection of the lung (Castiglioni et al., 2008). Similarly, 

in the case of HSV-1 infection of the skin the recall response by central memory T cells (TCM) was 

dependent on radiosensitive DC, but not on radioresistant LC (Belz et al., 2006). Importantly, in the 

latter study the conclusions were drawn on numbers of antigen specific T cells in spleen 8-10 days after 

infection and might thus be only valid for memory T cells present in spleen, such as TCM, indicating that 

the recall of memory CD8+ T cells might be more complex. Another study using VSV re-challenge 

brought the evidence, that the  requirements for the recall of memory CD8+ T cells are memory subset 

specific. This study found that the depletion of CD11c+ DC affect CD62Lhigh memory CD8+ T cells, which 

home to the lymph node, more than their CD62Llow counterparts (Zammit et al., 2005). Thus, the recall 

of memory T cells in non-lymphoid organs, i.e. TRM, might be exempted from being dependent on DC. 

 

Notably, early studies were primarily concerned with understanding the requirements for activating 

circulating memory T cells, thus the subset of non-circulating memory T cells had not been extensively 

studied, that changed with the discovery of distinct memory T cell subsets (Sallusto et al., 1999; 

Schenkel and Masopust, 2014). For example, studies analyzing parameters such as T cell expansion, 

disease scores, weight loss, survival, and viral titers after HSV re-infection concluded that DC are 

important for CD8+ TRM recall in the skin (Wakim et al., 2008) and the female reproductive tract (Shin 

et al., 2016). Importantly, all of such readouts were assessed many days after reinfection, when it is 

already difficult du distinguish between the engagement of incoming circulating memory T cells and 

resident memory T cells within the tissue. To address this caveat, when investigating the requirements 

for secondary immune responses, it is advisable to asses TRM recall either directly by quantification of 

TCR-stimulation or IFN𝛾 production of TRM, or to determine parameters downstream of TRM mediated 

protection in the very early phase after reinfection, before TCM infiltrate the tissue.  

 

A very elegant study on the recall of memory T cells following reinfection of the lung by Influenza A 

virus measured TCR stimulation directly by using a Nur77 reporter system. They identified the CD11c+ 

XCR1+ APC as the required cell for the reactivation of CD8+ memory T cells in the lymph node, while 

the cellular requirements for the recall of lung CD8+ TRM are less stringent, diverse APC, including 

hematopoietic and non-hematopoietic cells, imparts distinct functional responses (Low et al., 2020). 
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The revisited concept arose, that dependent on the anatomical niche and subset of memory T cell 

distinct stimuli for reactivation might be required. In skin the cellular requirements for the recall of 

CD8+ TRM remain largely undefined and are subject of this thesis. 

 

 

2.5 Objective of this thesis 

CTL mediate immunity against intracellular microbes like viruses. CTL priming and differentiation 

control allows viral clearance, since activated CTL kill infected cells and recruit other immune cells. 

Professional APC of the MNP family are required for CTL priming and differentiation, however 

structural cells might be also able to impact an immune response. 

 

Especially during viral skin infection, the network of MNP undergoes significant changes in terms of 

cell number and phenotype, highlighting the importance of their adaptation to the current skin 

condition. At the same time, the heterogeneity in MNP is the reason for the difficulty in identifying 

those cells when studied during inflammation. To address this, we described the MNP network during 

viral infection in the skin based on surface marker expression and ontogeny. Next, we investigate the 

functional specialization of MNP subsets in the CTL response to viral skin infection. Utilizing bone 

marrow chimeric mice allowed us to specifically impair intrinsic features of MNP subsets such as 

antigen presentation, co-stimulation, transmission of T cell help and migration. We monitored the 

effects of MNP in the control of the formation of CTL responses and immunological memory 

development in vivo upon Vaccinia virus infection of the skin. 

 

Tissue-resident memory CD8+ T cells (TRM) are responsible for maintaining local immune surveillance 

within the tissue and initiating the most immediate immune responses upon reinfection. However, the 

precise mechanism of how CD8+ TRM are reactivated and which cells are involved in that process 

remains unresolved. To address this, antigen expression in keratinocytes was induced in transgenic 

mice, and the recall response by activated antigen-specific TRM in the skin was examined. The 

respective engagement of cells for antigen presentation to TRM was assessed, considering the 

functional role of keratinocytes and also of professional APC in this process.
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3 MATERIAL  

 

 

 

3.1 Instruments 

 
Table 1. Instruments 
 

Instrument Type Supplier 

Agitator VOS16 VWR 

Caliper 209-658 Mitutoyo 

Cell counting chamber Neubauer Zählkammer improved Assistant 

Centrifuge Heraeus Multifuge 3L Thermo Scientific 

Flow Cytometer 3 Laser Canto Becton Dickinson 

Flow Cytometer 5 Laser Symphony Becton Dickinson 

Fluorescence activated cell sorter AriaII Beston Dickinson 

Forceps (curved) Dumont #7 (11271-30) Fine Science Tools 

Gel documentation system Gel Doc XR System Bio-Rad 

Gel electrophoresis chamber several Bio-Rad 

Glas homogenisator 2 mL TT57.1 Roth 

Incubator CO2-Incubator Sanyo 

Laboratory scale AE 100 Mettler 

Laboratory scale LP2200P Sartourius 

Laminar flow MSC-Advantage Thermo 

Light microscope CKX31 Olympus 

Micro centrifuge 5415 D Eppendorf 

Micro pipette 10 µL, 20 µL, 200 µL, 1000 µL Eppendorf 

Multichannel pipette 50 µL, 200 µL Eppendorf 

PCR cycler peqstar Peqlab 

pH Meter pH 537 WTW 

Pipette boy several Integra Biosciences 

Power supply unit EPS 3501 XL  BioRad 

Scissors 91460-11 Fine Science Tools 

Teflon pestel for 2 mL reservoir TT63.1 Roth 

Thermo shaker TS-100 Peqlab 
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Instrument Type Supplier 

Tissue homogenizer VOS-16 VWR 

Vibrating platform shaker Titramax 100 Heidolph 

Vortexer Vortex Genie 2 Bender&Hobein AG 

 

 

 

3.2 Consumption Items 

 
Table 2. Consumption Items 
 

 

 

 

3.3 Chemicals 

 
Table 3. Chemicals 
 

Reagent Supplier 

4-Hydroxytamoxifen                                      
(≥ 70% Z isomer) 

Sigma-Aldrich 

Acetic acid Sigma-Aldrich 

Item Type Supplier 

Cell culture flask 75 cm2, 175 cm2 Greiner 

Cell strainer  70 µm pore size Greiner 

Disposable nitrile / latex gloves - Sempercare 

Eppendorf cups  0.5 mL, 1.5 mL, 2.0 mL Greiner 

FACS tubes 5.0 mL Sarstedt 

Falcon  15 mL, 50 mL Greiner 

Glass capillary - Roth 

Injection needle Gauge 27 ½ inch B. Braun 

PCR tube plate & lids 96 well á 0.2 mL Peqlab 

Pipette tips with/without filter 10 µL, 20 µL, 200 µL, 1000 µL Nerbe plus/Eppendorf 

Serological pipette 5 mL, 10 mL, 25 mL Greiner 

Syringe 1 mL, 5 mL, 10 mL B. Braun 

Multi well plate  6 well, 24 well, 96 well 
(Flatbottom, U or V shape) 

Greiner 
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Reagent Supplier 

Agarose AppliChem 

Ammoniumchloride (NH4Cl) Roth 

Anthralin formulation                  
(Dithranol in vaseline) 

Langguth group, Mainz 

Condensed Milk (sugared) Nestle 

Cremor baslis Langguth group, Mainz 

Crystal violet Roth 

Dimethyl sulfoxide (DMSO) Roth 

Diphtheria toxin Sigma 

dNTPs (100mM) Thermo Fisher Scientific 

Ethanol 100% AppliChem 

Ethanol 96% (EtOH) Roth 

Ethidium bromid (EtBr) Roth 

Ethylenediaminetetraacetic acid 
(EDTA) 

Roth 

Fingolimod (FYT720) Sigma 

Forene® (Isoflurane) Abbott 

Green go Taq Flexi Buffer (5x) Promega 

HEPES Roth 

IMI-Sol formulation                                   
(5% imiquimod (w/w)) 

Langguth group, Mainz 

Ketamine Inresa 

Magnesiumchloride (25mM) Promega 

Monosodiumphosphate (NaH2PO4) Roth 

Optiprep (60%) Sigma 

Pluoronic F68 10% Gibco 

Roti® Histofix 4% Roth 

Xylazine (Rompun) Bayer 

Potassium chloride (KCl) Roth 

Potassiumbicarbonate (KHCO3 ) Merck 

Sodiumazide (NaN3) Roth 

Sodiumchloride (NaCl) Roth 

TE buffer Sigma Aldrich 

Trypan-blue Sigma-Aldrich 

Tween-20 Roth 
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Reagent Supplier 

Xylene cyanol Sigma 

 

 

 

3.4 Buffer and Solutions 

 
Table 4. Buffer and Solutions 
 

Name Composition 

ACP lysing buffer 
Ammonium-Chloride-Potassium 
(ACP) 

0.1 mM EDTA 
150 mM NH4Cl 
1 mM KHCO3 
in ddH2O 
pH 7,3  

Crystal violet staining buffer 0.2 % (w/v) crystal violet 
in ddH2O 

DNA blue solution 500 mg Xylene cyanol  
in 1 L H2O 

FACS buffer 1 % BSA 
20 mM EDTA 
0.02 % Sodiumazide  
in PBS 

Fixation buffer  2 % Roti® Histofix  
in PBS 

HEPES buffered saline 50mM HEPES 
150mM NaCl 
in ddH2O 
pH 7.4 

ketamine/xylazine 14.3 % ketamine 
5.7 % xylazine 
in PBS 

PBS buffer (10x) 
Phosphate buffered Saline (PBS) 

1.4 M NaCl 
0.1 M NaH2PO4 
in ddH2O 
pH 7,2 

Proteinase K activation buffer 3 mM Calcium chloride 
10 mM Tris-HCl 
50 mM KCl (pH 8) 
in ddH2O 

SDQ buffer 50 mM KCl 
10 mM Tris-HCl (pH 9.0) 
0.45% Nonidet P-40 
0.45% Tween-20 
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Name Composition 

0.1 mg/mL Proteinase K  
in ddH2O 

TAE-buffer (50x) 2 M Tris-HCl 
1 M Acetic acid 
50 mM EDTA 
in ddH2O 

Trypan blue solution 0.05% (w/v) Trypan blue 
140 mM NaCl 
10 mM NaH2PO4 

in ddH2O 

 

 

 

3.5 Oligonucleotides 

 
Oligonucleotides for PCR were designed with the Geneious software, synthesized and solved in TE 

buffer at a concentration of 100 µM by Sigma-Aldrich. The primers were then stored at -20 °C in 10 µL 

aliquots (KO: knock out; WT: wildtype; fwd: forward, rev: reverse). 

 

Table 5. Oligonucleotides for Genotyping 
 

Genotype Sequence from 5’ to 3’ 

Cre fwd GGACATGTTCAGGGATCGCCAGGCG 

rev GCATAACCAGTGAAACAGCATTGCTG 

CCR2-/- 

 

WT fwd CACAGCATGAACAATAGCCAAG 

KO fwd CCTTCTATCGCCTTCTTGACG 

Common rev CCACAGAATCAAAGGAAATGG 

FLT3-/- Common fwd TCCACGTTGTTCCCTCTACC 

WT rev TATGTGGGCAATTTGGCTCT 

KO rev TGATCTCGTCGTGACCCAT 

Langerin-DTR WT fwd GAATGACAGATCTGGCCTGAGCTCG 

KO fwd TTCCAGCAGCTAGCCCTCTCCGAA 

Common rev GTAGCTTTTATATGGTCAGCCAAGG 

ST33  fwd CCTCACATCATTGATGAGG 

rev CACGCGGGCGTACATGG 
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3.6 PCR-Programs and Products 

 
Table 6. PCR-Programs and Products for Genotyping 
 

Genotype PCR program Product sizes 

Cre 94 °C 30 s 
65 °C 30 s 
72 °C 60 s 
30x  
72 °C 5 min  

Transgene: 350 bp 
 WT: -  
 

CCR2-/- 
 

94 °C 30 s  
59 °C 30 s  
72 °C 40 s  
35x  
72 °C 5 min  

Transgene: 390 bp  
WT: 494 bp  
 

FLT3-/- 95 °C 30 s  
59 °C 30 s  
72 °C 40 s  
35x  
72 °C 5 min 

Transgene: 700 bp  
WT: 250 bp  
 

Langerin-DTR 94 °C 30 s  
60 °C 60 s  
72 °C 60 s  
35x  
72 °C 5 min  

Transgene: 866 bp  
WT: 329 bp 
 

ST33  94 °C 30 s  
60 °C 30 s  
72 °C 30 s  
35x  
72 °C 5 min  

Transgene: 250 bp  
WT: -  
 

 

 

 

3.7 Peptides 

 
Table 7. Peptides 
 

Name Origin Aminoacid sequence Supplier 

GP33-41 Peptide Glycoprotein 2  
of the Lymphocytic Chorio-
meningitis-Virus (LCMV) 

KAVNFATM Proteogenix, France 
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3.8 Media 

 
Table 8. Media 
 

Name Supplier 

DMEM 
Dulbecco’s Modified Eagle Medium 

Gibco 
 

HBSS 
Hanks Balanced Salt Solution 

Gibco 
 

RPMI-1640 
Roswell Park Memorial Institute (RPMI) 1640 Medium  

Sigma-Aldrich 

 

 

 

3.9 Supplements for Buffer and Media 

 
Table 9. Supplements for Buffer and Media 
 

Name Supplier 

Bovines Serum Albumin (BSA) PAA 

Foetal Bovines Serum (FBS) Gibco 

L-Glutamine (Q) Sigma-Aldrich 

Penicillin-Streptomycin Sigma Aldrich 

Sodium pyruvate 100 mM Gibco 

β-Mercapto-Ethanol Sigma 

 

 

 

3.10 Composition of Media 

 
Table 10. Composition of Media 
 

Name Composition 

DMEM 10% 
 

10% FCS 
  1% L-Glutamine 
  1% Sodium pyruvate 
  1% Penicillin-Streptomycin 
50 µM β-Mercapto-Ethanol 
in DMEM 

RPMI-1640 10% 10% FCS 
  1% L-Glutamine 
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Name Composition 

  1% Sodium pyruvate 
  1% Penicillin-Streptomycin 
50 µM β-Mercapto-Ethanol 
in RPMI-1640 

 

 

 

3.11 Enzymes 

 
Table 11. Enzymes 
 

Name Reconstitution buffer Concentration Supplier 

Collagenase IV RPMI-1640 0%  batch specific Worthington 

DNase I 

Deoxyribonuclease I 

Nuclease free ddH2O > 2,000 U/mg Roche 

Dispase® II HEPES buffered saline > 0.8 U/mg Roche 

Go Taq® Polymerase - 5 U/µL Promega 

Proteinase K Proteinase K activation buffer 600 U/mL Serva 

Trypsin-EDTA - 1x Sigma-Aldrich 

 

 

 

3.12 Antibodies for Flow Cytometry 

 
Since all experiments were performed in mice, the antibodies used for flow cytometry were specific 

for mouse antigens. To avoid antibody binding to Fc receptors the Fc-receptor-Blocks (rat anti-mouse 

CD16/32 clone 2.4G2; 1: 100 of 0.75 mg/mL, own production; rat anti-mouse Fc-𝛾RIV block, clone E9E; 

1:1250 of 10 mg/mL, Falk Nimmerjahn group) was used before adding staining antibodies. 

 
Table 12. Antibodies for Flow Cytometry 
 

Specificity Fluorochrome Clone Supplier Dilution 

CD4 PE-Cy5 

APC-Cy7 

RM 4-5 

RM 4-4 

Biolegend 

Biolegend 

1:400 

1:400 

CD8 Pacific Blue 

PE-Dazzle 

APC-Cy7 

53-6.7 

53-6.7 

53-6.7 

Biolegend 

Biolegend 

Biolegend 

1:400 

1:400 

1:400 
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Specificity Fluorochrome Clone Supplier Dilution 

CD11b BV421 

BV650 

BV605 

M1/70 

M1/70 

M1/70 

BioLegend 

BioLegend 

BD 

1:500 

1:500 

1:500 

CD11c APC-R700 N418 BD 1:500 

CD19 PE-Cy5 

APC-Cy7 

1D3 

1D3 

BioLegend 

Biolegend 

1:500 

1:500 

CD24 FITC 

APC 

BUV395 

M1/69 

M1/69 

M1/69 

Biolegend 

BioLegend 

BD 

1:1,000 

1:1,000 

1:1,000 

CD26 PE H194-122 Biolegend 1:200 

CD31 Alexa647 

PE-Cy7 

BM8 

BM8 

Biolegend 

Biolegend 

1:200 

1:200 

CD34 R781 RAM34 BD 1:200 

CD44 APC-R700 IM7 BioLegend 1:300 

CD45.1 FITC A20 BioLegend 1:500 

CD45.2 BV421 104 Biolegend 1:150 

CD49f PE GoH3 Biolegend 1:500 

CD62L PE-Cy7 MEL-14 BioLegend 1:500 

CD64 BUV737 X54-5/7.1 BD 1:500 

CD69 APC H1.2F3 BioLegend 1:400 

CD90.1 BV711 OX-7 BioLegend 1:1,000 

CD90.2 APC 145-2C11 Biolegend 1:300 

CD103 BV510 

BV510 

BV711 

M290 

2E7 

M290 

BioLegend 

BioLegend 

BioLegend 

1:200 

1:150 

1:200 

EpCAM(CD326) APC 

PE-Dazzle 

G8.8 

G8.8 

Biolegend 

Biolegend 

1:2000 

1:2000 

Fc-𝜀RIa PE-Dazzle Mar-1 Biolegend 1:500 

H-2Db PE 

FITC 

28-14-8 

28-14-8 

Biolegend 

Biolegend 

1:300 

1:300 

H-2Kb PE 

FITC 

AF6-88.5 

AF6-88.5 

Biolegend 

Biolegend 

1:300 

Ly6-C BV570 HK1.4 Biolegend 1:500 
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Specificity Fluorochrome Clone Supplier Dilution 

Ly6-G BV750 1A8 BD 1:500 

MHC-II (I-A/I-E) PE-Cy5 

BV510 

BV785 

M5/114.152 

M5/114.152 

M5/114.152 

BioLegend 

Biolegend 

BD 

1:1,000 

1:2,000 

1:2,000 

NK1.1 PE-Cy5 

APC-Cy7 

PK136 

PK136 

BioLegend 

BioLegend 

1:500 

1:500 

pan45 BV785 

BUV805 

30-F11 

30-F11 

BioLegend 

BD 

1:1,000 

1:1,000 

PDCA1 BV711 927 BD 1:500 

Sca-1 BV421 D7 Biolegend 1:200 

Siglec-F BV480 E50-2440 BD 1:500 

Sirp1α PE 

PE-Cy7 

P84 

P84 

Biolegend 

Biolegend 

1:300 

1:300 

XCR1 BV650 ZET Biolegend 1:300 

 

 

 

3.13 Tetramers for Flow Cytometry 

 
Table 13. Tetramers for Flow Cytometry 
 

Specificity Fluorochrome Supplier Dilution 

TCR specific for LCMV B8R20-27 APC own production 1:100 

TCR specific for LCMV GP33–41 BB515 own production 1:100 

 

 

 
3.14 Small Molecule Dyes for Flow Cytometry 

 
Table 14. Small molecule dyes for Flow Cytometry 
 

Name Specificity Emission maxima Supplier Dilution 

7-AAD  
Non-fixable viability dye 

dead cells 647 nm Biolegend 1:100 

eFlour® 780 
Fixable viability dye 

dead cells 780 nm eBiosciences 1:1000 
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3.15 Viruses 

 

Vaccinia virus (VACV) 

The recombinant Vaccinia virus (rVACV-G2) has the sequence coding for the glycoprotein 2 (G2) of 

LCMV WE inserted into the thymidine kinase locus of the parental strain Vaccinia virus Western 

Reserve (VACV-WR) (Hany et al., 1989). The Glycoprotein 2 contains the peptide GP33–41, which is 

commonly used as a model antigen to investigate antigen specific immune responses e.g. following 

viral infection of the skin. The recombinant Vaccinia virus rVACV-G2 was originally obtained from Dr. 

D. H. L. Bishop (Oxford University, United Kingdom) and propagated on BSC-40 cells. Virus titer was 

determined by standard plaque assay. All procedures with infectious agents were done under safety 

level 2 conditions. 

 

 

 

3.16 Cell Lines 

 

BSC-40 

BSC-40 cells belong to an epithelial cell line, which was originally obtained from the kidney of African 

green monkey (Cercopithecus aethiops). Cells were purchased from ATCC (ATCC® CRL-2761TM) and 

maintained as adherent monolayer cultures in DMEM 10%. Due to the cell lines’ susceptibility for 

vaccinia virus, cells were infected for virus propagation or plaque assay. 

 

 

 

3.17 Strains of Mice 

 

All mice were on a C57BL/6J background, were bred and maintained under specific pathogen-free 

conditions at the Translational Animal Research Center of the University of Mainz, Germany. They were 

supplied with drinking water and food ad libitum. Animal procedures were conducted following 

institutional guidelines and with permission of the State of Rhineland Palatinate. For terminal sampling 

mice were euthanized by a lethal dose of CO2. 

 

 

B6.CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) and B6.PL-Thy1a/CyJ mice carry the congenic markers CD45.1 

on all lymphocytes or CD90.1 on all T cells respectively. Both congenic strains of mice allow 
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identification of transferred cells as well as their successors by flow cytometry, since the cells of 

C57BL/6J mice are characterized by the expression of the congenic markers Ly5.2 on lymphocytes and 

Thy1.2 on T cells. 

 

CCR2-/- (B6.129S4-CCR2tm1lfc/J) mice lack the C-C chemokine receptor type 2 (CCR2 or CD192), in these 

mice monocytes are no longer able to leave the bone marrow in order to infiltrate peripheral tissues. 

In skin these mice lack monocyte derived cells and inflammatory cDC2, all other cells of the local DC 

network develop normally (Boring et al., 1997; Bosteels et al., 2020a). 

 

CCR7-/- (B6.129P2(C)-CCR7tm1Rfor/J) mice lack the C-C chemokine receptor type 7 (CCR7), in these mice 

lymphocytes and Dendritic cells are not able to migrate into secondary lymphoid organs (Boring et al., 

1997; Höpken et al., 2004). 

 

CD40-/- (B6.129P2-Cd40tm1Kik/J) mice are deficient of the co-stimulatory molecule CD40, which results 

in impaired humoral (Kawabe et al., 1994) and cell-mediated immune responses (Grewal and Flavell, 

1997). CD40 is mostly expressed on B cells, DC and myeloid cells (van Kooten and Banchereau, 2000) 

and interacts with CD40L on activated T cells, leading to an licensed state of APC (Lanzavecchia, 1998) 

including the upregulation of cytokines such as IL-12, antigen-presenting molecules, costimulatory and 

adhesion molecules (Vonderheide, 2018). 

 

CD70-/- (B6.Cg-Cd70tm1.1Jda/J) mice lack the co-stimulatory molecule CD70. The ligand of CD70 is CD27, 

and is expressed on naïve T cells and upregulated after activation. CD70 deficiency in primary immune 

responses lead to an impaired antigen specific CD8+ T cell response and viral clearance to lymphocytic 

choriomeningitis virus (LCMV) (Munitic et al., 2013).  

 

CD80-/- x CD86-/- (B6.129S4-Cd80tm1ShrCd86tm2Shr/J) mice lack the co-stimulatory molecules CD80 (B7-1) 

and CD86 (B7-2), upon stimulation both molecules can be rapidly upregulated on DC and regulates 

through the CD28/CTLA-4 expression on T cells activation or tolerance (Borriello et al., 1997; Sharpe 

and Freeman, 2002). 

 

FLT3-/- (B6.129-FLT3tm1Dgg/J) mice lack the FMS-like tyrosine kinase 3 (FLT3), which is in wildtype 

individuals expressed on early hematopoietic progenitor cells leading to differentiation into 

conventional DC. In FLT3-/- mice numbers of conventional DC are massively reduced in skin and other 

organs (Guilliams et al., 2016), whereas the development of monocyte derived cells remain unaffected 

(Mackarehtschian et al., 1995). 
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H-2Db-/- (B6.129P2-H-2Dbtm1Bpe) mice lack a functional gene for the MHC-class I haplotype H-2Db 

(Vugmeyster et al., 1998), in those mice the H-2Db restricted GP33-41 peptide presentation is disabled 

due to the lack of the specific presenting MHC class I molecule.  

 

IFN𝛾-EYFP reporter mice (B6.129S4-IFN𝛾tm3.1Lky/J) hold the ‘interferon-gamma reporter with 

endogenous polyA transcript’ (GREAT) allele, based on EYFP expression IFN𝛾 producing cells can be 

identified using e.g. flow cytometry. 

 

K14DIETER double transgenic mice Tg(KRT14-cre/ERT)20Efu/J x Tg(ACTB-

GP33/NP396/bGal497/EGFP)69Gkl) allow tamoxifen-inducible presentation of three LCMV-derived 

CTL epitopes (GP33-41/Db, GP34-41/Kb and NP396-404/Db) and one β-galactosidase-derived CTL epitope (β-

Gal497-504/Kb) by Cytokeratin 14 expressing cells, similar to the inducible expression of these epitopes 

by CD11c+ cells in DIETER mice (Probst et al., 2003). 

 

Langerin-DTR (B6.Cd207tm1(DTR/EGFP)Bjec) mice harbor a targeted insertion of the human Diphtheria 

toxin receptor (DTR) fused to eGFP in the Langerin locus and allow the conditional depletion of 

Langerin expressing cells by the injection of Diphtheria-toxin (DT) (Bennett et al., 2005).  

 

Nur77-EGFP reporter mice (C57BL/6-Tg(Nr4a1-EGFP/cre)820Khog/J)  reporter mice express EGFP under 

control of the Nr4a1 (Nur77) promoter, The expression level of EGFP correlates with the strength of 

TCR stimulation following cognate antigen binding (Moran et al., 2011). 

 

K14R26R-EYFP (Tg(KRT14-cre/ERT)20Efu/J x B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) double transgenic 

reporter mice allow the tamoxifen-inducible expression of EYFP in Cytokeratin 14 expressing cells 

(Srinivas et al., 2001). 

 

TCR327 (B6;D2-Tg(TcrLCMV)327Sdz/J) mice carry the P14 transgenic T cell receptor that recognizes the 

LCMV-glycoprotein-derived epitope GP33-41 in the context of H-2Db (Pircher et al., 1989), were bred to 

B6.Thy1.1 congenic mice. 
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4 METHODS 

 
 
 
4.1 Genotyping of transgenic Mice 

 

4.1.1 DNA Isolation from Biopsies 

Biopsies of mice were taken either through removal of phalanx distalis from pups or through punching 

of the ear skin from weaned mice, simultaneously mice were marked using an unique identification 

mark for each individual per cage. The tissue biopsy was incubated in 500 μL SDQ-buffer containing 

1.2 U/mL of proteinase K for 2 h at 65°C. The enzyme was then inactivated at 95°C for 20 min.  

 

4.1.2 PCR and Gel-electrophoresis 

The DNA solution of the biopsy was mixed with 250 μL DNA-blue solution, 1 μL of this mix was used 

for PCR to determine the genotype of the individual mouse by using transgene or wildtype specific 

primers. The composition of PCR mix is shown in Table 15. The PCR mix was filled up with ddH2O to a 

total volume of 20 μL. 

 

Table 15. Composition of PCR mix for Genotyping of Mice 
 

Reagent Volume in µL Final concentration 

5x Green GoTaq Flexi buffer 2.0 1x 

MgCl2 solution (25mM) 1.2 1.5 mM 

PCR Nucleotid Mix (each 10mM) 0.4 0.2 mM 

Primer (each 100µM) 0.1 0.5 mM 

GoTaq DNA Polymerase (5U/µL) 0.1 0.5 U 

DNA solution isolated from biopsy 1.0 - 

 

The PCR program was designed based on the length of the possible PCR-products and the melting 

temperature of primers. The sequences of transgene specific primer pairs and respective PCR 

programs are listed under the section ‘Material’. After completion of the PCR program the PCR product 

was analyzed by agarose gel electrophoresis (1% agarose gel, electrophoresis at 180 V for 20 min). 

Based on the respective length of the PCR product the genotype of each mouse was determined. 
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4.2 Virologic Methods 

 

 

4.2.1 Propagation of Vaccinia Virus on BSC40 cells in Culture                 

Vaccinia virus (VACV) was cultivated on BSC-40 cells. The medium of a 175 cm2 flask of semiconfluent 

BSC-40 cells was aspirated and replaced with 5 mL containing 5 x 105 PFU of VACV in DMEM 10%. The 

flask was incubated under gentle rocking for 1 h at RT. Then 20 mL DMEM 10% was added and put at 

37°C for 36 to 48 h. When most cells showed cytopathic effects, cells and supernatant were collected 

in a 50 mL tube. After centrifugation (700 rcf at 4°C for 5 min) the supernatant was collected by 

aspiration, the pellet was resuspended in 2 mL of supernatant, aliquoted at 1 mL per tube and 

sonicated by ultrasound 5 times for 10 s with cooling on ice in between sonication periods. Tubes were 

then centrifuged at 16,000 rcf for 5 min at 4°C. The supernatant was then split into smaller aliquots of 

100 µL, which were then stored at -80°C until usage for infections. 

 

4.2.2 Vaccinia Virus Infection of the murine Skin 

For viral skin infection mice were anaesthetized with ketamine/xylazine. Then 2 x 106 pfu of rVACV-G2 

virus in 10 μL DMEM Medium were topically applied to the skin of the dorsal part of the ear pinna. 

Virus was introduced into the tissue by poking through the skin for 25 times using a 27 ½ G injection 

needle. 

 

4.2.3 Determination of Vaccinia Virus Titer 

Virus titer was determined of solutions from either newly generated virus stocks or the supernatant 

of homogenized skin tissue samples. BSC-40 cells were seeded in 24 well plates at 2 x 105 cells per well. 

After 24 h of incubation the medium was aspirated and replaced by 200 μL of serially diluted virus 

solutions (from undiluted to 1:100,000 dilution in 6 steps) in DMEM 10%. For viral adsorption, dishes 

were incubated for 1 h at 37°C. Then 1 mL DMEM 10% was added to each well and incubated further 

at 37°C until cytolytic effects arose as plaques in the monolayer (usually between 24 - 48 h of 

incubation). Then the medium was aspirated from the monolayer of cells and replaced by 1 mL of 

crystal violet solution per well. After 2 h the staining solution was aspirated, the wells were rinsed with 

distilled water and patted dry. Plaques were counted and the titer of the virus was calculated for each 

sample. 
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4.3 Experimental Applications at the murine Skin in vivo 

 

4.3.1 Measurement of Ear Skin Thickness 

Directly after euthanizing of mice the thickness of ear skin was measured using a caliper. The mean of 

at least three measurements at different areas of the tissue was calculated. 

 

4.3.2 Topical 4OHT Treatment 

For topical 4-hydroxy-tamoxifen (4OHT) treatment, anesthetized mice (ketamine/xylazine) were 

treated topically on the dorsal and ventral part of ear skin with 2.5 to 20 µg of 4OHT in a solution of 

ethanol, water and DMSO (48%/35%/17%) in a volume of 20 μl per ear. Mice were kept isolated for 

4 h of incubation. Then the treated skin was cleaned with EtOH/water and the mice were placed back 

in the original cages. 

 

4.3.3 Topical IMQ Treatment 

For topical treatment with imiquimod (IMQ), mice were anesthetized (ketamine/xylazine) and treated 

on the dorsal and ventral part of ear skin with 50 mg IMI-Sol per ear (5% imiquimod (w/w), 

manufactured by the group of Prof. Peter Langguth (Johannes Gutenberg-University Mainz, Germany) 

per ear (Lopez et al., 2017). 

 

4.3.4 Transcutaneous Immunization 

Transcutaneous Immunization (TCI) of mice was conducted through the dithranol-imiquimod based 

vaccination (DIVA) protocol (Sohl et al., 2022), the formulations for topical treatment of skin were 

manufactured by the group of Prof. Peter Langguth (Johannes Gutenberg-University Mainz, Germany). 

Mice were anesthetized (ketamine/xylazine) prior to each treatment. Per ear the skin was topically 

treated with 50 mg dithranol in Vaseline. One day later the skin was treated topically with 50 mg IMI-

Sol (5% imiquimod (w/w)) per ear, followed by the topical application of 100 µg of GP33-

41 peptide (Proteogenix, France) in cremor basalis per ear. The development of an antigen-specific T 

cell immune response following TCI was monitored by tetramer-staining of CD8+ T cells in the blood of 

treated mice. 
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4.4 Experimental systemic Applications in vivo 

 

4.4.1 Adoptive Transfer of TCR327 CD8+ T cells  

Splenocytes were isolated by smashing the spleen through a 70 µm cell strainer. 1 x 106 splenocytes, 

containing approximately 1 x 105 TCR327+ naïve CD8 T cells, in 100 µL HBBS were injected i.v. in the 

tail vein of each recipient mouse 1 day before viral infection. 

 

4.4.2 Diphtheria-toxin Treatment  

For depletion of DTR expressing Langerin+ cells from Langerin-DTR mice, mice were injected twice with 

500 ng Diphtheria toxin in 100 μl PBS i.v. in the tail vein at the indicated timepoints. 

 
4.4.3 Generation of Bone marrow chimeric Mice 

Bone marrow of donor mice was isolated by flushing tibiae and femora with HBSS. 5 x 106 bone marrow 

cells in 100 µL HBBS were injected i.v. in the tail vein of each age- and sex-matched recipient mouse, 

that had been lethally irradiated before with 9.5 Grey using a 137Cesium source. Each reconstituted 

mouse received daily approximately 1 mg of sulfadoxin and 0.2 mg of trimethoprim (Borgal) via the 

drinking water for 3 weeks. Reconstitution of mixed bone marrow chimeric mice was monitored in 

blood based on the frequency of CD8+ T cells originating from the transferred bone marrow. Before 

conducting experiments with those mice, they were rested for 8 weeks after transplantation. 

 
4.4.4 Intravascular Labeling of CD8+ T cells 

For in vivo labeling of CD8+ T cells the anti-CD8𝛽 antibody coupled to the fluorochrome PE was diluted 

in PBS. Each mouse received 0.8 µg of antibody in 100 µL of PBS i.v. in the tail vein and was euthanized 

5 min later for analysis as described before (Low et al., 2020). 

 

4.4.5 Oral Administration of Fingolimod 

Fingolimod (FYT720) was diluted in a solution of DMSO / 0.9% NaCl and sugared condensed milk 

(2%/18%/80%). To each mouse 20 µg of Fingolimod in 100 µL milk mixture was fed through 

micropipette-guided drug administration (Scarborough et al., 2020) every second day. 
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4.5 Isolation of murine Cells 

 

4.5.1 Sampling and Processing of Blood 

Blood was collected in 1 mL FACS buffer after puncturing the submandibular vein using a steal lancet. 

5 mL of ACP buffer was added. After 10 min of incubation at room temperature erythrocytes were 

lysed, then the cell suspension was centrifuged (300 rcf, 5 min, 4°C). The pellet was resuspended in 

PBS until further processing. 

 

4.5.2 T cell Isolation from Skin draining Lymph Nodes or Spleen  

For T cell isolation from skin draining lymph nodes or spleen, the tissue was smashed through a 70 μm 

cell strainer, centrifuged (300 rcf, 5 min, 4°C) and the pellet was resuspended in PBS until further 

processing. 

 

4.5.3 Lymphocyte Isolation from Skin draining Lymph Nodes 

For lymphocyte isolation from skin draining lymph nodes, the tissue was cut in small pieces. Followed 

by incubation in RPMI-1640 (without FCS) in presence of 800 U/mL collagenase type IV, and 50 U/mL 

DNase I for 30 min at 37°C while shaking. Afterwards, 0.5 M Na-EDTA was added to a final 

concentration of 10 mM and incubated further for 10 min. Cells suspensions were filtered via a 70 μm 

cell strainer, centrifuged (300 rcf, 5 min, 4°C) and the pellet was resuspended in PBS until further 

processing. 

 

4.5.4 Generation of Single Cell Suspensions from whole Ear Skin 

For DC as well as T cell isolation from ear skin, the ear was split in its dorsal and ventral part and then 

cut in small pieces. For the isolation of T cells, the homogenized tissue was incubated in RPMI-1640 

(without FCS) with 800 U/ ml collagenase type IV (Worthington) and 50 U/mL DNase I for 90 min at 

37°C while shaking. For the isolation of DC, the homogenized tissue was incubated in RPMI-1640 

(without FCS) with 800 U/ ml collagenase type IV (Worthington), 1 mg/mL Dispase II (Roche) and 

50 U/mL DNase I for 90 min at 37°C while shaking. After enzymatic digestion, 0.5 M Na-EDTA was 

added to a final concentration of 10 mM and incubated further for 10 min. Cells suspensions were 

filtered via a 70 μm cell strainer, centrifuged (300 rcf, 5 min, 4°C) and the pellet was resuspended in 

PBS until further processing. 

 

4.5.5 Generation of Single Cell Suspensions from Epidermis or Dermis of the Ear Skin 

For the separation of epidermis from dermis the ear skin was split in its dorsal and ventral part. With 

the dermal part facing down, each sample was put for 45 min at 37°C on the surface of digesting 
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solution of 2.5 mg/mL Dispase II and 10 µg/mL DNase I in PBS, then the epidermal layer was peeled off 

the dermal layer (Kitano and Okada, 1983). Each layer was cut in small pieces. Followed by incubation 

in RPMI-1640 (without FCS) in presence of 800 U/mL collagenase type IV, and 50 U/mL DNase I for 90 

min at 37°C while shaking. After enzymatic digestion, 0.5 M Na-EDTA was added to a final 

concentration of 10 mM and incubated further for 10 min. Cell suspensions were filtered through a 70 

μm cell strainer, centrifuged (300 rcf, 5 min, 4°C) and the pellet was resuspended in PBS until further 

processing. 

 

4.5.6 Isolation of migratory Cells from the Epidermis 

Ears of mice were cut off after euthanisia, rinsed in 70% ethanol and air-dried for 5 min. The ear skin 

was split in its dorsal and ventral part. Dorsal ear halves with the dermal part facing down, was put for 

45 min at 37°C on the surface of digesting solution of 2.5 mg/mL Dispase II and 10 µg/mL DNase I in 

PBS, after incubation then the epidermal layer was peeled off the dermal layer (Kitano and Okada, 

1983). Each epidermal sheet was then cultured with the dermal part facing down floating on 1.5 mL of 

complete RPMI-1640 10% in one well of a 24 well plate at 37°C (Weinlich et al., 1998). After 48 h of 

culture the emigrated cells on the bottom of each well were harvested. Cells were filtered via a 70 μm 

cell strainer, centrifuged (300 rcf, 5 min, 4°C) and the pellet was resuspended in PBS until further 

processing. This Protocol was adapted from the Patrizia Stoizner lab (Innsbruck, Austria). 

 

 

4.6 Purification of murine Cells 

 

4.6.1 Enrichment of Langerhans cells from the epidermal migratory Cell Fraction 

For the enrichment of Langerhans cells, a density gradient was prepared. Into a 15 mL falcon, 3 mL of 

11,6 % Opti Prep in HBSS was put underneath 2 mL of HBSS containing 1% Phenol red. After epidermal 

explant culture the emigrated cells from ten murine ears were pooled, resuspended into 2 mL of 15% 

Opti Prep in HBSS and put underneath the prepared two layers of gradient into the falcon. The falcon 

was centrifuged at 600 rcf for 15 min at room temperature without brake. The enriched fraction of 

Langerhans cells was aspirated carefully at the interphase between the layer of HBSS containing 1% 

Phenol red and the layer of 11,6% Opti Prep. Cells were washed once with PBS, centrifuged (300 rcf, 

5 min, 4°C) and then the pellet was resuspended in PBS until further processing. 

 

4.6.2 Purification of Langerhans cells using FACS 

For further purification of Langerhans cells among the migratory cells from the epidermis they were 

sorted based on Langerhans specific surface marker expression (fluorescence activated cell sorting, 
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FACS). For this purpose, cell suspensions were centrifuged at 300 rcf for 5 min at 4°C, the pellet was 

resuspended in a mix of Fc-receptor blocks (2.4G2 and E9E) and fluorescently labeled antibodies in 

FACS buffer and incubated for 30 min at 4°C. After one washing step with FACS buffer, the cells were 

stained for viability using 7-AAD in FACS buffer. Living, lin-, CD45+, MHC-II+, EpCAM+ cells were FACS 

sorted using an BD AriaII equipped with five lasers (375 nm, 405 nm, 488 nm, 532 nm and 633 nm) 

with a 100 µm Nozzle and a reduced flow pressure of 15 psi. The obtained cells of interested were then 

once washed with RPMI-1640 10% and used in serial dilutions for co-culture with naïve T cells. 

 

4.6.3. Magnetic Separation of CD8+ T cells from Spleen 

CD8+ T cells were purified from the spleen of one naïve Nur77-eGFPx327TCRxThy1.1 mouse by 

magnetic cell separation using anti-CD8α microbeads with LS columns. 

 

 

4.7 Assays and Flow Cytometry 

 

4.7.1 Nur77-EGFPx327TCRxThy1.1 Co-Culture Assay  

5 x 103 CD8+ T cells per well were added to serial dilutions of antigen presenting cells in V-bottom 96-

well plates. After 16 h of co-culture, the TCR stimulation of Nur77-EGFPxTCR327 T cells was 

determined flow cytometrically based on their Nur77-EGFP expression. 

 

4.7.2 Immunostaining of Cells and Analysis by Flow Cytometry 

Cells were stained for viability for 5 min at 4°C using the fixable live dead stain efl780 in PBS. Following 

one washing step with FACS buffer, the Fc-receptor blocks (2.4G2 and E9E) in FACS were applied to 

each sample and incubated for 10 min at 4°C. Then fluorescently labeled antibodies in FACS buffer 

were added and incubated for 30 min at 4°C, except antibodies staining for chemokine receptors were 

incubated for 30 min at 37°C. Following three washing steps with FACS buffer, surface stained cells 

were fixed for 10 min at 4°C in 2% Histofix in PBS. All centrifugation steps for washing occurred at 

300 rcf for 5 min at 4°C. Fluorescence of single cells was quantified on the following flow cytometers: 

BD Canto equipped with three lasers (405 nm, 488 nm and 640 nm) or on a BD Symphony with five 

lasers (355 nm, 405 nm, 488 nm, 561 nm and 640 nm).  

 

 

4.8 Computational Analysis of Flow Cytometry Data 

Data were analyzed with FlowJo 10.8.2 (Becton Dickinson & Company). Data sets were cleaned up and 

either gated manually or by the application of FlowJo Plugins such as FlowSOM, tsne, UMAP on 
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multiparametric data sets. The advantages and disadvantages of manual gating versus algorithm 

supported analysis of multiparametric data obtained from flow cytometry on the example of 

mononuclear phagocyte subsets of the murine skin can be found in our recent paper (Probst et al., 

2022). 

 

 

4.9 Statistical Analysis 

Statistical analysis was performed with Prism 9 (version 9.5.0, GraphPad). Statistical tests for 

significance were used as indicated. Depending on the experimental groups and distribution of data 

either two-way Anova test, students or non-parametrical t-test was used to calculate statistical 

significance of data. 
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5 RESULTS  

 

 
5.1 The Control of cytotoxic T cell Responses in the Skin by CCR2 dependent Phagocytes 

 

5.1.1 Research Objective 

Cytotoxic CD8+ T lymphocytes (CTL) play a critical role in the immune defense against viruses that infect 

cells of the skin, such as Vaccinia virus, a virus of the poxvirus family. Mononuclear phagocytes (MNP) 

act as professional antigen presenting cells (APC), that are important for the induction of antiviral CD8+ 

T cell responses. The following section deals with the question, how MNP control CTL responses to a 

poxvirus infection of the skin and instruct the development of skin resident memory T cells (TRM). 

Firstly, we characterized the cells of the MNP compartment of healthy and viral infected skin based on 

surface marker expression using flow cytometry (5.1.2). Secondly, we generated for the 

characterization and discrimination of MNP populations mouse models based on distinct ontogenies 

of subsets and assessed the targeted subsets of MNP in these models (5.1.3). Thirdly, we generated 

mouse models disabling distinct features, such as antigen presentation, co-stimulation, transmission 

of T cell help and migration, specifically in CCR2-dependent cells and monitored the effect on the CTL 

response to viral infection of the skin (5.1.4). 

 

 

5.1.2 Changes within the cutaneous MNP Network in the Course of Pox Virus Skin Infection 

In the healthy skin the mononuclear phagocyte compartment is comprised of five subsets of cells. 

While the Langerhans cells are located in the epidermis, there are four subsets resident in the dermis: 

cDC1, cDC2, monocyte derived cells (moC) and macrophages (M𝛷). The composition of the MNP 

network in skin and subset specific characteristics change massively after pathogen associated stimuli, 

such as infection related tissue injury or innate immune activation. During cutaneous pox viral 

infection, the virus titer in skin reaches its maximum between 3 to 8 days post infection (dpi), after 

8 dpi the virus titer drops until the number of infectious particles are not detectable anymore at 20 dpi 

(Figure 4a). Interestingly, the highest frequency of antiviral T cells among all CD8+ T cells was detected 

between 8-12 dpi in the blood (Figure 8a,c) and both the start of increasing T cell numbers and the 

maximum number of phagocytes infiltrating the infected skin coincide at 5 dpi (Fischer et al., 2011). 

These infiltrating phagocytes may control antiviral CD8+ T cell responses to infection in the skin. To 

investigate the impact of phagocytes on CTL responses, first gradual changes within the phagocyte 

network of the skin following viral infection were characterized by flow cytometry. For this purpose, 

the murine skin was dissociated using digestion enzymes to obtain a single cell suspension. The single 
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cell suspension was then stained with a set of monoclonal antibodies coupled to fluorochromes, 

enabling the identification of MNP in the skin based on surface marker expression by flow cytometry. 

For the identification of DC subsets in the healthy murine skin gating strategies for the delineation of 

subsets of the conventional DC family (Guilliams et al., 2016) or of monocyte derived cells 

(Tamoutounour et al., 2013) have been well established, but they fail to identify these subsets in the 

context of infection. To identify both, the cDC and cells of monocytic origin simultaneously, we 

generated an optimized multicolor staining panel. The inclusion of markers for innate immune cells, 

invading peripheral tissues under inflammatory conditions, such as neutrophils and eosinophils, was 

added to the staining panel to discriminate them from cells of the MNP compartment, allowing the 

characterization of immune cells in the healthy, as well as infected skin of mice. Moreover, the panel 

can be used for manual gating, but is also suitable to perform data analysis based on unsupervised 

clustering algorithm (Probst et al., 2022). 

 

Subsequently this panel was used to phenotypically characterize the MNP compartment in the infected 

skin over the course of the infection. Ears from mice at steady state and after 1, 3 or 5 dpi were 

collected and processed to single cell suspensions for the analysis by flow cytometry. First unspecific 

binding of staining antibodies on Fc-Receptors of phagocytes was prevented by blocking of Fc- 

Receptors (Fc-𝛾RIIb, Fc-𝛾RIII, Fc-𝛾RIV), followed by antibody based staining and the measurement of 

cells. For the analysis of flow cytometry data from all events debris, doublets, dead cells (viability dye+) 

and stromal cells (pan45-) were removed. Among the remaining pan45+ cells T cells (CD90.2), B cells 

(CD19) and NK cells (NK1.1) were excluded (Figure 3a) and the pan45+ lin- cells were further analyzed 

by the expression of 14 additional surface markers: Pdca1, CD64, Fc-𝜀R1𝛼, EpCAM, Xcr1, CD24, CD26, 

CD11c, Ly-6G, Ly-6C, Siglec-F, Sirp1𝛼, MHC-II and CD11b. This lineage specific marker sets allow the 

identification of polynuclear and mononuclear phagocytes in skin such as monocytes (CD11b+ Ly-6C+), 

neutrophils (CD11b+ Ly-6G+), eosinophils (CD11b+ SiglecF+), mast cells (CD11b- Fc-𝜀R1𝛼+), LC (CD11c+ 

MHC-II+ CD26- CD24+ EpCAM+), M𝛷 (MHC-IIlow-high CD26- CD11b+ CD64+), cDC (CD26+ CD11c+ MHC-II+), 

which can then be subdivided through subset specific markers: CD24+XCR1+ for cDC1 and CD24-sirp1𝛼+ 

for cDC2 (Figure 3b). We applied computer-aided approaches to visualize and characterize these 

pan45+ lin- population based on their similarity in the expression of the 14 additional markers of the 

panel, which had not been used in the pre-gating of the pan45+ lin- population. After collection of flow 

cytometry data from cells recovered from the skin of mice, all events were gated on pan45+ lin- cells 

and the pan45+ lin- cell fraction of all samples from skin tissue of 0-5 dpi were merged for further 

analysis. Based on this processed data, subsets of cells that share similar characteristics were identified 

with the help of the unsupervised clustering tool Flow-Self-Organizing-Maps (FlowSOM) and the 

dimensionality reduction algorithm Uniform Manifold Approximation and Projection (UMAP).  
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Ear skin tissue was enzymatically digested to generate a single-cell suspension, which was stained with antibodies for analysis 
by flow cytometry based on surface marker expression. (a) Representative gating of flow cytometry data from skin cells of 
two ears from healthy mice for the identification of pan45+ lin- cells is shown. From all events debris, doublets, dead cells 
(efl780+) and stromal cells (CD45-) were excluded. Lineage negative cells, i.e. T cells (CD90.2), NK cells (NK1.1) and B cells 
(CD19), were removed from the remaining hematopoetic-derived cells (pan45+). (b) The identified pan45+ lin- cells were then 
further analysed based on the expression of 14 markers to determine phagocyte subsets. Phagocyte subsets in the murine skin 
were identified based on subset specific surface marker expression as schematically represented in the flow chart.  

Figure 3. Identification of Phagocytes from murine Skin 
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FlowSOM is a clustering technique for the analysis of multiparametric flow cytometry data using self-

organizing maps to obtain an overview of marker expression and detect subsets that could be 

overlooked using other methods (Van Gassen et al., 2015). Using the FlowSOM algorithm 10 distinct 

populations were identified in the dataset. Cells of each population (Pop0-9) have a similar surface 

marker expression pattern in common during the investigated first 5 days of viral skin infection 

(Figure 4b). For each identified Flow-SOM population, the expression level of the markers is 

represented by the color-code ranging from high expression in red to low expression in dark blue in 

the heatmap. Based on the characteristic surface marker expression, we assigned cell types to the 

FlowSOM populations. Through lineage specific marker expression specific cell types were identified 

(Figure 3b, Figure 4b). For example, LC could be clearly assigned to this cluster based on the high 

expression in the surface markers CD24 and EpCAM. The discerned populations by FlowSOM were 

used to annotate areas of the UMAP plot by color code. UMAP is a dimensionality reduction algorithm 

used to analyze complex data, such as the multiple parameters measured in flow cytometry. The 

multidimensional dataset is reduced onto a two-dimensional space and each cell is plotted as one dot. 

In such a 2D plot (UMAP plot) the similarity of cells in their marker expression pattern is represented 

through their relative proximity to each other (McInnes et al., 2018) (Figure 4c). Cells with similar 

characteristics are plotted close together, while cells with diverging expression patterns are plotted 

far apart. For example, LC and cDC1 share the expression of MHC-II, CD11c and CD24, thus cells of 

those populations cluster close to each other in the UMAP plot. In contrast cells belonging to the 

neutrophil populations represent a distinct cluster in the UMAP plot due to their exclusive expression 

of Ly-6G, while having only little expression of other markers in common with other cells. Examining 

the cell populations detected through FlowSOM during the initial five days of infection unveiled a rapid 

reduction of Langerhans cells and cDC and a very strong increase of monocytes, followed by an 

increase of neutrophilic granulocytes within the pan45+ lin- cell compartment of the skin (Figure 4d).  

 

Noteworthy, the assignment of cell types based on the marker expression pattern from the FlowSOM 

analysis was not clear for most populations expressing Sirp1a, with the exception of LC, which express 

simultaneously CD24 and EpCAM. The delineation of other Sirp1a+ subsets based on the analyzed set 

of markers was more difficult, these include cDC2 (Pop8), monocyte derived cells or inflammatory 

cDC2 (Pop6). While the residency in skin of monocyte derived cells and inflammatory cDC2 depend on 

CCR2/CCL2 interaction. The subset of cDC2 depends on the FLT3/FLT3L interaction. To obtain a more 

precise characterization of these cells, we investigated their respective reliance on the chemokine 

receptor CCR2 and the receptor tyrosin kinase FLT3 through our mixed bone marrow chimeric model.  
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Figure 4. High dimensional Flow Cytometry of MNP in Pox Virus infected murine Skin 
Wt + wt bone marrow chimeric mice were infected on the ear with recombinant vaccinia virus (rVACV-G2) and the ears were 
collected at indicated days post infection (dpi) for the determination of virus titer and composition of phagocytes within the 
tissue. (a) Virus titter in infected ear skin of mice from 2-20dpi with n=3-4 was determined by plaque assay. (b,c,d) Relative 
surface marker expression of cells from ear skin tissue at 0-5dpi was assessed using flow cytometry. After manual gating on 
no debris, singlets, viable (efl780-) and pan45+ cells, 240,000 lineage negative (CD90.2-, NK1.1-, CD19-) cells from the skin of 
n=7 mice were analyzed by unsupervised clustering FlowSOM using the FlowJo plugin (14 parameter, 10 metacluster). All 
surface markers except those already used in the pregating (viability, pan45, lineage) were included in the analysis. Based on 
the relative expression of surface markers (x-Axis) shown in the FlowSOM heatmap, each FlowSOM population (Pop0-9) was 
manually assigned to a certain cell type shown on the right (b). Those ten cell populations were then used for color coded 
annotation of the dimension reduced UMAP plot of the same dataset (c). The frequency of the 10 identified FlowSOM 
populations among all pan45+ cells in the ear skin at individual dpi is shown (d). 
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5.1.3 Ontogeny based Analysis of MNP of the Skin during Pox Virus Infection 

 

Discrete receptor-ligand interactions or transcription factors are crucial for the residency of MNP 

subsets in the skin. The depletion of these crucial factors, e.g. in knock out mice, prevents the 

positioning of certain MNP subsets in skin, thus this ontogeny-based approach is used to characterize 

CCR2- or FLT3 dependent cells. Target cells were characterized, first based on surface marker 

expression, and then their functional role in the antiviral CTL response was analyzed. Utilizing mixed 

bone marrow chimera allowed the modulation of the immune system to study CCR2- or FLT3 

dependent cells. CCR2 or FLT3 are required for the development of certain MNP subsets in skin. CCR2 

expression is crucial for chemotaxis of monocytes from the bone marrow into blood circulation as well 

as the extravasation from blood into inflamed sites, where they differentiate into CCR2 dependent 

MNP (Auffray et al., 2007; Serbina et al., 2008). This quick reaction to form CCR2-dependend cells on 

demand, is in particular important during inflammation (Tamoutounour et al., 2013). In CCR2 deficient 

mice, monocytes are no longer able to leave the bone marrow and thus cannot access the blood or 

infiltrate peripheral tissues (Boring et al., 1997). While CCR2 deficiency affects cells of monocytic origin, 

the development of classical DC relies on signals mediated by FLT3. Mice deficient in FLT3 lack classical 

DC (Mackarehtschian et al., 1995; Guilliams et al., 2016).  

 

Mixed bone marrow chimeric mice were generated to characterize CCR2 as well as FLT3 dependent 

cells in skin in the course of viral infection of the tissue. Lethally irradiated recipients were 

reconstituted with a mixture of wt and CCR2 knockout (CCR2-/-) bone marrow or a mixture of wt and 

FLT3 knockout (FLT3-/-) bone marrow. After 6-8 weeks, all hematopoietic cells undergo complete 

replacement by the descendants of the injected cells. As a result, the immune cell network of bone 

marrow chimeric mice is comprised of three compartments, cells of each compartment can be 

identified based on congenic marker expression (CD45.1, CD45.1/2, CD45.2): cells derived from the wt 

bone marrow (CD45.1/2), from the knock out bone marrow (CD45.2), and radioresistant cells 

remaining from the recipient (CD45.1) (Figure 5a). In these ‘3 in 1’ bone marrow chimeric mice CCR2 

dependent cells (or FLT3 dependent cells) can be identified. By comparing the MNP subsets derived 

from the CCR2 (or FLT3) deficient progenitors versus cells from the wt compartment, cells of each 

compartment are identified based on compartment specific congenic marker (CD45.1, CD45.1/2, 

CD45.2) expression determined by flow cytometry. For each compartment of the mBMC a UMAP plot 

from the merged pan45+ lineage- cells recovered from skin of CCR2-/- + wt (Figure 5b) or FLT3-/- + wt 

(Figure 5c) mBMC at 0-5 dpi was generated. Each plot was annotated through color coding of cell types, 

which were manually assigned based on the identified FlowSOM populations with common surface 

marker expression patterns (according to Figure 3b). 
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Figure 5. Identification of Phagocytes in infected murine Skin based on CCR2 and FLT3 Dependency 
CCR2-/- + wt or FLT3-/- + wt bone marrow (BM) chimeric mice were infected on the ear with recombinant vaccinia virus (rVACV-
G2) and cells from ear skin were collected at 0,1,3,5 dpi to determine the composition of phagocytes within the tissue by flow 
cytometry. (a) A mixture of bone marrow of knockout (CD45.2) and wt (CD45.1/2) mice was transferred into lethally radiated 
host mice (CD45.1). After reconstitution pan45+ lin- cells of mixed BM chimera comprise of three compartments, 
distinguishable by their differential expression of CD45.1 and CD45.2, allowing to study those cells in their dependence on 
CCR2 or FLT3. (b-c) Relative surface marker expression of cells from ear skin tissue at 0-5dpi was assessed using flow 
cytometry. After manual gating on no debris, singlets, viable (efl780-) and pan45+ cells, 240,000 lineage negative (CD90.2-, 
NK1.1-, CD19-) cells from the skin of n=7 mice were analyzed by unsupervised clustering FlowSOM using the FlowJo plugin (14 
parameter, 10 metacluster). All surface markers except those already used in the pre-gating (viability, pan45, lineage) were 
included in the analysis. Based on the relative expression of surface markers, each FlowSOM population (Pop0-9) was manually 
assigned to a certain cell type. Those ten cell populations were then used for color coded annotation of the dimension reduced 
UMAP plot of the same dataset. Projection of the FlowSOM clusters shown in Figure 6 on the UMAP plot of the wt (CD45.1/2), 
knockout (CD45.2), and the radioresistant host (CD45.1/2) compartment of the skin from CCR2-/- + wt (b) or FLT3-/- + wt (c) 
BM chimera. 
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Figure 6. The Cell Populations from unsupervised Clustering are consistent between three different Types of BM-Chimera 
Wt + wt, CCR2-/- + wt or FLT3-/- + wt bone marrow (BM) chimeric mice were infected on the ear with recombinant vaccinia 
virus (rVACV-G2) at 0,1,3,5 dpi to determine the composition of phagocytes within the tissue by flow cytometry. Relative 
surface marker expression of cells from ear skin tissue was assessed using flow cytometry. After manual gating on no debris, 
singlets, viable (efl780-) and pan45+cells, 240,000 lineage negative (CD90.2-, NK1.1-, CD19-) cells from the skin of n=7 mice 
were analyzed by unsupervised clustering FlowSOM using the FlowJo plugin (14 parameter, 10 metacluster). All surface 
markers except those already used in the pre-gating (viability, pan45, lineage) were included in the analysis. Based on the 
relative expression of surface markers (x-Axis) shown in the FlowSOM heatmap of pan45+lin- cells from the skin of Wt + wt (a), 
CCR2-/- + wt (b) or FLT3-/- + wt (c) bone marrow chimeric mice, each FlowSOM population (Pop0-9) was manually assigned to 
a certain cell type indicated on the right. 
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In general, the cell types of the infected skin visualized by FlowSOM populations (Figure 6) and the 

UMAP plots (Figure 4,5) are similar and consequently consistent among the analysed three different 

types of mBMC (wt + wt; CCR2-/- + wt; FLT3-/- + wt). Mast cells, Langerhans cells and some cells of an 

undefined population were found to be host derived, whereas all other identified populations belong 

either to the wt or one of the knockout compartments. In the compartment of cells originating from 

the CCR2 deficient (CCR2-/-) progenitor, less monocytes, macrophages, and cells possessing an 

inflammatory cDC2 and/or monocyte derived cell like phenotype have been identified (Figure 5b). 

Conversely, the compartment of cells derived from FLT3 deficient (FLT3-/-) progenitors showed a 

reduction of the FLT3-dependent subsets of cDC1 and cDC2 (Figure 5c). Interestingly, the same 

population of cells possessing an inflammatory cDC2 (infl. cDC2) and/or monocyte derived cell (moC) 

like phenotype, which was already found to be reduced by CCR2 deficiency (Figure 5b), was also 

partially reduced by FLT3 deficiency (Figure 5c). However, the reduction of the infl. cDC2/moC 

population by CCR2 deficiency affect cells close to cells of monocytic origin such as monocytes (orange) 

and Macrophages (red). In contrast the FLT3 deficiency resulted in a reduction of a cell cluster close to 

the cDC2 population, indicating that the infl. cDC2/moC population consists of CCR2 and FLT3 

dependent cells or cells which depend on CCR2 as well as FLT3 (Figure 5). 

 

 

5.1.4 Antigen Presentation, Co-Stimulation, T cell help and Migration by CCR2 dependent MNP 

To investigate the functional role of CCR2-dependent cells in the formation of an antiviral CD8+ T cells 

response to skin infection a set of mixed bone marrow chimera was generated. The relevance of 

antigen presentation, co-stimulation through CD40, CD70, CD80, CD86 and migration to the draining 

lymph node by CCR7 expression on CCR2-dependent cells was analyzed in the context of viral skin 

infection based on the antigen specific CD8+ T cell response in blood and their ability to persist as 

immunological memory cells in skin and secondary lymphoid organs. For the purpose of investigating 

the role of antigen presentation by CCR2 dependent cells for the formation of an antiviral CTL response 

mBMC were generated. Lethally irradiated mice were reconstituted with a mixture of CCR2-/- and H-

2Db-/- bone marrow to generate a situation, where CCR2 dependent cells are disabled to present H-2Db 

restricted antigens on their surface. As a control, irradiated mice were injected with a mixture of WT 

and H-2Db-/- bone marrow. After complete reconstitution mBMC were adoptively transferred with 

naïve 327TCR+ CD90.1+ CD8+ T cells allowing the tracking of the CTL response against the H-2Db 

restricted GP33-41 peptide. One day later mBMC were infected with recombinant Vaccinia virus (rVACV-

G2), expressing recombinantly the H-2Db restricted GP33-41 and natively the immune dominant H-2Kb 

restricted antigen B8R20-27. Over the course of infection at 8, 12, 20, 30 dpi, the frequency of antigen 

specific T cells among CD8+ T cells in the blood was assessed using flow cytometry (gating strategy 
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shown in Figure 7). Adoptively transferred 327TCR+ CD8+ T cells are identified based on CD90.1 

expression. They hold a TCR specific for H-2Db restricted GP33-41 antigen and are thus uniformly 

positively stained for the GP33-41 tetramer. 
 

 

Figure 7. Gating Strategy for the Identification of antiviral CD8+ T cells in murine Tissues 
Mixed bone marrow chimeric mice were adoptively transferred with GP33-41-specific TCR327 CD8+ T cells (CD90.1+) before 
being infected with recombinant Vaccinia Virus (rVACV-G2) at the ear pinnae. The antiviral cytotoxic T cell response was 
monitored in the blood, skin, draining lymph node and spleen of infected mice at various days post infection (dpi) using flow 
cytometry. Representative gating on antiviral CD8+ T cells from spleen recovered at 30dpi is shown. In order to identify antiviral 
CD8+ T cells, first cell debris, doublets, dead cells (eF780+) and stromal cells (pan45-) were excluded. From the remaining 
leukocytes (pan45+), lineage negative cells, i.e. MHC-II+ cells (MHC-II+), CD4 T cells (CD4+) and NK cells (NK1.1+), were excluded. 
From the remaining cells, CD8+ cells were gated. The CD8+ T cell population was then subdivided into formerly transferred 
TCR327 CD8+ T cells (CD90.1+) and endogenous (CD90.1-) cells, the antigen specificity of these cells was then analysed by 
tetramer staining. Among the CD90.1+ and endogenous (CD90.1-) cells were GP33-41 specific (CD90.1+ GP33tet+) and B8R20-27 
specific (CD90.1- B8Rtet+) cells identified respectively. 

 

In both mBMC types the GP33-41 specific cells among CD8+ T cells in the blood increase from 8 dpi to 

12 dpi. At 12 dpi the maximum is reached and until then the proportion of GP33-41 specific cells among 

CD8+ T cells declined in the blood. Interestingly, although the frequency of adoptively transferred GP33-

41 specific cells among CD8+ T cells in the blood of CCR2-/-+H-2Db-/- mBMC is at 8 dpi equal to that of 

Wt+H-2Db-/- mBMC, it shows a significant reduction from 12 to 30 dpi when CCR2 dependent cells are 

unable to present the antigen (Figure 8a). The endogenous H-2Kb restricted B8R20-27 tetramer positive 
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CD8+ T cell response served as an internal control and showed no significant difference between both 

experimental groups (Figure 8c). Moreover, the persistence of antigen-specific CD8+ T cells as tissue 

resident memory in the skin at 30 dpi is remarkedly reduced if CCR2 dependent cells lack the ability to 

present the respective antigen (Figure 8b,d). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Antigen Presentation by CCR2 dependent mononuclear Phagocytes is required for a sustained antiviral CTL 
Response and the Differentiation of resident memory CD8+ T cells in the Skin 
Wt + H-2Db -/- and CCR2-/- + H-2Db -/- mixed bone marrow chimeric mice were adoptively transferred with GP33-41-specific 
TCR327 CD8+ T cells (CD90.1+) before being infected with recombinant Vaccinia Virus (rVACV-G2) at the ear pinnae. The 
antiviral cytotoxic T cell response was monitored in the blood and the skin of infected mice at the indicated days post infection 
(dpi) using flow cytometry. After gating on no debris, singlets, viable (efl780-) and pan45+ cells, lineage negative (CD90.2-, 
NK1.1-, CD19-) cells were removed and based on their CD8 expression CD8+ T cells were identified. The CD8+ T cell population 
was subdivided into CD90.1+ and endogenous (CD90.1-) cells, the antigen-specificity of those cells was then analysed by 
tetramer staining. (a,c) Cumulative data of the CTL response at the indicated days post infection (dpi) against the Db restricted 
GP33-41 (CD90.1+ GP33-41 tetramer+) and the Kb restricted B8R20-27 epitope (CD90.1- B8R20-27 tetramer+) in the blood of n=8-10 
mice per group from two independent experiments. Vertical bars represent mean ± SD. Statistical significance was determined 
using two way ANOVA with ∗∗∗∗p ≤ 0.0001; ∗∗p ≤ 0.01; ∗p ≤0.1; ns (not significant). (b,d) At 30 dpi the number of GP33-41 
specific (GP33-41 tetramer+) and endogenous B8R20-27 specific (B8R20-27 tetramer+) CD8+ tissue resident memory (TRM) per 
100.000 viable cells of the skin tissue were determined using flow cytometry. One of two independent experiments is shown 
with n = 3 mice. Vertical bars represent mean ± SD. Statistical significance was determined using unpaired t-test with ∗p ≤0.1; 
ns (not significant). 
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To gain a deeper understanding about the function of CCR2 dependent cells for CTL responses to 

cutaneous virus infection, the potential provision of co-stimulation besides antigen presentation by 

CCR2 dependent cells was investigated next. For this purpose, mBMC were generated by the 

reconstitution of irradiated mice with a mixture of CCR2-/- with either CD40-/-, CD70-/-, CD80-/-xCD86-/- 

or CD70-/-xCD80-/-xCD86-/-. Respectively, as a control, irradiated mice were injected with a mixture of 

wt bone marrow and one of the four co-stimulatory molecule knockout bone marrows. After complete 

reconstitution mBMC were adoptively transferred with naïve 327TCR+ CD90.1+ CD8+ T cells and one 

day later mBMC were infected with rVACV-G2. At 30 dpi the relative number of GP33-41 specific CD8+ T 

cells was determined in the skin (Figure 9a), skin-draining lymph node (Figure 9b) and spleen 

(Figure 9c) of mBMC. The antiviral skin-resident memory CD8+ T cells in the skin were significantly 

impaired in CCR2-/-+CD40 -/-, CCR2-/-+CD80-/-xCD86-/- and CCR2-/-+CD70-/-xCD80-/-xCD86-/- mBMC, as well 

in CCR2-/-+CD70-/- a tendency of an impaired memory differentiation was observed. In contrast, the 

relative number of antiviral memory CD8+ T cells in the skin-draining lymph node was significantly 

reduced exclusively, if CCR2-dependent cells lack CD40 expression. Furthermore, the formation of 

antiviral memory CD8+ T cells in spleen was reduced when CCR2-dependent cells were deficient in 

CD40 or CD70. 

 

To acquire information about, where CCR2-dependent cells interact with CD8+ T cells to control the 

antiviral adaptive immune response, we generated mBMC utilizing CCR7 deficient mice. CCR7 is a 

chemokine receptor expressed e.g. on activated DC. Through the detection of chemokines these cells 

are guided to lymphoid organs such as the draining lymph nodes. To study the role of CCR7 on CCR2 

dependent cells on the CTL response during viral skin infection, by utilizing mBMC a situation was 

generated where CCR2 dependent cells are disabled of the migration to lymphoid organs. Irradiated 

mice were reconstituted with a mixture of CCR2-/- with CCR7-/- bone marrow, or as a control with a 

mixture of wt and CCR7ko bone marrow. After complete reconstitution mBMC were adoptively 

transferred with naïve 327TCR+ CD90.1+ CD8+ T cells and one day later mBMC were infected with 

rVACV-G2. At 30 dpi the relative number of GP33-41 specific CD8+ T cells was determined in skin 

(Figure 9a), skin-draining lymph node (Figure 9b) and spleen (Figure 9c) of mBMC. We observed no 

differences in the CD8+ memory T cell formation in any tissue analyzed between both types of mBMC, 

indicating that CCR2-dependent cells do not migrate via gradients of CCR7 ligands, such as CCL19 or 

CCL21 chemokines, to lymphoid organs for the interaction with antiviral CD8+ T cells. 
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Figure 9. Co-stimulation by CCR2 dependent mononuclear Phagocytes drives the Differentiation into anti-viral Memory 
CD8+ T cells predominantly in Skin Tissue 
Wt + X -/- and CCR2-/- + X-/- mixed bone marrow chimeric mice were adoptively transferred with TCR327 (GP33-41-specific) 
CD90.1+ CD8+ T cells before being infected with recombinant Vaccinia Virus (rVACV-G2) at the ear pinnae, thereby X means 
one of the five knockouts (CD40-/-, CD70-/-, CD80-/-xCD86-/-, CD70-/-xCD80-/-xCD86-/-, CCR7-/-) as shown in the uppermost row. 
At 30 dpi the antiviral CD8+ memory T cells in the skin (a), draining lymph node (b) and spleen (c) were identified using flow 
cytometry. After gating on no debris, singlets, viable (efl780-) and pan45+cells, lineage negative (CD90.2-, NK1.1-, CD19-) cells 
were removed and based on their CD8 expression CD8+ T cells were identified. The CD8+ T cell population was subdivided into 
CD90.1+ and endogenous (CD90.2-) cells, the antigen specificity of those cells was then analyzed by tetramer staining. The 
numbers of GP33-41 specific (GP33-41 tetramer+) and endogenous B8R20-27 specific (B8R20-27 tetramer+) CD8+ T cells among 
100.000 viable cells of the respective organ is shown for each investigated knockout (columns). One experiment is shown with 
n = 4-5. Vertical bars represent mean ± SD. Statistical significance was determined using unpaired t-test with ∗∗p ≤ 0.01; ∗p 
≤0.1; ns (not significant). 
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tissue residency in the infected skin. However, we were unable to distinguish the respective CCR2 and 

FLT3 subset among the infl. cDC2/moC population identified based on the lineage specific marker 

expression analysed. 

 

Taken together, in response to a cutaneous pox virus infection antigen presentation and co-stimulation 

on CCR2 dependent phagocytes seem to play an essential role for sustained CTL responses and 

subsequently CD8+ T cell memory differentiation, in particular in skin tissue. In this context, CD40 

expression on CCR2 dependent cells may also be important for the formation of circulating memory 

CD8+ T cells in the skin-draining lymph nodes and spleen. The concrete location where CCR2-

dependent cells interact with antiviral CD8+ T cells was not determined, but we found, that CTL 

controlling CCR2-dependent cells might not migrate into the skin draining lymph nodes through CCR7 

signaling. We did not address, whether these cells at all migrate to secondary lymphoid organs during 

viral skin infection. 
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5.2. Cellular Requirements for the Recall of CD8+ Memory T cells in the murine Skin 

 

5.2.1 Research Objective 

Tissue-resident memory T cells (TRM) mediate efficient protection of epithelial tissue against 

reinfection. In case of reinfection, CD8+ TRM reencounter cognate antigen bound to the respective MHC 

I on the surface of an antigen-presenting cell (APC), upon recognition of pathogen derived protein 

fragments through the TCR, TRM an then rapidly initiate the secondary immune response. However, 

the concrete cellular requirements for activating memory T cells resident in non-lymphoid tissues 

remains unknown. Theoretically, any infected cell can function as an APC because most cells, including 

structural cells, express MHC-I molecules. It has been postulated that circulating memory CD8+ T cells 

require DC for recall, whereas tissue-resident memory CD8+ T cells may not (Roberts and Woodland, 

2004; Zammit et al., 2005; Low et al., 2020). However, in the skin, the largest epithelium of the body, 

the cell types acting as APC and thus are capable of initiating TRM recall have yet to be identified. At 

epithelia, memory T cell activation may be carried out at least partially by non-DC (Crowe et al., 2003), 

such as infected structural cells. This study aims to identify the respective contribution of cell types 

required for the presentation of skin associated antigen to recall local CD8+ memory T cells in the skin, 

meaning: ‘Could any cell induce local recall in the skin?’. 

 

Virally infected cells expressing a foreign antigen are phenocopied through the utilization of a 

conditional transgenic mouse model. This mouse model targets epidermal structural cells, which are 

primarily infected by skin-tropic viruses, and allows to monitor antigen-specific local memory recall in 

vivo. In healthy skin, keratinocytes are the most abundant cells of the epidermis. Because of their 

location close to the environment, keratinocytes might be the site of initial virus infection and the first 

cell type in which virus replication occurs. During viral reinfection, thus intracellular foreign antigen 

bound to MHC on infected keratinocytes becomes visible for TCR recognition by local memory CD8+ T 

lymphocytes crawling through the epidermis. To study the cellular requirements for the recall of TRM, 

we developed a conditional mouse model for the induction of MHC-I restricted antigen expression in 

keratinocytes. Similar mouse models for constitutive expression of class I restricted expression of 

antigen in K14+ cells were developed previously (Kurts et al., 1996; McGargill et al., 2002), our model 

differs as antigen expression is conditional. This allows to control expression timely and also restrict 

antigen expression to a locally confined area of the tissue. Furthermore, the initiation of the cognate 

stimulus can be set without additional triggers such as tissue injury and innate alarm signals through 

the control of the antigen expression by the topical application of a chemical.  
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5.2.2 Identifying the Target Cells of Cre in K14Cre Mice’s Skin 

Epithelial tissues get frequently infected. Local memory cells reside epithelia at this the frontline of 

defense and mediate protection against reinfections(Wakim et al., 2008; Mackay et al., 2012; Zaid et 

al., 2014). Most skin-tropic viruses target keratinocytes. Infected Keratinocytes may directly reactivate 

epidermal CD8+ TRM, which then respond with massive IFN gamma (IFN𝛾) secretion leading to an 

antiviral state within the tissue (Ariotti et al., 2014). To induce antigen expression in keratinocytes, we 

generated a transgenic mouse strain targeting keratinocytes through the Cre/IoxP system. In the 

murine skin, the Cytokeratin14 (K14) expression is restricted to mitotically active keratinocytes of the 

epidermis close to the basal lamina (Guo et al., 2019). The basal layer of the interfollicular epidermis 

and the outer root sheath of the hair follicle is composed of Cytokeratin14 (K14)-rich filaments in 

keratinocytes (Vasioukhin et al., 1999) to target those cells conditionally; we used transgenic 

K14CreERT mice. In K14CreERT mice, the Cre recombinase can be induced by treatment with tamoxifen, 

specifically in K14+ cells. To assess precisely in which cutaneous cell population Cre recombines floxed 

sequences, we crossed K14CreERT mice to Cre-indicator mice (R26R-EYFP). In those mice, Cre activity 

induces EYFP expression. The double transgenic offspring (K14EYFP mice, Figure 10a) were treated 

topically with the active metabolite of tamoxifen (4-hydroxy-tamoxifen, 4OHT) on the skin of the ears. 

Since the topically applied active metabolite of tamoxifen was chosen for the induction of K14Cre 

recombinase expression, only K14 expressing cells resident at the treated area of skin are targeted. 

The advantage of topical 4OHT, compared to treatment with tamoxifen systemically, is that the 

induction of side effects by targeting K14+ cells, which are not resident in the topically treated area of 

skin, e.g. K14+ cells of the esophagus (Vassar et al., 1989; Byrne et al., 1994; Wang et al., 1997) or cells 

of another area of skin, is precluded. 

 

After 4OHT treatment of the ears’ skin of naïve K14EYFP mice, the induced Cre activity reflected by 

EYFP expression was determined by flow cytometry of single cell suspension from epidermal and 

dermal tissue (Figure 10b). EYFP expression was not detected in dermal or CD45+ cells of the treated 

skin but exclusively found in CD45- epidermal cells (gating of CD45+ or CD45- cells was done according 

to the gating strategy for cell suspensions of the whole ear shown in Figure 10c). On average, 149±72 

CD45- epidermal cells per ear expressed YFP after 4OHT treatment of K14EYFP mice (Figure 10b). To 

characterize the target cell population of the K14CreERT in-more detail, we applied a staining panel for 

keratinocytes to skin samples of 4OHT-treated K14EYFP mice, allowing us to spatially resolve the 

location of keratinocytes relative to the hair follicle of the skin (Nagao et al., 2012; Tamoutounour et 

al., 2019). For gating on keratinocyte subsets, first, cell debris was removed from the cells. Then dead 

cells, doublets, T cells (CD90.2+), NK cells (NK1.1+), B cells (CD19+) and the remaining hematopoietic 

cells (CD45+) were removed. The expression of the Sca-1 marker identified keratinocyte subsets of the 
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interfollicular and infundibulum epidermis. EpCAM is expressed throughout the epidermis in adult 

mice, with higher expression in the infundibulum and isthmus. CD34 was only expressed in the bulge 

area, where hair follicles and melanocyte stem cells are located. Integrin α6 (CD49f) was uniquely 

expressed in the basal layers. Based on these expression patterns, keratinocyte subsets were identified 

from the epidermis: interfollicular (IE), infundibulum (IF), isthmus (IM), basal bulge (BB), and 

suprabasal bulge (SB) (Figure 10c, Figure 10d).  

∅ 4OHT
0

100

200

300

CD
45

- 	Y
FP

+ 	c
el
ls	
pe
r	e

ar

Epidermis

Dermis

✱✱✱

✱✱✱

✱✱✱

∅ 4OHT
0

100

200

300

CD
45

+ 	Y
FP

+ 	c
el
ls	
pe
r	e

ar

Epidermis

Dermis

4OHT

K14EYFP

loxPloxP
STOP

ROSA26 EYFP

CreERTK14 CreERTK14

EYFPROSA26

loxP

K14EYFP

Probst et al. Figure 1

∅ 4OHT
0

100

200

300

CD
45

- 	Y
FP

+ 	c
el
ls	
pe
r	e

ar

Epidermis

Dermis

✱✱✱

✱✱✱

✱✱✱a b 

d e 

c 

SS
C-

A 

FSC-A 

FS
C-

H 

FSC-A 

SS
C-

H 

SSC-A 

FS
C-

A 

efl780 

all events cells singlets FSC singlets SSC 

67.7% 98.7% 100.0% 

97.7% 

lin
 (C

D9
0.

2,
 C

D1
9,

 N
K1

.1
) 

CD45pan 

Ep
CA

M
 

Sca-1 

CD
34

 

Sca-1 

CD
34

 

EpCAM 

96.3% 
7.7% 5.2% 

CD31- cells lin- CD45pan+ cells lin- CD45pan+ cells Sca-1- cells 

living cells 

FS
C-

A 

CD31 

CD
49

f 

EpCAM 

96.0% 

CD34+ cells 

64.3% 
IM 

IE IF IM SB BB
0

5

10

15

20

%
 Y

FP
+  

am
on

g 
ke

ra
tin

oc
yt

e 
su

bs
et K14EYFP

WT
✱✱✱✱ ✱✱✱✱ ✱✱✱✱ ns ns

84.0% 

0.7% 
IF 

IE 

38.3% 
61.7% 

BB 
SB 



5 RESULTS 

 58 

Figure 10. Characterization of K14-Cre Activity in cutaneous Cells using K14EYFP Indicator Mice 
The transgenic mouse model K14EYFP (K14CreERTxR26R-EYFP) allows the 4OHT inducible expression of EYFP in Cytokeratin14 
(K14) expressing target cells (a). The ear skin of naïve K14EYFP mice was treated topically with 20 µg of the active metabolite 
of Tamoxifen, 4-hydroxy-tamoxifen (4OHT). 48 h after treatment, the EYFP expression of hematopoietic cells (CD45+) as well 
as non-hematopoietic cells (CD45-) in the epidermis (yellow) and dermis (red) from the treated ear skin was assessed by flow 
cytometry. Data from one experiment is shown (b). The five keratinocyte subsets interfollicular (IE), infundibulum (IF), Isthmus 
(IM), Suprabasal Bulge (SB) and Basal Bulge (BB) were identified based on surface marker expression of EpCAM, Sca-1, CD34 
and CD49f in the murine epidermis by flow cytometry (c). Schematic illustration of keratinocyte subsets in the murine 
epidermis (d). Frequency of EYFP expressing cells among the five keratinocyte subsets. The ear skin of K14EYFP (yellow-green) 
or WT (white) mice was treated topically daily with 20 µg of 4OHT for three days. 24 h after treatment, the frequency of EYFP-
expressing cells among each keratinocyte subset in the treated epidermis was assessed by flow cytometry. Cumulated data 
from two experiments is shown with n=4 per group (e). Vertical bars represent mean ± SD. Statistical significance was 
determined with two-way ANOVA (B) or unpaired t-test (E); with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns: not 
significant. 

 

The frequency of EYFP+ cells was determined from each keratinocyte subset in epidermal cells of 

K14EYFP mice after topical 4OHT treatment of the ear skin (Figure 10e). EYFP+ keratinocytes were 

found in three of five areas: 0 % EYFP+ keratinocytes were observed in the two layers of the bulge, i.e. 

suprabasal and basal bulge, of the ear skin. In contrast, in the intrafollicular (on average 13.4% EYFP+ 

of total), infundibulum (on average 4.3 % EYFP+ of total), and isthmus (4.0 % EYFP+ of total), a fraction 

of K14Cre recombined cells was found. As expected, the K14Cre-targeted primarily keratinocytes of 

the ear skin are the regions between hair follicles, namely in the interfollicular epidermis. 

 

 

5.2.3 The double transgenic K14DIETER Mouse Model allows conditional Expression of the GP33-41 

Model Peptide in Keratinocytes 

The following section describes the mouse model K14DIETER, which was developed to study the 

cellular requirement for tissue-resident memory (TRM) recall. After an infection is cleared, TRM persist 

at the previous site of infection and can be recalled by cognate antigen stimulation. However, the 

concrete cellular requirements remain unknown. To identify the cells which are involved in local 

memory recall in the skin, we generated a novel mouse model to mimic antigen reencounter by the 

tamoxifen-inducible expression of antigen in the most common structural cell of the skin's uppermost 

layer, namely the keratinocytes the epidermis. To this end, we crossed K14CreERT mice to ST33 mice. 

The offspring (K14CreERTxST33 or K14DIETER) allows 4OHT inducible model peptide expression in 

keratinocytes, analogous to the DIETER mouse model (CD11cCreERTxST33) targeting CD11c+ cells 

(Probst et al., 2003) instead of keratinocytes. Double-transgenic mice allow the induction of model 

antigen expression specifically in the respective target cell. After treating those mice with tamoxifen, 

Cre recombinase is activated in K14 or CD11c positive cells, the DNA sequence of the STOP cassette is 

cut out, and the three model antigens are expressed and presented on MHC-I (Figure 11a).  
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(a) The transgenic mouse model K14DIETER (K14CreERTxST33) allows the 4OHT inducible expression of a model antigen 
containing the LCMV GP33-41 epitope in Cytokeratin 14 expressing keratinocytes of a defined area of skin. (b) Procedure 
for skin resident memory reactivation experiments. K14DIETER mice were adoptively transferred with Nur77-EGFP- or 
IFN𝛾-EYFP-TCR327 CD8+ T cells (CD90.1+). One day later, both ears were infected at the ear pinnae with recombinant 
Vaccinia virus expressing the LCMV GP33-41 epitope (rVACV-G2). At 30 dpi, antigen expression was induced by topical 4OHT 
treatment on the ear skin. (c) Representative flow cytometry gating for the identification of CD8+CD90.1+TCR327+ T cells 
in ear skin and blood of K14DIETER mice is shown. At 30 dpi, ear tissue was enzymatically digested, and the resulting cell 
suspension was analyzed by flow cytometry after antibody-based staining. To identify skin resident memory T cells in the 
skin, first cell debris, doublets, dead cells (eF780+) and stromal cells (CD45-) were excluded. From the remaining leukocytes 
(CD45pan+), lineage-negative cells, i.e. MHCII+ cells (MHCII+), CD4+ T cells (CD4+) and NK cells (NK1.1+), were excluded. 
From the remaining cells, CD8+ cells were gated, followed by gating for CD90.1+, identifying TCR327 CD8+ T cells. (d) After 
identifying CD90.1+ TCR327 CD8+ T cells in the skin, their phenotype was further compared to the same cell population 
from blood based on the expression of CD103, CD69, CD62L and CD44. (e) Nur77-EGFP or IFN𝛾-EYFP expression of CD90.1+ 
T cells was determined in 4-hydroxytamoxifen (4OHT) treated versus untreated skin. 

Figure 11. Identification of TRM in the murine Skin by Flow Cytometry 
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In general, using these models, the antigen expression can be either systemically or locally induced. 

For local memory recall, antigen expression was induced in target cells localized in a specific area of 

skin by the topical application of the active metabolite of tamoxifen, 4-hydroxytamoxifen (4OHT) (Hain 

et al., 2019). With this method, we aimed to induce a local memory response in skin triggered by 

keratinocyte-derived antigen to study the participation of various cutaneous cell types in this process. 

To enable the study of the TRM responses using this transgenic model, we first generated K14DIETER 

mice harboring antigen-specific TRM in healthy skin (Figure 11b). For this purpose, naïve GP33-41 specific 

TCR transgenic CD8+ T cells from 327TCR+ CD90.1+ reporter mice, which allow either the direct read 

out of Nur77 expression (Nur77-EGFP) or of IFN𝛾 production (IFN𝛾-EYFP) in antigen specific T cells by 

flow cytometry, were adoptively transferred in K14DIETER mice. We infected them one day later with 

recombinant Vaccinia Virus expressing the GP33-41 antigen (rVACV-G2) to generate a local virus 

infection in the skin leading to the priming of the transferred CD8+ T cells and generation of tissue-

resident memory T cells. After resolved infection (> 30 dpi), the ears were enzymatically digested, and 

tissue-resident memory T cells were identified in the cell suspension based on the gating strategy 

shown in Figure 11c. First, cell debris was removed by gating on SSC low to intermediate events. Then 

from the remaining events, doublets, dead cells, non-hematopoietic cells (CD45-), antigen-presenting 

cells (MHC-II+), CD4 T cells (CD4+) and NK cells (NK1.1+) were removed. Among the remaining 

population, the CD8+ T cells were identified based on their CD8 expression and among them, the GP33-

41-specific CD8+ T cells (327TCR+) were subsequently identified based on the congenic marker 

expression of CD90.1. On average, about 4x103 antigen-specific CD8+ bona fide TRM had been generated 

per ear (Figure 12d), indicating the successful introduction of antigen-specific local memory to the skin 

tissue as required to investigate the mechanism for memory recall in vivo. We found that those cells 

homogenously expressing the TRM-specific markers CD103+ CD69+, as expected. Furthermore, they 

expressed CD44 and did not express the surface marker CD62L in contrast to circulating CD90.1+ CD8+ 

T cells from the blood (Figure 11d).  

 

 

5.2.4 Local Antigen Expression in Keratinocytes leads to a rapid functional Recall of CD8+ TRM in the 

Epidermis 

In response to TCR stimulation, TRM secrete IFN𝛾 inducing a tissue-wide antiviral state (Ariotti et al., 

2014). For in situ memory re-challenge, 4OHT was topically applied on the ear skin of virus-experienced 

K14DIETER mice. The IFN𝛾 response of TRM in the skin was quantified by IFN𝛾-EYFP reporter expression 

in 327TCR x IFN𝛾-EYFP CD8+ T cells using flow cytometry (Figure 11e; for the gating strategy of TRM, see 

Figure 11c and 11d). Compared to the untreated ear samples of K14DIETER mice, in the 4OHT-treated 

ears, the frequency of IFN𝛾-EYFP+ cells amongst isolated antigen-specific CD8+ T cells was significantly 
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elevated within 48 h after treatment (Figure 12a). After topical 4OHT treatment, the tissue-resident 

memory cells in skin respond antigen-specifically with the expression of IFN𝛾, which is reflected by the 

IFN𝛾-EYFP signal, starting 24 h post treatment and peaking at 96 h post treatment (Figure 12a). Starting 

72 h post treatment, antigen-specific T cells in the draining lymph node also respond with IFN𝛾 

expression (Figure 12b). When comparing the induced immune response in the layers of the murine 

skin, it becomes evident that most IFN𝛾+ cells are located within the epidermis. In contrast, only a few 

TRM in the dermis started to respond 48 h after recall, which is a delay of 24 h compared to the 

epidermal compartment (Figure 12c,d).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

K14DIETER mice were adoptively transferred with IFN𝛾-EYFPxTCR327 CD8+ T cells (CD90.1+) and infected on the ears with 
rVACV-G2. At 30 dpi, 4OHT was topically applied to the skin of the ears. (a,b) YFP expression in CD8+CD90.1+ IFN𝛾-EYFP-
TCR327 T cells was assessed in the ear skin (a) and draining lymph node (b) at the indicated time (0-96 h) after 4OHT 
treatment. (c,d) The ear skin was separated into the epidermal and dermal layer, and YFP expression in CD8+CD90.1+ IFN𝛾-
EYFP-TCR327 T cells (c) as well as absolute number of CD8+CD90.1+ IFN𝛾-EYFP TCR327 T cells (d) in the epidermis (yellow) and 
dermis (red) was determined. Vertical bars represent mean ± SD with n=2-3. Statistical significance was determined with one 
(a,b) or two-way (c,d) Anova; with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns: not significant (not depicted for two-
way ANOVA). 

Figure 12. Tissue-resident Memory T cells respond with IFN𝛾 Production after 4OHT Treatment of virus-experienced 
K14DIETER Mice 
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Despite a massive IFN𝛾 response of antigen-specific T cells, especially in the epidermis, we did not 

observe a significant increase in the number of antigen-specific CD8+ T cells per ear, neither in the 

epidermis nor in the dermis (Figure 12d). In summary, our results suggest that, antigen-specific skin 

resident CD8+ memory T cells respond with IFN𝛾 production, when local expression of the virus derived 

GP33-41 peptide in keratinocytes is induced. 

 

 

5.2.5 Induced TRM Recall in K14DIETER Mice depends on the Dosage of 4OHT and leads to an 

increasing Tissue Thickness of the Skin due to the Infiltration of Cells over Time 

For topical 4OHT treatment of virus-experienced ear skin of K14DIETER mice, doses ranging from 0 to 

20 µg per ear were administered. The amount of 4OHT correlates positively with the frequency of 

IFN𝛾+ TRM in the treated skin of K14DIETER mice (Figure 13a). Besides the direct measurement of IFN𝛾+ 

in TRM, additional tissue-wide signs of an ongoing immune response were detected. A thickening of ear 

tissue starting from 24 h post 4OHT treatment was observed (Figure 13b). Within 0 to 96 h after 4OHT 

treatment, the maximum of tissue thickening is measured 96 h after the treatment. This ear thickening 

is one of the cardinal signs of inflammation besides swelling (tumor). Also, heat (calor), pain (dolor) 

and redness (rubor) became evident (data not shown). All of these are signs of the immune system 

responding to a stimulus. Tissue thickening can be due to the infiltration of cells into the skin. To 

analyze which and how many cells infiltrate the two layers of the murine ear skin, we stained isolated 

cells from the 4OHT treated tissue for surface markers, focusing on phagocytes. After the antigen-

specific recall, most cells in the skin tissue consisted of CD11b+Ly-6C+ monocytes (Figure 13c) and 

CD11b+Ly-6G+ neutrophilic granulocytes (Figure 13d). In general, higher amounts of infiltrated cells 

were found in the dermal layer compared to the epidermal layer of the recalled skin tissue. 

Interestingly, at 48 h after 4OHT, an emerging MHC-II-expressing non-hematopoietic cells subset 

(MHC-II+ CD45-) was found in the epidermis (Figure 13e). 

 

In conclusion, these results indicate that structural cells expressing cognate antigens can initiate local 

memory recall in the epidermis. This leads rapidly to IFN𝛾 production by antigen-specific TRM in the 

epidermis, the recruitment of monocytes and granulocytes and subsequently results in establishment 

of an anti-viral state in the skin tissue, suggesting that any infected cell can provoke a rapid antiviral 

response in the skin. 
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K14DIETER mice were adoptively transferred with IFN𝛾-EYFPxTCR327 CD8+ T cells (CD90.1+) and infected on the ears with 
rVACV-G2. At 30 dpi, 4OHT was topically applied to the skin of the ears. (a) The amount of 4OHT for recall induction was 
varied from 0.6 to 20.0 µg per ear. 48 h after treatment, the EYFP expression in CD8+CD90.1+ IFN𝛾-EYFPxTCR327 T cells 
was assessed in the ear skin. (b) The ear thickness was determined at the indicated time after 4OHT treatment. (c,d) The 
influx of cells in the epidermis (yellow) and dermis (red) of ear skin was analyzed from 12-48 h after 4OHT treatment. 
Absolute numbers of CD11b+ Ly-6C+ (c), CD11b+ Ly6G+ (d), and MHCII+CD45- (e) cells were determined using flow 
cytometry. Vertical bars represent mean ± SD with n=3-16. Statistical significance was determined with one (a,b,e) or two-
way (c,d) Anova; with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns: not significant (not depicted for two-way 
ANOVA). 

Figure 13. Keratinocyte-derived Antigen Expression triggers an TRM Memory-induced Immune Response in the Skin 
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5.2.6 The Impact of circulating CD8+ T cells from the Lymph Node on TRM Recall in Skin 

To investigate the impact of circulating CD8+ memory T cells on the early phase of memory recall in 

skin, the drug Fingolimod was utilized. Fingolimod binds to the sphingosine-1-phosphate receptor 1 

(S1PR1) on lymphocytes. Therefore, chemotaxis, along a sphingosine-phosphate 1 (S1P) gradient out 

of the lymph node into the bloodstream, is inhibited. T cells in mice treated with Fingolimod remain 

trapped in the lymph nodes. Thus, the influx of lymphocytes in peripheral tissues e.g. due to 

inflammation is reduced. To assess the impact of circulating CD8+ T cells from the lymph node on TRM 

recall in the skin, changes in the recall response with or without Fingolimod treatment were analyzed. 

For this purpose, K14DIETER mice were adoptively transferred with TCR327 x IFN𝛾-EYFP cells (CD90.1+) 

and infected on the ears with rVACV-G2. At 30 dpi, when skin resident memory was established, 

antigen expression in keratinocytes was induced by topical 4OHT treatment on one ear of each mouse. 

Then the mice received orally either Fingolimod or an equivalent amount of diluent daily for four days. 

Four days after antigen induction, ear thickness was measured and the re-activation of TRM in the 

epidermis and dermis was assessed by quantifying the IFN𝛾-EYFP reporter expression using flow 

cytometry (Figure 14). Fingolimod treatment resulted in a reduced tissue thickening of the 4OHT-

treated ear skin compared to without Fingolimod. Reduced thickening might be associated with less 

lymphocytes migrating from the lymph node to the ear (Figure 14a). 

K14DIETER mice were adoptively transferred with IFN𝛾-EYFP-TCR327 CD8+ T cells (CD90.1+) and infected on the ears with 
rVACV-G2. Thirty days after infection, 4OHT was topically applied to the skin of one ear (4OHT) and one ear was left 
untreated (Æ). Additionally, the mice received daily either 10µg of Fingolimod (FYT720, green) or an equivalent amount 
of diluent (Ctrl, white) orally for four days. Four days after 4OHT treatment, the ear thickness (a) and the frequency of 
IFN𝛾-EYFP+ among CD8+ CD90.1+ IFN𝛾-EYFP TCR327 T cells in the epidermis (b) and dermis (c) were determined in 
Fingolimod-treated (Fingolimod) vs control (Ctrl) mice. Vertical bars represent mean ± SD with n=4-5. Statistical 
significance was determined with two-way ANOVA, with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns: not 
significant. 

Figure 14.Trapping circulating T cells in the Lymph Nodes by Fingolimod Treatment does not affect TRM Recall in the Skin 
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Further analysis showed that the frequency of IFN𝛾-EYFP+ TRM remained unchanged with versus 

without Fingolimod treatment during recall, both in the epidermis and dermis of the skin, at these 

early time points analysed (Figure 14b,c). This suggests that Fingolimod, which specifically affects the 

migration of circulating lymphocytes, has no impact on the induction of TRM recall, meaning local 

memory recall is independent of circulating cells from lymph nodes. This finding serves as a proof of 

concept, as we aim to specifically examine the recall of tissue-resident CD8+ memory cells and not of 

their circulating counterparts. However, after Fingolimod treatment, fewer cells from the lymph node 

might have migrated into the skin, resulting in less tissue thickening. The identity of the trapped cells 

within the draining lymph nodes was not assessed in this experiment.  

 

 
5.2.7 The isolated CD8+ TRM Population from Skin does not contain intravascular CD8+ T cells 

Cell influx following local memory recall from the lymph node through the blood into the skin was 

investigated in the previous experiment. Next, we assessed whether intravascular CD8+ T cells are part 

of the TRM isolated from the skin and thus are contaminating the isolated TRM population of the skin. 

For this purpose, K14DIETER mice were adoptively transferred with TCR327 x IFN𝛾-EYFP cells (CD90.1+) 

and infected on the ears with rVACV-G2. Thirty days after infection, when skin resident memory was 

established, antigen expression in keratinocytes was induced by topical 4OHT treatment on one ear of 

each mouse. Three days after 4OHT treatment and 5 min before euthanasia, a fluorescently labelled 

anti-CD8𝛽 was administered i.v. to stain CD8 T cells in the vasculature and to be able to discriminate 

between those in blood circulation and those resident in the tissue. Blood, epidermis and dermis were 

collected, processed for flow cytometry and stained ex vivo with anti-CD8𝛼 and for tissue-resident 

memory-specific markers. As expected, CD8 T cells from blood did not express CD69 or CD103, 

whereas ex vivo stained CD8𝛼 + T cells in the dermis and epidermis express the skin residency markers 

CD69 and CD103 (Figure 15a). Nevertheless, not all CD8 T cells from the skin homogeneously express 

those markers, indicating the presence of other, probably circulating, CD8 T cells in those tissues. The 

intravascular staining revealed that exclusively in blood intravascular stained (CD8𝛼+) among the ex 

vivo stained (CD8𝛽+) CD8 T cells were identified. In contrast, in the epidermis and dermis no 

intravascular CD8 T cells (CD8𝛽+) were found (Figure 15b), indicating that the bona fide TRM population 

from the epidermis or dermis does not contain CD8+ T cells in transit from inside the tissues 

vasculature. 
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Figure 15. Intravascular Staining to distinguish Memory T cells in Circulation from tissue-resident Memory T cells within 
the Skin Tissue 
Virus-experienced K14DIETER mice were topically treated with 4OHT at the ear pinnae. Three days after 4OHT treatment, they 
were injected i.v. with 0.8 μg fluorescently labelled anti-CD8𝛽 antibody five minutes before euthanasia. Blood, epidermis and 
dermis were collected, processed for flow cytometry and stained with anti-CD8𝛼 antibody ex vivo. Data shown is gated on 
total ex vivo stained CD8𝛼+ T cells. (a) Expression of CD103 and CD69 in CD8𝛼+ T cells in blood, epidermis and dermis. (b) 
Unstained (black symbols) or intravascular stained CD8𝛽 (blue symbols) on ex vivo stained CD8𝛼+ T cells in blood, dermis and 
epidermis. Frequency of intravascularly stained CD8𝛽+ among ex vivo stained CD8𝛼+ T cells in the blood, in 4OHT treated 
(4OHT) or untreated (ø) skin tissue (dermis and epidermis is shown separately). Vertical bars represent mean ± SD with n=4. 
Statistical significance was determined with the student’s t-test; with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns: 
not significant. 
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5.2.8 Is Keratinocyte-derived Antigen Stimulation for TRM Recall dependent on other Cells? 

The previous data indicates that if an antigen selectively targets keratinocytes in a defined skin area, 

this results in a rapid antigen-specific reactivation of epidermal CD8+ TRM. Keratinocytes can either 

directly or indirectly conduct antigen presentation during this process. Besides the possibility of direct 

activation of TRM by infected epithelial cells, keratinocyte derived antigen might require cross-

presentation by a professional APC. In the murine skin, Langerin+ cells have been identified to cross-

present MHC-I restricted antigen (Stoitzner et al., 2006; Henri et al., 2010; Iborra et al., 2012). 

 

Figure 16. Identification of Langerin+ DC Subsets in the healthy Skin of Mice 
Flow cytometric analysis of single-cell suspensions generated by enzymatic digestion of the ear skin of wild-type mice. (a) To 
identify subsets of Langerin+ (CD24+) DC in the skin, first cell debris, doublets, dead cells (eF780+) and stromal cells (CD45-) are 
excluded. Then from the remaining leukocyte population (CD45pan+), lineage-negative cells, i.e. B cells (CD19+), T cells 
(CD90.2+) and NK cells (NK1.1+), were excluded. Then DC (MHC-II+ CD11c+) were identified based on MHC-II and CD11c 
expression. Within the DC population, LC (EpCAM+) were distinguished from cDC1 (XCR1+). (b) Surface marker expression 
specific for the cDC1 population (depicted in red; CD24+, sirp1𝛼 -, CD103+, CD11b-) and the LC population (shown in blue; CD24+, 
sirp1𝛼 +, CD103-, CD11b+) was verified and compared to the unstained sample (depicted in grey). 

 

To investigate the contribution of Langerin+ cells in the recall of TRM, we crossed K14DIETER mice to 
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locus, thus upon Diphtheria-toxin (DT) injection both Langerin+ subsets are depleted (Bennett et al., 

2005). In healthy skin, Langerin+ cells include two DC subsets: cDC1 and LC, which can be discriminated 

by the expression of distinct surface markers such as EpCAM, XCR1, sirp1𝛼 and CD11b (Figure 16a,b). 

cDC1 are a specialized DC subset for cross-presentation in the primary responses (Stoitzner et al., 2006; 

Henri et al., 2010; Iborra et al., 2012). LC, which are near TRM in the epidermis, were found to be able 

to cross-present antigen from various sources in humans (Seneschal et al., 2012; Romano et al., 2012; 

Banchereau et al., 2012). 

 

 

5.2.9 Are Langerin+ cells required for Memory Recall via keratinocyte-derived Antigen? 

The role of Langerin+ cells in the recall of skin resident CD8+ memory T cells was investigated through 

the depletion of Langerin+ cells (schematically depicted in Figure 17a) during the recall process. To 

deplete Langerin+ cells during memory recall, K14DIETER mice were crossed to Langerin-diphtheria 

toxin receptor knock-in (Langerin-DTR) mice (Bennett et al., 2005). Triple transgenic mice (Langerin-

DTR+, K14CreERT
+ and ST33+) are referred to as Langerin-DTR x K14DIETER in the following. Langerin-

DTR x K14DIETER mice or K14DIETER mice were adoptively transferred with IFN𝛾-EYFP+ or Nur77-

EGFP+ 327TCR+ CD8+ T cells, and one day later they were infected with rVACV G2 on both ears. At 30 

dpi, mice were injected twice (d-3, d-1) with diphtheria toxin intravenously. In Langerin-

DTR x K14DIETER mice, the efficient depletion of both Langerin+ cell types, LC and cDC1, was verified 

in Langerin-DTR+ mice by flow cytometric analysis of MHC-II+ CD11c+ cells in the skin one day after the 

last DT treatment (Figure 17b,c). In general, LC are distinguishable from Langerin+ dermal DC (cDC1), 

based on their expression of EpCAM (Gaiser et al., 2012), whereas the lineage marker for cDC1 is XCR1 

(Bachem et al., 2012) (see gating Figure 16). The recall response of skin resident TRM was analyzed 

comparing Diphtheria-toxin-treated Langerin-DTR x K14DIETER (Langerin+ cell-depleted) mice versus 

K14DIETER control mice (Ctrl). 48 h after 4OHT-induced antigen expression in keratinocytes, the ear 

thickness (Figure 17d), the TCR stimulation by Nur77-EGFP expression (Figure 17e) and the IFN𝛾 

production, as indicated by IFN𝛾-EYFP expression, (Figure 17f) of memory TCR327+ cells was assessed 

flow cytometrically. 

 

In the presence of Langerin+ cells (Ctrl), ears treated with 4OHT were significantly thicker than the 

samples from mice depleted of Langerin+ cells (Figure 17d). In line with these findings, EGFP in Nur77-

EGFPx327TCR and EYFP-expression in the IFN𝛾-EYFPx327TCR CD8+ T memory cells was exclusively 

induced when Langerin+ cells were present in K14DIETER mice (Figure 17e,f). In conclusion, after 

induced antigen expression in keratinocytes in Langerin+-cell-depleted mice, a lack of cell infiltration 
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in the skin, TCR stimulation and IFN𝛾 production in antigen-specific TRM was observed, which indicates 

that Langerin+ cells are crucial for antigen specific recall of TRM in the skin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.10 Are cDC1 dispensable for TRM Recall in the Skin? 

Our results indicate that Langerin+ cells are required for TRM reactivation by keratinocyte-derived 

antigens. To delineate whether the required cell type among the Langerin+ cells in skin is the dermal 

Langerin+ XCR+ cDC1 or the epidermal Langerin+ EpCAM+ LC, we made use of the differential radio-
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K14DIETERxLangerin-DTR or K14DIETER mice were adoptively transferred with IFN𝛾-EYFP- or Nur77-EGFP TCR327 CD8+ T cells 
(CD90.1+) and infected on the ears with rVACV-G2. At 30 dpi, mice were injected with DT, depleting Langerin+ cells in Langerin-
DTR+ K14DIETER but not in K14DIETER (Ctrl). (a) Schematic representation of Langerin-DTR mouse model affecting Langerin+ 
cells, including LC. (b) Representative flow cytometry plot of the EpCAM and XCR1 expression on CD11c+MHC-II+ cells from the 
ear 4 days after DT treatment in wild-type (Ctrl) and Langerin-DTR mice. (c) Frequency of LC and cDC1 among pan45+ cells in 
the skin of K14DIETER (Ctrl; white squares) and K14DIETERxLangerin-DTR (Langerin+ cell depleted; petrol squares) mice with 
n=5, showing absence of Langerin+ DC in Langerin-DTR mice. (d) Ear swelling, (e,f) frequency of Nur77 (e) and IFN𝛾 (f) 
expressing cells among reporter-TCR327 CD8+ T cells (CD90.1+) in 4OHT treated skin tissue of K14DIETER (Ctrl; white circles) 
and K14DIETERxLangerin-DTR (Langerin+ cell depleted; petrol squares) mice 48 hours after induction of antigen expression in 
keratinocytes. One representative experiment of two with n=4-8 per group is shown. Vertical bars represent mean ± SD. 
Statistical significance was determined with two-way ANOVA (ear thickness) or unpaired t-test (flow cytometry) with ∗p ≤ 0.1; 
∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns (not significant). 

Figure 17. The Depletion of Langerin+ cells ablates Reactivation and Cytokine Production of TRM in the Skin 
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sensitivity of these two cell-types. Bone marrow cells from Langerin-DTR mice were transplanted into 

lethally irradiated K14DIETER mice. After reconstitution, bone marrow chimera were adoptively 

transferred with IFN𝛾-EYFPxTCR327 CD8+ T cells (CD90.1+) and ears were infected with rVACV-G2. At 

30 dpi, mice were injected twice (d-3, d-1) with PBS (Ctrl) or DT. DT depletes donor-derived DTR 

expressing Langerin+ cells, whereas the skins radioresistant compartment including LC remain (cDC1 

depleted; schematically depicted in Figure 18a). One day after the last injection, depletion of cDC1 in 

DT treated Langerin-DTR➝ K14DIETER chimeras was verified by flow cytometric analysis of MHC-II+ 

CD11c+ cells in the skin (Figure 18b,c). The ear skin of cDC1 depleted and control mice were treated 

with 4OHT, two days later the recall response was analyzed. Similar ear swelling was observed in the 

experimental group depleted of cDC1 compared to the control group (Figure 18d). Interestingly, after 

4OHT treatment the frequency of IFN𝛾 expressing TCR327 CD8+ T cells (CD90.1+) was elevated in cDC1 

depleted mice compared to the control group (Figure 18e). In conclusion, depletion of radiosensitive, 

Langerin+ cells in the skin (i.e. cDC1), did not impair functional reactivation of TRM in the skin in response 

to antigen expression in keratinocytes.  

Bone marrow chimeric mice were generated by injecting lethally irradiated K14DIETER mice with bone marrow cells 
from Langerin-DTR mice. 6-8 weeks after irradiation, mice were adoptively transferred with IFN𝛾-EYFPxTCR327 CD8+ T cells 
(CD90.1+) and infected on the ears with rVACV-G2. At 30 dpi, mice were injected twice with either PBS (Ctrl) or DT, depleting 
DTR-expressing cells in DT treated chimera (cDC1 depleted). (a) Schematic representation of bone marrow chimeric model 
affecting the radiosensitive Langerin+ subset of cDC1 specifically, whereas the skin’s radioresistant compartment, including 
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Figure 18. The Langerin+ Cell Subset cDC1 is dispensable for TRM Recall in Skin 
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LC, remains. (b) Representative flow cytometry plot of the EpCAM and XCR1 expression on CD11c+MHC-II+ cells from the ear 4 
days after PBS (Ctrl) or DT (cDC1 depleted) injection in Langerin-DTR➝ K14DIETER bone marrow chimera. (c) Frequency of LC 
and cDC1 among pan45+ cells in the skin of PBS (Ctrl; white squares) or DT (cDC1 depleted; green squares) treated Langerin-
DTR➝ K14DIETER bone marrow chimera with n=6, showing absence of cDC1after DT treatment. (d,e) One day after the first 
DT or PBS injection, the skin of one ear of Langerin-DTR➝ K14DIETER bone marrow chimera was treated with 4OHT. (d) Ear 
swelling and (e) frequency of expressing cells among TCR327+CD8+ T cells (CD90.1+) in 4OHT treated skin tissue of PBS (Ctrl; 
white circles) or DT injected Langerin-DTR➝ K14DIETER bone marrow chimera (cDC1 depleted; green squares) was 
determined 48 hours after induction of antigen expression in keratinocytes. One experiment with n=5-6 per group is shown. 
Vertical bars represent mean ± SD. Statistical significance was determined with two-way ANOVA (ear thickness) or unpaired 
t-test (flow cytometry) with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns (not significant). 

 

 

5.2.11 Radioresistant Cells present Antigen for CD8+ TRM Recall in the Skin 

In the previous experiments, Langerin+ cells were identified as crucial for local memory recall in the 

skin, whereas the cDC1 subset was irrelevant for the cutaneous memory response following cognate 

antigen expression in keratinocytes. This finding suggests that other Langerin+ DC subsets than cDC1 

cross-present keratinocyte-derived antigens. To test this hypothesis in keratinocyte-mediated TRM 

recall, an alternative approach was used instead of using the Langerin-DTR/DT system. The alternative 

approach includes the utilization of bone marrow chimeric mice to modulate the antigen presentation 

of radioresistant versus radiosensitive cells to identify the required antigen-presenting cell types for 

local memory recall in the skin. H-2Db-/- mice lacking a functional gene for the MHC class I haplotype H-

2Db, which is required for H-2Db restricted GP33-41 peptide presentation towards 327TCR T cells. To 

disable direct antigen presentation on radioresistant cells in K14DIETER mice, we crossed the 

K14DIETER strain to H-2Db-/- mice. H-2Db-/- x K14DIETER mice (CD45.2) were lethally irradiated and then 

reconstituted with wild-type bone marrow (CD45.1). In those WT -> H-2Db-/- x K14DIETER chimeras the 

H-2Db knockout is restricted to radioresistant cells, which allows to investigate the role of antigen 

presentation on radioresistant cells, as depicted schematically in Figure 19a. 

 

As a control, K14DIETER mice were transplanted with the bone marrow of wild-type mice. After 

reconstitution the host's hematopoietic compartment is replaced by cells from the donor, only 

radioresistant cells remain from the host. We analyzed MHC-II+ CD11c+ cells in the skin by flow 

cytometry. In bone marrow chimeric mice, radiosensitive cells like hematopoietic cells (e.g., XCR1+ 

cDC1) were derived from the wild-type donor compartment (Figure 19b, upper panel), as described 

before (Henri et al., 2010), and fully functional concerning the repertoire of MHC class I haplotypes, 

such as H-2Db (Figure 19b, lower panel). In contrast, the ontogenetically distinct subset of LC (the 

epidermal Langerin+ DC subset) remains of host origin because they are radioresistant (Merad et al., 

2002) (Figure 19b, upper panel), in addition to the radioresistant keratinocytes (CD45- cells). Therefore, 

in our H-2Db bone marrow chimeric model, keratinocytes and LC remain host-derived and cannot 
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present the GP33-41 peptide due to the lack of H-2Db in these host-derived cells (Figure 19b, lower 

panel). The Chimeras were utilized to investigate cellular contributions to antigen presentation for TRM 

recall: In WT -> K14DIETER chimeras (Ctrl), the GP33-41 antigen can be presented by radioresistant cells, 

whereas WT -> H-2Db-/- x K14DIETER chimeras (host H-2Db-/-) hold a knockout for the MHC class I 

haplotype H-2Db in radioresistant cells. Both chimeras were adoptively transferred with IFN𝛾-EYFP+ or 

Nur77-EGFP+ 327TCR+ CD8+ T cells and were infected with rVACV-G2 on both ears one day later. 30 

days after the infection, the ear skin of chimeras was treated with 4OHT or left untreated.   

Bone marrow chimeric mice were generated by transplanting lethally irradiated K14DIETER x H-2Db-/- (CD45.2) or K14DIETER 
(CD45.2) mice with WT (CD45.1) bone marrow. (a) The distinctive cellular compartment of the two groups of bone marrow 
chimera is depicted schematically: After reconstitution in K14DIETER x H-2Db-/- chimera all radioresistant cells (purple) cannot 
present H-2Db restricted antigen in contrast to the K14DIETER chimera. (b upper panel) DC subsets in ear skin cell suspensions 
from chimeras were analysed by flow cytometry. MHCII+ CD11c+ cells in the skin were gated based on expression of CD45.1. 
Representative dot plots show EpCAM+ XCR1- LC and EpCAM- XCR1+ cDC1 amongst either total, CD45.1 + (donor derived) or 
CD45.1- (host derived) cells. Numbers indicate frequency of cells in the respective quadrant, showing that LC are host derived 
whereas cDC1 are not. (b lower panel). The Expression of MHC class I haplotypes H-2Db and H-2Kb in EpCAM+ XCR1- LC and 
EpCAM- XCR1+ cDC1 from the ear skin of K14DIETER (Ctrl) and K14DIETER x H-2Db-/- (host H-2Db-/-) chimera was investigated 
by flow cytometry. In the host H-2Db-/- group LC are H-2Db-/-, but they express H-2Kb. In contrast the cDC1 express both strain 
specific haplotypes. (c,d,e) Chimeras were adoptively transferred with Nur77-EGFP- or IFN𝛾-EYFP-TCR327 CD8+ T cells 
(CD90.1+) and infected on the ears with rVACV-G2. Thirty days after infection antigen expression in keratinocytes of one ear 
was induced by topical 4OHT treatment (4OHT) or left untreated (∅). 48h later, ear swelling (c), Nur77 expression (d) and IFN𝛾 
expression (e) of reporter-TCR327 CD8+ T (CD90.1+) was recorded. One representative experiment of two with n=5-10 per 
group is shown. Vertical bars represent mean ± SD. Statistical significance was determined with two-way Anova (ear thickness) 
or unpaired t-test (flow cytometry) with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns (not significant). 
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Figure 19. Antigen Presentation by radioresistant Cells is required for Reactivation of TRM in the Skin 
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Two days after induction of antigen expression in keratinocytes, thickening of the skin tissue was 

observed in the K14DIETER chimera (Ctrl). In contrast, this ear thickening was absent in the WT -> H-

2Db-/- x K14DIETER chimera (host H-2Db-/-), indicating fewer cells infiltrating the skin (Figure 19c). To 

evaluate the recall response after 4OHT treatment the TCR stimulation by Nur77-EGFP expression 

(Figure 19d) and the IFNg production by IFN𝛾-EYFP (Figure 19e) in skin resident memory CD8+ TCR327+ 

cells were assessed by flow cytometry. Upon induction of antigen expression in keratinocytes, H-2Db 

restricted GP33-41 specific TRM (327TCR+) responded with Nur77 and IFN𝛾 expression in K14DIETER 

chimeric mice, but not in K14DIETERx H-2Db-/- chimeras where radioresistant cells lack the MHC class-

I molecule required for GP33-41 antigen presentation. This result indicates the necessity of antigen 

presentation on a radioresistant cell population for TRM reactivation in the skin.  

 

Consequently, this experiment reveals that either direct induction of TRM recall by antigen presentation 

on keratinocytes or cross-presentation of keratinocyte derived antigen by LC may be possible. 

However, the previous depletion of Langerin+ cells in memory recall suggested that cDC1 or LC cross-

present KC-derived antigen for TRM recall. Together with the current finding, that a radioresistant 

subset is required for antigen-presentation for TRM recall, one crucial cell type for TRM recall in skin 

became apparent, which expresses Langerin and is radioresistant. Both characteristics are only met by 

Langerhans cells in the skin. Overall, the results indicate that LC are the critical antigen-presenting cell 

type for TRM recall in skin, and likely cross-present keratinocyte-derived peptides. 

 

 

5.2.12 LC cross-present keratinocyte derived Antigen ex vivo and mediate TCR-Stimulation of naive 

antigen specific T cells, whereas Keratinocytes are less potent in activating T cells 

To directly address the hypothesis that LC cross-present antigen derived from keratinocytes, LC were 

isolated and tested in an ex vivo assay for T cell activation. To compare the efficiency of antigen 

presentation by cross-presenting LC versus direct presentation by keratinocytes using the K14DIETER 

model, keratinocytes and LC were isolated from 4OHT treated skin of naïve K14DIETER mice. LC, 

identified as CD45+ MHC-II+ EpCAM+ epidermal cells (Figure 20a), were isolated from 4OHT treated 

K14DIETER mice and co-cultured in different ratios with purified GP33-41 specific CD8+ T cells from naïve 

Nur77-EGFP x 327TCR mice. After 16 h of Co-culture TCR stimulation of 327TCR CD8+T cells was 

detected based on Nur77-EGFP expression starting from a DC to T cell ratio of 1 to 1 (Figure 20b). The 

ability of LC to stimulate antigen specifically the TCR of naïve CD8+ T cells indicates that LC can cross-

present keratinocyte-derived antigen to CD8+ T cells. However, isolated keratinocytes can also mediate 

TCR ligation, reflected by the Nur77-EGFP+ 327TCR+ T cells after in vitro activation, but higher numbers 
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of keratinocytes compared to LC are necessary. In conclusion, these data show that LC are able to 

cross-present keratinocyte derived antigen, leading to TCR ligation of antigen-specific T cells in vitro.  

 

 

 

 

5.2.13 LC are required for TRM Recall in Skin 

To determine whether exclusively LC fulfil the function of cross-presenting keratinocyte-derived 

antigen, we depleted only LC during recall and quantified the TRM response to its cognate antigen upon 

induced antigen expression in keratinocytes. Upon DT treatment of Langerin-DTR mice, Langerin+ cells 

are depleted and repopulate the skin in distinct kinetics. Within a certain timeframe cDC1 have 
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Naïve K14DIETER mice were topically treated with 4OHT on the ears daily for three days to induce antigen expression in 
keratinocytes. One day after the last treatment epidermal explants were prepared from the mouse ear skin with dispase. For 
the purification of LC: the emigrated LC were collected after 48 h of explant culture, enriched by density gradient centrifugation 
and then sorted for living CD45+ EpCAM+ MHC-II+ cells. For the isolation of keratinocytes single cell suspensions from the 
epidermal explants were obtained with collagenase and sorted for living CD45- cells. (a) The purified LC fraction (upper panel) 
expressed homogenously the markers CD45, EpCAM and MHC-II and the purified keratinocyte fraction (lower panel) was CD45- 
MHC-II- EpCAMnegativ to high as depicted in the dot plots. (b) Purified cells (Langerhans cells in pink symbols; keratinocytes in 
orange symbols) were cultured for 16 hours in serial dilutions with naïve Nur77-EGFPx327TCR CD8+ T cells followed by flow 
cytometric quantification of EGFP expression on CD90.1+ CD8+ T cells. Detection limit (LOD) was determined using 
unstimulated CD90.1+ Nur77-EGFPx327TCR CD8+ T cells. One experiments with n=3-5 is shown. Vertical bars represent mean 
± SD. 

Figure 20. Langerhans Cells cross-present keratinocyte-derived Antigen more efficient than endogenous Antigen presenting 
Keratinocytes 
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repopulated the skin, whereas LC are still absent, allowing to study the function of LC in vivo 

(Kissenpfennig et al., 2005; Nagao et al., 2009), schematically depicted in (Figure 21a). 

 

K14DIETER and K14DIETER x Langerin-DTR mice were adoptively transferred with a 1:1 mixture of CD8+ 

T cells from TCR327 x IFN𝛾-EYFP (CD90.1+/+) and TCR327 x Nur77-EGFP (CD90.1+/) and infected on the 

ears with rVACV-G2. Thirty days later, when skin resident memory was established, LC were depleted 

in Langerin-DTR x K14DIETER mice through DT injection (d-14/d-12). By DT treatment at 12 and 10 days 

before 4OHT-induced antigen expression in Keratinocytes of the ears, LC were depleted, but dermal 

cDC1 had largely recovered. in Langerin-DTR+ mice (Figure 21b,c). Subsequently, antigen expression by 

keratinocytes was induced by topical application of 4OHT on the skin of mice or left untreated. 48 h 

after 4OHT treatment the ears were analyzed regarding their tissue thickness (Figure 21d), Nur77 

expression (Figure 21e) and IFN𝛾 production of 327TCR+ CD8+ T cells (Figure 21f). In the presence of 

LC, ears treated with 4OHT were significantly thicker than those depleted of LC. In line with this finding, 

IFN𝛾 production of skin resident CD8+ memory T cells was induced exclusively when LC were present. 

These results suggest that LC are required for the functional memory recall in response to keratinocyte 

expressed antigen. In summary, we found that LC are crucial for the cross-presentation of keratinocyte 

derived antigens in TRM recall, whereas cDC1 are dispensable in this process. Strikingly, keratinocyte-

derived antigen expression in the absence of Langerhans cells results in vivo in a lack of TCR ligation, 

as shown by the absence of Nur77+ 327TCR+ TRM in the skin. Suggesting that in vivo keratinocytes alone 

cannot induce TCR ligation, whereas they can do so in vitro. 

 

Interestingly, under inflammatory conditions keratinocytes acquire an activated phenotype, e.g. the 

upregulation of MHC molecules on the cell surface (Fan et al., 2003). In other transgenic mouse models 

expressing antigen in keratinocytes, keratinocytes were found to act as a primary APC under such 

inflammatory conditions (Kim et al., 2009). Thus, we question if activated keratinocytes stimulating T 

cells antigen-specifically is also true for the reactivation of TRM or if cross-presenting LC are 

nevertheless crucial, independently of the inflammatory status of the tissue, e.g. presence of 

pathogen-associated molecular pattern (PAMPs). To study whether cross-presentation by LC is 

independent of the presence of PAMPs, induction of antigen expression in keratinocytes of virus-

experienced K14DIETER mice was supplemented with stimulation of PRR at the same area of the skin. 

This trigger was set by topical application of Imiquimod (IMQ), which is the active ingredient of the 

nano-emulsion IMI-Sol. After topical application of IMI-Sol on the skin, innate immune activation 

cascades are triggered by activating the TLR7/MyD88 pathway (Lopez et al., 2017). 
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To investigate whether the role of LC in the recall of TRM is still crucial even with innate immune 

activation by IMQ, K14DIETER and K14DIETER x Langerin-DTR mice were adoptively transferred with a 

1:1 mixture of CD8+ T cells from TCR327 x IFN𝛾-EYFP (CD90.1+/+) and TCR327 x Nur77-EGFP (CD90.1+/-) 

and infected on the ears with rVACV-G2. Thirty days later, when skin resident memory was established, 

LC were depleted in Langerin-DTR x K14DIETER mice through DT injection (d-14/d-12). Subsequently, 
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The role of the radioresistant Langerin+ cell, i.e. Langerhans cell (LC), in the recall of TRM was investigated (depicted 
schematically in (a). For this purpose, K14DIETERxLangerin-DTR or K14DIETER mice were adoptively transferred with 
Nur77GFP or IFN𝛾-EYFP xTCR327 CD8+ T cells (CD90.1+) and infected on the ears with rVACV-G2. At 30 dpi, mice were injected 
with DT, depleting Langerin+ cells in Langerin-DTRxK14DIETER (Langerin-DTR) but not in K14DIETER (Ctrl). A representative 
flow cytometry plot of CD11c+MHC-II+ cells from the ear 14 days after DT treatment shows the absence of EpCAM+ LC but 
repopulation of the skin by XCR1+ cDC1 with n=5 (b,c). (d,e,f) 14 days after DT treatment, ear skin was treated with 4OHT, or 
4OHT and Imiquimod (IMQ) or left untreated (∅). Ear swelling (d), Nur77 (e) and IFN𝛾 (f) expression of reporter-TCR327 CD8+ 
T cells (CD90.1+) of ears 24 h after induction of antigen expression in keratinocytes is shown. One representative experiment 
with n=5 per group is shown. Vertical bars represent mean ± SD. Statistical significance was determined with two-way ANOVA 
(ear thickness) or unpaired t-test (flow cytometry) with ∗p ≤ 0.1; ∗∗p ≤ 0.01∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns (not significant). 

Figure 21. LC are crucial for local Memory Recall in the Skin, independent of innate Immune Activation 
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14 days after the first DT treatment, antigen expression by keratinocytes was induced by topical 

application of 4OHT on the skin of both ears. Two hours after the 4OHT treatment, IMQ was topically 

applied to one ear’s skin. After one day, ear swelling (Figure 21d) and an elevated expression of the 

Nur77 (Figure 21e), as well as high levels of IFN𝛾 reporter (Figure 21f) were observed in 4OHT treated 

versus untreated ears in un-depleted mice, reflecting the reactivation of TRM. Furthermore, IMQ 

treatment enhanced the Nur77 and IFN𝛾 response significantly compared to the 4OHT treatment 

alone (Figure 21e,f). These signs of recall response were abrogated in LC-depleted mice despite the 

additional TLR7 stimulus by IMQ. This result clearly indicate that LC are required to reactivate skin TRM 

in response to an antigen expressed in keratinocytes, even after PRR stimulation. 

 

 

5.2.14 LC are crucial for TRM mediated Protection against a Virus Re-challenge 

Next, we questioned whether protective TRM recall also depends on LC during viral re-challenge of the 

skin. To investigate the efficiency of TRM-mediated protection with and without LC the viral burden was 

quantified following vaccinia virus re-challenge. To focus solely on the protective effect of antigen-

specific memory CD8 T cells, we generated TRM against GP33-41 by transcutaneous vaccination (TCI) in 

wildtype (WT) and Langerin-DTR mice. For TCI the combinatory approach of Anthralin and Imiquimod 

was used to induce antigen-specific CD8+ T cells in circulation and within the tissue, i.e. TRM (Sohl et al., 

2022). Circulating GP33-41-specific CD8+ T cells were identified in the blood by tetramer staining 28 days 

after immunization. On average, in wildtype (WT) mice, 1.85 % (SD = 1.03 %) and Langerin-DTR+ mice, 

1.64 % (SD=0.78 %) of CD8+ T cells were GP33-41-tetramer positive. No significant difference was 

observed in the frequency of tetramer-stained GP33-41 specific CD8+ T cells in blood between WT and 

Langerin-DTR+ mice (Figure 22a). These immunized mice were then challenged thirty days after 

immunization (d0) at one ear with a GP33-41 expressing recombinant vaccinia virus (rVACV-G2) and at 

the other ear with another sub-strain (rVACV-OVA), expressing an irrelevant antigen (schematically 

depicted in Figure 22b). Simultaneous to the virus challenge, LC were depleted by injecting DT (d-14/d-

12) in Langerin-DTR+ mice. Four days after the skin infection (d4), the virus titer was determined in the 

skin tissue of each ear. In GP33-41 immunized WT mice, a lower virus load was observed in the ears, re-

challenged with the virus expressing GP33-41 peptide (rVACV-G2) compared to the tissue infected with 

the unknown virus strain (rVACV-OVA) (Figure 22b), indicating that local antigen-specific memory has 

developed and mediates protection against the virus expressing the GP33-41 peptide. Protection was 

lost when LC were depleted, i.e. DT-treated Langerin-DTR mice, suggesting that LC depletion 

diminishes the secondary response against a pathogen expressing a known antigen (Figure 22b). In 

brief, this experiment demonstrates that LC are crucial for the antigen-specific CD8+ TRM recall and its 

protective effect against viral reinfection of the skin. 
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Wild-type and Langerin-DTR mice were transcutaneously immunised against the GP33-41 peptide. 28 days later, the frequency 
of GP33-41 specific CD8+ T cells was determined in the blood by tetramer staining, vertical bar represent mean (a). 30 days after 
infection, the mice were injected with DT to deplete Langerin+ cells in Langerin-DTR+ (LC depleted) but not in wild-type mice 
(Ctrl). 14 days after treatment EpCAM+ LC are depleted, whereas XCR1+ cDC1 repopulated the skin. The mice were infected on 
one ear with rVACV-G2 and at the other with rVACV-OVA. Virus titer was determined four days after infection in the skin 
tissue, vertical bars represent mean ± SD (b). Statistical significance was determined with a non-parametric t-test with ∗p ≤ 
0.1; ∗∗p ≤ 0.01∗∗∗, p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; ns (not significant). One experiment with n=9-10 per group is shown. 

Figure 22. Langerhans Cells mediate antigen-specific Protection against Virus Re-challenge in the Skin 
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6 DISCUSSION 

 

 

6.1 The Control of cytotoxic T cell Responses in the Skin by CCR2 dependent Phagocytes 

 

 

6.1.1 Changes in the Phagocyte Network in Skin following Infection 

MNP (mononuclear phagocytes) form a dispersed network of migratory and sessile cells with 

phagocytic activity, which rapidly respond to infection. Within tissues, MNP can persist locally or can 

be induced upon inflammation, when recruited cells enter the inflamed site from circulation and 

differentiate into MNP subsets. In skin, blood-born myeloid cells such as CCR2 dependent monocytes 

differentiate into macrophages or DC-like cells, whereas FLT3 dependent pre-cDC turn into cDC within 

inflamed tissues (Tamoutounour et al., 2013). While macrophages stay localized, DC can migrate from 

the skin to dLN upon inflammation to initiate adaptive immune responses (Nakano et al., 2009). Upon 

vaccinia virus infection of the skin, we characterized early changes within the composition of the 

cutaneous MNP network based on surface marker expression of single cells using flow cytometry. Our 

results highlight the role of monocytes and neutrophils as the earliest responder cells upon infection 

(Fischer et al., 2011; Burn et al., 2021; Ng et al., 2023), reflected by their immediate infiltration in the 

infected skin. Reactive oxygen and nitrogen species are produced by such inflammatory monocytes 

and neutrophils to induce damage of cells, DNA and protein in and around viral foci (Roos et al., 2003; 

Babior, 2004; Halliwell, 2006; Hickman et al., 2013). We observed between 1 to 5 days post-infection 

that inflammatory monocytes comprise the majority of MNP in the infected skin. Besides their innate 

effector mechanisms, these inflammatory monocytes, which depend on CCR2, can differentiate on 

site, migrate into secondary lymphoid organs and might contribute to adaptive immune responses 

(Domínguez and Ardavín, 2010; Ginhoux and Jung, 2014; Jakubzick et al., 2017). 

 

We characterized the ontogeny of infiltrated MNP in vaccinia virus infected skin using mixed bone 

marrow chimeric mice. In the early phase of skin infection, we identified three subsets as CCR2 

dependent cells: inflammatory monocytes, dermal macrophages and a third subset. Interestingly, this 

third subset was dependent on CCR2 as well as FLT3, while we were able to assign other clusters either 

clearly to CCR2 or FLT3 dependency. The proximity of clusters in the UMAP represent similarities 

among the clusters, implying that the FLT3/CCR2 dependent subsets of cells express a similar set of 

surface markers like cDC, but also markers of monocytic cells. The hybrid phenotype of the third subset 
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of CCR2 dependent cells identified in the infected skin is reminiscent of a newly identified cell type, 

named inflammatory cDC2 (infl. cDC2) (Bosteels et al., 2020a; b). While CCR2 was thought to be 

required for the infiltration of monocytes into inflamed tissues, also blood-born FLT3-dependent pre-

cDC, the precursor of CD11b+ cDC2, require CCR2 for tissue residency in mucosal tissues (Scott et al., 

2015; Schlitzer et al., 2015; Nakano et al., 2017) and skin (Tamoutounour et al., 2013). In 2020 the 

Lambrecht lab discovered among the CD11b+ cDC2 population the infl. cDC2 with migratory properties 

to the dLN. This subset originates from FLT3 dependent pre-cDC, which are recruited through CCR2 

signaling into inflamed tissues, e.g. during viral infection of the lung or infections of the skin by 

extracellular pathogens (Bosteels et al., 2020a; b). Upon inflammation infl. cDC2 then acquire the 

expression of the activating Fc receptors CD64 and Mar-1, enabling the internalization of immune 

complexes to boost MHC-II restricted CD4+ T cell responses, furthermore infl. cDC2 acquire IRF8 

expression which allows them to cross-prime CD8+ T cells (Bosteels et al., 2020b). In contrast, CCR2 

dependent cells derived from inflammatory monocyte poorly migrate to lung or skin dLN to prime T 

cell responses (Mesnil et al., 2012; Nakano et al., 2013; Tamoutounour et al., 2013). Although we and 

others found that inflammatory monocytes make up the biggest part of infiltrating cells in skin during 

the early phase infection (Hickman et al., 2013). Still the function of such CCR2 dependent cells, be it 

monocyte derived cells or the infl. cDC2, in the control of the CD8+ T cell response to vaccinia virus 

infection of the skin, remains unknown. Here we investigated CCR2-dependent cells in their function 

as APC, as well as surface molecules relevant for the interaction with T cells. The mechanisms through 

which CCR2-dependent cells can regulate adaptive antiviral responses and the potential site of 

interaction are elaborated in the following. 

 

 

6.1.2 Priming and clonal Expansion of CTL 

In an acute infection an array of signals is necessary to control the antiviral T cell response in a time 

dependent manner as well as according to the threat, that is essential to fight infection, restore 

homeostasis and establish immunological memory. 

 

In general, the antiviral CD8+ T cell response to acute infection is divided into three distinct phases – 

priming and expansion, contraction and differentiation and subsequently memory. In each phase the 

response needs to be regulated by the tissue environment as well as by APC, which directly interact 

with antigen-specifically activated T cells through the presentation of cognate antigen on MHC 

complexes on their surface (Zammit et al., 2005; Zammit and Lefrançois, 2006; McGill et al., 2008; 

Ballesteros-Tato et al., 2010) as well as accessory signals, which are co-stimulatory ligand–receptor 
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interactions (Locksley et al., 2001; Sharpe and Freeman, 2002), as well as soluble ligands such as 

cytokines (Mescher et al., 2007). The sum of activating and inhibiting signals, through the strength of 

TCR stimulation and accessory interactions together, dictates the fate of the responding CD8+ T cell 

and can result in a variety of outcomes for the responding cell: ranging from full activation, to aborted 

activation, anergy or apoptosis (Mescher et al., 2007; Ream et al., 2010). While TCR stimulation and 

accessory signals have been studied extensively during naive T cell activation (Locksley et al., 2001; 

Sharpe and Freeman, 2002), stimuli provided by APC may likewise shape the fate of T cells later in the 

response when T cells have been primed to effector T cells already. Our results indicate that CCR2 

dependent cells play a crucial role for a sustained CTL response. Antigen-presentation, co-stimulation 

through the receptors CD70, CD80 and CD86 and T cell help through CD40 on CCR2 dependent cells 

might be important for the interaction with T cells during the time following the acute phase of vaccinia 

virus infection of the skin.  

 

Upon local intradermal infection of the skin vaccinia virus particles disseminate directly to the dLN and 

induce initial priming (Lin et al., 2013), other virus infections such as herpes simplex virus infection 

require migratory DC for the transfer of antigen to the dLN in order to prime naïve T cells (Bedoui et 

al., 2009). It is known, that for the antiviral CD8+ T cell response to Vaccinia virus infection multiple 

interactions with both direct and cross-presenting APC in the dLN is required (Norbury et al., 2002; 

Wiesel et al., 2010; Eickhoff et al., 2015). To what extent migratory DC are required for the antiviral 

response remains unknown. 

 

Previous reports demonstrated that in general CD4+ help for optimal priming of CD8+ T cells is required, 

which occurs through the interaction of CD4 and CD8 T cells with a single DC co-presenting MHC-I and 

MHC-II antigens (Cassell and Forman, 1988; Bennett et al., 1997, 1998), to which T cells are attracted 

by a chemokine gradients (Castellino et al., 2006). In contrast, upon intradermal vaccinia virus infection 

it turned out that the initial activation of CD8 and CD4 T cell is segregated by distinct DC in different 

locations: CD4+ T cells were activated antigen-specifically whilst remaining in the paracortex area of 

the dLN, whereas the initial activation of virus-specific naive CD8+ T cells occurs through infected cDC 

in the supcapsular sinus (Hickman et al., 2011; Eickhoff et al., 2015), that brief interaction initiates 

initial expansion and differentiation (Kaech and Ahmed, 2001; van Stipdonk et al., 2001). Then at a 

later timepoint (38 hours after infection) antiviral CD4+ and CD8+ T cells cluster around XCR1+ DC, which 

co-present MHC-I and MHC-II restricted viral antigen, in the peripheral paracortex and cross-prime CTL 

with the help of CD4+ T cells (Eickhoff et al., 2015; Bennett et al., 1997). Interestingly, the cluster-

forming subset of cDC1 was identified as the LN-resident CD8a+ XCR1+ cDC1, since blockage of DC 

migration or the lack of migratory CD103+ DC in Batf3 knock out mice (Edelson et al., 2010) did not 
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affected the formation of T cell clusters (Eickhoff et al., 2015). The subset of LN-resident cDC1 cross-

presents antigen and transmits CD4+ T cell help to CD8+ T cells via CD40/CD40L interaction, which is 

required for the optimal stimulation of activated CTL, allowing them to differentiation towards a 

memory precursor phenotype and to gain the ability to produce IL-2 in memory responses (Feau et al., 

2011). The absence of cDC1 resulted in a helpless phenotype of activated CD8+ T cells, induced a shift 

towards short lived effector cells (SLEC) (KLRG1high IL-7Rlow) as well as a loss of memory effector 

precursor cells (MPEC) (KLRG1low IL-7Rhigh) and a reduced IL-2 production of activated CD8+ T cells 

(Eickhoff et al., 2015). When activated antiviral CD8+ T cells differentiate into effector cytotoxic T 

lymphocytes (CTL) they undergo simultaneously clonal expansion and acquire the ability to produce 

IFN𝛾, TNF𝛼, granzymes and perforin, that allow them to efficiently eliminate infectious particles and 

infected cells (Kaech and Ahmed, 2001). Subsequently infectious particles are gradually eliminated 

through the common effort of targeted killing by CTL and innate defense mechanism (Hickman et al., 

2013), thereafter it becomes essential to reestablish homeostasis and induce memory formation. Our 

data demonstrates that sustained proliferation and survival, but not priming, of antiviral CD8+ T cells 

requires CCR2-dependent cells. Our study sheds light on the stimuli provided by CCR2 dependent cells 

to antiviral CD8+ T cells in the events following initial priming. In vaccinia virus infected mice lacking 

antigen-presentation on CCR2 dependent cells the initial priming of antigen-specific CTL response, 

meaning until 8 dpi, remains unaltered, but the sustained systemic response of antiviral CTL in blood 

at later timepoints and tissue resident memory generation following skin infection was aberrant. 

Suggesting that antigen presentation by CCR2 dependent cells is required during the contraction phase 

of the CTL response and/or memory formation. 

 

 

6.1.3 Contraction of the CTL Response – Apoptosis or Survival 

When virus is cleared and inflammation abates, the response contracts at day 8 after infection (Fischer 

et al., 2011). The large population of effector T cells differentiates terminally into two subsets with 

distinct features (Joshi et al., 2007; Obar and Lefranois, 2010). Upon pathogen clearance SLEC become 

gratuitous and undergo apoptosis, whereas only 5-10 % are MPEC which develop further into memory 

subsets and can then persist through pro-survival signals (Harty and Badovinac, 2008; Kaech and Cui, 

2012). During the phase of limited antigen at the contraction phase of an acute response, most likely 

effector differentiation occurs (Arens and Schoenberger, 2010). Once the antigen is successfully 

eliminated, the number of lymphocytes needs to be downregulated to keep them manageable (Boise 

and Thompson, 1996). Thus, excess cells are removed by apoptosis leading to the contraction of the 

immune response. Besides antigen-presentation, we identified additional accessory stimuli provided 



6 DISCUSSION 

 83 

by CD40, CD70 and CD80/86 on CCR2 dependent cells that control the sustained CTL response. The 

engagement of CD80 (B7.1) or CD86 (B7.2) on APC and its ligand CD28, that is expressed on T cells, 

transmits a signal that synergizes with the TCR signal (Lenschow et al., 1996; Lanzavecchia, 1998; 

Sharpe and Freeman, 2002). Together, the TCR and CD28 signaling in the T cell, promotes survival and 

proliferation, where TCR- signaling strength correlates with proliferation. Once entered the cell cycle 

IL-2 promotes survival, during the clonal expansion the activated T cell is sensitive to the induction of 

cell death, the withdrawal of IL-2 or Fas cross-linking can induce apoptosis (Boise et al., 1995; Van Parijs 

et al., 1996). Interestingly, the sensitivity of lymphocytes to apoptosis is controlled through the CD28-

stimulation by the interacting APC, which augments the production of autocrine IL-2 and induces the 

expression of the anti-apoptotic proteins Bcl-xL and c-FLIPshort for the protection against activation 

induced cell death (ACID) (Sperling et al., 1996; Boise and Thompson, 1996; Kirchhoff et al., 2000; Dolfi 

et al., 2011). Our results indicate that CCR2 dependent cells provide TCR and CD28 signaling to 

activated T cells during viral skin infection and likely promote through that mechanisms their survival 

and sustained proliferation. Without the CCR2-dependent cell triggered stimulation of CD27 and 

simultaneously CD28 on T cells during vaccinia virus infection of the skin, the formation of antiviral 

central memory CD8+ T cells was largely unaltered, whereas the TRM formation in skin was impaired. 

We obtained similar results when CCR2 dependent cells lack only CD80/86, but express CD70, 

indicating that CCR2 dependent cells localized in the skin might induce the required CD28 signaling in 

CD8+ effector T cells for the establishment of TRM within the skin. Interestingly, we did not observe an 

impairment on TRM formation in skin, if CCR2 dependent cells lack solely CD70 during viral skin 

infection, instead the memory subset in spleen was decreased, suggesting that the CD27/CD70 

pathway mediated by CCR2 dependent cells might be more important for the development of systemic 

memory. APC, licensed by CD4+ T cells, promote via CD70/CD27 ligation the secondary expansion and 

the avoidance of TRAIL-mediated activation-induced cell death (AICD) in CD8+ T cells in case of re-

encountering cognate antigen (Feau et al., 2012). The lack of the CD70 ligand, namely CD27, on T cells, 

attenuates the effector and memory CTL response, but not in all models of viral infection (Feau et al., 

2012), our results suggest, that CD70 expression on CCR2-dependent cells might not be important for 

the formation of local memory T cells specific for skin-tropic virus in skin. 

 

 

6.1.4 Programming of Memory CD8+ T cells 

Programming of memory CD8+ T cells requires the encounter with antigen-presenting DC inducing IL-

2 receptor signaling (Williams et al., 2006; Feau et al., 2011), CD40/CD40L co-stimulation (Arens and 

Schoenberger, 2010) and the activation of the CD70/CD27 pathways (Feau et al., 2012). The fate of 
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effector CD8+ T cells in becoming either MPEC or SLEC largely depends on a complex differentiation 

program regulated through the transcription factors Tbet, Runx and Eomesodermin (Cruz-Guilloty et 

al., 2009). High inflammation or a lack of T cells help promote T-bet expression in effector cells. In turn 

a sustained high expression of T-bet prevents the transition of effector to the MPEC fate, which then 

become memory CD8+ T cells (Hamilton et al., 2006; Joshi et al., 2007; Intlekofer et al., 2007). Assuming 

that helpless CTL differentiate terminally into SLEC with a sustained high Tbet expression, these SLEC 

can undergo activation-induced cell death (AICD) by Tumour-necrosis factor (TNF)-related apoptosis-

inducing ligand (TRAIL)-signaling upon secondary antigen-encounter during contraction (Janssen et al., 

2005). Collectively, this suggests, that licensed CCR2 dependent cells by T cell help promote via CD40 

the differentiation of interacting effector T cells to become MPEC. This concept would explain our 

results, where we observed an impaired general formation of memory CD8+ T cells after viral infection 

in mice lacking CD40 expression in CCR2-dependent cells. Strikingly, this aligns with previous results, 

which demonstrated, that even when the primary CTL response to acute infection is the same with 

and without CD4 deficiency, the memory response to reinfection mediated by the memory CD8+ T cell 

pool is impaired without CD4 T cell help (Sun and Bevan, 2003; Shedlock and Shen, 2003). Importantly, 

for CTL activation help by an activated CD4+ T cell is mediated through the CD40L/CD40 axes 

(Schoenberger et al., 1998; Ridge et al., 1998; Bennett et al., 1998), through CD40 ligation APC can be 

licensed and supersedes direct communication between CD4+ and CD8+ T cells to provide help to CTL 

(Lanzavecchia, 1998). Moreover, upon CD40 stimulation several activation and maturation 

mechanisms are induced in APC that regulate the CTL response (Bedoui et al., 2016; Borst et al., 2018). 

These include: increased antigen-presenting capacity, the upregulation of the expression of the 

adhesion molecule ICAM-1, the costimulatory ligands CD80, CD86 and CD70 and inflammatory 

cytokines TNF𝛼, IL-12 or IL-15 (Kennedy et al., 1994; Stout et al., 1996; Cella et al., 1996; Grewal and 

Flavell, 1996; Koch et al., 1996). The interacting CD8 T cell of a licensed APC then receives stimuli 

through CD28, CD27 and cytokine receptors, which lead to optimal effector differentiation, 

proliferation, the upregulation of IFN𝛾 production and the survival of memory CD8+ T cells (Cella et al., 

1996; Novy et al., 2007; Ahrends et al., 2017; Borst et al., 2018). Collectively, this leads us to the 

hypothesis, that CCR2 dependent cells promotes the differentiation and survival of antiviral memory 

CD8+ T cell mediated through the transmission of co-stimulation and T cell help after skin infection. 

 

 

6.1.5 Persistence of Memory CD8+ T cell Subsets 

Memory CD8+ T cells require pro-survival signals for their persistence (>30 dpi) to establish long-term 

protection against reinfection, such pro-survival signals include autocrine IL-2 production and 
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homeostatic cytokines such as interleukin-7 (IL-7) and IL-15 (Schluns et al., 2002; Becker et al., 2002), 

all of these are required for homeostatic proliferation (Tan et al., 2002; Wherry et al., 2003b). Licensed 

APC, which are licensed through CD40-signaling by CD4+ T cell help, secrete IL-12 (Obar et al., 2010; 

Wiesel et al., 2010) as well as IL-15 (Wu et al., 2002; Oh et al., 2008). Both deliver pro-survival signals 

to interleukin perceiving CD8+ T cells. While IL-15 signaling in CTL can contribute to CD8 memory 

persistence (Wu et al., 2002; Oh et al., 2008), IL-12 promotes the secondary expansion (Feau et al., 

2011; Wolkers et al., 2012). IL-12 receptor stimulation enables autocrine IL-2 secretion in CD8+ T cells, 

that results in the suppression of the apoptotic pathway TRAIL, the induction of CD25 expression 

allowing the optimized responsiveness to IL-2 and thus boosts expansion (Obar et al., 2010; Wiesel et 

al., 2010). 

 

IL-15 act later during the response, and interestingly, the dependence on IL-15 of memory T cells for 

their survival differs among subsets (Schenkel et al., 2016), while TCM express high levels of CD122 and 

depend on IL-15 for their long-term survival, TEM do not (Castro et al., 2011; Ahrends et al., 2019). 

However, we found, that if CCR2-dependent cells were deficient in CD40 expression, after vaccinia 

virus infection the numbers of persisting antiviral memory CD8+ T cell populations were markedly 

reduced in all analyzed compartments, which were: the skin, the dLN and the spleen. This suggests 

that certain memory subsets, namely TCM residing in secondary lymphoid organs and TRM at the 

previous site of infection, are affected equally. While the formation of TCM might directly depend on 

IL-15 production by CCR2 dependent cells, the CD40 molecule on CCR2 dependent cells controls the 

formation of TRM potentially through the induction of the key transcription factor T-bet in CD8+ T cells. 

Helpless CD8+ T cells, which e.g. had not been in contact with a licensed CD40+ APC, express high levels 

of T-bet (Intlekofer et al., 2007). A high expression of T-bet leaves CD8+ T cells unresponsive to 

transforming growth factor-b (TGF-b), and thus prevents the induction of CD103 integrin expression, 

that is essential for the maintenance of TRM in the tissue (Laidlaw et al., 2014). 

 

Analogous CD40 on CCR2 dependent cells might regulate the formation of TRM in skin by suppressing 

T-bet in memory precursors after skin-tropic virus infection. It is well established, that during the 

priming and expansion phase of the CD8+ T cell response the cross-priming XCR1+ cDC1 was identified 

to be licensed through CD40 ligation and transmits T cell help to CD8+ T cells for optimal and sustained 

responses (Hor et al., 2015; Eickhoff et al., 2015). However, we found during the contraction phase 

and later in the antiviral response, that CD40 ligation is required on another APC, a CCR2 dependent 

subset, for the control of the sustained antiviral CTL response, in particular the formation of the 

antiviral CD8+ memory T cells.  
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6.1.6 Cell Migration between skin-draining Lymph Node and Skin 

We found that direct interaction of T cells with antigen presenting and co-stimulating CCR2 dependent 

APC is required for a sustained antiviral response, this interaction can take place at multiple sites, e.g. 

the skin or the dLN. While the interaction site for CTL priming is clearly assigned to dLN; it remains 

controversial where interactions of antigen-encountered effector T cells and antigen-bearing APC take 

place. Since we found that upon vaccinia virus infection CCR2 dependent cells serve as the crucial APC 

in controlling the antiviral CTL response by antigen-presentation and the provision of accessory stimuli 

such as CD40 to CTL, during the contraction and memory differentiation phase, we discuss in the 

following where this interaction of antigen-bearing CCR2-dependent APC and CD8+ T cells might take 

place. CCR7 expression allows DC in peripheral tissues to move along CCL19 and CCL21 gradients 

through the afferent lymph into the paracortex of the dLN (Cyster, 1999), where priming of CTL takes 

place during acute infection. Since we found that CCR2 dependent cells do not depend on CCR7 for 

their control of the CTL response to viral skin infection, CCR2 dependent cells probably do not migrate 

from the skin to the dLN through CCR7 signaling. In vaccinia infection the replication competent virus 

directly inhibits CCR7 signaling, which reduces the CCR7-dependent migration of DC from the infected 

skin to dLN (Aggio et al., 2021). Whilst skin DC such as infl. cDC2 were found to depend on CCR7 for 

their migration from the site of infection to the dLN, monocytes can migrate through alternative 

pathways such as through Ccr5 or CCR2 to the dLN. However, in general CCR2-dependent cells are 

known for their rapid response to inflammation, those cells get rapidly released from the bone marrow 

into the blood and get recruited to sites of infection and also draining lymph nodes. All such 

movements depend on CCR2 (Orozco et al., 2021). A highly mobile subset of inflammatory monocytes 

in the skin was found to be infected and able to generate infectious virus progeny, in particular from 

3-5 days post infection. In line with Hickmann et al, our results show that most infiltrating cells in skin 

during the early phase infection are inflammatory monocytes, which are attracted by high levels of the 

monocyte chemoattractant CCL2 (reviewed here (Deshmane et al., 2009). Notably, CCL2 derived from 

inflamed skin is transported through the lymph to the luminal surface of high endothelial venules 

(HEV), leading to homing of CCR2 dependent cells such as blood monocytes into the dLN (Weber et al., 

1996; Palframan et al., 2001), indicating that CCR2 dependent cells might interact with CTL within the 

paracortex, where HEV typically traverse the lymph node and blood-born cells transmigrate (Girard et 

al., 2012). Collectively, either infl. cDC2 are not important in the dLN and other CCR2 dependent cells 

might be of relevance in the dLN using CCR7 independent ways of migration, or infl. cDC2 use CCR7 

independent ways of migration, or in general CTL control takes place outside of secondary lymphoid 

organs, for example in the skin. 
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CTL differentiate in the dLN, when they gain cytotoxicity, they simultaneously change homing patterns 

and migrate to peripheral tissues at about 4dpi (Fischer et al., 2011; Hickman et al., 2013), where the 

antigen was first captured. Once in the infected skin, these CTL kill infected cells, but every cell 

presenting viral antigen on an MHC complex are a target for CTL mediated killing, such as viral antigen 

presenting CCR2-dependent cells. Since our results indicate that these CCR2-dependent cells control 

the expansion of specific CTL, the feedback loop of APC killing by CTL would limit the response. 

Interestingly, APC killing was found to limit the response indeed and leads that way to the 

immunodominance of early expressed viral epitopes (Probst et al., 2003). In particular CCR2 dependent 

cells might countervail CTL mediated killing because they are produced and mobilzid in very high 

numbers upon inflammation. This might be the reason why they can promote the sustained CTL 

response, that our results show in the context of skin infection. Similarly in the context of lung 

infection, interactions of APC and T cells were described within the infected tissue, APC present viral 

antigen and provide co-stimulation to CD8 T cells to enhance the response in the lung (McGill et al., 

2008; Ballesteros-Tato et al., 2010; Hufford et al., 2010). Additionally, CCR2 dependent cells might also 

inhibit CTL mediated killing directly by expressing granzyme B inhibitors as described in the lymph 

node, where DC maturation through CD40 (T cell help) or PRR stimulation was found to prevents CTL 

mediated killing by the upregulation of the granzyme B inhibitor SPI-6 (Medema et al., 2001; Mueller 

et al., 2006).  

 

 

6.1.7 Cytotoxic Effector Function in Skin 

At 4 days after vaccinia virus infection of the skin fully activated antiviral CD8+ T cells traffic in an CD62L-

dependent manner through the blood stream into the peripheral site of infection (Mohammed et al., 

2016; Hickman et al., 2008). Specific CD8+ T cell appear from 5-8 dpi within the infected tissue to 

eliminate infected monocytes outside viral foci, whereas Ly-6G+ cells control the center of foci, both 

together achieve the elimination of virus at 15-20 dpi (Fischer et al., 2011; Hickman et al., 2013). The 

recruitment of effector CD8+ T cells to clear infection is antigen-independent: After immunization 

against HSV the migration of TRM progenitor cells depends strictly on inflammation and is irrespective 

of the inflammations cause, be it local HSV infection, which includes reencounter of cognate antigen, 

or the application of the antigen-independent stimulus by the skin irritant DNFB (Mackay et al., 2012). 

Fully activated effector CD8+ T cells with the ability to produce IFN𝛾, TNF𝛼, granzymes and perforin, 

eliminate infectious particles and infected cells (Kaech and Ahmed, 2001) in skin and after withdrawal 

of survival signals CTL undergo ACID upon antigen encounter. The key cytokine IFN𝛾 of cytotoxic T cells 

then programs effector T cell contraction and represses IL-7R expression (Badovinac et al., 2000, 2004), 
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thus shaping the milieu for memory CD8+ T cell formation. At the end of an acute infection the 

inflammatory milieu in the formerly infected tissue abates, at that time the inflammation dependent 

infiltration of CTL into the tissue decreases and subsequently the absence of inflammation favors the 

formation of MPEC (Joshi et al., 2007), which can then form memory CD8+ T cells in situ.  

 

 

6.1.8 The Formation of Skin resident Memory CD8+ T Cells 

Our results show that antigen-presentation and accessory stimuli by CCR2 dependent cells shape the 

formation of TRM in skin, which requires antigen encounter in situ (Khan et al., 2016; Muschaweckh et 

al., 2016). We observed a massive reduction in the frequency of antiviral TRM in skin, when CCR2 

dependent cells lack the capacity to present cognate antigen during skin infection, suggesting that the 

availability of antigen through CCR2 dependent APC drives the positioning of antiviral TRM at the site 

of infection. The CCR2 dependent APC, that we identified as crucial APC for the formation of TRM, might 

be resident in the skin and need to have acquired viral antigen either by being directly infected (direct 

presentation) or by the engulfment of viral material (cross-presentation) for their function. Either way, 

the CCR2-dependent APC conveying antigen encounter to CD8+ T cells in the infected skin tissue, is 

required late during the acute infection, when antigen is low and MPEC have been guided to the former 

infection site. Moreover, programming of CD8+ memory T cells is facilitated in the context of low 

inflammation, possibly because inflammatory signals provoke CD8 T cell differentiation toward 

terminal effector differentiation (Joshi et al., 2007; Pham et al., 2009; Pipkin et al., 2010).  

 

In summary, our data implies that in viral skin infection CCR2 dependent cells shape the local repertoire 

of persisting memory CD8+ T cells, including TRM in skin, the systemic response and central memory 

within secondary lymphoid organs. CCR2 dependent cells provide antigen-presentation as well as the 

required receptors for co-stimulation and the transmission of T cell help in this process. Which 

concrete subset of CCR2 dependent cells bears viral antigen and controls the response in situ in an 

antigen-specific manner requires further research. In the early phase of vaccinia virus infection, we 

identified three CCR2 dependent subsets in the infected skin: inflammatory monocytes, dermal 

macrophages and a population of monocyte derived cells and/or inflammatory cDC2. Further research 

is necessary to determine, whether pre-cDC derived infl. cDC2 (Bosteels et al., 2020b; a) or monocyte 

derived cells can function as the APC, which we identified as required for a sustained response in the 

context of viral infection of the skin. We think, in a sustained antiviral response, co-stimulation and T 

cell help transmission by CCR2 dependent cells suppresses the activation induced cell death (ACID), 
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provides pro-survival signals to memory precursors and establish memory CD8+ T cells in an antigen-

specific manner.  
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6.2 Cellular Requirements for the Recall of CD8+ Memory T cells in the murine Skin 

 

After infection with skin tropic virus, such as herpes simplex virus (HSV), vaccinia virus (VACV), 

molluscum contagiosum virus (MCV), and human papilloma virus (HPV), the protein production 

machinery of the infected keratinocytes is hijacked by the virus for replication, keratinocytes are the 

predominant cell type expressing viral antigen (Lei et al., 2020). CD8+ TRM are lodged in the epidermis 

surrounded by keratinocytes, thus infected keratinocytes might be the first site where antigen 

becomes visible to memory T cells. After reinfection with the same virus, the recall of TRM is crucial to 

fight reinfection in situ. We generated transgenic mice to experimentally phenocopy this reoccurrence 

of viral antigen in keratinocytes. This minimalistic model, in comparison to other constitutive 

expression models, is locally restricted and controlled by topical application, thus being unbiased from 

any other mechanical or innate cell activating triggers apart from cognate stimulation. At the same 

time, the in vivo model allows the investigation under physiological conditions and to trace antigen-

specific memory responses following local TRM reactivation. Using this model, we show that for the 

recall of antigen-specific CD8+ TRM in skin cognate stimulation is sufficient and that LC are required to 

cross-present keratinocyte derived antigen and mediate that way protection against reinfection. 

 

 

6.2.1 Keratinocytes as direct-presenting APC 

The discussion around, which APC can activate T cells responding to keratinocyte derived antigen, is 

controversial. Most studies searching for the identity of the required APC presenting keratinocyte-

derived antigen focus on the ability to prime T cells by using adoptive transfer of naïve T cells into mice 

expressing antigen in keratinocytes. In an in vivo study, mice expressing constitutively Ovalbumin 

(OVA) antigen in keratinocytes were intradermally injected with T cells, specific for the MHC-I 

restricted OVA (OT-I). They develop a skin phenotype similar to graft versus host disease (GvHD), 

suggesting keratinocytes can prime directly naïve T cells. In contrast, the same group found that mice 

which were i.v. injected with antigen-specific OTI T cells do not develop the disease (Shibaki et al., 

2004; Kim et al., 2009). The data on human cells from in vitro studies is similarly controversial: co-

cultured keratinocytes co-stimulate naïve human T cells (Orlik et al., 2020), but in another study, 

antigen presentation by keratinocytes induce tolerance in T cells (Bal et al., 1990). When integrating 

the previous studies into in vivo studies on priming of naïve T cells, it became apparent that studies 

based on the hypothesis of naïve T cells encountering keratinocytes in vivo require to be very critically 

reviewed because under physiological conditions, naïve T cells, which circulate in blood and secondary 

lymphoid organs, will not encounter an APC resident in skin, such as the keratinocyte (von Andrian and 
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Mackay, 2000). This reinforces the well-established concept that naive cognate T cells need to be 

activated by interactions with the skin-antigen loaded APC in the lymph node. Our in vitro data show 

when viral peptide expression was induced in keratinocytes, purified keratinocytes present antigen 

and can activate antigen-specific naïve T cells in vitro. In contrast, in vivo we found that keratinocytes 

cannot induce TCR signaling in TRM. Instead, TRM recall in skin requires LC to cross-present keratinocyte-

derived antigen. 

 

 

6.2.2 Why can cross-presenting LC induce the Recall of TRM, but not Keratinocytes? 

Interestingly, we found when keratinocytes express antigen, they themselves, but also cross-

presenting adjacent LC, can induce TCR stimulation in cognate T cells in vitro. Still, lower numbers of 

LC were found to be required for the activation of naïve T cells, indicating that the reasons for the 

enhanced T cell activation capacity of LC potentially lies in cell intrinsic specializations of LC supporting 

the interaction with TRM. This feature might allow LC to activate TRM in vivo. So far, we did not delineate, 

the specialization of LC allowing the optimized interaction with T cells, which keratinocytes lack. 

Beneficial specializations could include: a high number of antigens on MHC complexes on the cells 

surface, the expression of adhesion molecules, costimulatory molecules, innate cytokines or attracting 

chemokines. Moreover, CD8+ TRM cells are highly mobile (Ariotti et al., 2012) and crawling CD8+ TRM 

cells frequently interact with LC cells after resolved HSV skin infection (Zaid et al., 2014). Similarly, after 

resolved vaccinia virus, we observed close contact between the cell bodies and dendrites of LC with 

most TRM cells in the epidermis (Kamenjarin et al., 2023). However, in the study of Zaid et al, the 

depletion of LC cells reduced the crawling velocity of TRM within the epidermis (Zaid et al., 2014), 

suggesting a motility-governing function of LC, which could be mediated through a CCL20 chemokine 

gradient recruiting T cells via CCR6 to LC (Dieu-Nosjean et al., 2000; Schutyser et al., 2003). Moreover 

the expression of adhesion molecules such as ICAM-1 or VCAM-1 could support the formation of an 

immunological synapse (Sims and Dustin, 2002), or co-stimulatory molecules could enhance the 

efficiency of T cell activation as demonstrated on human LC expressing CD70 (Polak et al., 2012). All of 

such may play a role in TRM recall, providing a superior function of LC compared to keratinocytes in 

antigen presentation to specific memory T cells in the skin. 

 

 

6.2.3 Cross-presentation as a Mechanism to overcome viral Immune Escape 

Another aspect, why cross presenting LC are superior in T cell activation in comparison to 

keratinocytes, is that the complete dependence on direct-presentation of antigen by infected cells is 
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a dangerous venture due to the direct effect of viral immune escape mechanism on infected cells. 

Classically, endogenous peptides are presented on MHC I molecules of the same cell which produced 

those peptides. When keratinocytes are infected, they produce viral antigen and present the 

endogenous antigen directly on MHC-I complexes on their surface. Apart from that way of 

presentation, the same keratinocyte-derived antigen can become engulfed by phagocytic cells and 

subsequently exogenous antigen can access the MHC-I–restricted pathway to induce antigen-specific 

CD8+ T cell responses; this process is called ‘cross-presentation’ and was first described already about 

50 years ago (Bevan, 1976). Cross-presentation is a process restricted to specialized dendritic cells 

(DC), which are proficient in coordinating immune responses. Thus, as part of a viral immune evasion 

strategy some viruses do not directly infect DC. Skin-tropic viruses apply immune escape mechanisms 

encoded in their DNA or RNA to affect infected cells that way, that the induction of anti-viral immune 

responses is hindered. The cross-presentation pathway is crucial for countervailing such mechanisms 

by processing extracellular antigen into the MHC-I pathway and make the antigen visible to T cells on 

MHC class I molecules on the surface of cross-presenting DC. This detour of exogenous antigen into 

the endogenous antigen pathway by cross-presenting cells has significant implications not only in 

safeguarding against primary viral infections. 

 

In primary immune responses, both Langerin+ pAPC of the skin, namely LC and cDC1, can migrate to 

the draining lymph nodes, where antigen-loaded APC encounter naïve T cells and priming takes place. 

If an APC cross-presents extracellular antigen to prime naïve cytotoxic T cells, this particular process is 

named cross-priming. Which of the migratory Langerin+ DC subsets in skin carries out cross-priming 

was investigated in several studies. Early in vivo studies investigating Langerin+ cross-priming cells 

relied on murine Langerin-DTR mice or antigen delivery to DC with antibody-antigen conjugates that 

cannot distinguish between Langerin+ dDC and LC (Idoyaga et al., 2008; Stoitzner et al., 2006). Cross-

presentation of keratinocyte derived OVA inducing OT-I CD8+ T cell proliferation was found to be 

conducted by both migratory LC and dermal DC (Azukizawa et al., 2003; Waithman et al., 2007). 

Notably, those studies used the Langerin-DTR/DT system while being unaware of the existence of 

cDC1, which express Langerin besides LC, implying that the cross-priming capability might have been 

falsely contributed to LC. Evidence arose that LC cross-present antigen in skin but loose the ability to 

cross-present after emigration to the lymph node (Stoitzner et al., 2006). In contrast, Langerin+ dDC, 

isolated from lymph nodes of HSV infected mice efficiently cross-present viral peptides at the site 

where priming of naïve T cells occurs (Bedoui et al., 2009). The question whether LC are capable of 

cross-priming in vivo (Romani et al., 2012), finally found an answer in an in vivo system depleted of 

Langerin+ cells, where advantage of the distinct repopulation kinetics of Langerin+ dDC and LC was 

taken to assess the specific role of LC (Bursch et al., 2007; Poulin et al., 2007; Wang et al., 2008). This 
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approach allowed to identify the Langerin+ CD103+ dDC (cDC1) as the migratory cell responsible for 

cross-priming and the exclusion of a role of LC in this context (Henri et al., 2010). These findings align 

with studies documenting the critical role of cDC1 as well as the dispensability of LC in the initiation of 

CD8+ T cell antiviral immunity after skin infection by cytopathic viruses such as HSV-1 (Allan et al., 2003) 

and vaccinia (Seneschal et al., 2014). Interestingly, the migration of LC to the draining LN takes about 

4 days, whereas cDC1 start migration immediately after skin irritation and peaks two days later 

(Kissenpfennig et al., 2005; Shklovskaya et al., 2008; Tomura et al., 2014), this delay of LC migration is 

probably due to multiple steps for the emigration of LC from the epidermis to the dLN, such as 

detachment from neighboring keratinocytes and crossing the epidermal basement membrane by 

proteolysis (Gunn et al., 1999; Kabashima et al., 2007). The delayed arrival of LC might be one reason 

why other DC are more relevant for cross-priming in the draining lymph node.  

 

However, in a setting of restricted antigen availability Langerhans cells were found to be required for 

the initiation of immune responses, such as in contact hypersensitivity (CHS), which is a model of 

allergic contact dermatitis. High concentration of hapten increases dissemination into the dermis, then 

the response was dependent on cutaneous cDC1 (Nagao et al., 2009; Noordegraaf et al., 2010; Clausen 

and Stoitzner, 2015), indicating that LC are in particular required in situations, when antigen is 

restricted to the epidermis. Furthermore, the form of antigen dictates the ability to activate T cells by 

distinct DC subsets. For example, soluble antigen was found to be more efficiently cross-presented by 

Langerin+ dermal DC, whereas LC favor the cross-presentation of encapsulated antigen (Zaric et al., 

2013, 2015). Upon intradermal immunization with antigen conjugated nanoparticles, LC are required 

for a sufficient number of IFN𝛾+ antigen specific CTL as well as in secondary immune responses (Zaric 

et al., 2013), such as in the induction of antiviral and anti-tumor memory responses (Zaric et al., 2015). 

These results imply, that LC might be crucial for tissue immunity by interacting with T cells in situ. This 

view is supported by our data and the findings of others in skin showing clearly that ex vivo LC from 

epidermal explants of mice, expressing constitutively antigen in keratinocytes, can cross-present 

antigen in vitro (Stoitzner et al., 2006; Bursch et al., 2009). Moreover, LC expressing an alloantigen are 

required to license infiltrating epidermal CD8+ T cells to produce effector molecules such as IFN𝛾, 

indicating an important role of LC in interacting with T cells within the epidermis (Bennett et al., 2011). 

Similarly, the depletion of host LC before transplantation of donor alloreactive T cells were found to 

prevent skin GvHD (Merad et al., 2004), and using three independent GvHD models, the pathogenicity 

of T cells in the skin was found to be triggered by interactions with LC in situ (Santos e Sousa et al., 

2018). Collectively, LC were found to induce T cells responses within the epidermis in skin conditions 

concentrated to the epidermis. We finally unraveled a novel setting in which cross-presentation on LC 

is required: the distinct role of LC in cross-presenting keratinocyte derived antigen in the epidermis as 
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the making or breaking point for the local memory recall in skin, which was demonstrated in our in 

vivo and in vitro experiments. Neither the keratinocytes in the epidermis nor Langerin+ dermal DC can 

replace the engagement of LC for early local memory recall in the epidermis. Our results also 

demonstrate the requirement for LC in recalling TRM during the replicative phase of viral particles in 

the skin tissue, which implies that the protective function of TRM in the skin requires the initial 

engagement of LC, which is most crucial in the defense re-occurring skin-tropic virus infection. 

 

 

6.2.4 Cross-presenting Tissue macrophages in other Tissues 

Ontogenetically related cells to LC, such as tissue macrophages (e.g. liver resident Kupffer cells, 

microglia in the brain) (Ginhoux et al., 2010; Hoeffel et al., 2012; Epelman et al., 2014), potentially fulfil 

the task of cross-presentation for early TRM recall in other tissues. Non-circulation TRM have been 

identified across barrier tissues, like the skin (Gebhardt et al., 2009; Wakim et al., 2008), intestine 

(Masopust et al., 2010), lung (Wakim et al., 2013), female reproductive tract (Mackay et al., 2012; 

Schenkel et al., 2014b) and liver (Fernandez-Ruiz et al., 2019) and share a common transcriptional 

program (Mackay et al., 2015, 2016; Milner et al., 2017). Depending on their tissue of residency, TRM 

were found to be considerably heterogeneous in phenotype and function. This heterogeneity results 

in distinct responsiveness to certain stimuli and affects the longevity and plasticity of TRM (Yang and 

Kallies, 2021). In skin, TRM might represent the stereotype of the long-lived, stable, bona fide CD103+ 

CD69+ TRM phenotype, in contrast to the more variable pool of TRM resident in other tissues. The number 

of TRM resident in skin is stable for at least 60 days post-infection, in contrast, TRM within the liver form 

less stable reservoirs because they are not fully committed to their homing tissue compared to skin 

resident TRM (Christo et al., 2021). Intestinal TRM were found to have either limited recall potential 

(CD103+) or to be central memory-like T cells located within the intestine (CD103-) (Fung et al., 2022). 

Notably, CD103+ TRM of the lung are short-lived and are quickly supplemented from circulating effector 

memory T cells after antigen re-exposure (Van Braeckel-Budimir et al., 2018). This is likely due to the 

high vascularization of the lung, which provides easy access for circulating effector memory T cells into 

the epithelial tissues: In turn the discrimination between resident memory T cells and circulating T cells 

might be a challenging task within the lung tissue even early after recall.  

 

In 2020 the Keach lab used a viral re-infection model to study the effect of encountering antigen on 

different antigen-presenting cells for TRM recall within the lung and found that CD169+ tissue 

macrophages are required for the recall of lung resident memory T cells (Low et al., 2020), 

furthermore, alveolar macrophages were found to be the source of persistent antigen after 
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immunization and are thus required for enhanced longevity of specific CD8+ lung TRM (Lobby et al., 

2022). Surprisingly, the function of tissue macrophages for the recall of TRM within the lung was found 

to be redundant: Various lung-resident cell populations, including non-hematopoietic and 

hematopoietic cells, have been found to reactivate CD8+ TRM (Low et al., 2020). Interestingly, the type 

of cell delivering the cognate stimulus governs the functional output, reflected in the transcriptional 

differences of recalled lung resident T cells (Low et al., 2020). How tissue-specific factors such as the 

engaging antigen-presenting cells shape TRM cell responses is largely unknown, but how this affects the 

TRM fate is a key question in the current research on TRM. We have conclusively demonstrated the 

critical and protective function of LC-mediated cross-presentation for the recall of CD8+ T cells in both 

conditions, when using our very controlled inducible recall system or in case of a reinfection, which 

includes tissue injury and exposure to PAMPs. This suggests, that the dependence of the recall of TRM 

in skin on LC is unaltered even when a pathogen triggers innate immune activation, which is the case 

during reinfection. 

 

 

6.2.5 LC in Human  

Human LC are homologous cells to murine LC: In both species, LC express common gene signatures, 

such as the expression of MHC class I related genes at a high-level (Carpentier et al., 2016) and 

expression of the surface molecule Langerin (CD207) (Merad et al., 2008). Furthermore, human LC 

were found to cross-present antigen (Klechevsky et al., 2008; Seneschal et al., 2012; Polak et al., 2012), 

indicating that LC might full fill the same cross-presenting role for skin resident CD8+ memory recall in 

human, as we observed in mice. In mice, we found LC cross-presenting keratinocyte-derived peptide 

for the functional and protective local recall of TRM in skin against local viral re-infection. The early 

reactivation of skin-resident TRM induces the tissue-wide expression of antiviral genes through IFN𝛾 

signaling and prompts the recruitment and activation of other immune cells for an efficient secondary 

immune response. 

 

 

6.2.6 Human pathogenic Viruses 

Analogous to our experimental system, which allows the inducible expression of a viral antigen in 

keratinocytes, papilloma virus infection of the skin might have similar implications, while inducing the 

expression of several instead of one viral peptide within the host-cell. Papillomavirus are non-lytic 

viruses infecting mitotically active basal keratinocytes. Viral gene expression is minimal (circa 50-100 

copies per cell) till the infected cell enters the differentiated layer of the epidermis. Viral replication 
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occurs in nondividing keratinocytes, the virus reactivates the cellular DNA synthesis machinery of those 

cells, this subsequently leads to abnormal proliferation and differentiation, resulting in the formation 

of warts becoming visible at the skin surface (Doorbar, 2005; Pyeon et al., 2009). Genes encoded by 

DNA viruses, such as the early genes E5 and E7 of HPV or mechanism of poxviruses, directly interfere 

with antigen processing and MHC expression of infected cells and thus have the capacity to perturbate 

antigen recognition (Bal et al., 1990; Maudsley, 1991; Woodworth and Simpson, 1993; McFadden and 

Kane, 1994; Ehrlich, 1997), providing a selective advantage to the virus. Immune evasion strategies of 

viruses act on the infected cell, thus uninfected cells cross-presenting viral antigen is a mechanism to 

overcome escape mechanisms caused by viral components within infected cells such as blockage of 

cytosolic PRR recognition, Type I interferons and antigen presentation. As an example, blockage of 

sensing the virus through cytosolic pattern recognition receptors (PRR) is employed by large DNA 

viruses such as papilloma viruses, poxviruses and herpesviruses (García-Sastre, 2017; Parekh et al., 

2019; Zhao et al., 2021; Hong and Laimins, 2017). The endosomal PRR TLR7 can be stimulated 

experimentally using the TLR7-agonist Imiquimod (IMQ). Interestingly, in clinical trials topical IMQ, was 

efficient for the treatment of HPV-induced warts (Edwards et al., 1998). TLR7 Stimulation by topical 

imiquimod on the skin leads to an activated phenotype of LC associated with an enlargement of the 

cell and the formation of more dendrites (Suzuki et al., 2000). Furthermore, TLR stimulation enhances 

cross-presentation of antigen to CD8+ T cells (Oh et al., 2011; Nair-Gupta et al., 2014). In line with this 

view is our observation of an elevated IFN𝛾 response of recalled TRM upon topical IMQ treatment, likely 

due to an TLR7 mediated enhanced cross-presentation by LC. Then the early IFN𝛾 production by TRM, 

activated by a cross-presenting uninfected LC, can efficiently overcome viral immune escape 

strategies. 

 

 

6.2.7 Human Skin Diseases 

While TRM recall is pivotal for anti-viral defense, memory activation can also cause the relapse of skin 

diseases, when pathogenic TRM reside in the skin. This is particularly evident in patchy re-occurring skin 

diseases, where inflamed lesions tend to resurface in specific areas of the skin, even after initially 

successful therapy. This recurring pattern has been observed in various skin conditions such as fixed 

drug eruption (FDE), vitiligo and psoriasis (Nicolaidou et al., 2007; Masson Regnault et al., 2017; 

Carbone, 2020). The consistent reappearance of disease-related lesions in formerly affected areas of 

skin implies that the recall of skin resident TRM in these sites can trigger flare-ups. Indeed, studies in 

mice and the analysis of biopsies of patients indicate that pathogenic CD8+ TRM in resting lesions within 

the epidermis drives perseverative relapses in the context of the FDE (Mizukawa et al., 2008), vitiligo 
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and psoriasis (Boyman et al., 2004; Cheuk et al., 2014; Boniface et al., 2018). The intervening therapy 

for such diseases focuses on suppressing immune responses to reduce inflammation, e.g. by biologicals 

(such as anti-TNF𝛼 or anti-IL-23) or narrow-band UVB (NB-UVB) radiation. UVB radiation of the skin 

resulting in immune suppression was found to be mediated through LC: UVB leads to a reduction of LC 

density (Taguchi et al., 2013), the remaining LC induce skin resident Treg suppressing CHS responses 

(Schwarz et al., 2010) and CD8+ T cells were found to express less IFN𝛾 (Sigmundsdottir et al., 2005), 

suggesting that such phenomena could be linked through the lack of antigenic stimulation of memory 

CD8+ T cells upstream. Prevention of the recall of pathogenic TRM located in skin lesions and flare-ups 

might be inhibited by UVB radiation due to the lack of LC and thus align with our findings about antigen 

cross-presenting LC for TRM recall. Collectively, our findings reveal a novel target to treat local relapse 

of skin diseases driven by pathogenic skin resident memory T cells: the cross-presenting LC. 
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7 APPENDICES 

 

 
7.1 Abbreviations 

 
% percent or frequency 

°C Degrees Celsius 

+/+ Homozygotous knockin 

+/- Heterozygotous knockout/knockin 

-/- Homozygotous knockout 

4OHT 4-hydroxy-tamoxifen 

7-AAD 7-actinomycin D 

APC Antigenpresenting cell or Allophycocyanin 

BM Bone marrow 

BMC Bone marrow chimera 

BUV Brilliant Ultra Violet 

BV Brilliant Violet 

CCL C-C chemokine ligand 

CCR C-C chemokine receptor 

CD Cluster of differentiation 

cDC Conventional Dendritic cell 

CHS Contact hypersensitivity 

CTL Cytotoxic T Lymphocyte 

Ctrl Control 

Cy Cyanin 

DC Dendritic cell 

dLN Draining lymph node 

DNA Desoxyribonucleic acid 

DNAse Desoxyribonuclease 

dpi Days post infection 

DT Diphtheriatoxin 

DTR Diphtheriatoxin receptor 

EDTA Ethylendiamintetraacet 

EGFP Enhanced Green flourescent Protein 

EYFP Enhanced Yellow flourescent Protein 
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FACS Fluorescence activated cell sorter or sorting 

FCS Fetal calf serum 

FDE Fixed drug eruption 

FITC Flourescein isothiocyanat 

FlowSOM Flow Self-Organizing Maps 

FLT3 Fms related receptor tyrosin kinase 3 

FSC Forward scatter 

fwd Forward 

G2 Glycoprotein 2 

GvHD Graft versus host disease 

h Hours 

HSC Hematopoietic stem cell 

HPV Human papilloma virus 

HSV Herpes simplex virus 

IFN𝛾 Interferon gamma 

IMQ Imiquimod 

Infl. inflammatory 

ILC Innate lymphoid cell 

i.p. Intraperitoneal 

i.v. intravenous 

K14 Cytokeratin14 

KO knockout 

LC Langerhans cell 

µg Microgramm 

mBMC mixed bone marrow chimera 

min Minutes 

mL Milliliter 

moC monocyte derived Cells 

MNP Mononuclear Phagocytes 

µL Microliter 

NET Neutrophil extracellular traps 

NK cell Natural killer cell 

nm nano meter 

OVA Ovalbumin 

P professional 
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PAMP Pathogen Associated Molecular Pattern 

PB Pacific Blue flourochrome 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

pDC Plasmacytoid Dendritic Cell 

PE Phycoerythrin 

PerCP Peridinin chlorophyll-A protein 

Pop Population 

PRR Pattern Recognition Receptor 

PSI Pounds per square inch 

r recombinant 

rcf Relative centrifugal force 

rev Reverse 

s Seconds 

S1P Sphingosine-phosphate-1 

S1PR1 Sphingosine-phosphate-1 receptor 1 

SD Standard deviation 

SSC Sideward scatter 

TCI Transcutaneous Immunisation 

TCM Central Memory T cell 

TCR T cell receptor 

TEM Effector Memory T cell 

tet Tetramer 

TLR Toll-like receptor 

TNF𝛼 Tumor Necrosis Factor alpha 

TRM Tissue resident Memory T cell 

U Units 

UMAP Uniform Manifold Approximation and Projection 

UV Ultraviolett 

V Volt 

VACV Vaccinia Virus 

w/w weight per weight 

WT wildtype 
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