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KURZFASSUNG 

 

Langerhans Zellen (LZ) stellen einen speziellen Typ von dendritischen Zellen (DZ) 

dar. Sie bilden Netzwerke in stratifiziertem epithelialem Gewebe und spielen daher eine 

bedeutende Rolle in der Regulation von Immuntoleranz bzw. –abwehr an 

Körperoberflächen. LZ entwickeln sich bereits vor der Geburt aus hematopoietischen 

Stammzellen des Knochenmarks, unterliegen während des Erwachsenenlebens unter 

Einfluss des Zytokins TGF-β1 jedoch einer Selbstregulation. In vitro haben nicht nur 

Stammzellen die Fähigkeit LZ zu bilden, sondern auch CD14+ Monozyten oder CD1c+ 

klassische dendritische Zellen zeigen die Fähigkeit zu funktionellen LZ zu differenzieren. 

Die Differenzierung von Monozyten zu LZ konnte im Maussystem bereits in vivo gezeigt 

werden. Die beteiligten Mechanismen auf Transkriptionsebene, die zur 

Transdifferenzierung von Monozyten zu LZ führen sind jedoch noch nicht völlig untersucht.  

Mithilfe eines Microarrays konnten wir verschiedene Transkriptionsfaktoren 

identifizieren, die unter Einfluss von TGF-β1 während der Entwicklung von LZ bzw. 

Monozyten aus CD34+ Stammzellen differenziell reguliert werden. RUNX3 (Runt-related 

transcription factor 3), der bereits als LZ-instruktiver Faktor beschrieben wurde, zeigte sich 

als durch TGF-β1 induziert. KLF4 (Kruppel-like factor 4), bestimmend für die Identität von 

Monozyten, wurde während der Differenzierung von LZ reprimiert. Wir konnten 

beobachten, dass KLF4 auch während der Differenzierung von Monozyten zu LZ negativ 

reguliert wird. Interessanterweise bleibt die Expression während der Entwicklung von 

anderen Subtypen von DZ, wie dermalen DZ, erhalten. Wir konnten weiters demonstrieren, 

dass der Notch Signalweg für die Inhibition der KLF4-Expression in den Monozyten, die zu 

LZ differenzieren, verantwortlich ist. Die Notch-abhängige Repression von KLF4 in 

Monozyten hebt die Inhibition von RUNX3 durch KLF4 auf und erlaubt somit die durch 

TGF-β1 induzierte Differenzierung zu LZ. Interessanterweise sind hematopoietische 

Stammzellen und CD1c+KLF4- Blut-DZ, anders als Monozyten, in ihrer Differenzierung zu 

LZ unabhängig von einer exogenen Aktivierung des Notch-Signalwegs. Wir konnten 

außerdem beobachten dass der Notch-Signalweg, d.h. die Expression von Notch-Rezeptor 

und -Ligand, in CD34+ hematopoietischen Vorläuferzellen durch TGF-β1 angeregt wird. 

Mittels Immunfluoreszenz konnten wir eine starke Aktivierung dieses Signalwegs in LZ 

zeigen, die in vitro generiert worden waren. Auch LZ in der gesunden Epidermis zeigten 

eine Aktivierung des Notch-Signalwegs in situ, während KLF4 nicht detektiert werden 
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konnte. Ebenso beobachteten wir fehlende Expression von KLF4 in HLA-DR+ LZ-

Vorläufern in der pränatalen Epidermis, wobei dermale DZ hohe Levels an KLF4 aufwiesen.  

Eine Überexpression von KLF4 mittels retroviralen Vektoren in CD34+ 

Vorläuferzellen führte zu einer Inhibition deren Differenzierung zu LZ, bei gleichzeitig 

verstärkter Entwicklung von Monozyten; eine Überexpression von RUNX3 hingegen hatte 

den gegenläufigen Effekt.  

Im Blut zirkulierende CD1c+ klassische DZ exprimieren kein KLF4 und 

differenzieren daher unabhängig einer Aktivierung des Notch Signalwegs zu LZ. Im 

Vergleich zu Monozten und CD34+ Vorläufern zeigen CD1c+ DZ sogar ein höheres Potential 

zu LZ zu differenzieren. Dies lässt auf eine Prädisposition von CD1c+ DZ zu LZ zu 

differenzieren schließen. Andererseits zeigten CD1c+ DZ auch die Fähigkeit, abhängig von 

verschiedenden Zytokin-Stimuli, sich zu KLF4+ dermalen DZ oder Makrophagen zu 

entwickeln; diese Beobachtung ist vermutlich auf die bewiesene Heterogenität dieser 

Zellpopulation zurückzuführen. Dies weist darauf hin, dass CD1c+ Blut-DZ als Vorläufer 

von LZ als auch von monozytären DZ fungieren können. 

 



 

5 

 

ABSTRACT 

 

Langerhans cells (LC) are a special type of dendritic cells (DCs) forming networks 

in stratified epithelia and play a key role in immunity and tolerance at body surfaces. LCs 

are established prenatally from hematopoietic progenitor cells (HPCs) and self-maintain in 

the adult epidermis dependent on TGF-β1. In vitro, not only HPCs, but also blood CD14+ 

monocytes or CD1c+ classical dendritic cells (cDCs) can differentiate into functional LCs. 

Murine monocytes give rise to LCs under conditions of inflammation in vivo. However, the 

transcriptional mechanisms underlying the transdifferentiation of monocytes into LCs still 

remained to be elucidated. 

We performed microarray studies identifying several transcription factors that are 

differentially regulated during monocyte vs. TGF-β1-mediated LC differentiation from 

CD34+ progenitors. Runt related transcription factor 3 (RUNX3), already described as key 

LC-instructive factor, was induced via TGF-β1. The monocyte identity transcription factor 

Kruppel-like factor 4 (KLF4) appeared to be oppositely regulated, i.e. being repressed during 

LC, but induced during monocyte differentiation. We identified KLF4 to be inhibited during 

LC development from human blood monocytes. Conversely, KLF4 is maintained or induced 

during dermal DC and monocyte-derived DC (moDC) differentiation. We identified 

epithelial Notch signaling to repress KLF4 in monocytes undergoing LC commitment. Loss 

of KLF4 in monocytes transcriptionally de-represses RUNX3 in response to TGF-β1, 

thereby allowing LC differentiation. Interestingly, unlike monocytes, HPCs and 

CD1c+KLF4- cDCs differentiate into LCs independently of exogenous Notch activation. We 

could show a TGF-β1-dependent induction of the Notch signaling pathway (e.g. Notch 

receptor Notch-1, Notch ligand Jagged-2) in CD34+ human hematopoietic progenitors 

undergoing LC differentiation. Immunofluorescence staining revealed a strong activation of 

this pathway in CD34+-derived LCs in vitro as well as in epidermal LCs in situ in healthy 

adult skin; these cells appeared to be KLF4-. Also HLA-DR+ LC precursors in the prenatal 

epidermis lacked KLF4 expression, whereas dermal DCs strongly expressed KLF4. 

Retroviral gene transduction showed an inhibitory effect of KLF4 on in vitro LC 

differentiation in favor of monocyte development; however ectopic expression of LC-

instructive RUNX3 reversed this effect.  

CD1c+ blood circulating cDCs do not require exogenous activation of the Notch signaling 

pathway due to the lack of KLF4 expression. Side-by side comparison revealed a higher 
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potential of CD1c+ cDCs to differentiate to LCs than monocytes or CD34+ progenitors 

indicating a pre-commitment towards the LC lineage. However, CD1c+ cDCs showed 

potential to also give rise to KLF4+ moDCs and macrophages probably due to the described 

heterogeneity of this cell population. This indicates that CD1c+ cDCs might represent 

precursors of the LC as well as the monocytic DC lineage.  
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1. INTRODUCTION 
 

1.1. INNATE VS. ADAPTIVE IMMUNITY 
 

The innate (non-specific) immune system represents the first defense line against invading 

pathogens and infections (2) thereby triggering a pro-inflammatory response (3). On the 

other hand, the adaptive (acquired) immune system is responsible for the elimination of 

pathogens and the development of immunological memory (4). The primary cells involved 

in innate immune responses are antigen-presenting cells (APCs)/ mononuclear phagocytes, 

such as macrophages and DCs, which are primarily located at body surfaces, i.e. the 

epidermis, the ciliated respiratory epithelium or mucosal surfaces. They build the interface 

between innate and adaptive immunity via antigen uptake and subsequent migration to 

lymph nodes for antigen presentation to T cells and induction of an antigen-specific T cell 

responses (5–7). Macrophages can also function as effector cells as they eliminate pathogens 

via direct uptake in tissues. Apart from instructing T cells, DCs can directly induce an 

immunological response by the secretion of pro-inflammatory cytokines or interferons as a 

result of viral infection or shock. 

 

1.2. DENDRITIC CELLS 
 

Dendritic cells (DCs) comprise a heterogeneous family of APCs that are pivotal in the 

orchestration of adaptive immune responses (8), i.e. they critically determine whether 

tolerance or specific immune reactions towards certain antigens are initiated (9). DCs 

mediate the polarization of different T helper cell subsets via different cytokines: IL-12 plays 

an essential role in the induction of Th1 responses, mostly via IFN-γ. IL-23 and IL-1 in 

humans and TGF-β and IL-6 in mice contribute to Th-17 responses marked by secretion of 

mainly IL-17, IL-21 or IL-22 (10–12). Th2-responses consisting of IL-15, IL-4 and IL-13 

are strongly dependent on IL-4 (13) ( 

Figure 1, right panel). Maintenance of tolerance ( 

Figure 1, left panel) (9) is achieved by negative selection of autoreactive thymocytes (14) 

and the induction of regulatory T cells (Treg).  
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Figure 1: Mature DCs induce different types of T cell response. 

DCs present processed antigen to naive T cells in the thymus. In the absence of infection, DCs prime a 
tolerogenic T cell phenotype (Treg). Upon infection/ inflammatory stimuli, DCs undergo maturation marked 

by the upregulation of co-stimulatory molecules, enhanced antigen processing/ presentation and the production 

of pro-inflammatory cytokines. Mature DCs induce different types of CD4+ T cells, such as Th1, Th2 or Th17 

depending of the type of the secreted cytokine. 

 

DC subsets in mouse and human have been characterized by their differential location 

(circulating blood DCs, lymph-node resident DCs, epidermal and dermal DCs), their origin 

(myeloid or plasmacytoid), by the physiological state they appear in (steady-state or 

inflammation) or by the expression of surface markers (15). 
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1.1.1. HUMAN DENDRITIC CELL SUBSETS 

Circulating DC subsets 
 

Most of what is known about subtypes of dendritic cells is derived from the murine system, 

but recent research has also brought detailed insights into the human system. Human blood 

contains several phenotypically and functionally subsets of plasmacytoid DCs, 

conventional/myeloid DCs and tissue-resident DCs.  

 

Table 1: Phenotype of human blood circulating DC subsets 

   origin 

 myeloid 

(CD1c+ cDCs) 

myeloid 

(CD141+ cDCs) 

lymphoid/ plasmacytoid 

(pDCs) 

phenotype 

CD1c+ CD1c- CD1c- 

CD4+/- CD4+/- CD4+ 

CD11c+ CD11c+/- CD11c- 

CD33+ CD33+/- CD33- 

CD45RA- CD45RA- CD45RA+ 

CD123- CD123- CD123+ 

BDCA2- BDCA2- BDCA2+ 

BDCA4- BDCA4- BDCA4+ 

BDCA3- BDCA3+ BDCA3- 

(*Table adapted from (16) 

 

Plasmacytoid DCs  

Plasmacytoid DCs (pDCs) can be identified by the expression of CD123 (IL-3R), CD303 

(CLEC4A, BDCA-2) and CD304 (neutropilin, BDCA-4) and the lack of myeloid markers 

such as CD11b, CD11c, CD13 and CD33 (17) as well as CD45RA (B220). They are not 

related to plasma cells, though possessing some lymphoid characteristics (18,19). Though 

pDCs are not present in high numbers in tissues, they comprise about 20 % of MHC-II+ cells 

in the lymph nodes (45-50 % of blood DCs) and are rapidly recruited to sites of inflammation 

(20). pDCs were shown to express high levels of TLR7 and TLR9 (21,22) and induce a rapid 

type I interferon response to viral infections (23–25). INF-α secreted by pDCs is suggested 

to play an important role in the establishment of CD8+ T cell memory responses. When 

freshly isolated, pDCs do not induce efficient T cell responses and upon activation they seem 

to be less „mature“ compared to myeloid DCs (23,24,26).  
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Conventional/ classical myeloid DCs  

Conventional or classical dendritic cells (cDCs) exhibit a unique phenotype, such as 

expression of high levels of MHC-II and long dendrite extensions. Human cDCs exist in 

both lymphoid and peripheral tissues. Two subsets have been characterized, both being Lin-

(CD3-CD14-CD19-CD20-CD56-) and either CD1c+ (BDCA-1+) or CD141+ (BDCA-

3/Thrombomodulin+). CD1c+ cDCs are the main cDC subset found in blood (45-50 % of 

blood DCs); CD141+ cDCs are rather rare (5-10 % of blood DCs). CD1c+ cDCs are thought 

to be equivalents of mouse lymphoid tissue-resident CD11b+ cDCs due to similar gene 

expression profiles and their preferential priming of CD4+ T cells, whereas CD141+ cDCs 

act as equivalents of mouse CD8ɑ+ cDCs as they also express XCR1 and CLEC9A and 

preferably cross-present antigen to CD8+ T cells and promote Th1 differentiation and 

activate cytotoxic T cells.  

 

CD1c+/BDCA-1+ cDCs 

CD1c+ DCs are the major population of DCs in human blood, tissues and lymphoid organs. 

Originally this subset was recognized in the blood as HLA-DR+Lin- cells expressing the 

myeloid markers CD11b, CD11c, CD13, CD33, CD172 (Sirpα) and CD45RO (27). CD1c+ 

cDCs in tissue seem to have a higher activation status (higher expression of CD80, CD83, 

CD86 and CD40) than blood CD1c+ cDCs and express higher levels of the homing receptor 

CCR7 (28,29) They are also contained in spleen and lymph node (30,31), likely originating 

directly from the blood (32,33), residing interdigitating in T cell areas. CD1c+ cDCs express 

a wide range of TLRs and other PRRs for antigen uptake, are potent inducers of naive T cell 

proliferation and possess the ability to cross-present antigens to CD8+ T cells (31–35). They 

were shown to secrete pro-inflammatory cytokines such as TNFα, IL-8 and IL-10 as well as 

IL-12 after TLR7/8 stimulation (30). 

 

CD141+/ BDCA-3+ cDCs 

CD141+ cDCs have been detected among resident cDCs in the lymph node, tonsil, spleen 

and bone marrow (30,31,33,36) as well as in non-lymphoid tissues such as skin, lung and 

liver (32). CD141 (thrombomodulin) is also found on migratory CD14+ DCs and CD1c+ 

DCs upon stimulation with vitamin D (37). Compared to CD1c+ cDCs, CD141+ cDCs 

express lower levels of CD11b and CD11c (38), but high levels of CLEC9A, which mediates 

the uptake of apoptotic/ necrotic cells (34,39) and TLR3/8 for sensing viral nucleic acids 
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and cross-presentation to CD8+ T cells (31–34). CD141+ cDCs produce high levels of TNFα 

and IFN-γ but low levels of IL-12p70 (30,32,40,41). 

 

At steady state, DC-committed precursor cells migrate from the bone marrow via the 

blood to peripheral and lymphoid tissues, where they undergo final differentiation to 

different DC subsets. An exception are Langerhans cells (LCs), which self-maintain in the 

epidermis originating from a local precursor rather than circulating progenitors (18).  

 

 

Tissue-resident DC subsets 
 

DC subsets in the skin 

In the steady-state skin three different DC subpopulations have been identified (epidermal 

LCs, resident dermal myeloid DCs and plasmacytoid DCs), whereas under inflammatory 

conditions a fourth population has been identified (myeloid dermal „inflammatory“ DCs). 

 

 

Figure 2: Dendritic cell subsetss residing in human skin. 

Langerhans cells form a dense network within the epidermis and uniquely express CD207 (Langerin). In the 

dermis, DC subsets are identified by the differential expression of CD1a or CD14. Macrophages function in 
clearance of apoptotic cells and can be distinguished from DCs by surface marker expression. 

 

Healthy human skin contains epidermal LCs and dermal CD1a+ or CD14+ DCs as well as 

macrophages (Figure 2). Only under inflammatory conditions, an additional large population 

of myeloid „inflammatory DCs“ (CD1c+CD11c+HLA-DR+TNFα+iNOS+) can be detected. 
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In mouse skin an additional CD207+ DC population is observed in the dermis, whereas 

CD207 expression in the human is restricted to epidermal LCs (Table 2). 

 

Table 2: Surface characteristics of human and murine skin DC subsets. 

    localization cell type surface markers 

human 

epidermis LC 
CD45, MHC-II, CD1a, CD207 (Langerin),  

E-Cadherin, EpCAM 

dermis 

CD14-dDC CD1c, CD1a+/-, CD34, CD11b, CD11c, MHC-II 

CD14+dDC 
CD1c, CD45, CD11b, CD11c, CD14, MHC-II, 

CD209 (DC-SIGN) 

mouse 

epidermis LC 
CD45, CD11b, CD11c, MHC-II, CD205, CD207, 

E-Cadherin, EpCAM 

dermis 

CD11b+ dDC CD45, CD11bhi, CD11c, MHC-II, CD205 

CD207+ dDC 
CD45, CD11bdim, CD11c, CD103, MHC-II, 

CD207 

 

 

Langerhans cells  

Langerhans cells (LCs) have first been described in 1868 by Paul Langerhans as „nerve cells 

of the skin“. Only more than 100 years later it was recognized that LCs indeed belong to the 

family of dendritic cells. LCs form dense networks in stratified epithelia such as epidermis 

and oral and genital mucosae (42). In the epidermis they reside in the supra-basal layers of 

keratinocytes. LCs are characterized by the expression of high levels of Langerin (CD207) 

and CD1a. Langerin is an endocytic C-type lectin receptor, which is associated with the 

unique, characteristic, rocket-shaped Birbeck granule (BG) (43), an endosomal compartment 

that has specifically been described only in this cell type. In addition to the induction of BG 

formation, langerin functions as an endocytic receptor involved in the transport of 

exogeneous mannosylated ligands from the surface of the cell to intracellular BG 

compartments (44). Langerin-deficient mice were demonstrated to develop normal numbers 

of MHC-II+ epidermal LCs; however, these LCs lacked BG (45). LCs are anchored in the 

epidermis to keratinocytes via E-Cadherin (46), maintaining them in an inactivated state. 

The Mellman lab (47) discovered that in vitro the maturation of LCs can be induced by 

disrupting E-cadherin bindings. E-Cadherin is induced during TGF-β1-dependent LC 

differentiation from CD34+ HPCs (48,49) and monocytes (50). Consistently, in vitro 

generated LCs undergo homophilic adhesion and form large E-Cadherin-mediated cell 
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clusters, which represents a morphologic hallmark of human in vitro LC generation cultures 

(51,52). 

Three key functions have been assigned to LCs: (i) Immature LCs in the epidermis serve 

as sentinels being highly specialized in taking up and processing antigens. They constantly 

probe the environment for the presence of pathogens by extension and retraction of their 

dendrites (53). (ii) Upon encountering pathogens and inflammatory cytokine stimulation, 

LCs undergo phenotypic changes, such as upregulation of surface MHC-II and co-

stimulatory molecules (54) as well as downregulation of E-Cadherin (46). E-Cadherin 

downregulation induces detachment from surrounding keratinocytes and along with 

upregulation of CCR7 (55), allows migration of LCs to T-cell areas of skin-draining lymph 

nodes. Upon stimulation of maturation, LCs downregulate their ability to phagocytose and 

process antigens (54,56,57). In the lymph nodes, LCs appear as fully functional APCs, 

stimulating T cell proliferation and T cell polarization via the secretion of cytokines. In the 

steady-state, LCs also undergo the same maturation process, but in the lymph node produce 

IL-10 to induce regulatory T cells, thereby ensuring tolerance (58).  

 

Resident dermal DCs 

Dermal DCs (dDCs) are suggested to be analogous to „interstitial-type“ DCs found in the 

connective tissue and stroma of other organs (59–61). These cells also possess the ability to 

take up/ process antigens, migrate to lymph nodes and present processed antigens to T cells 

and B cells (62,63). The main population of resident DCs in human dermis can be identified 

by their expression of CD1c. CD1a is expressed on immunostimulatory dermal DCs in 

healthy (59,64) and psoriatic skin (60), though to a lower extent than on epidermal LCs. 

Zaba et al proposed that CD1a+ cells might represent a subset of skin resident myeloid DCs, 

whereas CD1c might be a more useful marker for their identification due to co-localization 

of this marker with nearly all CD11c+ cells (15). An additional population of dermal APCs/ 

DCs is characterized by the expression of CD14 (64,65). Interestingly, these cells lack 

typical markers of myeloid DCs such as CD1c or CD141, co-stimulatory molecules or CCR7 

(66–68). These cells have been identified as migratory skin population of CD14+ cells (59); 

they were previously referred to as „interstitial-type“ or „dermal-type“ DCs. CD14+ DCs 

express markers found on monocyte-derived DCs (moDCs) or macrophages, such as CD209 

(DC-SIGN), FXIIIA or CD163 (66). 

CD14+ DCs isolated from explant skin cultures appeared more macrophage-like (28), 
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though having the ability to differentiate into LC-like cells or more mature DCs upon 

cytokine stimulation (65,69). Due to low expression levels of CCR7, it is questionable if 

CD14+ DC do migrate to lymph nodes (28,66), though a certain functional role regarding 

follicular helper T cell formation or B-cell help has been assigned to CD14+ DCs (68,70). 

Recently, it was demonstrated that skin CD14+ dermal cells are transcriptionally similar to 

tissue-resident macrophages and derived from CD14+ blood monocytes (71). Albeit CD14+ 

DCs share their gene-expression pattern with monocytes, they display phenotypic and 

functional differences. However, it was suggested, that CD14+ DCs in the dermis represent 

monocyte-derived macrophages rather than being related to the DC lineage (71)  

 

Inflammatory dendritic cells 

Inflammatory DCs are comprised by DC subsets that develop under conditions of 

inflammation, but are not detectable during steady state (72). Psoriatic inflammation is 

characterized by a marked increase (up to 30-fold) of CD11c+ dermal DCs (73). Preliminary 

studies suggest that these „inflammatory“ myeloid DCs lack expression of CD1c but can be 

identified by their uniform expression of CD11c. This indicates that they potentially 

originate from monocytes (74), circulating „pre-DCs“ (75–77) or other steady-state DCs 

recruited to sites of inflammation via stimulation with pro-inflammatory cytokines. As 

dermal DCs in psoriasis were shown to produce TNFα and iNOS, they have been termed 

„Tip-DCs“ (78); it is likely that Tip-DCs are contained within the population of 

„inflammatory“ dermal DCs emerging during psoriatic conditions (15). 

6-sulfo LacNAc DCs (SlanDCs) have been identified as inflammatory DCs in active 

lesions of psoriasis (79,80). These cells share expression of CD16 with non-classical 

monocytes, though possess significant functional and transcriptional differences (81). 

Phenotypically, slanDCs (CD16+CD14-CD1c-CD11c+) are distinct from CD1c+ cDCs, 

CD141+ cDCs or pDCs and have been shown to produce high levels of TNFα, IL-12 and IL-

23 (82). They function as inflammatory dermal DCs in psoriasis via induction of Th1 and 

Th17 T cells (79,80).  

Also in skin lesions of atopic dermatitis patients, a distinct population of 

inflammatory DCs was described. These inflammatory dendritic epidermal cells (IDECs) 

(83) are defined as HLA-DR+Lin-CD11c+CD1a+ cells co-expressing CD206 (macrophage 

mannose receptor), CD36, FcεRI, immunoglobulin E, CD1d/c, CD11b and CD209 (DC-

SIGN) (84)  
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In vitro, highly functional „inflammatory-type“ DCs can be generated from classical 

CD14+ blood circulating monocytes via stimulation with GM-CSF and IL-4 (85), which 

have been shown to serve as potent stimulators of CD4+ naive T cells and to produce pro-

inflammatory cytokines such as IL-1, IL-6, TNFα, IL-12 and IL-23 (40).  
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1.1.2. MOUSE DC SUBSETS 

 

Plasmacytoid DCs 
In the mouse, CD11c+B220+Gr1+ DCs present in the thymus represent the counterpart to 

IFNα-producing human pDCs (86). Similar to the human system, murine pDCs are 

dependent on stimulation with FLT3L in vitro (87,88) and in vivo (89). Interestingly, there 

exists a mouse-strain specific difference in frequency of pDCs and IFNα response in vitro 

and in vivo (90).  

 

Non-lymphoid tissue cDCs 
In non-lymphoid tissue, mouse cDCs are represented by two major subsets: CD103+CD11b- 

cDCs and CD11b+ cDCs.  

The CD103+CD11b- cDC subset has a common origin with CD8+ cDCs residing in 

lymphoid tissues (91,92) and are found in most connective tissues. CD103+ cDCs do not 

express macrophage-associated markers such as CD11b, CD115, CD172a, F4/80 or 

CX3CR1; however, CD103+ cDCs in the intestinal lamina propria have been found to 

express CD11b (93,94). Compared to CD11b+ cDCs, CD103+ cell express higher levels of 

FLT3L; mice devoid of FLT3L show a marked reduction of CD103+ cDCs (93).  

The CD11b+CD103- cDC subset is suggested to be comprised by mixed populations 

of tissue cDCs and macrophages; in the lamina propria they differentiate from cDC- 

restricted precursor cells or monocytes (95). 

 

LCs 
In mouse, LCs comprise 3-5 % of all cells in the epidermis. They are characterized by the 

expression of CD207 (Langerin), CD11c and MHC-II and the presence of cytoplasmic 

Birbeck granules. In contrast to human LCs, murine LCs also express monocyte/ 

macrophage markers such as CD11b or F4/80 (96) Unlike other DC subsets, LC 

development is not dependent on FLT3 or FLT3L in vivo (97), though they share 

dependency for M-CSF-R with macrophages.  

 

Migratory DCs 
Peripheral lymph nodes contain an additional DC population termed „tissue-migratory 

DCs“, which relate to non-lymphoid tissue-resident cDCs as they migrate through the 
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lymphatics to the respective draining lymph nodes (76) in a CCR7-dependent manner 

(55,98). Induction of DC migration is initiated by cell maturation accompanied by 

upregulation of MHC-II and other co-stimulatory molecules in response to certain cytokine 

stimuli at steady-state and during inflammation (99). 

 

Lymphoid-resident cDCs 
Lymphoid-organ resident cDCs are comprised by CD8α+ and CD11b+ cDCs (100). The 

CD8α+ cDC subset makes up 20-40 % of spleen and lymph node cDCs and specifically lack 

expression of CD11b or other macrophage-associated markers. The development of CD8α+ 

cDCs (and their non-lymphoid tissue equivalent CD103+CD11b- cDCs) is mediated by the 

transcription factors ID2, IRF8 and BATF3. The deletion of these factors causes severe 

reductions in both cell types (97,101–103), while CD11b+ cDCs are not affected. CD8α+ 

cDCs are marked by high levels of CD205, CLEC9A as well as FLT3; FLT3L stimulation 

induces their proliferation. Mice lacking FLT3L show a significant reduction in CD8α+ 

cDCs numbers (104,105). Also CD11b+ lymphoid-resident cDCs proliferate upon FLT3L-

stimulation and their development is amongst others regulated by the transcription factors 

RelB (106), NOTCH2 (107), IRF2 (108) and IRF4 (109). IRF4 in particular also mediates 

functional features of CD11b+ cDCs (110). CD11b+ cells can be further segregated into 

subsets based on the differential expression of endothelial cell-specific adhesion molecule 

(ESAM). ESAMhi cells express higher levels of CD11c and FLT3 but lower levels of M-

CSF-R and CCR2 compared to ESAMlo cells. ESAMhiCD11b+ cells are suggested to 

originate from DC-committed precursors, whereas ESAMloCD11b+ cDCs seem to develop 

from circulating monocytes (107).  
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1.3. TRANSCRIPTIONAL CONTROL OF DC 

DEVELOPMENT 
 

Hematopoietic stem cells (HSCs) in the bone marrow pass through several commitment 

steps thereby successively acquiring more restriction towards a specific mature blood cell 

type. Stem cells/multipotent progenitor cells show a promiscuous expression pattern of 

genes of different hematopoietic lineages though at low levels (111). As the various 

hematopoietic lineages develop, the gene expression spectrum gets narrowed and precursor 

cells turn more restricted. These cell fate decisions are influenced by various signaling 

pathways and cytokines that modulate the expression of lineage-determining transcription 

factors (111,112). Up to now several transcription factors have been assigned to DC 

development and DC subset specification (113). 

 

1.1.3. PU.1 

The master transcription factor PU.1 (encoded by the Sfpi1 gene) is a member of the Ets-

family of DNA-binding proteins (114). It is highly expressed in early hematopoietic 

progenitors, including the circulating monocytic precursors of myeloid DCs (115) and 

precursors of both thymic T cells and lymphoid DCs (116), but repressed in megakaryocyte-

erythrocyte precursor cells (117,118). PU.1 deficiency was shown to result in perturbed 

hematopoiesis but enhanced granulopoiesis (119–121). PU.1 functions as a critical regulator 

of DC lineage development; it is expressed in all cDCs and pDCs (117,118). Mice 

reconstituted with PU.1-/- hematopoietic progenitors show a marked reduction in CD8α+ and 

CD8α- lymphoid DCs (122). In vitro, PU.1-deficient murine precursors fail to differentiate 

into DCs upon stimulation with GM-CSF (114). Overexpression of PU.1 in human 

multipotent myeloid cells was shown to be instructive for DC development, i.e. ectopic PU.1 

in HL60 monocytes induced the expression of the DC marker CD1a whereas CD11b, also 

present on monocytes, was not altered (123). 

LCs strongly express PU.1; ectopic overexpression of PU.1 in human hematopoietic 

precursors promotes LC development in coordance with TGF-β1 in vitro (124). However, 

in absence of TGF-β1, overexpression of PU.1 in human progenitors was not sufficient to 

induce LC development (124). 

Gene knock-down and gain-of-function studies have shown that PU.1 also participates 

in cell fate decisions at later stages during myeloid differentiation (122,125–128). This is 
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mediated by cooperative or competitive actions of other transcription factors with PU.1 in a 

cell-type specific fashion, e.g. with C/EBPα. The granulocyte-specific transcription factor 

C/EBPα counteracts PU.1 during LC differentiation (128), whereas on the re-direction of B 

cells towards the macrophage lineage requires activity of both transcription factors (129). 

As observed for other myeloid transcription factors, PU.1 seems to control cell fate decisions 

in a concentration-dependent manner, i.e. the relative levels of PU.1 within progenitor cells 

determine lineage decisions as determined for the development of macrophages vs. DCs 

(123). 

 

1.1.4. ID2 

Inhibitor of DNA binding 2 (ID2), a helix-loop-helix transcription factor, negatively 

regulates basic helix-loop-helix (bHLH) transcription factors via formation of heterodimers, 

thereby inhibiting their transcriptional activity (130). Knockout of ID2 in the murine system 

significantly influences development of DC subsets, i.e. mice deficient for ID2 have been 

shown to have a marked increase of pDCs, whereas numbers of CD8α+ and CD11b+CD11c+ 

cDCs were significantly reduced and epidermal LCs were completely absent (130,131).  

ID2-/- mice showed a phenotype comparable to TGF-β1-deficient animals, which are also 

characterized by a complete lack of LCs (132).  

Hacker et al identified ID2 as a TGF-β1 downstream target, therefore a deletion of ID2 might 

render LC progenitors insensitive to TGF-β1 signaling causing inhibition of efficient LC 

differentiation at steady-state (130). Interestingly, under inflammatory conditions, Gr-1+ 

monocytes were demonstrated to be recruited to the epidermis and to be able to differentiate 

into LCs in absence of ID2 (133,134). In fact, it was suggested that LC development during 

steady-state and inflammatory conditions takes place in an ID2-dependent and ID2-

independent pathway (133,134), respectively. Furthermore, LC development from human 

precursors was demonstrated to be induced by ID2 via PU.1 (124).  

 

1.1.5. RUNX3 

Runt-related transcription factor 3 (RUNX3) belongs to the Runt domain family of 

transcription factors, which are implicated as key regulators of lineage-specific gene 

expression in various differentiation pathways. It has been shown to be highly expressed 

during development of myeloid DCs as part of the TGF-β1 signaling cascade (135). Loss of 
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RUNX3 results in loss of Langerhans cells (135); deletion of RUNX3 in leukocytes was 

associated with the spontaneous development of inflammatory bowel disease. The 

deficiency of RUNX3 has led to an increase in DC maturation contributing to enhanced 

inflammation (135). Fainaru et al determined the complete absence of Langerhans cells in 

the epidermis of Runx3-/- mice, similar to the observations made for TGF-β1-/- mice (132). 

This indicates that, upon TGF-β1 stimulation, RUNX3 mediates downstream responses that 

are essential for LC differentiation (135).  

 

1.1.6. IRFs 

Originally, interferon-regulatory factor (IRF) proteins (IRF1-9) were identified as regulators 

of the type I interferon system. Amongst all members of the superfamily, expression of IRF4 

and IRF8 is restricted to the hematopoietic lineage, whereas the other members are expressed 

ubiquitously. Within the single DC subsets, the expression of IRF8 and IRF4 is differentially 

regulated (109,136,137). In mouse, IRF8 is essential for the development of CD8α+ cDCs, 

while IRF4 mediates differentiation of CD4+ cDCs; both, though IRF4 to a lesser degree, 

contribute to pDC generation. It was described, that FLT3L-dependent DC development in 

vitro is mainly dependent on IRF8, whereas GM-CSF-induced DC differentiation is mainly 

mediated by IRF4 (109,136). Epidermal LCs and dermal DCs have been shown to depend 

on IRF8 for their differentiation and function (138). In particular, it was demonstrated that 

deletion of ICSBP (interferon consensus sequence-binding protein) in mouse led to a 

reduced frequency of LCs and a reduced migration of DCs from skin to the lymph node 

under steady-state conditions.  

 

IRF4 
IRF4 was shown to be a key regulator of lymphoid cell, myeloid cell and DC differentiation. 

The expression of IRF4 is restricted to immune cells (B cells, T cells, macrophages and DCs) 

and is suggested to selectively control MyD88-dependent gene regulation in a cell-type 

specific manner (139). Mice devoid of IRF4 display decreased numbers of CD8α- cDCs and 

pDCs, whereas other DC subsets seemed to be not affected (109,136). IRF4 expression has 

also been found in macrophages (140,141).  
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IRF8 
IRF8 plays a critical role in the regulation of lineage commitment in myeloid cell maturation 

(142). IRF8-/- mice show a reduction in frequencies of LCs, pDCs and resident CD8α+ cDCs, 

but increased CD8α- cDCs (143). IRF8 interacts with PU.1, which is known as master 

regulatory factor of macrophage and B cell development. Interaction with chromatin PU.1 

allows binding of IRF8 to DNA thereby regulating target gene expression (143). In DCs, 

IRF8 has been shown to contribute to the TLR9-MyD88-dependent signaling pathway. DCs 

devoid of IRF8 fail to produce pro-inflammatory cytokines such as TNFα or IL6 when 

stimulated (144). 

 

1.1.7. C/EBPα 

CCAAT/enhancer-binding proteins (C/EBP) account for a family of transcription factors 

that are characterized by a basic region-leucine zipper (bZIP), which allows homo- or hetero-

dimerization with each other and binding to cognate consensus sequences (125). C/EBP 

proteins control the transcription of genes involved in development and function of cells of 

the hematopoietic system (125), especially of granulocytic cells. C/EBPα deficient mice 

show impaired differentiation and/or function of granulocytes leading to severe infections 

(145). 

Expression of a dominant-negative form of C/EBPα in CD34+ human hematopoietic 

precursors completely abolished granulocyte and monocyte/ macrophage differentiation but 

favored LC development (125), whereas overexpression of C/EBPα causes enhanced 

development of CD15+ granulocytes. As development of DCs is dependent on PU.1 activity, 

C/EBPα might function to a certain degree as negative regulator of DCs.  

 

1.1.8. BATF3 

BATF3 (Basic Leucine Zipper ATF-like transcription factor 3/ p21SNFT) is specifically 

expressed in DCs and functions as transcriptional repressor upon hetero-dimerization with 

JUN. Deletion of BATF3 in mice results in ablation of CD8α+ cDCs, while not affecting 

other cell types of the hematopoietic system (103). Also numbers and function of other DC 

subsets such as CD8α- cDCs were not influenced.  
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1.1.9. MafB 

The bZip factor V-maf musculoaponeurotic fibrosarcoma oncogene homolog (MafB) was 

shown to be selectively expressed in monocytes and macrophages, but not in other cells of 

the myeloid compartment (146,147). MafB acts as transcriptional activator or repressor and 

plays a pivotal role in the regulation of lineage-specific hematopoiesis by repressing 

erythroid-specific genes though direct protein interactions with Ets-1 in the myeloid cell 

compartment (146). It has been shown to be required for differentiation/survival/maturation 

of monocytes, macrophages and osteoclasts. MafB-directed monocyte/macrophage 

differentiation or PU.1-mediated DC differentiation seem to be alternative but exclusive fate 

options (123). DC differentiation from human HL60 monocytes via overexpression of PU.1 

was demonstrated to be accompanied by a repression of MafB mRNA levels. This is due to 

a direct inhibitory effect of PU.1 on Mafb for directing DC vs. monocyte/ macrophage cell 

fate (123).  

 

1.1.10. Zbtb46 

In mouse, Zbtb46 is induced at the pre-cDC stage and remains present on lymphoid CD8α+ 

and CD11b+ cDCs and non-lymphoid CD103+ cDCs but is not expressed on monocytes and 

macrophages (148,149), though moDCs acquire Zbtb46 upon their differentiation from 

monocytes (149).  

 

1.1.11. NF-κB 

Transcription factors of the NFκB/ Rel family (Rel-A, c-Rel, RelB, NF-kB1 (p105/50), NF-

κB2 (p100/52)) play an important role in regulating inflammatory responses (150) via 

influencing the development and function of DCs. Upon activation of the NF-κB signaling 

pathway, IκB inhibitory proteins get phosphorylated and rapidly degraded through the 

ubiquitin-proteasome pathway thereby releasing NF-κB to enter the nucleus to regulate 

target gene expression (151,152). In mouse, lack of the non-classical NFκB-signaling 

pathway member RelB was shown to inhibit development of CD8α- DCs, though numbers 

of CD8α+ cells and LCs remained unaltered (153). 

RelB has been shown to positively regulate the generation of monocytic CD14+CD11b+ 

precursors of interstitial-type DCs from human hematopoietic precursors (154). It has been 
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associated with mature DCs (155–157) as it is upregulated and translocated to the nucleus 

upon stimulation of DC maturation (158,159). 

 

1.1.12. KLF4 

Kruppel-like factor 4 (KLF4, GKLF) is a member of the KLF4 family (KLF1- KLF17) of 

zinc finger transcription factors involved in the regulation of cell proliferation and 

differentiation (160). Initially, KLF4 was identified in the epithelial lining of the gut (161). 

KLF4 was demonstrated to be strongly expressed in the human monocyte/ macrophage 

lineage (162) and to be essential for the development of monocytes (163). KLF4-/- mice 

showed defects in CMP and HPCs downstream differentiation reflected by a decrease in 

monocytes but elevated levels of granulocytic cells (162). Downstream of PU.1, KLF4 

functions as transcriptional regulator of the monocyte-specific marker CD14 by binding to 

its promoter (162). KLF4 is a downstream target of PU.1 as demonstrated by murine  

PU.1-/- fetal liver cells lacking KLF4, whereas ectopic overexpression of PU.1 causes an 

increase in KLF4 expression (162). Upon induction via PU.1, KLF4 serves as lineage 

determinant in guiding myeloid cell differentiation towards the monocyte cell fate. 

Expression of KLF4 in human macrophages functions as regulator of pro-inflammatory 

signaling (160) and is induced in response to inflammatory cytokines such as IFNγ or TNFα. 

Mouse and human embryonic stem (ES) cells show high levels of KLF4; recently expression 

of KLF4, together with three other transcription factors (Oct2/3, Sox2 and c-Myc) was found 

to allow efficient developmental reprogramming of murine fibroblasts to gain characteristics 

of pluripotent ES cells (164–166).  

KLF4 was demonstrated to be a direct target of IRF8, and IRF8 is essential for the 

development for both monocyte subsets, especially for Ly6C+ monocytes (167). The 

deficiencies of monocyte development observed in IRF8-/- mice were similar to those seen 

in KLF4-/- chimeric mice. KLF4 expression was shown to be lost in IRF8-deficient MDPs; 

KLF4 overexpression slightly restored monocyte development in IRF8-/- deficient mice 

(167). 

 

1.1.13. NOTCH SIGNALING PATHWAY 

Firstly identified in Drosophila and being highly conserved among most multicellular 

organisms, the Notch signaling pathway is involved in regulation of growth, differentiation 
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and maintenance of a wide range of organs (168). In the mammalian system, four different 

Notch receptors (Notch 1-4) and five ligands (Delta-like (1-4) or Jagged1/Jagged-2) have 

been identified (168,169). Notch signaling is activated by cell-cell contact, i.e. the ligand on 

one cell interacts with the respective receptor on the other cell. Upon ligand binding, the 

receptor is trimmed in consecutive proteolytic cleavage events resulting in the release of the 

Notch intracellular domain (NICD) and its translocation to the nucleus. The first cleaveage 

is mediated by metalloproteases of the ADAM family; the second cleavage step is mediated 

by complex of proteolytic enzymes (γ-secretase complex). The NICD mediates 

transcriptional repression through interaction with repressor CSL proteins converting them 

into transcriptional activators (170) and recruitment of co-activator proteins, such as 

mastermind proteins (MAML1-3). Major targets of CSL activaton are basic helix-loop-helix 

proteins encoded by the HES1 gene (see Figure 3). This pathway is involved at various 

stages of cell-fate decisions of many different lineages, the spectrum of possible Notch target 

genes being greatly enhanced by crosstalk with other signaling pathways (e.g. NF-κB,  

TGF-β1) (171,172). The Notch and TGF-β1 signaling pathways share similarities in their 

mode of action. In both pathways the signal is transduced by intracellular mediators 

translocating to the nucleus upon ligand binding to the respective receptor, i.e. the Notch 

intracellular domain (NICD) and TGF-β1- induced Smad proteins. Also the TGF-β1-

dependent differentiation of endothelial progenitor cells into endothelial cells was shown to 

be partially mediated via the concomitant activation of the Notch signaling pathway (173). 

There is also evidence that the „strength“ of the exerted Notch signal contributes to the 

variety of possible effects, i.e. different cellular responses can be induced depending on the 

levels of Notch signaling (174).  
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Figure 3: The core Notch signaling pathway is mediated by regulated proteolysis. 

Upon translation, the Notch protein is glycosylated, which is essential for full function of the receptor. The 

fully mature receptor is established by proteolytic cleavage by Furin at site S1 followed by translocation to the 

cell surface in its heterodimeric form. Receptor activation is mediated by binding to its ligand presented on the 

surface of the neighboring cell leading to a conformational change of the receptor that allows cleavage at site 

S2 by ADAM metalloproteases. This cleavage step generates a membrane-anchored receptor fragment (NEXT, 

Notch extracellular truncation), which is further trimmed by the γ-secretase complex at site S3 generating the 

NICD (Notch intracellular domain); the NICD translocates to the nucleus and regulates Notch target gene 
expression. In the absence of the NICD, the DNA-binding protein CSL is associated with receptor proteins 

(Co-R) repressing the transcription of target genes. Binding of NICD to CSL replaces Co-R proteins with 

transcriptional co-activators (Co-A) such as MAML (Mastermind-like) proteins, thereby allowing transcription 

of target genes. (figure adapted from (175)) 

 

The absence or presence of Notch signaling plays a critical role in hematopoiesis in guiding 

progenitors into the correct lineage direction (176). It was suggested that Notch signaling is 

especially important for definite, but dispensable for primitive hematopoiesis as germline 

mutant embryos deficient for Notch-1 failed to give rise to intra-embryonic HPCs while yolk 

sac hematopoiesis of these mice was not affected (177,178). Cultivation of human CD34+ 

hematopoietic cord blood progenitors on immobilized Notch ligand Delta-1 was shown to 

allow long-term maintenance and ex vivo expansion of HPCs (179,180). As suggested for 
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differentiation processes, also the efficiency of expansion and/or maintenance of HPCs via 

Notch activation is dose-dependent (180). Notch-1 receptor and Jagged-2 ligand have been 

shown to be expressed by hematopoietic stroma cells (181,182). Overexpression of NICD 

or HES-1 in bone marrow-derived progenitors led to increased self-renewal and/or 

proliferation of HPCs (183,184). 
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1.4. CYTOKINE CONTROL OF THE DC LINEAGE 
 

Various hematopoietic cytokines control differentiation and maintenance of subsets of the 

DC lineage. From in vitro studies specific roles could be assigned to specific cytokines. 

1.1.14. GM-CSF  

GM-CSF (granulocyte/macrophage colony-stimulating factor) is a key cytokine for the 

development of DCs and LCs from human and mouse hematopoietic precursors and 

monocytes in vitro (185,186), whereas it is not required for the generation of pDCs (187). 

Although GM-CSF is essential for in vitro DC generation, mice devoid of GM-CSF or its 

receptor show normal numbers of DCs. As PU.1 levels were shown to be increased by  

GM- CSF, one could assign the positive effect of GM-CSF stimulation on DC development 

to the concomitant induction of PU.1 (123). The same effect could be exerted by TNFα, as 

PU.1 can replace TNFα requirements in LC differentiation from human CD34+ 

hematopoietic precursors (128). GM-CSF levels rise during inflammatory conditions and 

there is a marked increase in dermal DC numbers in inflammation (15). Therefore, GM-CSF 

might be essential for inflammatory DC development in vivo although it is dispensable under 

steady-state conditions (18). 

 

1.1.15. FLT3L 

Mice deficient for Fms-related tyrosine kinase 3 8FLT3; CD135) or its ligand (FLT3L) show 

reduced DC numbers (104,105), whereas treatment with FLT3L induces an increase in DC 

numbers (188), i.e. pDCs and all lymphoid-resident and migratory DC subsets (188,189). In 

vitro, the development of all human DC subsets (intDCs, LCs and pDCs) from CD34+ 

hematopoietic precursors is promoted by FLT3L (72,190–192), where it functions as key 

regulator of subsets of the DC lineage (18,193).  

CD135 is expressed on HPCs (194), common lymphoid progenitors (CLPs) and on a subset 

of common myeloid progenitors (CMPs) (195). It is maintained on DC precursors such as 

monocyte/dendritic cell progenitors (MDPs) (105,196), common dendritic cell progenitors 

(CDPs) (193,197) and pre-cDCs (198) with the expression levels decreasing as commitment 

to a specific DC subset increases; expression is lost as soon as cells get (pre-)commited to 

the non-DC lineage (195). 
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1.1.16. M-CSF (Csf-1) 

Macrophage- colony stimulating factor (M-CSF, Csf-1) regulates survival, proliferation and 

differentiation of macrophages (199) with its receptor (CD115) being expressed on GMPs, 

MDPs, monocytes and macrophages. CD115 is also expressed on CDPs, but gets lost as 

commitment towards the DC lineage increases. However, Csf-1 is maintained on a subset of 

murine CD11b+ cDCs, suggesting a monocytic origin of these cells (93). Epidermal LCs are 

competely absent in M-CSF-R knockout mice (200,201) but are not dependent on M-CSF 

ligand, suggesting an alternative ligand for CD115 being involved in LC development. IL-

34, a high affinity Csf-1 receptor ligand, is strongly expressed by epidermal keratinocytes 

(202) and was determined to play a key role in the development of LCs.  

 

1.1.17. TGF Superfamily 

Transforming growth factor β 1 (TGF-β1) and bone morphogenetic protein 7 (BMP7) are 

two key members of the TGF-superfamily and were determined to play an important role in 

the differentiation of various cell types. 
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Figure 4: TGF-β1 and BMP7 signal via different ALK receptors. 

TGF-β1 binds TGF-β-receptor type II (TβR-II), which then recruits and phosphorylates TGF-β-receptor type 

I (TβR-I, ALK5). ALK4 phosphorylates Smad2 and Smad3. In some cell types, TGF-β1 was also shown to be 

able to also activate the ALK3-induced Smad1/5/8 pathway, which was originally considered as the BMP7-
induced pathway (203,204). The phosphorylated Smad2/3 or Smad1/5/8 complexes associate with Smad4 and 

translocate to the nucleus to regulate transcription of target genes. Additionally, inhibitory Smads get activated, 

of which Smad6 mainly inhibits BMP7, whereas Smad7 has inhibitory effects mainly on TGF-β1 signals 

(figure adapted from: (205)). 

 

TGF-β1 
In vivo, TGF-β1 is produced by leukocytes and non-hematopoietic cells, including 

keratinocytes, and exerts pleiotropic effects on cells of the immune system (Li et al, 2006, 

Annu Rev Immunol 24: 99-146). Of the three existing isoforms of TGF-β, TGF-β1 is the 

dominant form; it binds to TGF-β-receptor type II (TGF-βRII/ALK5) leading to the 

activation of Smad2/3 and 4 (see  

Figure 4).  

LC development is strongly dependent on TGF-β1. In vitro, bone marrow 

hematopoietic precusors give rise to LC in presence of GM-CSF and TGF-β1 (51) Adding 

TGF-β1 to GM-CSF/TNFα-supplemented cultures of CD34+ progenitors enables the 

generation of CD1a+/Birbeck granule+ cells under serum-free conditions (51). In vivo, LCs 

are completely absent in TGF-β1-/- mice (132) and these animals spontaneously develop 

lethal multifunctional autoimmune inflammation (206,207). Kaplan et al aimed to 

investigate whether TGF-β1 acts directly on LC precursors to induce maturation or whether 

it influences accessory cells which in turn can affect LC precursors (208). Therefore, they 
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generated different mouse models: Langerin-Cre-TGF-βRII mice, in which LCs were unable 

to respond to TGF-β1 stimulation or Langerin-Cre-TGF-β1 mice, where LCs were not able 

to produce TGF-β1. Both animal models displayed significant reductions in the numbers of 

epidermal LCs, suggesting that TGF-β1 derived from LCs acts directly on LCs via an 

autocrine/paracrine feedback loop and that presence of TGF-β1 is essential for LC 

development and/or survival (208). The notion, that TGF-β1 is a key instructive factors for 

LC generation from HPCs was confirmed by the demonstration that neutralizing  

anti-TGF-β1 antibodies abrogate the differentiation of CD1a+ cells in serum-containing  

GM-CSF/TNFα-dependent LC cultures (209).  

TGF-β1 is secreted in a biologically non-active form bound to latency-associated 

peptide (LAP) (210). Integrins avβ6 and avβ8 have been demonstrated to bind to a specific 

region within LAP leading to its dissociation consequently resulting in the activation of 

TGF-β1. Recently, it was demonstrated that both integrins are expressed by epidermal 

keratinocytes and contribute to maintenance of LCs within the epidermis; inhibition of avβ6 

and avβ8 caused lower levels of active TGF-β1 within the epidermis and the consequent 

emigration of LCs (211). 

 

BMP7 
Even though the signaling through the BMP7 pathway functions similar to TGF-β1, different 

regulatory Smad proteins are involved (see  

Figure 4). BMP7 has been demonstrated to play an essential role in the differentiation of 

LCs (212). LCs do express high amounts of BMP7 and mice devoid of BMP7 show reduced 

numbers of LCs (213). In mouse, BMP7 was detected in prenatal epidermis at timepoints 

where LC precursors seed the embryonic skin (214–217). Also in human, basal/suprabasal 

keratinocyte layers have been demonstrated to express high levels of BMP7 (212), whereas 

TGF-β1 coud not be detected; i.e. TGF-β1 and BMP7 showed an inverse expression pattern 

with TGF-β1 being expressed suprabasally and BMP7 being expressed only in the basal 

layers. This suggested that LC precursors, which reside in the basal keratinocyte layers are 

exposed to a BMP7+ environment (212). 

In vitro, stimulation of CD34+ cord blood progenitors with BMP7 induced differentiation of 

LCs exhibiting a higher proliferative capacity when compared to TGF-β1–dependent LCs 

(212). BMP7-induced LCs were also shown to be more potent in allogeneic T cell 

stimulation as well as in the production of pro-inflammatory cytokines and when compared 

to their TGF-β1-dependent counterparts (212). However, addition of TGF-β1 to BMP7-
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supplemented LC cultures assimilated cells to the TGF-β1-dependent phenotype. Martínez 

et al (218) demonstrated that the canonical BMP signaling pathway is also involved in the 

maturation of monocyte-derived dendritic cells, i.e. BMP4 induced upregulation of co-

stimulatory molecules on immature moDCs. BMP4 has also been described to enhance 

human LC development (212). 
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1.5. DENDRITIC CELL ONTOGENY 
 

DCs, monocytes and macrophages comprise the system of mononuclear phagocytes. Current 

models propose that monocytes, macrophages and DCs originate from common 

hematopoietic stem cell progenitors with a differentiation potential restricted towards the 

myeloid lineage (219). Successive commitment steps in the bone marrow include common 

myeloid progenitors (CMPs), granulocyte-macrophage precursors (GMPs) and 

macrophage/DC progeniors (MDPs). MDPs are proliferating cells in the bone marrow which 

already show myeloid characteristics possessing the potential to give rise to macrophages 

and subsets of DCs, but not to granulocytes. Within the bone marrow, these MDPs would 

differentiate into monocytes and the common DC precursors (CDPs). CDPs differentiate 

into pDCs and pre-cDCs, but not into monocytes in the bone marrow (193,198,220). Pre-

cDCs in turn give rise to mature cDCs upon exiting the bone marrow into blood and lymph 

nodes (221,222). 

Macrophages and DC subpopulations are renewed from the bone marrow, but 

epidermal LCs seem to represent their own precursors, i.e. renewal of the LC network under 

inflammatory conditions is not dependent on bone marrow progenitors (18,223). LCs were 

shown to develop from an embryonic precursor, which colonizes the epidermis already 

before birth, differentiates in situ and proliferates during the first week of life, thereby 

establishing the epidermal LC network (217). In contrast to LCs, the renewal of other DC 

types depends on hematopoietic precursors which re-circulate between the periphery and the 

bone marrow.  

There are differences between the DC networks in the human and the mouse. The 

classical model of DC development was set up based on the findings in the mouse (Figure 

5), where a bi-potent progenitor derived from stem cells in the bone marrow (CMP) gives 

rise to MDPs, which in the end further develop into either to DCs or monocytes 

(105,196,224).  

Early progenitors include the CLPs and CMPs, which have been identified in both, 

mouse and human. The commitment to the lineage of mononuclear phagocytic cells is 

suggested to occur at the MDP stage which in mouse are phenotypically described as  

Lin-c-kit+CX3CR1+ (196) and Lin-CD34+CD117+CD115+CD135+CD45RA+ in human 

(225). MDPs develop from CMPs or GMPs (granulocyte macrophage progenitors) (198) and 

differentiate into spleen macrophages, monocytes, lymphoid-resident cDCs (196), non-

lymphoid-resident cDCs (93,97,226) and pDCs (224) but not into granulocytes (196). 
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Recently a DC-specific progenitor has been identified (193,224,227): the CDP (common DC 

precursor) is phenotypically similar to MDPs but gives rise exclusively to cDCs and pDCs 

(193,220). Lin-c-kit+Flt3+Csf-1R+ CDPs are immediately downstream from MDPs and 

appear to be the first dedicated DC precursor cells giving rise to the lymphoid and non-

lymphoid cDC precursors as well as pDCs. CD8+ and CD11b+ cDCs originate from 

CD11c+MHC-II+ pre-cDCs; these do not give rise to pDCs, monocytes or macrophages 

(197,228). Pre-cDCS emigrate from the bone marrow to differentiate locally in lymphoid 

and non-lymphoid tissues (93,198).  

Also for monocytes and macrophages a more restricted precursor was described: the 

cMoP (common monocyte progenitor), which differentiates into monocyte subsets and 

macrophages but lacks differentiation potential towards the DC lineage.  
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Figure 5: Current Model of mouse DC development. 

The earliest precursors from HSCs are CMPs (229,230). CMPs in turn give rise to cells pre-commited for the 

monocyte- or DC-lineage (CDPs), which give rise to monocyte-derived DCs, pre-cDCs and pDCs, 

respectively. Pre-cDCs differentiate into all known lymphoid-resident and non-lymphoid-resident DC subsets 

(figure adapted from https://www.rndsystems.com/pathways/dendritic-cells-developmental-lineage-pathway). 

 

Development of DCs in the human (Figure 6) is far less well understood compared 

to mouse; the definition of the human DC lineage is complicated by the limited access to 

human tissues, the low number of blood circulating DCs as well as difficulties to effectively 

https://www.rndsystems.com/pathways/dendritic-cells-developmental-lineage-pathway)
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distinguish them from monocytes. In vitro cultures of human monocytes in presence of 

specific cytokines allow differentiation into potent APCs with certain phenotypic 

characteristics of DCs (185). However, these cells more closely resemble activated 

monocytes rather than DCs (35,197,231). Only recently, deeper insights into human DC 

lineage development was gained using an in vitro differentiation system from CD34+ 

hematopoietic progenitor cells (221). Lee et al revealed a sequential origin of DCs from 

restricted progenitor cells: a human granulocyte-monocyte-DC progenitor (hGMDP) gives 

rise to a human monocyte-dendritic progenitor (hMDP) that in turn develops into monocytes 

and a human CDP (hCDP) giving rise to the three main DC subsets (221) (see Figure 6). 

These precursors were defined based on the expression of surface markers (225) and were 

found in the bone marrow, but were absent in blood or tissues and showed some similarities 

with granulocyte-macrophage progenitors (GMPs).  

Only recently, the immediate precursor of human cDCs could be identified 

(222,232). Originating from committed bone marrow DC precursors, this migratory hpre-

cDC is present in bone marrow, cord blood, peripheral blood and peripheral lymphoid organs 

and exclusively give rise to CD1c+ cDCs and CD141+ cDCs, but not tipDCs or monocytes.  
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Figure 6: Current Model of human DC development. 
Bone marrow precursors give rise to common dendritic cell precursors (CDPs) which give rise to all known 

subsets of tissue-resident and blood-circulating DCs but not pDCs. CDPs also give rise to common myeloid 

progenitors which differentiate into monocytes, inflammatory DCs, pDCs and LCs (figure adapted from 

https://rndsystems.com/pathways/dendritic-cell-developmental-lineage-pathway). 
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1.6. MONOCYTE PLASTICITY 
 

Monocytes develop from HPCs in the bone marrow and spleen via several intermediate 

myeloid-committed progenitors. The earliest precursors from HPCs are CD34+Sca-1- 

common myeloid precursors (CMPs) (229,230). CMPs in turn give rise to multipotent 

CD16+CD32+ granulocyte/macrophage precursors (GMPs); CD115 (CSF-1R/M-CSFR)+ 

CX3CR1+CD135 (FLT3)+ macrophage/ DC precursors (MDPs) are included within GMPs. 

MDPs lack granulocytic potential but give rise to monocytes and macrophage subsets; 

monocytes themselves give rise to some DC subsets including inflammatory DCs 

(94,224,227). The cMoP, being restricted towards the monocytic lineage exclusively gives 

rise to Ly6C+CX3CR1intCCR2+ and Ly6C-CX3CR1hiCCR2- monocyte subsets and 

macrophages (Figure 7).  

 

 

Figure 7: Developmental pathway of monocytes in the mouse. 
Monocytes are derived from HPCs in the bone marrow via progenitors restricted to the myeloid lineage.  

Sca-1+ HSCs give rise to CD34+ CMPs, which in turn differentiate into CD34+CD16/32+ GMPs. MDPs 

(CD115+ CX3CR1+FLT3+) lose expression of FLT3 and start expressing Ly6C as they differentiate to cMoPs. 

cMoPs (CD115+CX3CR1+Ly6C+) cells differentiate into classical and inflammatory Ly6chi and Ly6clo 

monocytes subsets, respectively (figure adapted from (233)). 

 

Monopoeisis is tightly controlled by the activity of different transcription factors 

expressed at defined timepoints of cellular development (233). As for DCs, PU.1 also plays 

an essential role in monocyte differentiation by antagonizing pro-granulocyte transcription 

factors, such as GATA-1, GATA-2 and C/EBPα, and inducing myeloid-specific factors, 

such as IRF8 and KLF4 (162,234). IRF8 is expressed at low levels in HSCs, but gets up-

regulated during the successive differentiation to CMPs and GMPs (235). Together with 

PU.1, IRF8 promotes the differentiation of GMPs into monocytes; mice devoid in IRF8 are 

characterized by a strong expansion of granulocytes but an impaired development of 

monocytes (142,236–238). The interaction of IRF8 with PU.1 activates KLF4; KLF4 is a 

major downstream target of IRF8 and PU.1 and is critical for the development of the 
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monocytic lineage as murine KLF4-deficient HPCs fail to differentiate into Ly6Chi 

monocytes (163). 

The most important cytokine in monocyte development in the steady-state is 

macrophage colony stimulating factor (M-CSF); monocytes express the M-CSF receptor 

(239,240). Additionally, IL-34 is suggested to be involved in monocyte differentiation as it 

was shown to induce human monocyte proliferation and survival in vitro (241). Also  

GM-CSF has been demonstrated to impact monocyte differentiation at least under 

inflammatory conditions (242,243). GM-CSF is not detectable in the serum at steady state- 

conditions (244,245); however it is induced during inflammation (246–250), and therefore, 

in contrast to M-CSF, might be important for monopoiesis during inflammation. Consistent 

with this, stimulation with M-CSF induces a homeostatic steady-state phenotype in 

monocytes, whereas GM-CSF imprints an inflammatory phenotype (251).  

The heterogeneity of monocytes has also been described in the human system (252). 

Based on phenotype and function, human analogs to the described mouse inflammatory and 

steady-state subsets have been defined (81,240,253–255). As shown in mice, human 

monocytes also express CD115 (CSF-R1) and CX3CR1 (240,253) but can be characterized 

via CD14 and CD16 instead of the mouse-specific Ly6C marker (256). Classical monocytes 

in human are CD14hiCD16-, whereas the second subset is characterized by a CD14+CD16hi 

phenotype (253,254). In humans, an additional third population of “transitional/ 

intermediate” monocytes (CD14hiCD16+) has been recognized (257). The CD14+CD16- 

classical monocytes comprise about 90 % and the CD16+ nonclassical, inflammatory subset 

comprises about 10 % of all monocytes under steady-state conditions (258). However, 

numbers of CD16+ cells can increase under conditions of excessive stress exercise or 

inflammation (259). These cells have also been shown to producer higher levels of TNFα 

and IL-12 (260,261), but show no responsiveness to CCL2 in contrast to CD14+ classical 

monocytes (262,263).  

Mouse and human monocytes have been demonstrated to be able to undergo 

markable phenotypic and functional changes upon various cytokine stimuli. MurineLy6Chi 

classical/inflammatory monocytes exhibit a marked potential to change their phenotype; 

especially under inflammatory conditions, Ly6Chi monocytes show high plasticity. In 

response to specific pro-inflammatory stimuli monocytes can transdifferentiate into DCs 

(61,219,264,265) or macrophages (266,267) (see Figure 8). 
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Figure 8: Developmental pathways and differentiation potential of mouse Ly6Chi and Ly6Clo 

monocytes. 
During inflammatory reactions (e.g. infection, allergy, injury, tumor growth), Ly6Chigh monocytes are recruited 

to affected tissues and differentiate into different types of macrophage and DCs depending on the cytokines 

they are exposed to. Also Ly6Clow monocyte have been determined to give rise to macrophages and DCs upon 

inflammation (figure adapted from (268)). 

 

1.1.18. Monocytes give rise to LCs 

Lauvau (269) described that the migration of Ly6Chi inflammatory monocytes to sites of 

inflammation is dependent on the expression of the chemokine receptor CCR2 (74) and that 

these cells can transdifferentiate into effector cells such as tissue-macrophages and 

monocyte-derived dendritic cells. This is in line with previous findings, demonstrating that 

Ly6ChiGr-1hiCCR2+ monocytes actively migrate into the epidermis upon UV irradiation in 

CCR2-/- mice and there undergo transdifferentiation into LCs (133,200). It was observed that 

the re-establishment of the epidermal LC network occurs in two waves: the first wave being 

comprised by blood- circulating monocytes that differentiate into short-lived LCs followed 

by a second wave of bone-marrow precursors that differentiate into the final long-term 

resident LCs (see Figure 9). The short-term LCs were shown to phenotypically differ by 
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means of Langerin and MHC-II expression and their developmental dependency on the 

transcription factor ID2 (133). Short-term LCs exhibited lower expression levels of Langerin 

and a more uniform distribution of MHC-II expression over the cell body and developed 

more dendrites than long-term LCs. Gene expression analysis revealed more similarities of 

short-term LCs with Gr-1hi/Ly6Chi inflammatory monocytes rather than with steady-state 

ID2-dependent LCs (133). 

 

 

Figure 9: Langerhans cells populate the epidermis in two waves. 

In the mouse, a wave of bone-marrow progenitors migrates to the epidermis and undergoes proliferation and 
LC differentiation in situ. During steady-state, LC precursors continuously immigrate into the epidermis 

thereby maintaining the network. Upon inflammation-induced emigration of LCs from the epidermis, the 

network is re-established by LC precursors in two waves: the first wave is comprised by Gr1+Ly6Chi blood 

circulating monocytes that transiently replenish the LC network, followed by a second wave presumably of 

bone-marrow derived precursors that then set-up the long-term steady-state LC network (figure adapted from 

Romani, Tripp, et al. 2012).
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2. AIM OF THE STUDY 
 

DCs are essential regulators of the immune system either maintaining the steady-state or 

inducing an immune response upon danger signals. In mouse and human, different subsets 

of DCs have been described based on their phenotype and their localization within different 

tissues. Due to their localization of residence in stratified epithelia, LCs are in contact with 

and mediate tolerance/immune reactions to epithelial and environmental antigens. The 

network of LCs is established before birth from bone marrow-derived hematopoietic 

precursors which differentiate in situ and self-maintain in the epidermis during steady-state. 

Upon activation via contact with environmental antigens, LCs emigrate from the epidermis 

to the skin-draining lymph nodes in order to induce immune reaction or tolerance. Local 

precursors in the skin replenish these emigrating cells ensuring maintenance of the network. 

However, under severe inflammatory conditions, it was observed in the mouse system, that 

blood-circulating monocytes are recruited to the epidermis and function as locally 

differentiating LC precursors. Also in the human system, in vitro studies gave hints for 

blood-circulating cells possessing capability to transdifferentiate into LCs in response to 

stimulation with certain cytokines.  

The different cells of the mononuclear phagocyte system such as DCs, monocytes 

and macrophages have been shown to develop from a common monocytic precursor in a 

transcriptionally tighty controlled fashion. PU.1 has been demonstrated to act a master 

regulator of cell fate decisions of the hematopoietic system; depending on the interaction 

partner and the level of PU.1 expression, hematopoietic common precursor cells differentiate 

into different subsets of the mononuclear phagocyte system. Additionally, the nature and 

levels of different cytokines present in specific tissues contribute to the expression of 

transcription factors finally regulating the differentiation/ maintenance of DC subsets. Being 

highly expressed by epidermal keratinocytes, the immune-suppressive cytokine TGF-β1 has 

been shown to function as key cytokine inducing the development of LCs from monocytic 

precursors in vitro and in vivo. The differentiation of blood-circulating monocytes has been 

clearly described in the murine system; however, the transcriptional mechanisms underyling 

monocyte-to-LC conversion remained to be elucidated. In vitro, both monocytes and LCs 

can be generated from common precursor cells dependent on the absence or presence of 

TGF-β1. In this study we aimed to identify transcription factors which are regulated by 

stimulation of TGF-β1 and to describe the role the identified transcription factors play in LC 

cell fate decisions. As it was described in the mouse that blood-borne cells can replenish the 
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epidermal LC network, we also aimed to identify potential blood-circulating LC precursors 

in the human system.  

The identification of potential LC precursors might add on a better understanding of LC 

function and might allow improvement of vaccination strategies directed towards antigen-

presenting cells in the skin and other stratified epithelia.  



  MATERIALS AND METHODS 

45 

 

3. MATERIALS AND METHODS 
 

3.1. Cytokines and Reagents 
 

Stem cell factor (SCF), thrombopoetin (TPO), tumor necrosis factor α (TNFα), 

granulocyte/macrophage-colony stimulating factor (GM-CSF), Fms-related tyrosine kinase 

3 ligand (FLT3L), interleukin-6 (IL-6), interferon-γ (IFNγ), interleukin-4 (IL-4) and 

macrophage colony-stimulating factor (M-CSF) were purchased from Peprotech. 

Transforming growth factor β1 (TGF-β1) was from R&D Systems. Pam3CSK4 was 

purchased from InvivoGen. The recombinant extracellular domain of Notch ligand Delta-1 

(Delta-1ext-IgG) was kindly provided by I. Bernstein (Seattle, WA, USA) (1).  

 

3.2. Sources of cells and skin tissues 
 

CD34+ cells were obtained from cord blood samples from healthy donors. Blood samples 

were collected during healthy full-term deliveries and prepared as previously described 

(190). CD34+ hematopoietic progenitors were isolated by means of immunomagnetic 

positive selection (EasySep; STEMCELL Technologies).  

For the microarray screen, CD34+CD19- cells were subsorted into CD45RAlow/-, CD45RAint, 

and CD45RAhi subsets by means of flow cytometry (FACS) and analyzed separately. For all 

differentiation experiments, the total CD34+ cell fraction was used. CD14+ monocytes were 

isolated from PBMCs obtained from blood of healthy volunteers in cooperation with the 

Department of Pharmacology of the Medical University of Graz by positive selection with 

magnetic beads (Miltenyi Biotec). For microarray experiments, CD14+ monocytes were 

FACS sorted, as described below. CD1c+ blood cDCs along with CD14+ or CD16+ monocyte 

subsets were purified from buffy coats that underwent thrombopheresis from blood samples 

of healthy donors provided by the Department of Transfusion Medicine of the University 

Hospital Graz via magnetic bead isolation (Miltenyi Biotec). 

Skin was obtained from healthy adults undergoing elective surgery (breast reduction or 

abdominoplasty) (271). For prenatal skin stainings, specimen of human embryonic trunk 

skin (range 9-10 weeks of estimated gestational age (EGA)) were studied after legal 

termination of pregnancy. Approval was obtained from the Vienna Medical University 

Institutional Review Board. Informed consent was provided in accordance with the 

Declaration of Helsinki (1). 
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3.3. Isolation of immune cells for microarray studies 
 

Epidermal LCs and keratinocytes, as well as dermal cell populations, were isolated from 

healthy human skin. Briefly, after separation of dermal and epidermal sheets by incubation 

with Dispase I (3 U/mL, Roche), single cells were released from epidermal sheets by using 

0.25 % trypsin/EDTA (Invitrogen) for 30 min at 37 °C. CD11b-CD1a+ LCs (n=4) and 

CD11b-CD1a- keratinocytes (n=1) were sorted from epidermal cell suspensions on a 

FACSAria (BD BioSciences). For preparation of dermal cell suspensions, dermal sheets 

were dissociated with 0.5 U/mL collagenase IV (Worthington Biochemical; Lakewood, NJ, 

USA) for 90 min at 37 °C. Dermal cells were sorted into CD1a+ dDCs (CD1a+CD11b+CD14-

, n=3), and CD14+ dDCs (CD14+CD11b+CD1a-, n=3).  

Monocytes were sorted from buffy coats obtained from the Austrian Red Cross. Briefly, 

after Ficoll Hypaque (Pharmacia) density gradient centrifugation. Briefly, PBMCs were 

depleted of Lin+ cells (CD3, CD16, CD34, CD56, and glycophorin A) and 

CD14+CD11b+CD19-CD1c- monocytes were sorted by using a FACSAria (BD 

BioSciences). The purity of all cell populations used was at least 98 %. Sorted cells were 

pelleted and lysed in TRI Reagent (Sigma-Aldrich), and RNA was isolated according to the 

manufacturer´s recommendations (1).  

 

3.4. In vitro culture of CD34+ cord blood cells 
 

For CD34+ progenitor cell-derived LCs (p-LCs), CD34+ progenitor cell-derived monocyte-

derived dendritic cell (p-moDC) or monocyte (p-Mo) generation, a previously described 

two-step culture model was used with slight modifications (272,273). In short, sorted CD34+ 

cells were cultured in CellGro DC medium (CellGenix) supplemented with 10% FCS, 

100 ng/mL GM-CSF, 20 ng/mL SCF, 50 ng/mL FLT3L, and 2.5 ng/mL TNFα for 5 days 

before sub-culturing in RPMI-1640 medium (Sigma-Aldrich) + 10% FCS under lineage-

specific cytokine conditions (100 ng/mL M-CSF, 50 ng/mL FLT3L, 20 ng/mL SCF, 

2.5 ng/mL TNFα and 2 ng/mL IL-6 for monocytes; 100 ng/mL GM-CSF, 2.5 ng/mL TNFα 

and 25 ng/mL IL-4 for p-moDCs; and 100 ng/mL GM-CSF, 2.5 ng/mL TNFα and 1 ng/mL 

TGF-β1 for p-LCs). All cultures were supplemented with Glutamax (2.5 mmol/L; 

Gibco/Invitrogen) and penicillin/streptomycin (125 U/mL each; PAA). p-LC clusters were 

purified by means of 1 g sedimentation, as previously described (1).  
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3.5. In vitro culture of CD14+ peripheral blood monocytes 
 

For generating moDCs, purified CD14+ blood monocytes were cultures in RPMI-1640 

supplemented with 100 ng/mL GM-CSF and 25 ng/mL IL-4 in the presence of 10% FCS for 

7 days. moLC differentiation was performed by culturing CD14+ monocytes in presence of 

100 ng/mL GM-CSF, 10 ng/mL TGF-β1 and 10% FCS in 24-well plates coated with Delta-

1, as previously described (274). To immobilize Delta-1 ligand, plates were first coated with 

10 µg/mL goat polyclonal anti-human IgG (Affinipure F(ab’)2 Fragment (goat Anti-Human 

IgG, Fcy fragment specific; Jackson ImmunoResearch) for 60 min, washed, blocked 

(60 min, RPMI-1640 supplemented with 20% FBS) and then coated with 1 µg/mL  

Delta-1ext-IgG for 3 h. All cultures were supplemented with Glutamax (2.5 mmol/L; 

Gibco/Invitrogen, Grand Island, NY) and penicillin/streptomycin (125 U/m Leach; PAA) 

(1).  

 

3.6. In vitro cultivation of CD1c+ blood cDCs 
 

Circulating BDCA-1+/CD1c+ blood cDCs were obtained from buffy coats from the local 

transfusion medicine department via magnetically labelled beads according to 

manufacturer´s instructions (Miltenyi). Briefly, CD1c+CD19+ B cells were depleted prior to 

positive selection of CD1c+ cDCs. Differentiation into LC-like DCs was performed by 

cultivation of freshly isolated cells in presence of 100 ng/mL GM-CSF and 10 ng/mL  

TGF-β1 or 200 ng/mL BMP7 in RPMI-1640 supplemented with 10% FCS in presence or 

absence of immobilized Notch-ligand Delta-1. 

In vitro CD1c+ blood cDC equivalents were generated as described by Lee et al (221) with 

slight modifications. In brief, purified CD34+ cord blood progenitors were cultivated in 

presence of 100 ng/mL FLT3L, 20 ng/mL SCF and 10 ng/mL GM-CSF on plate-bound 

Delta-1 under serum-free conditions (X-VIVO-15 medium, 1% penicillin/streptomycin, 

1% Glutamax) for 7 days. For further differentiation into LCs, in vitro generated CD1c+ 

cDCs were isolated via magnetic beads isolation as described (Miltenyi) and stimulated 

under moDC- (100ng/mL GM-CSF), LC- (100 ng/mL GM-CSF, 10 ng/mL TGF-β1) or 

macrophage- (100 ng/mL M-CSF, 2 ng/mL IL-6) promoting cytokine conditions.  
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3.7. RNA isolation and quantitative PCR 
 

Cells were harvested and total RNA was isolated with the RNeasy Micro Kit (Qiagen, 

Hilden, Germany). Purified RNA was reverse transcribed with oligo-dT primers (Eurofins 

MWG GmbH, Ebersberg, Germany) and reverse transcriptase (M-MLV-RT-H-; Fermentas, 

Waltham, Mass), according to the manufacturer´s instructions. Quantitative PCR was 

performed in a Roche LightCycler (Roche) with Platinum SYBR Green qPCR SuperMix-

UDG (Invitrogen). Obtained expression values were normalized to hypoxanthine 

phosphoribosyltransferase (HPRT) (1). Primers are listed in Table 3. 

 

Table 3: Primers used for quantitative PCR 

Primer name Orientation Sequence (5´→ 3) 

RFX2 
Forward ATA GAT GTC TCC CAC TGC TTC 

Reverse TCT CGA TGT AGT GGA ACT GGA G 

TIEG 
Forward CCA GGA TGT GGC AAG ACA TAC 

Reverse TTC ACA ACC TTT CCA GCT ACA G 

BLIMP-1 
Forward CGG CAA GAT CAA GTA CGA ATG 

Reverse GAG CTG AGT AAA GCC CTT GTT G 

ETS-2 
Forward TTG TGG GTG ACA TTC TCT GG 

Reverse ATG AGG AAC GGA GGT GAG G 

DEC2 
Forward CCT ACC GTC CCA CAG ATT G 

Reverse CCT TGG TGT CGT CTC GTT TC 

DEC1 
Forward TGA CCG GAT TAA CGA GTG C 

Reverse GAG CAG AAC ATC TCT TGA CCT G 

KLF4 
Forward GCC GCT CCA TTA CCA AGA G 

Reverse GTG CCT TGA GAT GGG AAC TC 

PPARδ 
Forward TCA CAC AGT GGC TTC TGC TC 

Reverse TCT ACA GGG TGG TTC CCA TC 

RXRɑ 
Forward CGA CCC TGT CAC CAA CAT TTG C 

Reverse GAG CAG CTC ATT CCA GCC TGC C 

VDR 
Forward AGA TGA CCC TTC TGT GAC CC 

Reverse AGC TTG TTC AGT CCC ACC TG 

HPRT 
Forward GAC CAG TCA ACA GGG GAC AT 

Reverse AAC ACT TCG TGG GGT CCT TTT C 

 

3.8. mRNA microarray and data analysis 
 

Cells were collected at indicated time points (0, 6 and 24 h after addition of TGF-β1). Total 

RNA from 6 independent donors was isolated using the RNeasy Micro Kit (Qiagen). RNA 

samples were then combined into two separate pools (each containing RNA from 3 

independent donors), labeled, and hybridized onto U133 Plus 2.0 Affymetrix GeneChips 

(Affymetrix, Santa Clara, California). Hundred nanograms of total RNA per sample were 

processed using the Ambion´s Message Amp II Biotin Enhanced Labeling Kit (Ambion, 
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Thermo Fisher, Waltham, Massachuesetts). Gene chips were stained, washed and scanned 

according to Affymetrix standard procedures. The probe level data (CEL files) were 

processed for local normalization, and expression values were generated by using the robust 

multiarray average algorithm of the „affy package“ in the R software environment 

(http://www.R-project.org). The microarray data have been deposited in the Gene 

Expression Omnibus database (http://www.ncbi.nlm.nih.gov/goe/) and can be accessed as 

GSE31318. Form RNA profiling of immune cells isolated from skin, total RNA was 

subjected to 2 rounds of linear amplification, as previously described (275,276). Biotin-

labeled ribonucleotides were incorporated by using the ENZO Bio-Array High-Yield RNA 

Transcript Labeling Kit (Affymetrix) during the second round of in vitro transcription. 

Fragmented cDNA (10 µg) was hybridized to Human Genome U133 Plus 2.0 Array 

(Affymetrix). Microarray data were normalized by using the robust multiarray analysis, as 

implemented in Bioconductor (277,278). All analyses were performed with log2-

transformed data. The Ingenuity Pathway Analysis (http://www.ingenuity.com) tool was 

used to assign microarray data sets to common biological pathways and to define gene sets 

attributed to Notch signaling. Analysis was performed for genes showing regulated 

expression under TGF-β1-supplemented vs. non-supplemented culture conditions after 6 

and 24 h (cut-off: fold change, 1.3). Differential expression of Notch was determined by 

using a heat map with Spotfire software (http://www.spotfire.tibco.com) (1).  

 

3.9. Flow cytometry 
 

Flow cytometric staining and analyses were performed, as previously described (279). 

Briefly, 0.5-1x106 cells were blocked with human serum for 10 min at 4 °C, followed by 

antibody staining for 30 min at 4 °C in FACS wash buffer (PBS+BSA+azide). Cells were 

washed twice with buffer, resuspended and analyzed. Flow cytometric analysis was 

performed with an LSRII or LSR Fortessa Instrument (BD BioSciences) and FlowJo 

(TreeStar) or Diva (BD BioSciences) software. For FACS sorting, the BD FACSAria flow 

cytometer (BD Biosciences) was used. Used antibodies are listed in  

Table 4 (1).

http://www.ncbi.nlm.nih.gov/goe/)
http://www.ingenuity.com)/
http://www.spotfire.tibco.com)/
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Table 4: Antibodies used for flow cytometry 

Primary antibodies 

Antigen Conjugate Distributor 

CD34 FITC BD Biosciences 

CD14 FITC BD Biosciences 

HLA-DR FITC BD Biosciences 

CD1a FITC BD Biosciences 

CD1c FITC Miltenyi Biotec GmbH 

CD11b FITC Immunotech 

CD207 FITC Miltenyi Biotec GmbH 

CD207 PE Immunotech 

CD203 PE Immunotech 

CD1a PE BD Biosciences 

CD14 PE BD Biosciences 

HLA-DR PE BD Biosciences 

CD45RA PE BD Biosciences 

CD11c PE BD Biosciences 

Lactoferrin PE Caltag/ An der Grub 

CD14 PE ImmunoTools 

Jagged-2 PE BioLegend 

CD19 PerCP BD Biosciences 

NGFP PerCP-Cy5.5 BD Biosciences 

CD45 ECD Immunotech 

CD117 CyChrome BD Biosciences 

CD1a APC BD Biosciences 

CD14 APC BD Biosciences 

E-Cadherin APC BioLegend 

Notch-1 APC BioLegend 

E-Cadherin AF647 BD Biosciences 

CD11b PE-Cy7 BioLegend 

CD11b APC-Cy7 BD Biosciences 

CD80 Biotinylated BD Biosciences 

CD86 Biotinylated BD Biosciences 

CD209 Biotinylated BD Biosciences 

CD11b Biotinylated BD Biosciences 

CD1a BV421 BD Biosciences 

CD1a Pacific Blue BioLegend 

The second-step reagent for biotinylated antibodies was streptavidin-PerCP (BD Biosciences). 

APC, Allophycocyanin; ECD, Phycoerythrin-Texas Red; PE, phycoerytrhin; PerCP, peridinin-chlorophyll-protein 

complex 

 

3.10. Western Blot analysis 
 

For Western Blot analysis, lysates of 1-2x106 cells were loaded per lane, and resolved 

proteins were transferred to a polyvinylidene difluoride membrane (Immobilon-P; 

Millipore). Membranes were probed with antibodies against KLF4 (Santa Cruz 

Biotechnology), RUNX3 (a kind gift of S. Sakaguchi, Vienna, Austria) or β-actin (Sigma-

Aldrich), followed by horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies 
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(Pierce Biotechnology). Antibody binding was visualized with the chemiluminescent 

substrates, SuperSignal West Pico or West Dura (Pierce Biotechnology) (1).  

 

3.11. γ-secretase inhibitor treatments 
 

CD14+ peripheral blood monocytes were cultivated under moLC differentiation conditions 

(100 ng/mL GM-CSF, 10 ng/mL TGF-β1, immobillized Delta-1). Treatment with γ-

secretase inhibitors DAPT (N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-

butyl ester; Sigma Aldrich) or L-685,458 (5S-(tert-Butoxycarbonylamino)-6-phenyl-(4R)-

hydroxy-(2R)-benzylhexanoyl)-L-leucy-L-phenylalaninamide; Tocris) was performed 

either in a continuous fashion (addition of inhibitor on day 0 and day 4 of cultivation) or 

during the initial differentiation phase (day 0- day 4) of cultivation. DMSO-treated and 

untreated cells served as controls.  

 

3.12. Retroviral vectors 
 

RV-GFP and RV-KLF4-GFP vectors were kindly provided by M.W. Feinberg (162). KLF4-

coding DNA was inserted into the BglII/XhoI sites of the MSCV-IRES-GFP vector. Cutting 

of RV-KLF4 with BglII and XhoI and insertion into the MCSV-IHRES-NGFR vector 

generated MIN-KLF4. MIG-RUNX3 was kindly provided by S. Sakaguchi (Vienna, 

Austria). HR-KLF4-IGFP was generated by cutting RV-KLF4-GFP with BglII and XhoI 

and inserting it into the BamHI/XhoI site of the pHR-IGFP vector (kindly provided by 

F.Rossi, Vancouver, British Columbia, Canada) (1). 

 

3.13. Transfection of packaging cell lines and gene 

transduction 
 

Gene transduction was performed as previously described (280,281). In short, the packaging 

cell line Phoenix-Gag-Pol (Ph-GP) was used for generating GALV envelope-containing 

retroviral particles. Target cells were plated on RetroNectin (Takara Bio)-coated non-tissue 

culture plates coated with virus (3-5 h, 37 °C) in specific growth medium. Infections were 

repeated 2 to 3 times at intervals of 12 to 24 h. CD34+ cells were infected in expansion mix 

(50 ng/mL SCF, 50 ng/mL FLT3L, 50 ng/mL thrombopoietin/ TPO). The retroviral 

tetracycline-inducible system (tet-on system) was described previously (280).  
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Briefly, the first vector encoded the Tet activator pTA-mCD8α. The second vector encoded 

human KLF4-IRES-GFP under the control of a Tet-responsive element. CD34+ cells were 

first infected with TA-mCD8α, followed by infection with the Tet-responsive vector. 

Expression of the KLF4 transgene was induced by addition of 1 μg/mL doxycycline (DOX). 

Fresh DOX was added every 2 to 3 days of LC differentiation cultures to sustain KLF4 

expression (100 ng/mL GM-CSF, 2.5 ng/mL TNFα, 1 ng/mL TGF-β1 secondary cultures) 

(1).  

 

3.14. Confocal microscopy 
 

Multicolor immunofluorescence staining procedures were performed on frozen sections, as 

previously described (282). In short, specimen were embedded in optimum tissue compound 

(Tissue-Tek, Sakura) and snap-frozen in liquid nitrogen. Sections of 6 µm were air-dried, 

fixed in acetone (10 min) and washed with PBS. Samples were then stained with primary 

antibody overnight at 4 °C; secondary antibodies were applied for 60 min at room 

temperature. Cytospins were prepared by centrifugation of cells (1-2x105 cells/ sample) 

using FlexiPERM chambers (Greiner BioOne) mounted in SuperFrost microscropy slides 

(Menzel, Thermo Scientific). Cells were washed twice with PBS, fixed (10 min, 4% PFA), 

washed, air-dried and stored at -20 °C. For immunofluorescence stainings, slides where 

thawed at room temperature for 20 min and washed with 1x TBS-T. Permeabilization for 

nuclear stainings was performed using 0.1% Triton-X (10 min, RT).  

Negative controls were obtained in all staining experiments by substituting primary antibody 

with the isotype-matched IgG. Slides were mounted in Permafluor (Themo Fisher 

Scientific), VECTASHIELD (Vector Laboratories) or Fluoroshield (Sigma-Aldrich). 

Immunofluorescently labeled sections were analyzed with a Zeiss LSM 520 confocal 

microscope (x40/1.3NA; Zeiss,), and images were captured with Zen 2008 Software (Zeiss).  

The following primary antibodies were used: polyclonal rabbit anti-KLF4 (Sigma-Aldrich); 

mouse anti-CD207 (Immunotec, Vaudreuil-Dorion, Quebec, Canada), fluorescein 

isothiocyanate (FITC)-conjugated mouse anti-CD11b (Immunotec), FITC-labeled mouse 

anti-HLA-DR (BD Biosciences); polyclonal rabbit anti-activated Notch-1 (Abcam); 

monoclonal mouse anti-CD1a (Novus Biologicals), polyclonal goat anti-CD14 (Novus 

Biological) and FITC-labeled mouse anti-CD14 (BioLegend, San Diego, California). Alexa 

Fluor 488-conjugated anti-Laminin 5 (Millipore, Temecula, California) was used to 

visualize the epidermal-dermal junction on skin sample stainings. Anti-FITC polyclonal goat 
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IgG (Invitrogen) and anti-rabbit polyclonal F(ab’)2 fragment (JacksonImmunoResearch) or 

goat anti-rabbit Alexa Fluor 647 (Invitrogen), donkey anti-rabbit Rhodamine Red-X 

(JacksonImmunoResearch), donkey anti-mouse Alexa Fluor 488 

(JacksonImmunoResearch), and donkey anti-goat Alexa Fluor 647 

(JacksonImmunoResearch) served as secondary reagents. All secondary antibodies have 

been cross-absorbed to avoid cross-reactivity with IgG of other species (1).  

 

3.15. Immunohistochemical staining 
 

Double-labeled immunohistochemical staining was performed on paraffin-embedded 

sections or cytospin preparations by using the LabVision Polymer Detection System (anti-

mouse AP, anti-rabbit horseradish peroxidase), according to the commercial protocol 

(Thermo Fisher Scientific). The following primary antibodies were used: monoclonal mouse 

anti-CD1a (Novus Biologicals), polyclonal rabbit anti-activated Notch-1 (Abcam), and 

polyclonal rabbit anti-KLF4 (Sigma-Aldrich) (1).  

 

3.16. Chromatin immunoprecipitation assay 
 

CD14+ peripheral blood monocytes were induced to differentiate with GM-CSF 

(100 ng/mL) and IL-4 (25 ng/mL) into moDCs. KLF4 chromatin immunoprecipitation was 

performed with the KLF4 ExactaChIP Kit (R&D Systems), according to the manufacturer´s 

protocol. Briefly, moDCs (6x106) were treated for 15 min at 37 °C with 1 % (v/v) 

formaldehyde, followed by addition of glycine (final concentration, 125 mmol/L). Cells 

were pelleted, re-suspended in lysis buffer, lysed on ice, and sonicated to obtain chromatin 

fragments of 0.5 to 1 kb in length. Equal amounts (5 µg) of goat anti-human KLF4 antibody 

or of normal goat IgG were used per reaction. The following primers were used for detection 

of the RUNX3 promoter region: 5’-GCAGCCCCAGAACAAATC-3’ and 5’-

GCTACGACCCGAGAGAGG-3’. The abundance of distinct DNA fragments was 

quantified by means of semi-quantitative PCR. The PCR products were resolved by using 

2 % agarose gel electrophoresis (1).  
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3.17. Cytokine measurements 
 

Cells were seeded (1x104 to 2x104 per 200 µL) in 96 well plates, and supernatants were 

collected 48hours later, as previously described (280). Cytokine (IL-6, IL-10, IL-8, TNFα 

and IL-12p40) levels were quantified with the Luminex system (Luminex) (1).  

 

3.18. Mixed leukocyte reaction (MLR) 
 

Allogeneic mixed leukocyte reactions (MLRs) were performed as described previously 

(212,283). In brief, purified T cells (100.000 cells/well) were co-cultivated with graded 

numbers of purified stimulator APCs (moLCs, CD1c+ DC-derived LCs, CD34+-derived p-

LCs; 100- 27.000 cells/well) in 96-well U-bottom cell culture plates (Sarstedt) in RPMI-

1640 medium supplemented with 10% FBS. Expansion of T cells was determined after 

cultivation for 5 days by the addition of thymidine [methyl-3H] TdR (Perkin-Elmer). Cells 

were harvested (TOMTEC Harvester 96) onto a filter mat (glass fibre filter), sealed together 

with scintillation paper (Metilex; sealed by Wallac Microsealer 1495-021) followed by 

measuring the incorporation of thymidine after 18 h using a β-counter (Wallac Microbeta 

1450 Plus). Assays were performed in triplicates. 

 

3.19. Statistical analysis 
 

Statistical analysis was performed with the paired, 2-tailed Student t test or ANOVA. P 

values of less than 0.05 were considered significant.  
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4. RESULTS 
 

4.1. KLF4 is inversely regulated during LC vs. monocyte 

differentiation of myeloid progenitor cells 
 

TGF-β1 induces the generation of CD1a+CD207+ progenitor cell- derived (p-) LCs at the 

expense of monocytes/ macrophages when added to serum-free, cytokine supplemented 

cultures (GM-CSF, SCF, FLT3L and TNFα) of CD34+ cord blood hematopoietic precursor 

cells (190). 

We screened for TGF-β1- regulated transcription factors during p-LC commitment. 

To obtain cell fractions highly enriched in consecutive differentiation stages of early myeloid 

cells, CD34+ cells devoid of initial B cell committed cells (CD34+CD19-) were sub-

fractionated into CD45RAlow/neg, CD45RAint and CD45RAhi subsets (Figure 10) (284–287). 

These subsets were pre-stimulated with GM-CSF, SCF, FLT3L and TNFα for 48 h to bias 

their differentiation to monocytes. Thereafter, TGF-β1 was added to induce p-LC 

differentiation; parallel cultures were maintained without TGF-β1 addition to further 

promote monocyte development (Figure 10) (190). Under these conditions, only CD45RAhi 

cells, representing the most differentiated myeloid progenitor subset, exhibited potent 

capacity to differentiate into CD1a+CD207+ p-LCs or CD14+CD11b+ p-monocytes (Figure 

10). To enrich for functional LC precursors, we therefore used these CD45RAhiCD34+ cells 

for microarray profiling (Figure 11, A). Conversely, all the subsequently described cell 

culture experiments were done with total CD34+ cells (1).  
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Figure 10: CD34+CD45RAhi progenitors give rise to monocytes and LCs. 

Sorted CD34+CD45RAlo, CD34+CD45RAint and CD34+CD45RAhigh progenitor subsets were cultured under 

monocyte-promoting cytokine conditions (GM-CSF, FLT3L, SCF, TNFα) for 48 h before further cultivation 

for 7 days under monocyte (-TGF-β1) or LC- (+TGF- β1) promoting conditions and analyzed for surface 

marker expression (figure published in (1)). 

 

From mRNA analysis (Figure 11, B) we identified several “proof of concept” molecules 

being induced in TGF-β1-supplemented cultures such as Claudin-1, E-Cadherin, CD207 or 

CCR6 (Table 5); vice versa, monocyte/moDC-associated markers (CD36, CLEC10, MRC1 

or FXIIIA) were repressed under LC conditions (Table 6). Three groups of differentially 

regulated transcription factors were identified: (i) factors rapidly induced in TGF-β1-

containing cultures including DEC1, VDR, RUNX3, RXRα, RFX2; (ii) factors induced late 

at 24 h in presence of TGF-β1 (DEC2, PPARγ) or slightly induced in absence of TGF-β1 

(BLIMP-1); (iii) factors rapidly repressed in TGF-β1-containing cultures including ETS2 

and KLF4. Among all these transcription factors, KLF4 was the only factor significantly 

inversely regulated under p-LC vs. monocyte differentiation conditions; i.e. repressed during 

p-LC (+TGF-β1) but induced during monocyte (-TGF-β1) differentiation (Figure 11, C). 

KLF4 was shown to induce monocyte differentiation (162,163); therefore it might be 

involved in regulating alternative lineage fate options of shared monocyte/ LC progenitor 

cells.  

KLF4 is a member of the family of Kruppel-like factors, carrying conserved DNA binding 

zinc finger domains, but lacking homology outside of the DNA binding regions (288). Apart 

from KLF10 (TIEG), an immediate early TGF-β1-inducible factor in various cell types 

(289), and KLF6, none of the other KLF family members underwent significant regulation 

in the presence or absence of TGF-β1 in our screen (Table 7) (1).  
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Figure 11: Identification of transcription factors regulated during LC commitment. 

(A) Schematic representation of the set-up of microarray analysis of LC vs. monocyte differentiation of CD34+ 

progenitors. (B) qPCR validation of selected transcription factors (n=4-8, +/- SEM, *t-test p<0.05, **t-test 

p<0.01, ***t-test p<0.001) (figure published in (1)). 

 

 

Table 5: Microarray data: mRNAs induces in TGF-β1- stimulated vs. non stimulated cultures 

probe set 
gene 

symbol 
0 h 

- TGF-β1 + TGF-β1 sum of 

calls 

F.p. 

value 6 h 24 h 6 h 24 h 

201131_s_at CDH1 13.3§ 14.9 26.1 69.8 470.0 8 <0.0001 

222549_at CLDN1 8.8 11.2 12.8 34.6 253.8 6 <0.0001 

220428_at CD207 7.2 6.8 8.2 7.7 197.9 2 <0.0001 

206337_at CCR7 19.0 16.3 25.4 51.9 77.9 6 0.0015 
§microarray expression values generated using the robust multi-array average algorithm (RMA) and processed for global 

normalization 
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Table 6: Microarray data: mRNAs repressed in TGF-β1-stimulated vs. non-stimulated cultures 

probe set 
gene 

symbol 
0 h 

- TGF-β1 + TGF-β1 sum of 

calls 

F.p. 

value 6 h 24 h 6 h 24 h 

209555_s_at CD36 312.3§ 389.9 730.6 165.1 343.5 10 0.00007 

206682_at CLEC10A 217.2 295.3 517.1 214.7 350.1 10 0.00310 

204438_at MRC1 661.0 775.3 1771.1 372.7 93.6 10 0.00001 

203305_at FXIIIA 75.7 73.8 73.8 64.4 42.1 7 0.00435 

§microarray expression values generated using the robust multi-array average algorithm (RMA) and processed for global 

normalization 

 

Table 7: Microarray data: KLF4 family member mRNA regulation in TGF-β1-stimulated vs. non-

stimulated cultures 

Probe set 
gene 

symbol 
0 h 

- TGF-β1 + TGF-β1 sum of 

calls 

F.p. 

value 6 h 24 h 6 h 24 h 

210504_at KLF1 35.9§ 34.7 38.9 55.6 41.8 10 0.827 

219371_s_at KLF2 18.6 16.8 19.2 15.6 17.4 1 0.531 

222913_at KLF3 65.8 63.0 67.0 63.1 67.2 10 0.953 

221841_s_at KLF4 111.4 137.6 205.7 52.2 65.0 10 0.057 

209212_s_at KLF5 31.5 38.4 31.7 26.6 32.9 7 0.444 

1555832_s_at KLF6 442.8 411.8 605.6 352.4 555.3 10 0.010 

1555420_s_at KLF7 28.8 32.0 29.9 30.3 29.5 10 0.976 

219930_at KLF8 5.0 4.6 5.4 4.5 5.2 10 0.295 

203543_s_at KLF9 4.8 5.0 6.2 4.7 7.5 5 0.056 

202393_s_at KLF10 116.9 94.9 110.3 221.3 181.6 10 0.014 

218486_at KLF11 52.0 47.1 55.7 47.2 63.4 10 0.211 

227261_at KLF12 89.1 77.4 76.8 88.2 104.2 10 0.062 

225390_s_at KLF13 490.0 458.2 578.2 586.3 635.8 10 0.129 

1552814_s_at KLF14 9.9 8.9 9.7 8.4 9.4 0 0.747 

221302_at KLF15 25.7 23.4 27.6 28.2 26.0 0 0.668 

226328_at KLF16 51.8 50.6 60.8 46.5 58.4 2 0.976 

1553891_at KLF17 6.7 7.4 7.3 5.9 5.9 0 0.628 
§microarray expression values generated using the robust multi-array average algorithm (RMA) and processed for global 

normalization 
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4.2. KLF4 protein is inversely regulated during moLC or 

moDC generation from CD14+ peripheral blood monocytes 
 

Murine inflammatory monocytes are KLF4+ and require KLF4 for differentiation (163). 

These cells can give rise to LCs under inflammatory conditions (200). As our microarray 

data suggests that LCs lack KLF4, we investigated the regulation of KLF4 protein expression 

during LC development from monocytes. 

Congruent with previous observations (Hoshino et al, 2005, J Leukoc Biol 78: 921-929), 

Notch ligand Delta-1 cooperates with TGF-β1 to induce LC differentiation from CD14+ 

monocytes (moLCs; CD1a+CD207+ cells). Under these conditions, KLF4 was repressed to 

virtually undetectable levels (Figure 12, A). Conversely, addition of TGF-β1 alone (i.e. 

without Delta-1) to GM-CSF-supplemented cultures resulted in the preferential generation 

of macrophages (CD14+CD11b+CD1a-) exhibiting marked up-regulation of KLF4 protein 

(Figure 12, B). In fact, KLF4 expression levels were elevated in GM-CSF plus TGF-β1 

supplemented cultures as compared to cells stimulated with GM-CSF only. Stimulation of 

monocytes with GM-CSF in the presence of Delta-1 caused repression of KLF4  

(Figure 12, B). KLF4 was also abundantly expressed in CD1a+ moDCs generated in the 

presence of GM-CSF+IL-4 (Figure 12, B) (1).  
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Figure 12: Delta-1 represses KLF4 during LC differentiation from peripheral blood monocytes: 

CD14+ blood monocytes were cultured for 5 days with indicated cytokines and analyzed (A) for expression of 

lineage markers by FACS and (B) KLF4 protein expression by Western Blot (figure published in (1)). 

 

We subsequently analyzed the regulation of KLF4 during p-macrophage, p-moDC and p-

LC generation from CD34+ hematopoietic precursors. Time kinetic analyses revealed weak 

KLF4 expression by monocyte/ LC precursors generated from CD34+ cells in the presence 

of GM-CSF, SCF, FLT3L and TNFα plus 10% FCS as described previously (186) (day 0, 

Figure 13, A). These precursors can be induced to differentiate into CD1a+CD207+CD209-

CD11b- p-LCs, CD1a+CD207-CD209+CD11b+ p-moDCs (Figure 13, A and B) or 

CD14+CD11b+ p-macrophages (Figure 13, A). p-LCs clearly lacked detectable KLF4 

(Figure 13, C), thus the presence of low levels of KLF4 in p-LCs (Figure 13, A) might be 

attributed to contaminating monocytes. Conversely, p-moDC differentiation (IL-4, Figure 

13, C) was marked by rapid and persistent KLF4 induction (day 2 to day 7). M-CSF-induced 

macrophage differentiation (Figure 13, A) was accompanied by a transient KLF4-

upregulation. Omission of TGF-β1 from the LC-inducing cytokine mix abrogated p-LC 

differentiation but favored generation of CD14+CD11b+ monocytes from Mo/LC precursors, 

similarly to what has been observed for pre-stimulated CD34+ cells (compare Figure 13, D 

and Figure 10, A). KLF4 was expressed by Mo/LC precursors at day 0 and increased during 

monocyte (-TGF-β1) but declined during LC differentiation (+TGF-β1) (Figure 13, D). IFNγ 
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was previously shown to enhance KLF4 expression in monocytes (160). Consequently, we 

analyzed whether KLF4 is induced in CD34+-derived p-LCs or p-moDCs in response to 

IFNy stimulation for 2 days. Whereas IFNγ failed to induce KLF4 in p-LCs, p- moDCs 

showed marked upregulation of KLF4 upon IFNγ treatment (Figure 13, E) (1).  

 

 

Figure 13: KLF4 is inversely regulated during moDC and LC differentiation from common 

progenitors. 
(A) CD34+ cells were cultured in presence of GM-CSF, FLT3L, SCF and TNFα for 5 days (= day 0) and 

subsequently plated under p-moDC, p-LC or p-monocyte differentiation conditions for 7 days. Surface marker 

expression was analyzed by FACS (upper panel); KLF4 expression was determined by Western Blot (lower 

panel). (B) Lineage marker profile and (C) KLF4 expression of CD1a+ cells of day 7 p-moDC- (grey filled 

histograms) or p-LC (black lines) cultures. (D) FACS and KLF4 expression analysis of day 5 progenitors 

cultured in presence or absence of TGF-β1. (E) KLF4 expression of FACS-purified p-LCs or p-moDCs 

cultured for 2 days +/-IFNγ (figure published in (1)). 
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Guironnet et al previously (290) described an antagonistic effect of TGF-β1 and IL-4 on the 

differentiation of moLCs when cultivated in absence of immobilized Notch ligand. The 

presence of Delta-1 in GM-CSF/TGF-β1-supplemented cultures significantly enhanced 

expression of CD207 and CD1a (Figure 14, A). Addition of IL-4 to these differentiation 

conditions resulted in downregulation of CD207, but enhancement of CD11b expression 

(Figure 14, A). In line with previous observations (290), we observed induction of  

E-Cadherin expression upon addition of IL-4 to our moLC differentiation cultures (data not 

shown). moLCs cultured in presence of Delta-1 developed the classical LC clusters, whereas 

supplementation of IL-4 resulted in a decrease in dendrite formation though similar 

formation of homotypic clusters was observable (Figure 14, B).  

In order to determine the requirement of a constitutive activation of the Notch signaling 

pathway, moLC cultures were re-plated from immobilized Delta-1 ligand on consecutive 

days of differentiation. We observed that the presence of Delta-1 is essential in the initial 

phase of differentiation, whereas re-plating at later timepoints did not affect CD1a+CD207+ 

moLC development. Continuous abrogation of plate-bound Delta-1 ligand did not allow 

moLC development (Figure 14, C). Treatment of moLCs with γ-secretase inhibitor  

L-685,458 showed a concentration-dependent reduction of CD1a+CD207+ cells (Figure 

14, D) compared to control conditions. Viability was not affected (data not shown). 

Treatment of moLCs with DAPT during the initial differentiation phase or throughout the 

course of differentiation resulted in a complete abrogation of moLC development. 

Interestingly, at lower concentrations (5 µM) CD1a expression was still induced comparable 

to GM-CSF/TGF-β1-supplemented culture conditions in absence of Delta-1 (Figure 14, D). 

As seen for DAPT, the inhibitory effect of L-685,458 was concentration-dependent and did 

not affect cell viability (data not shown).  
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Figure 14: Activation of Notch signaling is essential during early phase of moLC differentiation: 

Freshly isolated CD14+ blood monocytes were incubated with the indicated cytokines and analyzed (A) by 
FACS) and (B) by light micrscopy to assess morphology. (C) Cells were removed from immobilized Notch 

ligand Delta-1 on consecutive days during moLC differentiation and analyzed by FACS). (D) The influence of 

inhibition of Notch activation by two γ-secretase inhibitors (DAPT; L-685,458) at different concentrations on 

moLC differentiation was evaluated by FACS analysis.  
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4.3. LCs and their precursors lack detectable KLF4, 

whereas dermal DCs are KLF4+ 
 

LCs in adult human skin (HLA-DR+CD207+ epidermal cells) lacked detectable KLF4 

(Figure 15, A, arrowS), whereas all keratinocyte layers exhibited nuclear KLF4 expression 

pattern. Moreover, KLF4 was readily detectable in HLA-DR+ dermal cells (Figure 15, arrow 

heads). Since LCs develop prenatally from epidermal resident precursor cells, we also 

analyzed prenatal human skin. HLA-DR+ cells in embryonic epidermis skin at 9 weeks 

estimated gestational age (EGA) lacked KLF4 expression (Figure 15, left panel, arrows), 

whereas HLA-DR+KLF4+ cells could be identified in the dermis (Figure 15,left panel, 

arrows and arrowheads).  

 

 

Figure 15: Prenatal LC precursors in the epidermis lack KLF4 expression. 

Frozen sections of healthy human skin (fetal skin at 9 and 10 weeks EGA, adult skin) were stained for the 

indicated markers. Nuclei were stained with DAPI and are displayed in blue. LCs and prenatal HLA-DR+ LCs 

are indicated by arrows, dermal HL-DR+ cells are indicated by arrowheads (n=4 per developmental stage); 

Bars equal 20 µm (figure published in (1)). 

 

 

Two major subsets of dDCs exist in adult skin, marked by CD1a and CD14 expression, 

respectively (Figure 16, A). KLF4 could be detected at varying levels in most adult CD1a+ 

and CD14+ dermal DCs, whereas epidermal CD1a+ cells lacked KLF4 (Figure 16, A; B). 

Grading was performed according to reference levels of KLF4 in keratinocyte layers (outer 

layers, high; suprabasal, int; basal, low). Gene profiling of FACS-sorted cell subsets 
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confirmed that both dDC subsets, monocytes and keratinocytes express KLF4 mRNA at high 

levels, while it is virtually undetectable in LCs (Figure 16, C). 

It was proposed that migratory CD14+ dDCs can differentiate into LCs when stimulated with 

TGF-β1 (69). Skin explant cultures revealed two subsets of CD14+ dDCs, one of which 

displayed higher migratory potential and readily differentiated into LCs in presence of TGF-

β1. One might speculate that these cells contribute to the replenishment of the epidermal LC 

network upon resolution of inflammation. In immunofluorescence stainings we observed 

that lesional psoriatic skin is characterized by an increase in numbers of dermal 

CD1c+KLF4+ or CD14+KLF4+ cells (Figure 16, D). This is in line with previous findings 

(291) showing that CD1a+CD14dim moLCs in the epidermis and HLA-DR+CD14dim/bright 

moDCs in the dermis can be detected in lesions of skin of psoriasis patients (1).  
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Figure 16: Dermal CD1a+ or CD14+ DCs express varying levels of KLF4: 

Sections of paraffin-fixed adult skin were stained for the indicated markers. Nuclei were stained with DAPI 

and are displayed in blue. (A) Dermal CD1a+ and CD14+ DCs were evaluated for KLF4 expression (Bars equal 

20 µm) and (B) graded for KLF4 levels (n=6), (C) KLF4 mRNA levels of LCs, blood monocytes, CD1a+ dDCs 

or CD14+ dDCs and keratinocytes isolated from healthy adult human skin (n=3). (D) Healthy and psoriatic 
adult skin samples were compared. Bars 50 µm (parts of figure published in (1)). 
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4.4. Notch signaling is activated in LCs 
 

Notch activation in response to Delta-1 represses KLF4 as well as monocyte lineage markers 

CD14 and CD11b in blood monocytes (Figure 12, A). Moreover, Delta-1 is required for 

TGF-β1- induced moLC differentiation (Figure 12, A). CD1a+ epidermal LCs stain strongly 

positive for an antibody specific for active intracellular NOTCH1 (aN1) (292,293); 

conversely they lack KLF4 (Figure 17, A). 

Consistently, CD207+ cells generated from monocytes or CD34+ cells are aN1+ but lack 

KLF4 (Figure 17, B). Inversely, moDCs lack aN1 expression, but are strongly KLF4+. 

Positive aN1 reactivity of LCs was confirmed using a chromogen-based 

immunohistochemistry method (Figure 18, A and B) (1).  

 

 

Figure 17: LCs are strongly positive for activated Notch signaling. 

(A) Sections of healthy human skin and (B) cytospins of in vitro generated p-LCs, moLCs and moDCs were 

stained for the indicated markers. Nuclei were stained with DAPI and are displayed in blue. Bars equal 50 µm 

and 10 µm, respectively (figure published in (1)). 



  RESULTS 

68 

 

 

Figure 18: LCs in vivo and in vitro show activation of the Notch signaling pathway. 

Immunohistochemical analysis of healthy human skin and in vitro-generated LCs. (A) Paraffin-embedded 

sections of healthy human skin were stained for CD1a (red) and aN1 (blue); Bars equal 20 µm. (B) p-LCs and 

moLCs were sorted using anti-CD207 mAb using magnetic beads. Cells were spun on slides, fixed, 

permeabilized and stained for CD1a and aN1; Bars equal 20 µm (figure published in (1)). 

 

 

Since CD34+ cell-derived p-LCs develop in absence of exogeneous Notch ligand in vitro, 

we assumed an endogenous activation of this pathway in these cells. Ingenuity pathway 

analysis of above- described microarray screen (Figure 11, A) revealed induction of Notch 

signaling pathway members by TGF-β1 within 6 h. Notch signature gene HES1 was induced 

along with NOTCH1 and JAG2 ligand, as well as components of the Notch activating  

γ-secretase complex (PSEN1, PSEN2) (Figure 19, A; Table 8). Consistently, NOTCH1 was 

induced in response to LC-instructive TGF-β1 signaling in hematopoietic progenitors within 

24 h to 72 h (Figure 19, B, upper panel). Moreover, a portion of day 5 p-LC precursors 

expressed JAG2, which was further up-regulated in day 7 generated CD1a+CD207+ p-LCs 

(Figure 19, B, lower panel). Notch signaling occurs via a cell contact-dependent mechanism 

(294). Consistently, p-LC generation cultures exhibited typical cell clustering involving E-

Cadherin adhesion (48,49) and aN1 positivity (Figure 19, C). These characteristics were not 

observed in GM-CSF/IL-4-dependent p-moDC differentiation cultures irrespective of the 

presence or absence of TGF-β1 (1). 
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Figure 19: TGF-β1 induces expression of Notch signaling genes. 

Microarray data of CD34+ progenitors cultivated +/-TGF-β1 were subjected to Ingenuity Pathway Analysis. 

(A) Heat map shows TGF-β1-dependent up- or down-regulation of Notch target genes after 6 h and 24 h (n=3). 

(B) CD34+ progenitors were stimulated with SCF, FLT3L and TPO for 3 d (d 0) and subsequently plated under 

LC- or monocyte-differentiation conditions (GM-CSF+SCF+TNFα+FLT3L+/-TGF-β1). D 1, d 3, d 5 and d 7 

generated cells were analyzed for NOTCH1 and JAG2 surface expression by FACS (n=4). (C) FACS analysis 

of intracellular active NOTCH1 (aN1) of day 5 moLCs (GM+CSF+Delta+/-TGF-β1), day 7 p-LCs  

(GM-CSF+SCF+TNFα+FLT3L+/-TGF-β1) and d 5 moDCs (GM-CSF+IL4+/-TGF-β1) (n=4); (figure 

published in (1)): 
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Table 8: Ingenuity pathway analysis: Notch pathway genes regulation in TGF-β1-stimulated vs. non-

stimulated cultures 

Gene symbol 
- TGF-β1 + TGF-β1 

0 h vs 6 h 0 h vs 24 h 0 h vs 6 h 0 h vs 24 h 

HES1 1 1 1.974 1.926 

JAG1 1 1.365 -1.975 1.857 

JAG2 1 1 1.764 1.814 

MAML2 1 1 1.419 1.707 

PSEN1 1 1.354 1.522 1.573 

MAML3 1 1 1 1.319 

NOTCH1 1 -1.341 1.446 1.316 

ADAM17 1 1 1 1.3 

CNTN1 1 1.304 1 1 

PSEN2§ 1 1 -1.356 1 

MAG -1.305 1 1 1 

MFNG 1.342 1 1 1 

PSEN2 1.375 1 1 1 

NOTCH2 1 -1.367 1 -1.545 

DTX4 1 1.374 -2.293 1.994 
§PSEN2 expression was detected by two Affymetrix probe sets: 204261_s_at for “0 h vs 6 h -” and 211373_s_st for “0 h 

vs 6 h +” 
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4.5. Ectopic KLF4 represses LC differentiation from 

Mo/LC precursors 
 

To investigate whether KLF4 interferes with LC development, CD34+ progenitors were 

transduced with KLF4-IRES-GFP or empty control vector and subsequently induced to 

differentiate for 5 days into Mo/LC precursors as schematically shown in (Figure 13, A)  

(GM-CSF/SCF/FLT3L/TNFα + 10% FCS) (295). Ectopic KLF4 reduced the percentages of 

CD1a+ cells in favor of CD14+CD1a- cells (Figure 20, A), while a KLF4 mutant 

(KLF4∆ZNF-IRES-GFP), lacking DNA binding activity, but still retaining the trans-

activation/ repression domain (160,296), showed the opposite effect (Figure 20, A). 

Consistently, KLF4 overexpression strongly inhibited, whereas KLF4∆ZNF promoted p-LC 

generation from Mo/LC precursors (Figure 20, B) (1).  

 

 

Figure 20: Overexpression of KLF4 interferes with LC differentiation.  

CD34+ cord blood progenitors were transduced with KLF4-IRES-GFP, KLF4∆ZNF-IRES-GFP or empty 

vector CTRL. (A) GFP+ day 5 progenitors and (B) GFP+ day 5 progenitors were further cultivated with TGF-

β1 and analyzed by FACS for surface marker expression (n=6, *t-test p<0.05, **t-test p<0.01, ***t-test 

p<0.005); (figure published in (1)). 

 

 

We next generated day 5 Mo/LC precusors (according toFigure 13, A; FACS plots day 0) 

and analyzed the consequences of KLF4 overexpression on p-LC differentiation using an 

inducible retroviral system (Figure 21, A) (280). Expanded progenitor cells were transduced 

with two retroviral vectors (inducible “tet-on” system (280)) followed by the generation of 
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DC precursors in primary cultures. Thereafter, cells were sub-cultured under secondary LC 

generation conditions in presence of doxycycline (DOX) to induce KLF4-IRES-GFP or 

empty control-GFP (Figure 21, B). FACS analysis of GFP+ cells was then performed at day 7 

in p-LC generation cultures. The induction of KLF4 at the stage of DC precursors was 

sufficient to inhibit p-LC generation (Figure 21, C). Conversely, ectopic KLF4 expression 

in CD34+ cells failed to inhibit but rather promoted generation of p-moDCs  

(CD207-CD209+CD11b+CD1a+ cells, Figure 21, D) (1).  

 

 

Figure 21: Induced expression of KLF4 promotes moDC differentiation. 

(A) Schematic representation of experimental set-up for KLF4 induction. (B, C) Day5 progenitors cultivated 

according to (A) were sub-cultured under LC-promoting conditions (GM-CSF+TNFα+TGF-β1). GFP+ cells 

were analyzed by FACS on day 7 (n=6, *t-test) for CD1a/CD207 or moDC-specific surface markers (C). FACS 

of day 5 progenitors sub-cultured under p-moDC conditions (n=6). (D) KLF4-IRES-GFP- (grey filled 

histograms) or CTRL-tranduced (black lines) cells were cultivated +TGF-β1 and analyzed for the indicated 

surface makers (figure published in (1)). 
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Apart from phenotypic characteristics, LCs and moDCs also differ in functional properties. 

p-LCs expressed substantially lower levels of pro-inflammatory cytokines than p-moDCs 

(Figure 22, A and B), confirming previous observations (68,272,297). KLF4-transduced 

p-moDCs showed slightly higher mean production levels of pro-inflammatory cytokines 

relative to controls (Figure 22, B). However, these data did not reach statistical significance 

in paried t-test statistics. Consistent with the observed repression of KLF4 during LC 

differentiation, KLF4∆ZNF-transduced p-LCs equaled control transduced cells in low levels 

of cytokine production (1).  

 

 

Figure 22: p-LCs exhibit a less pro-inflammatory phenotype. 

(A) GFP+CD1a+CD207+ p-LCs or (B) GFP+CD1a+CD11b+ p-moDCs were sorted at d 7 and stimulated for 
2 days in presence of 1 µg Pam3CSK4 or left untreated (0 µg). Cells were analyzed for the secretion of the 

indicated cytokines. (n=3, +/-SEM); (figure published in (1)). 
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4.6. RUNX3 and KLF4 are inversely regulated during LC 

and moDC differentiation 
 

We next aimed to identify the mechanism underlying KLF4-mediated repression of LC 

differentiation. Since RUNX3-/- mice lack LCs (135), and RUNX3 is strongly induced 

concomitant with LC differentiation (Figure 23, A), we addressed whether RUNX3 is 

involved in KLF4-mediated repression of LC development.  

Mo/LC precursors were stimulated under monocyte or LC differentiation conditions 

(i.e. +/- TGF-β1, Figure 23, A) and monitored in parallel for KLF4 and RUNX3 expression. 

RUNX3 was induced during during LC differentiation (+TGF-β1), but remained low/ 

undetectable under monocyte differentiation conditions (-TGF-β1), while KLF4 showed an 

inverse expression pattern (Figure 23, A). Furthermore, RUNX3 was expressed by moLCs 

but neither moDCs nor macrophages generated from peripheral blood monocytes  

(Figure 23, B) (1).  

 

 

Figure 23: RUNX3 and KLF4 show an inverse expression pattern during moLC/moDC differentiation. 

KLF4 and RUNX3 protein expression of (A) day 5 p-LC precursors further cultivated +/-TGF-β1 for 7 days 

and (B) CD14+ monocytes stimulated with the indicated cytokines for 5 days (figure published in (1)). 

 

Ectopic expression of RUNX3 in CD34+ cells promoted the generation of day 5 

p-LC precursors (CD1a+ cells) at the expense of monocyte precursors (CD1a-CD14+ cells) 

(Figure 24, A). Accordingly, RUNX3 promoted the generation of CD1a+CD207+ p-LCs in 

secondary cultures in absence or presence of TGF-β1 (Figure 24, B). Furthermore, RUNX3 

reduced percentages of CD11b+CD209+CD1a+ moDCs generated in the presence of  

GM-CSF/IL-4 in favour of CD11b-CD209-CD1a+CD207+ p-LCs (Figure 24, C and D) (1).  
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Figure 24: RUNX3 and KLF4 are inversely regulated during LC and moDC differentiation. 

CD34+ cells were transduced with RUNX3-IRES-NGFR or empty CTRL vector and induced to differentiate 

into d 5 precursor cells (A) Representative FACS plots of gated GFP+ cells. Day 5 precursors were stimulated 

+/-TGF-β1 and analyzed for (B) p-LC or (C) p-moDC phenotype (n=6, *t-test p<0.05, ***t-test p<0.005). (D) 

RUNX3-IRES-NGFR- or CTRL-transduced day 5 precursors were cultured +TGF-β1. GFP+CD1a+ cells were 
analyzed for expression of CD207, CD209 (DC-SIGN), CD11b and CD14 (figure published in (1)). 
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4.7. Ectopic KLF4 in progenitor cells inhibits TGF-β1-

mediated RUNX3 induction and RUNX3 overexpression 

restores LC differentiation in KLF4-transduced 

progenitors 
 

We next analyzed whether KLF4 inhibits LC differentiation via repression of RUNX3. Thus, 

CD34+ cells were transduced with KLF4-IRES-GFP or empty control vector; subsequently, 

cells were induced to differentiate into Mo/LC precursors in the presence of GM-

CSF/SCF/FLT3L and TNFα +10% FCS as schematically shown in Figure 21, A. GFP+ cells 

were sorted and then stimulated in p-LC (+TGF-β1) or p-monocyte (-TGF-β1) 

differentiation conditions. In control transduced cells, RUNX3 protein and mRNA was 

strongly induced under LC conditions, as expected (Figure 25, A and B). Conversely, TGF-

β1-dependent RUNX3 protein and mRNA induction was substantially impaired in KLF4 

transduced cells (Figure 25, A and Figure 25, B). In comparison, other TGF-β1- induced 

genes from the screen, such as TIEG1 and SMAD7, were not repressed by KLF4 (Figure 

25, C). Id2 has been described to be essential during LC development (102). Consistently, 

we observed a slight downregulation of Id2 mRNA by KLF4 overexpression (Figure 25,  D). 

Thus ectopic KLF4 in progenitor cells inhibits TGF-β1-mediated RUNX3 induction under 

LC-promoting differentiation conditions, but does not generally interfere with TGF-β1 

signaling. In line with this, KLF4 binds to the RUNX3 promoter in moDCs, suggesting an 

inhibitory role on RUNX3 expression (Figure 25, E) (1).  
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Figure 25: KLF4 represses RUNX3 promoter activity. 

(A) RUNX3 protein and (B) RUNX3, (C) TIEG and SMAD7 mRNA expression of GFP+ day 5 precursors 

cultivated +/- TGF-β1. (D) KLF4-IRES-GFP- or CTRL-transduced cells were cultured + TGF-β1 and sorted 

day 1 GFP+ cells were analyzed for ID2 mRNA expression by qPCR (n=3, +/- SEM). (E) Semi-quantitative 

PCR analysis of KLF4 chromatin immunoprecipitation from CD1a+ moDCs (n=3); (figure published in (1)). 

 

 

We further evaluated whether ectopic overexpression of RUNX3 in progenitor cells could 

rescue LC differentiation in KLF4-transduced progenitors. Thus, CD34+ progenitor cells 

were simultaneously transduced with KLF4-IRES-GFP and RUNX3-IRES-NGFR or 

respective empty control vectors and day 5 generated GFP+NGFR+ Mo/LC precursors were 

analyzed. Expectedly, ectopic KLF4 inhibited the generation of CD1a+ cells in favor of 

CD14+CD1a- cells, while RUNX3 showed an inverse effect (Figure 26, A, FACS and bar 

diagrams). Notably, ectopic RUNX3 was able to overcome the inhibitory effect of KLF4 on 

the generation of CD1a+ cells (Figure 26, A, FACS and bar diagrams). In line with this, 

RUNX3 was furthermore able to re-establish the generation of CD1a+CD207+ p-LCs from 

KLF4 transduced progenitor cells (Figure 26, B, FACS and bar diagrams),(1).  
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Figure 26: RUNX3 restores LC differentiation from KLF4-transduced progenitors. 

CD34+ cells were co-transduced with KLF4-IRES-GFP plus RUNX3-IRES-NGFR vectors or respective empty 

CTRL vectors. (A) FACS analysis of co-transduced GFP+NGFR+-gated day 5 precursors and (B) p-LCs 

(+TGF-β1) (n=6, *t-test p<0.05, **t-test p<0.01, ***t-test p<0.001); (figure published in (1)). 
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4.8. Lack of KLF4 in CD1c+ cDCs is indicative for their 

LC differentiation potential  
 

Human CD1c+/BDCA-1+ cDCs comprise 0.02-0.06 % of cell in the peripheral blood  

(0.3-0.9 % of leukocytes). Due to this low frequency we isolated cDCs from apheresis 

products rather than peripheral blood samples of healthy donors along with CD14+ 

monocytes and CD4+ T cells using magnetic beads (Figure 27, A). Initial removal of CD14+ 

monocytes followed by CD1c+CD19+ B cell depletion resulted in high purities of CD1c+ 

blood cDCs (CD1c+CD11c+HLA-DR+CD19-CD14-CD4-) as analyzed by FACS (Figure 

27, B). 

 

 

Figure 27: Isolation of CD1c+ cDCs and CD14+ monocytes from buffy coat apheresis products. 

(A) Schematic representation of isolation protocol. CD14+ monocytes, CD1c+ cDCs and CD4+ T cells were 
isolated using magnetic beads. (B) The purity of the individual blood cell type was analyzed by FACS; plots 

are representative for 5 independent donors.  

 

Unlike monocytes, CD1c+ blood circulating cDCs have been shown to differentiate 

into LCs in presence of TGF-β1 or BMP7 independent of exogenous Notch ligands (298). 

As monocytic KLF4 had to be repressed in CD14+ monocytes via Notch activation to allow 
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for moLC differentiation, we investigated the level of KLF4 expression of CD1c+ cDCs. 

Immunofluorescence staining revealed absence of KLF4 protein within nuclei of freshly 

isolated CD1c+ cDCs (Figure 28, A), suggesting these cells to be pre-committed towards the 

LC linage but not the monocytic lineage. CD1c+ cDCs stimulated with GM-CSF+ 

TGF-β1/BMP7 differentiated into substantial percentages of CD1a+CD207+ LCs; 

immobilized Delta-1 further enhanced the differentiation of LCs by nearly 30 % (Figure 

28, B, upper panel). Interestingly, stimulation with only GM-CSF in presence of Delta-1 

induced LC-differentiation to higher levels when compared to GM-CSF/BMP7 conditions 

only. This suggests an intrinsic LC-instructive function of the activated Notch signaling 

pathway in CD1c+ cDCs, similar to what we observed for CD14+ monocytes (Figure 28, B, 

lower panel). As mentioned, abrogation of immobilized Delta-1 from moLC cultures did not 

result in CD1a+CD207+ cell differentiation (Figure 28, B, lower panel). Presence of Delta-1 

in CD1c+ cDC cultures stimulated with TGF-β1 repressed CD11b, whereas in all other 

conditions CD11b was expressed at substantial levels. (Figure 28, B, upper panel). As we 

demonstrated that LCs differentiated from monocytes or hematopoietic precursors are KLF4 

negative, we also stained CD1c+-derived LCs for KLF4. Indeed, we could verify their LC 

lineage identity, as no nuclear KLF4 expression could be detected (Figure 28, C).  
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Figure 28: CD1c+ blood DCs are KLF4- and do not depend on activation of Notch signaling. 

(A) Cytospins of CD1c+ cDCs and CD14+ monocytes were stained for the indicated markers; Bars equal 50 µm 

(n=3). (B) Freshly isolated CD1c+ blood cDCs and CD14+ blood monocytes were cultured for 5 days under 

LC promoting conditions (100 ng/mL GM-CSF, 10 ng/ml TGF-β1) in presence or absence of immobilized 

Notch ligand Delta-1 and analyzed by FACS for surface marker expression. Plots are representative for 4 

independent experiments. C) LCs generated from CD1c+ blood DCs were stained for indicated markers. Bars 

equal 50 µm. (n=3) 

 

Additionally, CD1c+ cDCs differentiate into LCs in presence of lower concentrations of 

TGF-β1 when compared to CD14+ monocytes (Figure 29, A). Phenotypically, CD1c+ cDC-

derived LCs, moLCs and CD34+-derived p-LCs slightly differed by the appearance of longer 
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dendrites in case of CD1c+-derived and moLCs, indicative for a higher activation status of 

these cells (Figure 29, B); in all cultures we observed the LC-characteristic formation of 

homotypic clusters mediated by E-Cadherin adhesion. Stronger activation would be in line 

with a potential role of these cells in inflammatory conditions.  

 

 

Figure 29: CD1c+ DCs and CD34+ HPCs show similar capactiy to differentiate into LCs. 

(A) CD1c+ cDCs, CD14+ monocytes and CD34+ hematopoietic progenitors were induced by different 

concentrations of TGF-β1 (n=3) (D) LCs generated from CD1c+ cDCs, CD14+ monocytes and CD34+ HPCs 

were analyzed by light microscopy. 

 

 

4.9. CD1c+ cDCs can acquire features of moDCs and 

macrophages 
 

Hypothesizing that CD1c+ cDCs are pre-committed to give rise to LCs, we investigated their 

potential to differentiate into other cells of the mononuclear phagocyte system. Surprisingly, 

CD1c+ cDCs also showed potential to develop into interstitial-type DCs/moDCs and 

macrophages in presence of GM-CSF/IL-4 (Figure 30, A) or M-CSF/IL-6 (Figure 30, B), 
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respectively. Indeed, CD1c+ cDCs were more potent in differentiating into 

CD1a+CD11b+CD209+ moDCs compared to CD14+ monocytes (Figure 30, B and C). CD14+ 

derived moDCs expressed higher levels of CD11b but less CD1a compared to CD1c+ cDC-

derived moDCs (Figure 30, D). CD209 (DC-SIGN) expression of CD14+-derived moDCs 

exceeded CD209 expression of CD1c+-derived cells (Figure 30, D). We identified 

macrophages by surface expression of CD14, CD11b and mannose receptor (CD206). As 

expected, CD14+ monocyte gave rise to high numbers of macrophages (Figure 30, C). 

Though CD1c+ cDC-derived macrophage cultures developed into CD14+CD11b+ cells, 

expression of CD206 was substantially lower compared to monocytes. Compared to CD34+ 

hematopoietic progenitors, CD1c+ cDCs displayed higher capacity to give rise to 

CD1a+CD209+ moDCs (Figure 30, E). This suggests CD1c+ cDCs being pre-committed 

towards the DC lineage, but not to the monocyte/ macrophage lineage, though some surface 

characteristics of macrophages can be induced on CD1c+ cDCs in in vitro cultures. The 

development of monocytes and macrophages as well as CD14+-derived moDCs was 

demonstrated to be dependent on KLF4 (162,163). We therefore performed 

immunofluorescence stainings of moDC and macrophage differentiation cultures (Figure 

30, F). CD14+CD11b+CD206+ macrophages and CD1a+CD11b+ moDCs derived from 

CD1c+ cDCs exhibited nuclear KLF4 expression comparable to CD14+-derived cells. In 

CD1c+ cDC-derived macrophage cultures not all cells expressing CD14 were stained 

similarly positive for KLF4. This is in line with the described heterogeneity of CD1c+ blood 

cDC population (299).  
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Figure 30: CD1c+ cDCs can differentiate into moDCs and macrophages. 
Freshly isolated CD14+ monocytes and CD1c+ cDCs were cultured under (A, B) moDC (GM-CSF/IL-4) or (A, 

C) macrophage (M-CSF/IL-6) differentiation conditions and (D) analyzed by FACS for surface marker 

expression (n=3). (E) CD34+ progenitors and CD1c+cDCs were compared for their moDC differentiation 

potential when cultivated in presence of GM-CSF and IL-4. (F) Cytospins of CD1c+ cDC-derived and CD14+ 

monocyte-derived moDCs and macrophages (Mac) were stained for the indicated markers, Bars equal 50 µm. 
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4.10. CD1c+ blood cDCs are a heterogeneous population of 

CD5high and CD5low subsets differentially expressing CD14 
 

From our differentiation experiments we observed that not all cells within the population of 

purified CD1c+ cDCs display the same potential to give rise to either LCs, moDCs or 

macrophages. Previously, CD1c+ cDCs have been described to be comprised of sub-

populations of CD5hi and CD5lo cells (299), (Figure 31, B) being enriched for DC-related or 

monocyte-associated genes, respectively. Interestingly, we observed low CD14 expression 

by a subset of freshly isolated CD1c+ cDCs (Figure 31, A; purity ~90 %). Based on these 

findings we investigated whether the CD14+ cells within purified CD1c+ cDCs (Figure 

31, C) can be assigned to one of the beforehand mentioned CD5-expressing subsets. Indeed, 

CD1c+CD14+ cells showed lower expression of CD5 when compared to CD1c+CD14- DCs 

(Figure 31, C and D). CD1c+CD5hi cells (~35 % of all CD1c+ cells) displayed a 12-fold 

higher expression of CD5 compared to CD1c+CD5low cells (~63 % of all CD1c+ cells); CD14 

expression was higher on the CD5low subset (3-fold), but negative on the CD1c+CD5high 

subset (Figure 31, C and D). We did not observe differential expression of CD11b of any 

subset (data not shown). One might speculate that the subset of CD1c+CD5lo DCs expressing 

high levels of CD14 preferentially differentiate into moDCs or macrophages, whereas higher 

CD1c+CD5hiCD14- cells might be pre-commited towards the LC lineage.  

 

 

Figure 31: CD1c+ cDCs segregate into CD14+/- and CD5high/low subsets. 

(A) CD1c+ cDCs were isolated from buffy coats to high purity and analyzed for (B) CD5 and (C) CD14 

expression (n=3) (D) MFIs of CD5 or CD14 expressing CD1c+ DC subsets (+/- SD). 
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4.11. Immobilized Notch ligand Delta-1 allows in vitro 

generation of CD1c+ cDCs from CD34+ progenitors 
 

As seen for monocytes, the application of genetic manipulation of freshly isolated primary 

cells is hampered by means of cell viability and susceptibility for viral transfection. Recently 

it was shown, that CD1c+ cDCs can be differentiated from CD34+ hematopoietic progenitors 

in vitro (221) by use of MS5 stromal feeder cells. As the bone marrow stroma was described 

to express high levels of Notch ligands being involved in dendritic cell differentiation (300), 

we used this approach and replaced the described MS5 feeder cells with immobilized  

Delta-1 for the differentiation of CD1c+ cDCs from CD34+ HSCs. Stimulation of CD34+ 

cells with GM-CSF/FLT3L/SCF and plate-bound Delta-1 under serum-free conditions 

resulted in the differentiation of a small population of CD1c+ cDCs (Figure 32, A). As 

differentiation of LCs in vitro was shown to be enhanced if the initial population of CD34+ 

hematopoietic progenitors is enriched with CD1a+CD14- monocytopoeitic precursors (186), 

we tested if the same strategy could be applied also for the generation of CD1c+ cDCs.  

CD34+ cord blood progenitor cells were induced to differentiate into the 

CD1a+CD14- and CD1a-CD14+ precursor subsets in presence of GM-

CSF/TNFɑ/FLT3L/SCF and 10 % serum for 5 days and then sorted for CD1a+CD14- and 

CD1a-CD14+ cells using magnetic beads targeted either against CD1a or CD14 (Figure 

32, B). Both progenitor sub-populations were then incubated under CD1c+ cDC- inducing 

culture conditions (GM-CSF/FLT3L/SCF and Delta-1, serum-free. FACS analysis revealed 

that only the CD1a+CD14- population is potent in differentiating into CD1c+DCs, whereas 

CD1a-CD14+ cells did not give rise to CD1c+ cells (Figure 32, B).  

FACS analysis of in vitro generated and freshly isolated CD1c+ cDCs revealed 

similar expression levels of characteristic markers such as CD11c, HLA-DR and CD80. 

Expression of CD1a on in vitro generated cells was due to GM-CSF supplementation to the 

culture medium (221) (Figure 32, C). Both populations showed similar capacity in 

differentiating into CD1a+CD207+LCs (Figure 32, D) when stimulated with GM-CSF and 

TGF-β1. Interestingly, expression of E-Cadherin (CD324) was higher on LCs differentiated 

from in vitro-generated CD1c+ cDCs (Figure 32, D) compared to freshly isolated cells.  

The in vitro generation of CD1c+ cDCs from CD34+ progenitors would allow the application 

of gene transduction experiments to investigate of the role of different transcription factors 

involved in their initial differentiation or during the transdifferentiation into LCs/ DCs upon 

cytokine stimulation. 
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Figure 32: CD1c+ DCs can be generated from CD34+ hematopoietic progenitors: 

(A) CD34+ cells were plated for 7 days in presence of 100 ng/mL FLT3L, 20 ng/mL SCF and 10 ng/mL GM-

CSF and immobilized Delta-1 under serum-free conditions and analyzed for CD1c expression by FACS. (B) 

CD34+ cells were differentiated into common monocytic progenitors (100 ng/mL GM-CSF, 50 ng/mL FLT3L, 

20 ng/mL SCF,2.5 ng/mL TNFα, 10 % serum) prior sorting of CD1a+CD14- or CD1a- CD14+ cells. Isolated 

CD1a+CD14- or CD1a-CD14+ cells were further differentiated in presence of 100 ng/mL FLT3L, 20 ng/mL 

SCF and 10 ng/mL GM-CSF and immobilized Delta-1 under serum-free conditions and analyzed by FACS for 

expression of CD1c. (C) FACS analysis of freshly isolated CD1c+ cDCs compared to magnetically sorted in 

vitro generated CD1c+ cDCs. (D) Freshly isolated CD1c+ cDCs from buffy coats and in vitro generated CD1c+ 

cDCs were differentiated into LCs (+100 ng/mL GM-CSF, 10 ng/mL TGF-β1) and analyzed by FACS. (n=3) 
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4.12. CD1c+ cDCs are potent in inducing proliferation of T 

cells 
 

LCs are known to be involved in T cell regulation (58). Upon phenotypic analysis of CD1c+ 

DC-derived and monocyte-derived LCs we next aimed to determine their functionality 

compared to CD34+ progenitor derived p-LCs and performed mixed leukocyte reactions 

(MLR). LCs were generated as described and purified by use of magnetic beads targeted 

against CD207 prior co-cultivation with naïve CD4+ T cells. Proliferation of T cells was 

measured by thymidine incorporation. CD1c+-derived cells seemed to be less potent than p-

LCs (TGF-β1-LCs) in induction of T cell proliferation though exceeding moLCs (Figure 33) 

at conditions were higher numbers of LCs were plated. At conditions where lower numbers 

of LCs were used (i.e. 300-3000 LCs), CD1c+-derived cells appeared to be much stronger 

inducers of T cell proliferation compared to p-LCs (TGF-β1-LCs) and moLCs. Whether co-

cultivation with either LC-type induces Th1 or Th2 cell polarization remains to be 

elucidated.  

 

Figure 33: CD1c+-derived LCs are potent inducers of T cell proliferation. 
CD1c+ DCs (circles), monocytes (boxes) or CD34+ cord blood progenitors (triangles) were differentiated into 

LCs as described and co-cultivated with CD4 naïve T cells. Proliferation of T cells was measured via 

incorporation of 13thymidine (n=3).  
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5. DISCUSSION 
 

Among all members of the DC family, LCs are unique as they form a tight three-dimensional 

network in the basal and suprabasal keratinocytes layers in the epidermis, which is mediated 

by the expression of epithelial type adhesion molecules. Also DCs and LCs have been 

recognized as being involved in inflammatory skin diseases and are known to function as 

potent inducers of innate and adaptive immune responses (301). However, the epithelial 

micro-environmental mechanisms underlying the differentiation of human DCs/LCs in the 

steady-state and under inflammatory conditions are poorly defined.  

Here we demonstrated that Notch signaling-dependent repression of KLF4 is critical 

for LC commitment from monocytes. Loss of KLF4 enables LC commitment at least 

partially through de-repression of RUNX3 thereby inhibiting the induction of the LC 

differentiation program in monocytes. Moreover, we identified KLF4 as a key switch factor 

regulating differentiation of monocytes into LCs vs. moDCs/dDCs. Unlike LCs, moDCs and 

dDCs express KLF4 (Figure 34). Our study highlights the role of signals within the 

epidermal/epithelial microenvironment for instructing LC commitment of monocytes and 

sheds light on the known pleiotropic effect of TGF-β1 on differentiation and activation of 

the monocyte/macrophage and DC system (1).  
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Figure 34: KLF4 acts as switch factors regulating monocyte-to-LC differentiation. 

Monocytes differentiate in the bone marrow from common monocyte/ DC precursor cells (MDP). Upon 

recruitment to the skin, KLF4+ monocytes can give rise to KLF4+ dermal DC subsets (CD1a+ dDCs or CD14+ 

dDCs) retaining KLF4 expression. In the epidermis, keratinocytes provide LC-instructive TGF-β1 and express 

Notch-ligands which bind to Notch receptors expressed on monocytic cells. The synergistic action of the  

TGF-β1 and Notch signaling pathways induces transdifferentiation of blood-borne monocytes into LCs (left 

panel). On the transcriptional level, PU.1 functions as master regulator. In monocytes PU.1 induces KLF4, 

which in turn inhibits LC-instructive RUNX3 expression, thereby promoting expression of CD14 and CD11b. 

However, the activation of the Notch pathway causes repression of KLF4. Notch activation in concert with 

TGF-β1 -mediated induction of RUNX3 via PU.1 turns the differentiation pathway towards the LC lineage 

marked by the induction of CD1a and CD207 expression (right panel); (parts of figure published in (1)). 
 

KLF4 is a monocyte lineage identity factor known to promote monocyte commitment 

of myeloid progenitors (162). As such, KLF4 induces a set of monocyte lineage-associated 

molecules. Among these, CD11b is well-known as a critical marker for classifying DC 

subsets. Epidermal LCs in vivo lack CD11b, whereas it is strongly expressed by in vitro-

generated moDCs. Also, high levels of CD11b are a hallmark of IDECs, representing 

putative monocyte-derived dendritic cells in atopic dermatitis/ eczema lesions (302). 

Additionally, CD11b is expressed by the two major subsets of dermal DCs (CD1a+ dDCs, 

CD14+ dDCs). We detected KLF4 in dDCs and in ex vivo-generated moDCs, which were 

previously shown to be phenotypically similar to IDECs (302).  

The previous observation, that ectopic wild-type KLF4 induces CD11b in human 

myeloid progenitor cells (162) is therefore supportive to the here observed positive 

correlation between KLF4 and CD11b among skin DC subsets. Consistently, stage-

dependent loss of LC but not moDC differentiation potential during successive steps of 
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monocyte/macrophage differentiation marked by CD11b up- and CD14 down-regulation 

was previously noted in cultures of CD34+ precursors (303). Our observation that KLF4 

promotes CD11b+ moDC/dDC differentiation is reminiscent oF previously observed 

functions of RelB (154). RelB promotes CD11b+ moDC/dDC differentiation from human 

CD34+ progenitors by inducing the generation of monocytic CD11b+ intermediates. 

Inhibition of RelB by the use of a truncated version of RelB interaction partner p100 caused 

arrest of CD34+ HSC differentiation in a CD11b- myeloid cell stage retaining LC 

differentiation capacity (154). Interestingly, CD11b+ classical DCs dependent on KLF4 or 

RelB have also been described in the murine system (304,305). 

Here we describe epithelial Notch activation-dependent KLF4 repression, which 

might allow LC differentiation from monocyte-committed cells under inflammatory 

conditions (Figure 34) (1). Human CD14+ dDCs express KLF4; these cells can reconstitute 

LCs in vivo (69). Similarly, murine Gr1hi monocytes are dependent on KLF4 (163) and can 

reconstitute LCs in vivo (200). We also detected KLF4 in fetal dermal HLA-DR+ cells, 

opening the possibility that such cells might give rise to LCs in prenatal epidermis. 

Reminiscent of similar observations in epithelial cells (306), here we demonstrate that  

TGF-β1 induces Notch signaling pathway members in monocytopoietic cells undergoing LC 

commitment. Moreover, cleaved NOTCH-1 was previously shown to bind to a specific site 

within the KLF4 promoter (307) and antagonism between KLF4 and Notch signaling has 

been documented in non-hematopoietic cells (307). Additionally, KLF4 has been 

demonstrated to inhibit cell proliferation in the intestinal epithelium (308). Notch signaling 

has previously been shown to be up-regulated in intestinal tumors (309,310). The expression 

of KLF4 seems to be increased by inhibition of the Notch signaling pathway in murine goblet 

cells, counteracting proliferation and thereby acting as a potential mediator for the effect of 

Notch inhibitors (308). 

It has previously been shown, that KLF4 can inhibit the negative effect of TGF-β1 on pro-

inflammatory cytokine expression (160,311). Since it has been demonstrated that LCs can 

exert a tolerogenic function by the induction of regulatory T cells (312–316), lack of KLF4 

by LCs might indicate their involvement in tolerogenic functions. We demonstrated here, 

that TGF-β1-dependent LC differentiation is marked by the repression of KLF4 (1). 

Nevertheless, KLF4 levels further increased upon TGF-β1 addition to GM-CSF dependent 

macrophage cultures. These data are reminiscent of previously observed positive effects of 

TGF-β1 in KLF4 expression in non-hematopoietic cells (311,317). Our study confirms 

previous observations claiming that the Notch ligand Delta-1 facilitates DC differentiation 
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from monocytes by inhibiting default macrophage differentiation. Delta-1 alone repressed 

KLF4 in monocytes along with the induction of certain DC characteristics, such as CD1a 

expression. A portion of cells generated under these conditions still expressed low levels of 

CD14. It is interesting to speculate that these cells represent intermediate stages of LC 

differentiation from monocytes. Downregulation of KLF4 through Delta-1 in these cells 

might allow TGF-β1-induced terminal differentiation of LCs within the epidermis. KLF4 

down-regulation is not generally required for skin DC development because, unlike LCs, 

dDCs and moDCs express KLF4. Congruent with this, keratinocytes in the TGF-β1-rich 

environment of the epidermis exhibit a strong nuclear KLF4 expression pattern (1). Thus the 

effect of TGF-β1 on KLF4 expression seems to be largely influenced by the cellular context. 

Cultivation of monocytes in presence of immobilized Notch-ligand Delta-1 and GM-CSF 

caused inhibition of their differentiation into macrophages (318); addition of TNFα to these 

cultivation conditions allowed enhanced monocyte-to-DC differentiation (318). 

Combination of Delta-1 with M-CSF was determined to induce apoptosis of monocytes, 

whereas Delta-1/Notch signaling together with GM-CSF appeared to protect from cell death 

(318). This suggests that the type of cytokine present at the time of Notch activation also 

strongly influences cell fate decisions. Decisions of cell fate such as for macrophages or DCs 

are generally made in specific microenvironments assigning a major regulatory role to 

cyokines present in the respective niche of each particular cell type. In line with this, 

keratinocytes in human epidermis have been observed to express different levels of Notch 

ligands depending on the layer the reside in, with the highest level of ligand expression being 

concentrated at those regions where stem cells reside (319); via immunofluorescence 

stainings we detected higher numbers of LCs in those regions site enriched of LCs/LC 

precursors.  

RUNX3-deficient mice lack LCs and similarly, LCs are missing in mice in which 

RUNX3 has been conditionally deleted in CD11c+ cells (134). The here presented data 

support the concept that RUNX3 is a critical positive regulator of LC differentiation (1). In 

addition to RUNX3, LC development in vivo requires ID2 (130). Similar to RUNX3, ID2 is 

induced concomitant with LC differentiation downstream of TGF-β1. However, unlike 

observed for RUNX3, ectopic ID2 failed to promoted LC differentiation (124). Instead, ID2 

repressed monocyte development, opening the possibility that ID2 is involved in narrowing 

lineage options of shared monocyte/LC precursors in response to TGF-β1 signaling. 

Analysis of in vitro differentiation of murine BM precursors revealed the existence of 

subsets with differential capacity to give rise to LCs (134). These subsets were identified 
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based on the expression of CD205 (DEC205) and EpCAM upon 3 d stimulation with LC-

instructive TGF-β1. DEC205+EpCAM+ and DEC205-EpCAM+, the latter further 

differentiating into DEC205+EpCAM+ cells, showed highest expression of genes associated 

with LCs (ID2, RUNX3, IRF4), but lowest expression of genes associated with monocytes 

(e.g. KLF4) (134). This correlates with the described existence of LC-restricted and 

monocyte-restricted precursors in in vitro cultures of human CD34+ hematopoietic 

progenitors (186,273,320). Conditional deletion of ID2 resulted in an almost complete 

absence of epidermal CD11c+ LCs, whereas neither subset of Ly6Chi or Ly6Clo monocytes 

was affected mice (134). This is in line with the demonstration that a short-lived subset of 

inflammatory LCs is developing from monocytes independently of ID2 (133). However, the 

development of both, steady-state LCs and inflammatory moLCs, is strictly dependent on 

PU.1 (133,134). This suggests that depending on the progenitor and the physiological 

conditions, different transcriptional networks regulate the development of LCs.  

Our screen identified additional factors induced during LC differentiation which 

might also be involved in a transcription factor network regulating LC differentiation, e.g. 

VDR (321), as well as DEC1, DEC2, Blimp-1 and PPARδ (1).  

Blimp1, encoded by the PRDM1 gene, plays an important role in the 

development/proliferation of antibody-secreting plasma cells and is implicated as a possible 

factor in autoimmune diseases, such as systemic lupus erythematosous (SLE) (322). 

Recently, it was shown that KLF4, being strongly expressed in moDCs but absent in B cells, 

is involved in regulating Blimp1 expression in patients assigned to SLE risk factor 

polymorphisms (323). They could show that the level of KLF4 expression in SLE- 

associated moDCs inversely correlates with the level of Blimp-1 expression. SLE is 

characterized by defective clearance of apoptotic cells, which is normally mediated by the 

TAM (Tyro3, Axl, Mertk) receptor tyrosine kinase family. TAM family members inhibit 

innate inflammatory responses of DCs thereby aiding in the prevention of lupus-like 

autoimmunity (324). One of the TAM receptors, Axl, has been identified to be induced in 

response to TGF-β1 during LC differentiation (325) from human hematopoietic precursors, 

but being absent from GM-CSF/IL-4-dependent moDCs. Axl is suggested to exhibit an anti-

inflammatory role, as TAM-deficient mice show a marked impairment of the epidermal LC 

network along with severe spontaneous inflammation of the skin. This suggests TGF-β1 

mediated Axl expression on LCs to be involved in maintaining a tolerogenic environment. 

(325).  
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It was demonstrated that TGF-β1 mediated LC differentiation from CD34+ 

progenitors in vitro is accompanied by the induction of β-catenin; ectopic overexpression in 

these cultures even enhanced CD1a+CD207+ LC development (326). KLF4 has been shown 

to interact with β-catenin and to repress β-catenin-mediated gene expression (327) via 

inhibition of binding of β-catenin to its co-activator p300/CBP (328,329). Additionally,  

β-catenin specifically interacts with VDR during LC differentiation (321), whereas moDC 

differentiation is associated with down-regulation of VDR (330). Interestingly VDR was 

demonstrated to be a direct downstream target of KLF4 (331). Considering the strong 

expression of VDR ligand (1,25VD3), Notch ligands, β-catenin and TGF-β1 of epidermal 

keratinocytes, the concerted interplay of these signaling pathways seems to be responsible 

for the induction of the LC differentiation programme from monocytes. Immigration of 

monocytes into the epidermis induces activation of the Notch pathway upon interacting with 

Notch ligands, which leads to KLF4 repression. Repression of KLF4 de-represses β-catenin, 

allowing its interaction with VDR which is further enhanced by TGF-β1 finally allowing 

LC-instructive gene transcription.  

As seen from our microarray screen (1), E-Cadherin is strongly induced in response 

to TGF-β1 stimulation during in vitro LC differentiation(52). Expression of E-Cadherin is 

responsible for the formation of the characteristic homotypic clusters formed in in vitro LC 

cultures (52). We observed activation of the Notch signaling pathway upon 4 days of in vitro 

cultivation, representing the time-point where E-Cadherin mediated cluster formation is 

observed. This is in line with the suggestion that CD34+ progenitors endogenously activate 

Notch signaling via cell-cell contact, whereas monocytes require spatial interaction with 

keratinocytes. We could not detect aN1 in in vitro generated moDCs or dermal CD1a+ or 

CD14+ dermal DCs in situ; this is in line with the absence of E-Cadherin expression of 

dermal/interstitial DCs developing independently of TGF-β1 (154).  

We demonstrated that CD14+ monocytes can efficiently be differentiated into 

CD1a+CD207+ moLCs in presence of immobilized Notch ligand Delta-1 and TGF-β1 (1). 

However, replacement of TGF-β1 by BMP7, another TGF superfamily member, did not 

allow moLC generation independent of exogenous Notch activation. An interactive function 

of the Notch and TGF-β1 signaling pathways was recently suggested from murine 

myoblasts. It was shown that, the NICD interacts with TGF-β1 downstream effector 

molecules Smad3 and Smad4 thereby enhancing Notch downstream target HES-1; i.e. TGF-

β1 signaling potentiates Notch signaling (332). This is in line with the finding, that Notch 

signaling is dosage dependent and might lead to different outcomes of cell fate decisions 
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depending on the strength of the signal and the cell type (174); i.e. potentiation of the Notch 

pathway by LC-instructive TGF-β1 turns on the LC differentiation machinery but does not 

permit monocyte commitment. As mentioned, BMP7 in combination with Notch activation 

does not allow monocyte-to-LC conversion. This might be attributed to the induction of 

different effector molecules in the BMP7 signaling pathway; i.e. Smad1/5/8 do not interact 

with the NICD and the LC differentiation programme cannot get induced under these 

conditions.  

CD34+ progenitors have been shown to effectively differentiate into LCs in presence 

of BMP7 (212). Canonical TGF-β1 signaling occurs via ALK5; however it was 

demonstrated that TGF-β1 can also induce its signaling via the alternative canonical BMP7 

receptor, ALK3 (212). Additionally, the superfamily of ALK receptors is subject to 

alternative splicing (333); i.e. different isoforms can be expressed on different cell types 

rendering the target cells more or less sensitive to ligand stimulation  

TGF-β1 and BMP7 show an opposite expression pattern in adult healthy skin: 

TGF-β1 is mainly detectable suprabasally, whereas BMP7 is highly expressed in the basal 

layers of epidermal keratinocytes (212). Additionally, other BMPs, such as BMP2, BMP4 

and BMP6, have been shown to be expressed in the epidermis (334). Indeed, BMP4 was 

shown to replace BMP7 in in vitro LC differentiation cultures from CD34+ precursors; 

BMP2 or BMP6 did not allow LC development (212). Notch signaling was described to 

interact with BMP4 in murine muscle cells (335); i.e. BMP4 induced the expression of Notch 

downstream targets HEY-1 and HES-1. Interestingly, human CD1c+ blood DCs differentiate 

into LCs without exogeneous Notch ligand (i.e. GM-CSF plus either TGF-β1 or BMP7 

(298)). One might suggest a higher expression of ALK3 on CD1c+ cDCs compared to 

monocytes, explaining their responsiveness to stimulation with BMP7; however, the 

expression levels of ALK3 or ALK5 on blood circulating monocytes or CD1c+ cDCs remain 

to be determined.  

Martinez-Cingolani et al (336) demonstrated that simultaneous stimulation of CD1c+ 

blood DCs with TGF-β1 and thymic stromal lymphopoietin (TSLP) efficiently drives LC 

differentiation. TSLP is an epithelial cell-derived cytokine playing a critical role in 

inflammation as it causes activation of blood circulating and tissue-resident DCs (337). 

TSLP is strongly produced by keratinocytes during atopic dermatitis, whereas DCs express 

high levels of the receptor (TSLPR); ligand binding induces the NFκB pathway leading to 

the induction of a Th2 response (338,339). LCs generated from CD1c+ DC in presence of 

TLSP and TGF-β1 displayed high expression of skin homing receptors; CCR2 is highly 



  DISCUSSION 

96 

 

expressed on CD1c+ DCs, whereas CCR6 is induced upon stimulation with TSLP (336). 

CCR2 has been demonstrated to be responsible for the recruitment of mouse Ly6Chi 

monocytes to inflamed tissues, which finally differentiate into short-lived moLCs (133). In 

the human system, CCR6 was shown to mediate trafficking of monocytes into lesions of 

psoriatic skin (291) giving rise to moDCs and moLCs, eventually.  

Martinez-Cingolani et al claim, that CD1c+ DCs were more potent precursors of 

CD1a+CD207+ LCs when compared to CD34+ hematopoietic progenitors or CD14+ 

monocytes (336). In line with their observations, our experiments reveal a higher potential 

for CD1c+ cDCs to develop into LCs than monocytes or HPCs. Additionally, we showed 

that CD1c+ cDCs more readily differentiate into CD1c+CD11b+ moDCs in response to  

GM-CSF/IL-4 compared to CD34+ cells. However, CD14+ monocytes exceeded CD1c+ 

cDCs in giving rise to CD11b+CD206+ macrophages when stimulated with M-CSF/IL-6. 

These observations strengthen the concept of CD1c+ cDCs resembling precursor cells pre-

committed to the DC lineage and monocytes functioning as progenitor for macrophages. 

Macrophages generated from CD1c+ cDCs displayed a different phenotype compared to 

CD14+ monocyte derived macrophages; CD1c+ derived macrophages showed lower 

expression of CD206.  

It was shown that CD1c+ blood cDCs can be separated in distinct subsets based on 

the expression of CD5 (299). CD5hiCD1c+ cells displayed gene expression associated with 

the DC lineage (e.g. IRF4), whereas CD5loCD1c+ cells were more associated with monocyte 

identity (e.g MafB) (299). It is interesting to speculate that the CD5hi subset is enriched in 

cells pre-committed towards LC differentiation, whereas the CD5lo subset is primed to 

differentiate into cells still associated with monocytes, i.e. moDCs and macrophages. This 

is in line with the fact, that we detected de novo KLF4 expression in CD1c+-derived moDC 

and CD1c+-derived macrophage cultures, but not in CD1c+-derived LCs. Yin et al (299) 

determined a higher expression of genes associated with inflammation/ inflammatory 

conditions, such as CD163 in CD5loCD1c+ cDCs. CD5hiCD1c+ cDCs expressed higher levels 

of the CD207 gene, indicative for their high potential to differentiate into LCs. One might 

suggest that stimulation of CD5hi cells with TGF-β1 either in vitro or in vivo upon interaction 

with epidermal keratinocytes induces CD207 protein expression. Also, expression of AXL 

mRNA was determined to be higher in the CD5hi subset; AXL is strongly expressed by 

epidermal LCs in vivo (325). The differential mRNA expression of genes associated with 

LCs of CD5hiCD1c+ cDCs compared to CD5loCD1c+ cDCs might suggests, that the CD5hi 

subset is already equipped with the genetic information required for LC development; 
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stimulation of TGF-β1 might be the key switch in turning on the differentiation program. 

Additionally, CD5hi cells were determined to be more potent in the induction of IL-10 

producing T cells suggesting a regulatory function of these cells (299) similar to what is 

observed for LCs.  

Heterogeneity within cDCs has also been described in the rodent system; CD11b+ 

cDCs, the CD1c+ cDC murine counterparts where shown to segregate based on the 

expression of CD4 and ESAM (endothelial cell-specific adhesion molecule) (340).  

CD4-ESAMloCD11b+ cDCs displayed higher expression of genes associated with a 

monocyte signature, such as CSF1R or CCR2, suggesting that these cells derive from 

circulating monocytes (107). On the contrary, CD4+ESAMhiCD11b+ cDCs express higher 

levels of CD11c and FLT3L marking them as progeny of DC-restricted precursors. 

Interestingly, these cells are also dependent on Notch (340).  

Congruent with previous experiments (336) we determined not all blood-circulating 

CD1c+ cDCs being able to differentiate into LCs. The addition of Delta-1 to TGF-β1-

stimulated CD1c+ cDC cultures slightly increased the percentage of CD1a+CD207+ LCs. 

This is supportive to the concept of a heterogeneity of the population of CD1c+ blood cDCs 

(299). Our results are indicative for the fact that a subset of CD1c+ cDCs does not require 

exogenous activation of the Notch pathway, whereas the other subset required addition of 

Notch ligands to the culture system.  

CD1c+ and CD141+ cDCs have been shown to differentiate from their individual 

precursor cells distinguishable by the expression of CD172a/ SIRPɑ (341). Pre-cDCs can be 

separated into CD172a- and CD172a+ subsets, functioning as immediate precursors for 

CD141+ cDCs and CD1c+ cDCs, respectively (341). An additional CD172aint subsets 

comprises a mixed population of progenitors giving rise to both cDC subsets. Epidermal 

LCs are marked by high expression of CD172a (36). However, in the current hematopoiesis 

tree, LCs are considered to be derived from a common myeloid precursor cells also giving 

rise to monocytes/macrophages and inflammatory monocyte-derived DCs, but not to 

classical DCs; i.e. CD1c+ cDCs and LCs do not share a common precursor though CD1c+ 

cDCs readily convert into LCs in vitro (298,336). Additionally, it has recently been 

demonstrated, that LCs display a dual cell fate, i.e. being detectable via MafB-lineage tracing 

though expressing the DC-specific transcription factor Zbtb46 (342).  

Similar to the murine system, cDCs in the human are comprised by two main subsets: 

CD1c+/BDCA-1+ cDCs and CD141+/CLEC9A+ cDCs, both of which being highly 

responsive to Flt3L (222). 
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CD141+ cDCs express XCR1, Clec9A, IRF8 and TLR3 (31,32,34,35,343,344). CD1c+ cDCs 

express IRF4 (35,343,345,346). 

Previoulsy, it was reported that in humans a migratory pre-cDC, direclty developing 

from commited DC precursors in the bone marrow (221), serves as immediate precursor for 

CD1c+ or CD141+ cDCs, but not for pDCs or monocytes. As seen for mice, the population 

of pre-cDCs comprises a small percentage of all cells in the peripheral blood (0.001 %) 

(347). Pre-cDCs reside in circulation only for a short time thereby increasing their flux 

through the blood stream but showing limited potential to proliferate (198). However, the 

immediate progeny of CD1c+ cDCs and CD141+ cDCs have the potential to further 

proliferate and thereby expand the pool of cDCs in the periphery (198,222,348,349). Breton 

et al speculated that this highly dynamic pool of pre-cDCS and cDCs allows a rapid 

adaptation to acute antigenic challenges. Additionally, a proportion of CD1c+ cDCs has been 

demonstrated to express the proliferation marker Ki67, whereas Ki67 expression in 

lymphoid organ-resident CD1c+ cDCs was low (36). This is in line with recent findings 

demonstrating a higher expression of cell cycle associated genes of CD1c+ cDCs compared 

to pDCs or CD141+ cDCs (350). This indicates that these cells might not be fully 

differentiated but functioning as partially differentiated precursors induced to fully 

differentiate upon conditions of inflammation. CD1c+ cDCs leave the blood stream and 

continue their maturation in the lymphoid organs. It would be interesting to speculate that, 

Notch ligands expressed by cells in the lymphoid organs (351) interacting with Notch 

receptors expressed on CD1c+ cDCs already partially inducing the LC differentiation 

program or at least inhibiting the monocyte lineage and turning them into the DC/LC lineage. 

Once these cells emigrated from lymphoid organs and enter the epidermis they encounter 

keratinocyte derived TGF-β1 and then are capable to fully differentiate into LCs in situ. 

CD11b+ cDCs are considered as CD1c+ cDC murine analogs and were demonstrated to 

gather in marginal zones of lymphoid organs (352) supplying them with critical factors 

regulating growth or differentiation (348).  

Recent transcriptional comparison of CD1c+ and CD141+ cDC subsets revealed 

differential expression of the transcription factors IRF8 and IRF4, respectively (341). IRF8 

expression is higher in CD141+ cDCs. Depending on the formation of heterodimers with 

different interaction partners or target DNA elements, IRF8 functions either as a 

transcriptional repressor or activator (238,353). IRF8 has been shown to stimulate murine 

monocyte/macrophage differentiation by induction of KLF4 via interaction with PU.1 (167). 

In the human system, an autosomal recessive IRF8 deficiency was reported to cause a severe 
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reduction in blood circulating monocytes and pDCs as well as reduced numbers of dermal 

CD1a+ and CD14+ DCs; however, epidermal LCs were not affected (354). In mouse the role 

of IRF8 in LC development is controversial, as it was shown that IRF8-/- mice show reduced 

numbers of epidermal LCs (138), whereas others state that LC development occurs 

independent of IRF8 (355). However, IRF8 deficiency did not lead to complete loss of 

epidermal LCs. This could be explained by the results published recently, demonstrating a 

dual macrophage/DC role of LCs. It would be interesting to speculate that the portion of 

epidermal LCs affected by deletion of IRF8 has a monocytic origin, whereas the other subset 

remaining in the epidermis despite of IRF8 deletion is derived from a dendritic cell 

progenitor developing independent of IRF8. IRF4 expression was higher in CD1c+ cDCs, 

but low in epidermal LCs (134). Deletion of IRF4 in mouse CD11c+ cells did not cause a 

reduction of LCs in the epidermis (134). However, IRF4 was up-regulated upon migration. 

Absence of IRF4 caused a reduction of LCs migrating to the skin draining lymph nodes, 

suggesting an important role of IRF4 either in survival or migration of LCs (134).  

Apart from cytokines and transcription factors, microRNAs (miRNAs) represent an 

additional class of key regulators in DC differentiation/function. miRNAs are short non-

coding RNA molecules (356) that post-transcriptionally regulated expression of target genes 

via binding to 3’ untranslated regions of respective mRNAs thereby causing its inhibition or 

degradation (357). A role of miRNAs has been assigned to LCs as deletion of Dicer, a key 

enzyme in the miRNA biosynthesis pathway, caused increased turnover and apoptotis, 

leading to a progressive ablation of LCs in the epidermis. Additionally, Dicer-deficient LCs 

showed lack of Birbeck granules (357). LCs and intDCs/moDCs do not only differ by means 

of TGF-β1-induced expression of transcription factors, but also by levels of miRNAs 

expressed (358). Several studies showed that differential expression of miRNAs rather 

affects DC/LC function rather than actual development. miR-146a was shown to be 

constitutively expressed in LCs but detectable at low levels in intDCs and monocytes. 

Induced by PU.1, this miRNA primarily affected LC function by interfering with TLR2 

downstream signaling rather than LC development (358). Also lack of miR-150 was 

demonstrated to affect LC cross-presentation capacity without interfering with normal 

differentiation (359).  

Two miRNAs have been described as to interfere with key Notch and Wnt signaling 

pathways which cooperate in the regulation of DC differentiation (360). miR-21 and miR-

34a were demonstrated to down-regulate WNT1 and JAG1 expression, respectively, thereby 

leading to reduced moDC differentiation/ maturation (361). In line with the described role 
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of the Notch pathway in enhancing CD34+ hematopoietic cell survival (180), we observed a 

marked increase in apoptosis in CD34+ cells upon lentiviral transfection with anti-miR34a 

(data not shown). However, knockdown of miR-21 in our p-LC differentiation cultures did 

not affect the development of CD1a+CD207+ cells. A possible impairment of LC function 

regarding cytokine production and T cell stimulatory capacity remains to be determined. As 

miR-21 was shown to be increased in conditions of psoriasis (362,363) it would be 

interesting to investigate if over-expression or knockdown of this miRNA renders 

LCs/moDCs pro- or anti-inflammatory, respectively. miR-424 is induced by PU.1 and plays 

an important role in the development of monocytes via inducing expression of monocyte-

differentiation specific genes ((364)). Hypothesizing that KLF4 might also be a target of 

miR-424 we compared p-moDC and p-LC development from CD34+ cells in which miR-

424 was knocked down (data not shown). However, we did not see enhancement of 

CD1a+CD207+ p-LC or reduced CD1a+CD11b+CD209+ p-moDC development in our 

experiments.  

 

 

Figure 35: The epidermal microenvironment drives LC differentiation. 

The key instructive cytokine TGF-β1 inducing RUNX3 in LCs is secreted by keratinocytes (KC); additionally, 

KC provide Notch ligands inducing the differntiaiton of LCs from monocytes. Interaction of LC precursors 
with KC induces β-catenin/ VDR signaling pathways inducing the down-regulation of monocyte-associated 

genes and surface markers. miRNAs present in the epidermal niche might influence functional aspects of 

residing LCs. 

 

The development of different subsets of DCs in mouse and men is regulated by a complicated 

network of interplaying transcription factors and signaling pathways. Depending on the 

micro-environment the DC/LC precursors home to, different cytokines stimuli induce the 

expression of a broad variety of downstream targets. Previous work has demonstrated that 
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keratinocytes in the epidermal niche provides numerous factors promoting the differentiation 

of LCs either from hematopoietic precursors in the steady state or from blood-circulating 

progenitors under inflammatory conditions. The physiological state plays an important role 

on the mode of differentiation, i.e. steady-state differentiation of DCs/LCs seems to occur 

following different pathways from different progenitor cells when compared to conditions 

of inflammation. We determined two subsets of blood circulating cells with the capacity to 

give rise to epidermal LCs and suggest these cells to replenish the epidermal network as 

short-term cells upon resolution of inflammation followed by the differentiation of local LC 

precursors re-establishing the long-term network. We describe the interaction of the Notch 

and the TGF-β1 signaling pathways in the transcriptional regulation of monocyte-to LC 

differentiation via regulating key transcription factors specific for each cells type. KLF4 was 

identified as critical regulatory factor identifying monocytic cell identity and required to be 

repressed to allow LC differentiation. 
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6. APPENDIX 
 

6.1. CD16+ blood monocytes differentiate into moDCs 
 

Peripheral blood monocytes have been demonstrated to be comprised of a heterogeneous 

population of cells expressing differential levels of CD14 and CD16 (365–368): 

CD14hiCD16- classical, CD14hiCD16+ intermediate and CD14+CD16hi non-classical 

monocytes. CD16- classical monocytes comprise about 90 %, whereas CD16+ cells make up 

10 % of the total monocyte population under steady state conditions (367). However, the 

number of CD16+ monocytes can increase under conditions of inflammation/ infection such 

as sepsis (365,367). Additionally, the CD16+ subset has been demonstrated to produce high 

amounts of TNFɑ and IL-1β (260,369), indicating that they might play a role in promoting 

inflammation. The classical CD14+CD16- subset was shown numerous times to possess 

capability to differentiate into moDCs or moLCs, respectively (370,371).  

CD16+ monocytes were isolated via magnetically labeled beads (Miltenyi) from total 

MNCs from peripheral blood of healthy donors. As isolation was performed based on anti-

CD16+ magnetically labelled beads, the resulting population included CD16+CD14- non-

classical as well as CD16+CD14+ intermediate monocytes (Figure 36, A). Recently, it was 

suggested that the non-classical and intermediate monocyte subsets are transcriptionally 

closely related, suggesting a developmental relationship, i.e. intermediate monocytes give 

rise to non-classical monocytes by down-regulation of CD14 (257,372). When stimulated 

under moDC-differentiation conditions (GM-CSF/IL-4), CD16+ monocytes showed similar 

capacity to give rise to CD1a+CD11b+ moDCs as observed for classical CD14+ monocytes 

(Figure 36, B), though CD1a expression seemed to be slightly higher for cells derived from 

the non-classical subset. We next aimed to determine the ability of the CD16+ subset to give 

rise to CD1a+CD207+ moLCs. Compared to the classical monocyte subset, CD16+ cells gave 

rise to a lower percentage of moLCs in presence of GM-CSF/TGF-β1 and plate-bound Notch 

ligand Delta-1 (Figure 36, C). However, CD16+ moLC cultures resulted in a higher 

percentage of CD1a+CD207- cells. Abrogation of LC-instructive TGF-β1 did not allow 

development of LCs from both monocyte subsets, although CD1a+ cells were induced from 

CD14+ monocytes, which was not observed for CD16+ cells (Figure 36, C). This indicates 

that CD14+ classical monocytes possess higher capacity to transdifferentiate into LCs that 

CD16+ monocytes, albeit their capacity of differentiation into moDCs is similar. CD16+ 

monocytes have been described to be numerically increased under inflammatory conditions 
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(365,367) and the TGF-superfamily member BMP7 has been associated with pro-

inflammatory conditions (212). Therefore, we aimed to determine whether stimulation with 

this cytokine is effective in inducing moLC differentiation from CD16+ monocytes. Indeed 

in presence of Delta-1 some cells appeared to acquire CD1a and CD207 expression; 

however, this was similar to the observations made for CD14+ monocytes and might be 

assigned to the presence of Delta-1 but not to the stimulation with BMP7. In presence of 

Delta-1, CD16+ monocytes also gave rise to CD1a+CD209+ moDCs, which could not be 

detected under conditions where Delta-1 was abrogated from the system (Figure 36, D).  

Recently it was observed that an additional population of blood circulating DCs (slanDCs) 

shares CD16 expression with the non-classical subset of monocytes (373). As we isolated 

CD16+ monocytes by magnetic beads targeted to the CD16 antigen, it is possible that 

slanDCs were contained within our culture system. It is interesting to speculate that the small 

subset of CD16+ cells giving rise to moLCs in presence of BMP7 is comprised of slanDCs 

rather than monocytes. SlanDCs have been demonstrated to readily migrate to tissues in 

response to inflammatory cytokine conditions (374) and might contribute to the pool of 

inflammatory DCs/LCs.  

 

 

Figure 36: CD16+ monocytes differentiate to moLCs and moDCs. 

(A) CD16+ monocytes were isolated from PBMNs of peripheral blood and incubated under (B) moDC (GM-

CSF/IL-4) and (C) moLC (GM-CSF/TGF-β1 +/- Delta-1) differentiation conditions and compared to CD14+ 

monocytes. (D) CD16+ monocytes were stimulated with BMP7 +/-Delta and analyzed for moDC or moLC 

marker expression. (n=3)  
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6.2. Band-stage neutrophils differentiate into KLF4+ 

monocytes 
 

Band-stage neutrophils have been shown to display high plasticity and to acquire features of 

monocytes or antigen-presenting cells under inflammatory conditions (375–379). These 

immature form of neutrophils is enriched in blood of G-CSF-treated stem cell donors as well 

as under inflammatory conditions (e.g. rheumatoid arthritis) or cancer (380–382). Previously 

it has been shown that a particular subset of human band-stage neutrophils of G-CSF 

mobilized blood (CD15+CD54- cells) exhibits potential to differentiate into 

monocytes/macrophages in presence of pro-inflammatory cytokines (GM-CSF, IL-1β, 

TNFα) in vitro (376). In vivo, neutrophils with APC-like features have been observed in 

experimentally induced inflammatory lesions in mice (383). As monocytes are capable to 

transdifferentiate into moDCs or moLCs in vitro, we investigated whether neutrophil-

derived monocytes possess capability to give rise to LCs under the same culture conditions.  

We isolated G-CSF mobilized band-stage neutrophils from blood of healthy stem 

cell donors collected at the Department of Hematology of the University Hospital Graz. 

Briefly, upon density gradient centrifugation, highly pure CD15+CD16+ granulocytes were 

obtained following erythrocyte lysis (Figure 37, A). Differentiation into monocytes was 

performed by stimulation with pro-inflammatory cytokines (100ng/mL GM-CSF, 25ng/mL 

TNFα, 10ng/mL IL-1β) for 4-5 days. CD14+ neutrophil-derived monocytes were isolated via 

magnetically labeled beads (Miltenyi) (Figure 37, B) and then further incubated under 

moDC (100 ng/mL GM-CSF, 20 ng/mL IL-4) differentiation conditions. G-CSF mobilized 

band-stage neutrophils effectively differentiated into CD14+CD11b+ monocytes upon 

stimulation with pro-inflammatory cytokines (Figure 37, B). However, these neutrophil-

derived monocytes did not give rise to CD1a+CD11b+CD209+ moDCs in presence of GM-

CSF/IL-4 (Figure 37, C). Interestingly, we observed induction of CD209 but no CD1a 

expression after 5 days of culture. CD14 was down-regulated, whereas CD11b expression 

was maintained. Freshly isolated blood- circulating CD14+ monocytes express high levels 

of KLF. We also detected KF4 protein expression in nuclei of neutrophil-derived monocytes 

(Figure 37, D, lower panel); freshly isolated neutrophils were KLF4- (Figure 37, D, upper 

panel).  

Oehler et al demonstrated the capactiy to acquire DC features of G-CSF mobilized band-

stage neutrophils upon stimulation with GM-CSF, IL-4 and TNFα (379). Under these 

conditions, the expression of classical DC markers such as CD1a, HLA-DR, CD1c and co-



  APPENDIX 

105 

 

stimulatory molecules (CD40, CD80, CD86) was induced on neutrophils. However, we did 

not observe CD1a expression in our culture system. This could be due to (i) abrogration of 

pro-inflammatory TNFα in our culture system, (ii) longer incubation times used by Oehler 

et al. In our moLC differentiation experiments, we also observed stronger induction of CD1a 

expression in presence of TNFα (data not shown). In their experiments, neutrophils were 

stimulated with DC-inducing cytokines for 9 days, whereas in our system FACS analysis of 

differentiated cells was performed after 5 days of incubation in order to maintain high 

viability of the cells. According to their experiments, induction of CD1a or CD1c was only 

determined after the longer cultivation times, they also did not detect expression of CD1 

antigens until 6 days of cultivation.  

 

 

Figure 37: G-CSF mobilized neutrophils differentiate into KLF4+ monocytes. 

(A) CD15+ neutrophils were isolated from blood of G-CSF mobilized stem cell donors. (B) Upon stimulation 

with pro-inflammatory cytokines (100 ng/mL GM-CSF; 10 ng/mL IL-1β, 25 ng/mL TNFα) CD14+ monocytes 

were purified via magnetic beads and (C) incubated under moDC differentiation conditions (100 ng/mL GM-

CSF, 25 ng/mL IL-4). (D) Freshly isolated neutrophils (upper panel) and neutrophil-derived monocytes (lower 

panel) were stained for the indicated markers (n=3).Bars equal 20 µm. 
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