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Abstract 
Dendritic cells (DC) are antigen-presenting cells that form an indispensable part of the 

immune system. While conventional/classical dendritic cells (cDC) are largely involved 

in orchestrating T cell responses to extracellular pathogens and in anti-tumor immune 

responses, plasmacytoid dendritic cells (pDC) are the main driver of anti-viral defense 

through production of large amounts of type I interferons in response to viral infection. 

The origin and differentiation of these functionally distinct pDC and cDC has been 

studied extensively in the past decades, but the respective DC ontogeny is still subject 

to debate. 

In this study the CD11c+ Siglec-H+ CCR9low DC precursor fraction in murine bone 

marrow (BM) was studied in detail to unravel the heterogeneity of cells within this 

compartment and their commitment to cDC and/or alternative pDC fate. In steady-

state conditions, CD11c+ Siglec-H+ Ly6D+ Zbtb46- CCR9low B220high cells had almost 

exclusive pDC potential, while CCR9low B220low cells gave rise to pDC as well as cDC 

in vitro and after adoptive transfer in vivo. I further demonstrated that stimulating these 

cells with TLR9 agonists and type I interferons increased pDC output while limiting 

cDC output in vitro by driving pDC maturation and at the same time impeding pre-cDC 

proliferation and terminal differentiation.  

Data from single-cell RNA-sequencing of DC related cell populations and 

multiparameter spectral flow cytometry of steady-state BM and splenic cells of 

Zbtb46wt/ki mice were analyzed using powerful bioinformatic tools, leading to the 

discovery of a cDC-committed CD11c+ Siglec-H+ Zbtb46+ Ly6D+ precursor cell 

population that bridges the gap between CD11c+ Siglec-H+ Ly6D+ lymphoid-derived 

pDC-biased precursors and pre-cDCs.  

In vitro and in vivo differentiation assays further showed that cells with this phenotype 

mark a transitional state between advanced CD11c+ Siglec-H+ CCR9low lymphoid 

precursors and mature cDCs. The contribution of lymphoid precursors to cDCs may 

be relevant when cDCs are depleted and their regeneration from myeloid progenitor 

cells is impaired, such as during severe infections. 
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1. Introduction 

1.1 Dendritic cells and their role in the immune system 

The cellular component of the mammalian immune system is comprised of a multitude 

of distinct cell types, including macrophages, monocytes, T cells, B cells, natural killer 

(NK) cells and dendritic cells (DC)1. DCs were first described in 1973 by Ralph 

Steinmann and Zanvil Cohn2. They observed and reported a novel cell type within the 

murine spleen, emphasizing the cells’ peculiar morphological features – a cytoplasm 

that is not round, but rather distinguished by various dendrite-like processes. Thus, 

the name dendritic cell was established. These eponymous dendrites are important 

for DCs to exert their function as constant surveyors of the surrounding environment, 

like tissue and blood3. Here, they encounter and readily internalize antigens that may 

have pathogenic or self origin. Discriminating between the type of origin is decisive for 

the subsequent immune response. Indeed, DCs express several cell surface proteins 

and intracellular pattern recognition receptors (PRR) enabling them to discern 

“dangerous” from “harmless”, in turn leading to an appropriate immunogenic or 

tolerogenic response4, 5, 6. DCs belong to the so-called antigen-presenting cells (APC) 

and as such can induce T cell responses and secrete polarizing as well as pro-

inflammatory cytokines7, 8, 9, 10, 11, 12. By these means, they play a crucial role not only 

in defending against pathogens and in the efficacy of vaccines, but also in autoimmune 

responses13. Immune responses by DCs are manifold, since these cells encompass 

various subtypes with distinct phenotypes and functions. These DC subpopulations 

are highly conserved between mammalian species like mouse, pig and man14, 15, 16, 17. 

However, as this project was focussed exclusively on investigating murine DC 

populations, this introduction will primarily focus on presenting the status quo of murine 

DC research.  

1.1.1 Dendritic cell subsets 

The major subcategorization of DC populations comprises plasmacytoid DCs (pDC) 

and two subtypes of conventional (also called classical) DCs (cDC). 
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1.1.1.1 Plasmacytoid dendritic cells 

The first reported observation of pDCs actually occured in 1958, 15 years before the 

Steinmann’s description of DCs18. Analysis of human lymph nodes revealed plasma 

cells that did not produce immunoglobulins and were characterized by a lack of lineage 

marker expression18, 19, 20. These cells would later be temporarily given the name 

plasmacytoid T cells, owing to their co-localization with actual T cells and the detected 

expression of CD4 on the cell surface21. However, thorough immunohistochemical 

phenotyping would soon suggest a myeloid origin of these cells and propose the 

designation plasmacytoid monocyte22. Meanwhile, a novel kind of lymphoid cell 

capable of type I Interferon (IFN-) production in response to pathogens was 

discovered in human blood – the natural IFN producing cell23, 24, 25. It was not until 

1999 that two research groups independently came to the conclusion that 

plasmacytoid monocytes and natural IFN producing cells were, indeed, the very same 

cell type12, 26. In the following years, the mounting evidence that these cells belonged 

to the dendritic cell lineage – e.g. morphology, T cell polarization, antigen presentation 

– eventually resulted in the current consensus naming convention – plasmacytoid 

dendritic cell27, 28, 29, 30. However, due to their lymphoid origin and relatively limited 

antigen presenting capability in steady state, some controversy surrounding the pDC 

lineage persisted31, 32.  

PDCs are phenotypically characterized by a set of co-expressed surface markers. In 

contrast to other cDCs, murine pDCs express lower levels of MHCII and CD11c. They 

do, however, express high levels of B220, CCR9, Siglec-H, Ly6D, Ly6C and BST2. In 

humans, pDCs can be identified by co-expression of BDCA2, BDCA4, IL3R and 

CD45RA on the cell surface. Murine pDCs are typically found spleen, BM, peripheral 

blood as well as lymphoid and non-lymphoid organs26, 33. In contrast to cDCs, pDCs 

do not enter secondary lymphoid organs via afferent lymphatics, but rather through 

high endothelial venules after circulating in the blood. Their migratory capacity is highly 

regulated by several chemokine receptors. While CCR2 and CCR5 expression 

facilitate migration from the BM to peripheral blood, CXCR4 expression is required for 

retention in the BM34, 35. Another chemokine receptor involved in pDC trafficking which 

is used as a marker for differentiated pDCs in this study is CCR9, which is enables 

homing to CCL25 expressing tissues in thymus and small intestine36, 37.  
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Functionally, pDCs play a pivotal role in antiviral defense as the paramount producers 

of type I IFNs30. This IFN- production is typically induced as a response to toll-like 

receptor 7 (TLR7) or TLR9 signalling38. TLR7 and TLR9 are PRRs that can sense viral 

nucleic acids in the endosome6. When these receptors are activated, downstream 

production of pro-inflammatory cytokines and especially type I IFNs via a MyD88 

dependant signalling cascade is triggered38. Vast amounts of IFN I will in turn prime 

surrounding cells for antiviral defense39. Additionally, pDCs produce IL6 and TNF-

 . Secretion of these cytokines allows pDCs to orchestrate T cell and NK cell 

immune responses, and also to promote B cell differentiation into plasma cells, 

emphasizing their role in systemic antiviral defense and viral clearance after 

infection13, 41, 42, 43, 44. However, persistent or dysregulated IFN- production by pDCs 

can also lead to autoimmune pathology45. In contrast to cDCs the antigen-presenting 

capacities of pDCs are limited in the immature state and only upon activation they 

were shown to present antigens to naïve CD4+ T cells31. Nonetheless, this functionality 

has been and still is subject to debate. With the discovery of pDC-like cells and 

transitional DCs (tDCs), misattribution of functionality due to an insufficient separation 

of cells with a supposed pDC phenotype were proposed16, 46. Leylek et al., for instance, 

hypothesize that tDCs, which are capable of antigen-presentation on MHC class II and 

have only limited IFN- production capability, might actually differentiate directly from 

pDCs, since earlier research revealed an analogous change in functionality for 

stimulated pDCs16, 47. However, novel discoveries by Abbas et al. refute that notion, 

as they found individual bona fide pDCs exhibiting IFN- production capability followed 

by antigen-presentation function in the MCMV infection model, albeit not 

simultaneously48.  

1.1.1.2 Conventional dendritic cells 

CDCs are CD11c+ MHCII+ CD26+ CD64- F4/80- that encompass two major subtypes, 

namely cDC1 and cDC217. Transcription factor Zbtb46 was shown to be expressed in 

all DC subsets. Fate mapping experiments showed that progenitor and precursor cells 

expressing Zbtb46 and Clec9a are committed to the cDC lineage49, 50, 51. cDC1 are 

further defined by expression of CD8, XCR1, Clec9A and CD2452, 53. They can 

promote cytotoxic T cell responses by taking up danger-associated antigens 

originating from apoptotic cells via Clec9A and subsequently cross-presenting them 
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via MHC class I molecules52, 54, 55. This functionality and their ability for early priming 

of naïve CD4+ T cells makes them especially valuable in anti-tumor immunity56. High 

TLR3 expression is another hallmark of cDC1. This PRR senses double-stranded RNA 

(dsRNA) and activation leads to downstream IL12p70 production whereby cDC1 

induce cytotoxic T cell and Th1 responses57, 58. cDC1 also recruit activated CXCR3 

expressing CD8+ T cells to tumor sites by expressing chemokines like CXCL9 and 

CXCL1059, 60.  

cDC2 express high levels of CD4, CD11b, CD103 and Sirp-, with variations 

depending on their localization They excel at antigen-presentation to CD4+ T cells 

and promote several types of Th responses, such as Th17 response to extracellular 

pathogens and Th2 response in the setting of asthma and allergy61, 62. cDC2 are 

heterogeneous encompassing at least 2 subpopulations. 

Recent research by Leylek et al. employed cross-species high-dimensional 

phenotypic, transcriptomic and functional analysis to identify the murine counterpart 

of human AXL+ DCs which share properties of pDCs and cDCs63, 64, 65. They 

denominated those cells, which were mostly found in murine spleen, transitional DCs 

(tDCs)16. These cells were characterized as lacking Lin– XCR1–, while expressing low 

levels of CD11b and high levels of CX3CR1+. They were shown to be B220– and Ly6D–

. They were further subdivided into CD11clow Siglec-H+ Ly6C+ and CD11chigh Siglec H–

/lo Ly6C– tDCs. While prior publications allocated these cells to be pre-cDCs and a 

fraction tDCs has a similar phenotype to previously described noncanonical CX3CR1+ 

CD8+ DCs64, 66, their novel analysis showed that these cells indeed shared both 

lymphoid and myeloid characteristics. Lymphoid properties include dependance on 

master regulator transcription factor Tcf4, IgH rearrangement and expression of pre-

T-cell antigen receptor alpha, indicating a close developmental relationship of tDCs 

and pDCs. On the other hand, a prominent example of a usually myeloid trait observed 

in tDCs is expression of Zbtb46, which is mostly expressed in cDC primed precursor 

cells and mature cDCs49, 50. Functional analysis revealed that tDCs have limited IFN-

 production capability and are more efficient in stimulating CD4+ T cells than pDCs. 

In an influenza infection model, they found tDCs accumulating in the lung and exerting 

cooperative functions with pDCs16. 
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1.2 Dendritic cell development 

 

Figure 1.1: Overview of hematopoiesis and DC development. Depicted are differ-
entiation pathways for myeloid and lymphoid cells, with emphasis on dendritic cell de-
velopment. HSC = hematopoietic stem cell, LMPP = lymphoid-primed multipotent pro-
genitor, CLP = common lymphoid progenitor, SP = Ly6D single positive lymphoid pro-
genitor, DP = Ly6D Siglec-H double positive lymphoid progenitor, tDC = transitional 
dendritic cell, pDC = plasmacytoid dendritic cell, CMP = common myeloid progenitor, 
MEP = megakaryocyte erythroid progenitor, GMP = granulocyte macrophage progen-
itor, MDP = monocyte and dendritic cell precursor, CDP = common dendritic cell pre-
cursor. 

Like most mature blood cells, DCs are generated by the process of hematopoiesis. 

Hematopoietic stem cells have self-renewing capacities and can differentiate into dis-

tinct multipotent progenitors, which can give rise to either a common myeloid progen-

itor (CMP) characterized by expression of surface markers CD117, CD34 and 

CD16/32 but lacking expression of lineage markers and Sca-1, or a common lymphoid 

progenitor (CLP) which can be identified by expression of CD135, CD117int/low and 

IL7R, while lacking expression of lineage markers, Ly6C, B220 and CD11546, 67, 68, 69, 

70. CLPs give rise to the entirety of lymphoid cells like B cells, innate lymphoid cells  

(ILC), NK cells and T cells67, 71, 72. CMPs can give rise to erythrocytes and megakar-

yocytes via the megakaryocyte erythroid progenitor, or to granulocytes and macro-

phages, which share a common precursor as well. This precursor, called granulocyte 

and macrophage precursor (GMP), can additionally give rise to a monocyte and den-

dritic cell precursor (MDP)73. These have capabilities to differentiate into either a com-

mon monocyte progenitor (cMoP; CD115+ CD117+ CD135- Ly6C+ 74) or the so-called 
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common dendritic cell progenitor (CDP), although this designation has recently been 

called into question75. CDPs can be identified by expression of CD115, CD135 and 

CD117int/low and lacking expressing of lineage markers76, 77. CDPs were shown to dif-

ferentiate into cDCs as well as pDCs with CD115– CDPs giving rise preferentially to 

pDCs76, 77, 78. The generation of pDCs from CDPs has recently been attributed to a 

contamination of the CDP fraction with lymphoid precursors of pDCs75. In fact, it was 

shown in several publications that bona fide pDCs are mainly, if not exclusively, de-

rived from a subfraction of CLPs, which additionally give rise to B cells46, 79. However, 

the intricate mechanisms and cell fate decisions behind cDC and especially pDC dif-

ferentiation from progenitor cells are still debated and subject to ongoing research. 

1.2.1 cDC precursors and development 

During myelopoiesis, CDPs give rise to cDC via CD11c+ MHCII- cDC-committed 

precursors, so-called pre-cDCs76, 80. These pre-cDCs are generated in the BM and 

egress to the blood and enter peripheral tissues before final differentiation into mature 

cDC81. Within pre-cDCs, commitment to certain cDC1 and cDC2 subtypes was further 

elucidated by Schlitzer et al. in 2015. They found surface markers Siglec-H and Ly6C 

to be differentially expressed on pre-cDCs, with Siglec-H- Ly6C- pre-cDCs being com-

mitted to cDC1 and Siglec-H- Ly6C+ pre-cDCs being committed to the cDC2 lineage82. 

This commitment was suggested to be established early during differentiation in the 

BM and not in the periphery82. Despite a clear categorization as myeloid cells, cDCs 

were shown to be generated by myeloid as well as lymphoid progenitors in vitro and 

in vivo after transfer82, 83, 84. However, while recent research using Clec9acre/cre RosaYFP 

fate mapping experiments identified significant lymphoid contributions to the cDC pool 

in murine neonates, this contribution waned with age to negligible levels51, 85, 86.  

Various transcription factors have been discovered to be essential in the development 

and differentiation of DCs. The expression ratio of E protein E2-2 (encoded by Tcf4) 

and Inhibitor of DNA binding 2 (Id2) in early hematopoietic progenitors was shown to 

be essential for cell fate decisions between pDC and cDC, respectively87, 88, 89, 90, 91. 

Their expression is inversely related since expression of one suppresses the other88. 

While Zbtb46 is exclusively expressed in cDC-primed cells in the hematopoietic line-

age and is therefore an excellent lineage marker, it is not essential for cDC develop-

ment50. Differentiation into different cDC subtypes relies on further key transcription 
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factors, several of which have been identified. Terminal cDC1 fate was shown to be 

governed by transcription factors Irf8, Batf3, Id2, Nfil3 and Etv692, 93, 94, 95, 96, 97, 98, 99. 

Overexpression of Zeb2 in CD11c+ cells, on the other hand, was shown to repress 

cDC1 fate and in turn promote pDC and cDC2 fate, while knockout of Zeb2 led to an 

upregulation of Id293, 100. Further cDC2 key regulators include Irf2, Irf4 and RelB101, 102, 

103, 104. Additionally, cDC2 can be subdivided into Klf4-dependent ESAMlow and 

Notch2-dependent ESAMhigh cDC2 with distinct functionalities105, 106, 107.  

1.2.2 pDC precursors and development 

The development and differentiation of pDCs has been and still is subject to extensive 

debate. The presence of myeloid as well as lymphoid characteristics along with exper-

imental data showing pDC generation from precursor cells of both these hematopoietic 

branches suggest a dual ontogeny of pDCs32, 76. This however has been challenged 

by recent work demonstrating development of pDCs from lymphoid progenitor cells 

entirely separate from the cDC lineage75. Just like with cDCs, Flt3L is critical for pDC 

development and is therefore widely used for in vitro pDC differentiation, generation, 

and maintenance108, 109.  

Direct pDC precursors were identified in the CD11c- B220- Ly6C- CD135+ IL7R+ lym-

phoid fraction of murine BM as Ly6D+ LP and Siglec-H+ Ly6D+ LP. Ly6D single positive 

LP gave mostly rise to B cells but also had pDC potential46, 79. Ly6D Siglec-H double 

positive LPs, in contrast, were shown to have almost exclusive pDC potential in in vitro 

differentiation experiments with Flt3L and after in vivo transfers46. Recently, the iden-

tification of these pDC precursors within Siglec-H+ Ly6D+ LPs was refined further by 

Dress et al. by including CD2 and CD81 as markers for identifying pDC-committed 

precursors as Ly6D+ IL7R+ CD135+ Siglec-H+ CD2int CD81int CD115- 46, 75. Additionally, 

they not only challenged the previous consensus concept of a dual ontogeny but even 

went as far as proposing a reclassification of pDCs. The authors suggest that the pre-

vious observations of pDCs generated via myeloid progenitors, such as CDPs, 

stemmed from an inadequate discrimination of myeloid and lymphoid markers in sort-

ing strategies that resulted in contamination of CD115+ CDPs with de facto lym-

phoid/pDC progenitors. Accordingly, they demonstrated that strictly CD115+ Ly6D- 

sorted CDP only gave rise to cDCs, not pDCs, therefore turning the “common DC 

precursor” into a “conventional DC precursor”. In line with their results, they further 
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suggest a reclassification of pDCs, excluding them from the DC lineage, thus aban-

doning the old naming convention and rather denominating them as plasmacytoid in-

nate lymphoid cells due to their dependance on CD135 and Flt3L signalling and prom-

inent secretory function75, 110.  

Several TFs critical for pDC development have been identified, one of the most im-

portant ones being Irf8. Irf8 plays an important role in pDC development, maintenance, 

and their function in antiviral immunity94, 111. At the LP stage expression of TF Irf8 was 

shown to promote pDC fate, while Ebf1 expression on the other hand governed B cell 

fate46, 79. Cell fate decisions are often regulated by such distinct TF expression pat-

terns. As mentioned earlier for cDCs, the equilibrium of Tcf4 vs. Id2 expression gov-

erns pDC vs. cDC cell fate, respectively. Tcf4 or E2-2 does not only regulate pDC 

lineage commitment, but continuous expression is indispensable for pDC mainte-

nance, as it is a master regulator for numerous pDC and lymphoid related genes, such 

as Blimp1, Ccr9, Dntt and Irf787, 88, 90, 112. Indeed, deletion of Tcf4 in mature pDCs led 

to severe phenotypic and functional changes like a downregulation of pDC specific 

surface markers and lack of IFN production, while cDC associated functions like anti-

gen presentation were increased88, 89. Furthermore, lack of Tcf4 expression in CD11c+ 

cells led to abrogation of pDC development without impact on other hematopoietic 

lineages87. Another TF found to be critical for pDC development and their function is 

Spib, which is also regulated by E2-288, 113, 114. Loss of Spib led to developmental de-

fects particularly in BM pDCs and TLR7/9 induced type I IFN production was also 

impaired115. Since pDCs in peripheral lymphoid organs were not affected to the same 

degree, a role of Spib in migration could be implicated115. Migration of pDCs is also 

governed by TF Runx2, regulating egression from BM and also pDC function34, 35. 

Expression of Bcl11a, which is also regulated by E2-2, governs Flt3L expression in 

early hematopoietic progenitor cells and as such is also essential for pDC develop-

ment116. Accordingly, Bcl11a deficient cells fail to generate pDC in vitro and in vivo116. 

Terminal Flt3L-induced pDC differentiation was also found to be selectively blocked 

by deletion of TF Ikaros, while cDC subset numbers remained unaffected117. In addi-

tion, Ikaros was shown to repress cDC transcriptional signatures in pDCs and precur-

sors118. Traf5 is a further protein that was recently suggested to act as a positive reg-

ulator of pDC development from BM precursor cells119. As a last example for TFs in-
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volved in pDC differentiation and development Zeb2 expression was found to be es-

sential in vitro and in vivo100, 120. Zeb2 directly regulates DC development by repressing 

Id2, thus shifting the balance of Id2 vs E2-2 to promote pDC fate100. 

Collectively, a plethora of TFs were already identified to be involved in pDC cell fate 

decisions, development, and functionality in one way or another. However, the ques-

tions of when and how exactly cell fate decisions are ultimately made and consolidated 

on a transcriptional and epigenetic level, at which state exactly different lineages 

branch off, and whether some form of inter-lineage plasticity through reprogramming 

or conversion exists even at the lower end of Waddington’s hill, are far from being fully 

unraveled121. 

1.3 Aims of the study 

This study builds on previous findings concerning CD11c+ Siglec-H+ CCR9low pDC-like 

precursor cells (both published and unpublished) including their potential to generate 

pDCs as well as cDCs in vitro and in vivo33, 83, 122. Hence, this study aimed at further 

elucidating the cause of this dual potential. This included investigating whether cells 

with an actual dual potential exist, or if it is merely a consequence of a heterogene-

ously composed population with cells that were primed for pDC- or cDC fate earlier in 

development. Furthermore, precursors with definitive commitment to pDCs were to be 

identified within this compartment building on earlier findings that CCR9low B220high 

cells within the CD11c+ Siglec-H+ BM cells are biased to differentiate into pDCs123. 

The first aim of this study thus was to investigate how pDC and cDC output from 

CCR9low pDC-like precursor cells can be manipulated by addition of cytokines like 

Flt3L, GM-CSF, IFN- and TLR ligands like CpG and whether the observed effects 

are cell-intrinsic or -extrinsic. To detect and quantify the effects of stimulation on these 

precursors I conducted a series of in vitro experiments with cells isolated from various 

genetically engineered mouse models (MyD88-/-, IFNAR-/-). 

The second aim was to research, understand and describe a potential heterogeneity 

causing the cell fate plasticity in CCR9low B220low and CCR9low B220high pDC-like pre-

cursor cells on a single-cell level and to put these precursors into context with other 

lymphoid and myeloid progenitor cells. Therefore, I explored single-cell RNA-sequenc-

ing data and performed RNA velocity analysis to find trajectories of pDC and cDC 
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differentiation and to identify possible candidate genes and/or surface markers differ-

entially expressed within these cell populations. 

The third aim was to validate these results using high-dimensional phenotypic analysis 

of the DC progenitor compartment in BM and spleen and by performing differentiation 

assays in vitro and in vivo with precursor subsets that were isolated using refined sort-

ing strategies based on the prior single cell analyses. Thereby, I intended to better 

categorize and define pDC and cDC precursors and a potential developmental con-

nection between them. 
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2. Material and Methods 

2.1 Materials 

2.1.1 Antibodies 

Table 1: Flow cytometry antibodies (murine) and dyes used in the experiments of this 

study. 

Target Fluorophore Dilution Clone Manufacturer 

B220 FITC 1:200 RA2-6B2 eBioscience 

B220 BV605 1:200 RA2-6B2 BioLegend 

Bst2 APC 1:200 eBio129c eBioscience 

CCR5 BUV737 1:200 2D7/CCR5 BD 

CCR9 AF647 1:100 9B1 BioLegend 

CCR9 eFlour450 1:100 eBioCW-1.2 eBioscience 

CD2 BUV496 1:100 RM2-5 BD 

CD2 BUV615 1:100 RM2-5 BD 

CD3 APC-Cy7 1:200 145-2C11 BioLegend 

CD4 BUV661 1:200 SK3 BD 

CD8a PerCP 1:200 53-6.7 BioLegend 

CD11b BV570 1:400 M1/70 BioLegend 

CD11b PerCP-Cy5,5 1:200 M1/70 BioLegend 

CD11c APC-Cy7 1:200 N418 BioLegend 

CD11c BUV395 1:200 HL3 BD 

CD11c PE-Cy7 1:200 N418 BioLegend 

CD19 APC-Cy7 1:200 SJ25C1 BioLegend 

CD16/32 BUV496 1:200 2.4G2 BD 

CD16/32 PerCP-Cy5,5 1:200 93 BioLegend 

CD45.1 Alexa Flour 700 1:200 A20 BioLegend 
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CD45.2 APC 1:200 104 BioLegend 

CD45.2 Alexa Flour 700 1:200 104 BioLegend 

CD81 Alexa 350 1:100 431301 Novus Bio 

CD86 BV650 1:200 GL-1 BioLegend 

CD103 APC 1:200 2E7 eBioscience 

CD105 APC-Cy7 1:200  BioLegend 

CD115 APC 1:100 AFS98 BioLegend 

CD115 BUV737 1:100 AFS98 BD 

CD115 PE-Cy7 1:100 AFS98 BioLegend 

CD117 BV510 1:200 ACK2 BioLegend 

CD135 APC 1:200 A2F10 BioLegend 

CD135 BV421 1:200 A2F10 BioLegend 

CellTrace™ Blue  5 µM  ThermoFisher 

CX3CR1 BV711 1:200 SA011F11 BioLegend 

F4/80 BV805 1:100 T45-2342 BD 

Fixable viability 

dye eFluor™ 506 

 1:1000  eBioscience 

IL7R PerCP-Cy5,5 1:200 A7R34 BioLegend 

IL7R PE-Cy7 1:100 A7R34 BioLegend 

Ly6C AF700 1:400 HK1.4 BioLegend 

Ly6C BV510 1:400 HK1.4 BioLegend 

Ly6C PE-Dazzle 594 1:400 HK1.4 BioLegend 

Ly6D FITC 1:400 49-H4 BioLegend 

Ly6D PE 1:800 49-H4 BioLegend 

Ly6G APC-Cy7 1:200 1A8 BioLegend 

MHCII BV650 1:400 M5/114.15.2 BioLegend 

MHCII Spark Blue 550 1:400 M5/114.15.2 BioLegend 

NK1.1 APC-Cy7 1:200 PK136 BioLegend 

Siglec-H AF647 1:200 440c In house 

Siglec-H AF647 1:200 440c BioLegend 
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Siglec-H BV786 1:200 440c BD 

Sirp-alpha AF700 1:200 P84 BioLegend 

Sirp-alpha PerCP-Cy5,5 1:200 P84 BioLegend 

Ter119 APC-Cy7 1:200 TER-119 BioLegend 

XCR1 AF647 1:200 ZET BioLegend 

Zombie NIR™  1:1500  BioLegend 

Zombie Red™  1:1500  BioLegend 

2.1.2 Buffers and media 

Table 2: Buffers and media used in the experiments of this study. 

Medium or buffer Ingredients 

DC medium RPMI 1640 

 50 µM b-Mercaptoethanol 

 10% FCS (heat-inactivated) 

 1% Glutamax 

 1% NEAA 

 1% Penicillin/Streptomycin 

 1% Sodium pyruvate 

EL08 medium MEM-α-Glutamax  

 10 µM b-Mercaptoethanol 

 15% FCS (heat-inactivated) 

 5% horse serum (heat-inactivated) 

 1% Penicillin/Streptomycin 

Freezing medium 

 

10% DMSO 

90% FCS (heat-inactivated) 

MACS buffer PBS 

 2% FCS (heat-inactivated) 

 2 mM EDTA 

Sorting medium DC medium 
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5 mM HEPES 

2.1.3 Cell lines 

Table 3: Cell lines used in the experiments of this study. 

Cell line Originally from Used for 

EL08-1D2 murine stromal cell line Oostendorp In vitro experiments 

 

2.1.4 Consumables 

Table 4: Consumables used in the experiments of this study. 

Consumable Manufacturer 

Cell culture dishes (10 cm) Sigma Aldrich (St. Louis, USA) 

Cell culture plates (12-well, 96-well) Corning Inc. (Lowell, USA) 

Conical centrifuge tubes (15 and 50 ml) Greiner Bio-One GmbH (Kremsmünster, Austria) 

Cell strainers (40 µm, 100 µm) Corning Inc. (Lowell, USA) 

MACS LS column Miltenyi Biotec GmbH (Bergisch Gladb., Germany) 

MACS Preseperation filter Miltenyi Biotec GmbH (Bergisch Gladb., Germany) 

Microcentrifuge tubes (1.5 and 2 ml) Sarstedt AG & Co. KG (Nürnbrecht, Germany) 

Micro-fine+ Insulin Syringe Becton Dickinson GmbH (Heidelberg, Germany) 

Microlance cannule 24G Becton Dickinson GmbH (Heidelberg, Germany) 

Optical adhesive cover ThermoFisher (Waltham, USA) 

PCR microplate, 96-well Corning Inc. (Lowell, USA) 

PCR tubes Biozym Scientific GmbH (Oldendorf, Germany) 

Pipet tips Brand GmbH & Co. KG (Wertheim, Germany) 

Pipet tips with filter Greiner Bio-One GmbH (Kremsmünster, Austria) 

Pre-Separation filter (30 µm) Miltenyi Biotec GmbH (Bergisch Gladb., Germany) 

Serological pipettes (5, 10 and 25 ml) Greiner Bio-One GmbH (Kremsmünster, Austria) 

Syringes (5 and 10 ml) B. Braun SE (Melsungen, Germany) 

UltraComp eBeads™  ThermoFisher (Waltham, USA) 
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2.1.5 Instruments 

Table 5: Instruments used in the experiments of this study. 

Instrument Manufacturer 

2100 Bioanalyzer Agilent Technologies (Santa Clara, USA) 

C1000 Touch PCR Cycler Bio-Rad Laboratories GmbH (Munich, Germany) 

Cytek® Aurora Cytek (Fremont, USA) 

CytoFLEX S Beckman Coulter (Brea, USA) 

FACSAria™ Fusion Cell Sorter BD Biosciences 

Galaxy 170S CO2 Incubator Eppendorf (Hamburg, Germany) 

GloMAX Explorer System (ELISA reader) Promega GmbH (Mannheim, Germany) 

Heraeus Multifuge X3R Centrifuge ThermoFisher (Waltham, USA) 

Laminar Flow Berner International GmbH (Germany) 

LightCycler® 480 qRT-PCR reader Hoffman-La Roche AG (Basel, Switzerland) 

MACS magnet and column holders Miltenyi Biotec GmbH (Bergisch Gladb., Germany) 

NanoDrop 1000 spectrophotometer ThermoFisher (Waltham, USA) 

Neubauer chamber Eppendorf (Hamburg, Germany) 

Pipetboy Integra Biosciences GmbH (Biebertal, Germany) 

Thermomixer Eppendorf (Hamburg, Germany) 

Vortexer Scientific Industries Inc (Bohemia, USA) 

Water bath GFL Gesellschaft für Labortechnik GmbH 

(Burgwedel, Germany) 

2.1.6 Kits 

Table 6: Kits used in the experiments of this study. 

Reagent Manufacturer 

Anti-Cy7 Microbeads Miltenyi Biotec GmbH (Bergisch Gladb., Germany) 

Mouse IFN Alpha All Subtypes ELISA 

Kit, High Sensitivity 

PBL Assay Science (Piscataway, USA) 

RNeasy Plus Micro Kit Qiagen (Hilden, Germany) 
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Taqman™ Gene Expression Assay ThermoFisher (Waltham, USA) 

2.1.7 Mice 

Table 7: Mouse strains used in the experiments of this study. All mice were bred under 

SPF conditions in the Core Facility Animal Models of the Biomedical Center of LMU 

Munich 

Mouse strain Originally from Used for 

CD45.1ki/ki The Jackson Laboratory In vitro MyD88 experiments 

and in vivo transfers 

Ifnar1-/- The Jackson Laboratory In vitro IFNAR experiments 

Myd88-/- The Jackson Laboratory In vitro MyD88 experiments 

Zbtb46-eGFPki/ki Kenneth Murphy, Washington 

University St. Louis 

In vitro experiments, steady 

state analysis and in vivo 

transfers 

C57BL/6J The Jackson Laboratory WT control for in vitro 

experiments, single stains 

for experiments involving 

Zbtb46-eGFP mice 

2.1.8 Reagents 

Table 8: Reagents used in the experiments of this study. 

Reagent Manufacturer 

5x First-Strand Buffer ThermoFisher (Waltham, USA) 

-Mercaptoethanol Sigma Aldrich (St. Louis, USA) 

Collagenase D Sigma Aldrich (St. Louis, USA) 

CpG (2216) Eurofins Scientific SE (Luxemburg) 

DEPC-treated water ThermoFisher (Waltham, USA) 

DMSO Sigma Aldrich (St. Louis, USA) 

DNAse I Sigma Aldrich (St. Louis, USA) 

dNTPs Promega GmbH (Mannheim, Germany) 

EDTA (0.5 M) ThermoFisher (Waltham, USA) 
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Ethanol Carl Roth GmbH (Karlsruhe, Germany) 

FCS Biochrom GmbH (Berlin, Germany) 

Fc-blocking Reagent (murine) Miltenyi Biotec GmbH (Bergisch Gladb., Germany) 

Gelatin Sigma Aldrich (St. Louis, USA) 

Glutamax™ (100x) ThermoFisher (Waltham, USA) 

Horse serum Stem Cell Technologies (Köln, Germany) 

MEM-α-Glutamax ThermoFisher (Waltham, USA) 

NEAA (100x) ThermoFisher (Waltham, USA) 

PBS (without Ca+ and Mg+) Sigma Aldrich (St. Louis, USA) 

Penicillin/Streptomycin (100x) ThermoFisher (Waltham, USA) 

Red blood cell lysis buffer Sigma Aldrich (St. Louis, USA) 

RNase inhibitor (NxGen® RI 40 U/ml) ThermoFisher (Waltham, USA) 

RPMI 1640 Biochrom GmbH (Berlin, Germany) 

Sodium pyruvate ThermoFisher (Waltham, USA) 

SuperScript™ III Reverse Transcriptase ThermoFisher (Waltham, USA) 

Trypsin ThermoFisher (Waltham, USA) 

Universal Type I IFN PBL Assay Science (Piscataway, USA) 

2.1.9 qPCR probes 

Table 9: Probes used for RT-qPCR. 

Gene Assay Nr. Detected transcripts Dye Lot. Nr. Manufacturer 

Batf3 Mm01318274_m1 NM_030060.2 FAM 610932 ThermoFisher 

Cd74 Mm00658576_m1 NM_001042605.1 FAM 3847897 ThermoFisher 

Cx3cr1 Mm00438354_m1 NM_009987.4 FAM 816513 ThermoFisher 

Hprt Mm.PT.39a.22214828 NM_013556 HEX  IDT 

Id2 Mm00711781_m1 NM_010496.3 FAM 854994 ThermoFisher 

Irf4 Mm00516431_m1 NM_013674.1 FAM 1204526 ThermoFisher 

Irf8 Mm00492567_m1 AK018533.1 FAM 854037 ThermoFisher 

Itgam Mm00434455_m1 NM_001082960.1 FAM 3623266 ThermoFisher 
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Itgax Mm01271280_m1 NM_021334.2 FAM P210119 ThermoFisher 

Klf4 Mm00516104_m1 NM_010637.3 FAM 3473212 ThermoFisher 

Ly6d Mm00521959_m1 NM_010742.1 FAM P210119 ThermoFisher 

Siglech Mm00618627_m1 NM_178706.4 FAM 572659 ThermoFisher 

Sfpi1 Mm00488142_m1 NM_011355.1 FAM 887886 ThermoFisher 

Spib Mm01719550_s1 NM_019866.1 FAM 735002 ThermoFisher 

Stat3 Mm01219775_m1 NM_011486.4 FAM 1206368 ThermoFisher 

Tcf4 Mm01262526_g1 NM_001083967.1 FAM P100419 ThermoFisher 

Tlr4 Mm00445274_m1 NM_021297.2 FAM P210121 ThermoFisher 

Tlr7 Mm04933180_m1 NM_001290758.1 FAM P210119 ThermoFisher 

Zbtb46 Mm00511327_m1 NM_027656.2 FAM P210119 ThermoFisher 

Zeb2 Mm00658576_m1 NM_001289521.1 FAM P210119 ThermoFisher 

2.1.10 Software 

Table 10: Software used in the experiments and data analysis of this study. 

Software Provider 

Affinity Designer 1.9.0 Serif (Nottingham, United Kingdom) 

FACSDiva™  Beckman Coulter (Brea, USA) 

FlowJo v. 1.6-1.8 FlowJo LLC (Ashland, USA) 

GloMax® Explorer System Software v3.0 Promega GmbH (Mannheim, Germany) 

GraphPad Prism 9 GraphPad Software Inc. (San Diego, USA) 

LightCycler™ 480 Software v1.5 Hoffman-La Roche AG (Basel, Switzerland) 

Microsoft Office 365 Microsoft (Redmond, USA) 

Python v3.7 Python Software Foundation (Wilmington, USA) 

R v4.0.4 R Core Team 

RStudio RStudio Inc. (Boston, USA) 

SpectroFlo® v2.2 Cytek (Fremont, USA) 
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2.2 Methods 

2.2.1 Cell culture (general) 

All cells were cultured in a cell culture incubator with 5% CO2 at 37 °C in the indicated 

media. Unless indicated otherwise, centrifugation was done at 450 x g at 4° for 5 

minutes with subsequent discarding of the supernatant. 

2.2.2 Isolation of bone marrow and splenic cells 

Mice were sacrificed by cervical dislocation after either CO2 asphyxiation or Isoflurane 

anesthesia. For bone marrow cells femora, tibiae, ilia and, whenever necessary, hu-

meri were harvested. Bone marrow (BM) was flushed from the bones with DC medium 

using a 24G needle and a 5 ml syringe. Flushed out BM was aspirated with the needle 

multiple times to break up any clumps and then filtered through a 100 µm cell strainer 

into a 50 ml conical tube. The BM suspension was centrifuged, the resulting pellet 

resuspended in red blood cell lysis buffer and incubated for 5 minutes at RT. The tube 

was filled ad 10 ml with DC medium, centrifuged to get rid of cell debris, resuspended 

in 5 ml DC medium and cells were counted. 

For splenic cells, harvested spleens were cut into small pieces using surgical scissors 

and subsequently incubated for 30 minutes at 37° in DC medium containing DNAse I 

(100 µg/ml) and Collagenase D (500 µg/ml). After digestion, the resulting tissue/cell 

suspension mix was passed through a 100 µm cell strainer and remaining splenic tis-

sue was pushed through the strainer using a syringe plunger. The strainer and plunger 

were washed with 5 ml of DC medium passing through the strainer. The filtered cell 

suspension was then passed through a 40 µm cell strainer and the flow-through was 

centrifuged. Red blood cell lysis and subsequent steps were performed as explained 

for BM cells above. 

2.2.3 Lineage depletion 

The relatively low frequency of dendritic cells and their precursors makes depletion of 

unwanted cells (“Lineage”) essential. In this study, the Lineage consisted of B cells, T 

cells, NK cells, granulocytes, and erythroid cells. Cell suspensions from 2.2.2 were 

centrifuged and resuspended in MACS buffer. APC-Cy7 antibodies for CD19 (B cells), 
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CD3 (T cells), NK1.1 (NK cells), Ly-6G (granulocytes) and Ter119 (erythroid cells) 

were added and incubated for 20 min on ice in the dark. Cells were washed with 10 

ml MACS buffer and centrifuged. The pellets were resuspended in MACS buffer mixed 

with 1:10 v/v anti-Cy7 MicroBeads, incubated for 20 min on ice in the dark and again 

washed with 10 ml MACS buffer. After centrifugation, pellets were resuspended in 3 

ml MACS buffer and loaded onto a Pre-Separation Filter placed on an LS column in a 

magnetic column holder. All columns were equilibrated with MACS buffer before add-

ing the cell suspensions. 7 ml MACS buffer was added to the tube the cell suspension 

was taken from to collect any remaining cells and pipetted onto the column in two 

increments once the previous suspension passed through. The total collected lineage 

negative flow-through was centrifuged, resuspended in DC medium, and counted. For 

one experiment (Figure 3.12) the Lineage+ cells in the magnetic column were flushed 

out in 2 ml DC medium and 10 µl of that suspension was added back to the Lineage- 

cells. 

2.2.4 Fluorescence-activated cell sorting and acquisition 

2.2.4.1 Proliferation dye staining 

For some experiments a proliferation dye was used. Cells from 2.2.3 were centrifuged 

and resuspended in 37 °C PBS containing 5 µM CellTrace™ Blue dye. Staining vol-

ume was adjusted according to the manufacturer’s protocol. Cells were then incubated 

for 20 min in a water bath at 37 °C. After incubation, 4 times the staining volume in DC 

medium was added to the suspension, which was again incubated for 5 min at RT to 

quench any remaining, unbound dye. 

2.2.4.2 Surface marker staining 

Cell suspensions were centrifuged, resuspended in PBS containing the desired fluo-

rescent-dye conjugated antibodies and murine Fc-block, then incubated for 20 min on 

ice in the dark, then centrifuged. Pellets were resuspended in MACS buffer and cen-

trifuged again to wash off any remaining, unbound antibodies. For sorting, pellets were 

then resuspended in Sorting medium. For flow cytometric analysis, cells were resus-

pended in MACS buffer. 
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2.2.4.3 Cell sorting 

Cells were sorted on a FACSAria™ Fusion Cell Sorter with a 70 µM nozzle. Before 

the sort single stainings were acquired to calculate spill-over compensation for the 

fluorophores used in the sort panel. 100.000 cells of the sample were acquired and 

recorded to draw the sort gates. Sorting was performed at < 8000 events/second to 

keep sort efficiency above 90% consistently. 4-Way-Purity mode was chosen as 

Precision mode in FACSDiva software. Cells were sorted into 1.5 ml Eppendorf tubes 

containing 200 µl of Sorting medium. The tube holder was cooled to 5 °C throughout 

the sort. When more than 4 populations were sorted, the rarest and most abundant 

populations were sorted from the beginning. Once a predetermined amount of the 

most abundant populations was sorted, those tubes and sort gates were exchanged 

for the remaining populations of interest. 

2.2.4.4 Flow cytometry analysis 

Surface-stained cell suspensions were acquired using either a CytoFlex S or Cytek® 

Aurora spectral flow cytometer. For spill-over compensation single stainings of each 

fluorophore were measured with each experiment using either UltraComp eBeads™ 

compensation beads and/or sample cells. Resulting files were analyzed using the 

FlowJo software. 

2.2.5 In vitro cell culture 

2.2.5.1 In vitro cell culture on stromal cells 

For cultures with EL08 stromal cells 12-well (or 96-well) plates were coated with 0,5% 

gelatin in PBS for 30 minutes at 37 °C. 2 x 104 (or 2 x 103) EL08 cells per well were 

seeded the day before cell sorts in EL08 medium. On the day of the sort the EL08 

medium was aspirated, and cells sorted according to 2.2.4.3 were seeded onto the 

stromal cell layer in DC medium with the indicated stimuli. 

For cultures with Lineage- BM cells as a stromal cell layer the BM was Lineage de-

pleted and seeded at a cell density of 1 x 104 on the day of the sort into 12-well plates. 

Cells from 2.2.4.3 were then added to the wells with the indicated stimuli. The BM 

stromal cells were always congenic to the sorted cells to allow for discrimination in the 

analysis. 
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2.2.5.2 In vitro cell culture without stromal cells 

Cells from 2.2.4.3 were seeded into 96-well round-bottom plates to enhance cell-to-

cell contact and cultured in DC medium containing 10% Flt3L containing supernatant 

(SN, 1% equaling approximately 10 ng/ml hFlt3L). 

2.2.6 In vivo transfers 

Cells from 2.2.4.3 were centrifuged and resuspended in PBS for subsequent intrave-

nous injection into the tail vein of congenic recipient mice. 0.5-4 x 105 cells per popu-

lation were injected. Plain PBS and whole BM (5 x 106 cells) in PBS were injected into 

separate control mice. On day 3 after injection the recipient mice were sacrificed, and 

BM and splenic cells were harvested according to 2.2.2. Except for total BM control 

recipient cells, all BM and splenic cells were Lineage depleted according to 2.2.3. Cell 

suspensions were then surface stained and analyzed by flow cytometry. 

2.2.7 IFN- ELISA 

Cells isolated and sorted as described in 2.2.4.3 were centrifuged and resuspended 

in DC medium containing 3% Flt3L SN. Cells were seeded onto EL08 stromal cells in 

96-well flat-bottom plates. The volume in each well was 150 µl. After 3 days 0.5 µM 

CpG-A was added to the culture to stimulate the cells. 24h later the cells were centri-

fuged, the SN was frozen, and cells were analyzed by flow cytometry according to 

2.2.4.4. The frozen SNs were tested for IFN- using a pre-coated murine IFN- (all 

subtypes) kit according to the manufacturer’s instructions (pbl assay science). SNs 

were tested in three different concentrations (1:2, 1:10, 1:100) in three biological rep-

licates with technical duplicates. 
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2.2.8 Real-time quantitative PCR 

Table 11: Experimental design for qRT-PCR analysis of DC precursor cells. Cells were 
sorted from pooled BM of 8 mice and plated for different time points as depicted. See 
the following methods for further details. 

2.2.8.1 RNA extraction 

At the indicated time points, cells from 2.2.5.2 were centrifuged and resuspended in 

RLT Lysis buffer after carefully removing the supernatant, then frozen at -20°. One 

day after all lysates were frozen, they were thawed simultaneously, and RNA was 

extracted according to the RNeasy Plus Micro Kit protocol. RNA quantity and quality 

were measured with a 2100 Bioanalyzer. 

2.2.8.2 complementary DNA (cDNA) synthesis 

All RNA per sample from 2.2.8.1 (3 - 10 ng) was reverse transcribed into cDNA with 

SuperScript™ III reverse transcriptase according to the manufacturer’s protocol. 

Quantity and quality of the produced cDNA were assessed with a NanoDrop 1000 

spectrophotometer. 

2.2.8.3 qRT-PCR 

Per probe (see Table 9) and sample from 2.2.8.2, 100 ng of cDNA were used for the 

qPCR reaction. Each probe for genes of interest (FAM dye) was used simultaneously 

with the HPRT housekeeping gene probe (HEX dye). For each sample and probe, 
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technical duplicates for reactions were mixed according to the Taqman™ gene ex-

pression assay protocol (duplex) and then run in a LightCycler® 480 according to the 

manufacturer’s protocol. 

2.3 Data analysis 

2.3.1 Analysis of ELISA data 

OD was measured using a GloMAX Explorer System. Means for technical duplicates 

were calculated for samples, controls, and standards. As recommended by the man-

ufacturer’s protocol, mean optical densities for the standard samples were plotted us-

ing a 4-parameter fit using PRISM. IFN- concentrations of samples were interpolated 

by fitting the corresponding mean absorbance values with the resulting standard 

curve. 

2.3.2 Analysis of flow cytometry data 

All analysis of flow cytometry data was done using the FlowJo v10 software. Data 

measured on the Cytek Aurora or FACSAria™ Fusion sorter was compensated on the 

instrument. For data measured on the CytoFLEX S compensation was done in FlowJo 

using the single stainings acquired during the measurement. Every sample was first 

gated on morphology of the cells (FSC-A vs. SSC-A) followed by a single-cell gate 

(FSC-A vs. FSC-H) followed by a living cell gate (dead stain vs. FSC-A) as depicted 

in an exemplary manner in Figure 2.1. 

Figure 2.1: Exemplary gating of living cells. For all sorts and flow cytometry anal-
yses the first three gates drawn were the morphology gate (FSC-A vs. SSC-A), the 
single cell gate (FSC-A vs. FSC-H) and the living cell gate (dead stain vs. FSC-A). 

 



2 Material and Methods 36 

2.3.3 Analysis of RNA-sequencing data 

2.3.3.1 Bulk RNA data analysis 

For plotting the gene signature overlap of precursor cells and previously published 

gene signatures for several myeloid and lymphoid cell types, I used the bulk RNA-seq 

dataset generated, quality-controlled and filtered by Andrea Musumeci, a former lab 

member who previously worked on this project. I calculated the mean expression for 

a given gene across the four populations of interest (pre-cDC, lo-lo, lo-hi and pDC). I 

then looked – for all populations – for genes they expressed at higher levels than the 

inter-population mean value. These genes I compared to gene signatures for pre-cDC, 

cDC, pre-pDC and pDC as described in Dress et al. 2019 and CDP signature as de-

termined in previous research by Andrea Musumeci122. I then calculated the overlap 

as a percentage. These percentages I plotted onto a radar plot using R package 

ggradar v0.2. 

2.3.3.2 Filtering of scRNA-seq data 

The dataset was filtered and quality controlled before the analysis. Cells with more 

than 5790 or less than 90 genes detected per cell were excluded from the analysis as 

outliers. One sorted population (“CDPr”) was excluded from the analysis due to an 

error in the sort gates. Cells expressing high levels of lineage genes (Prss34 = baso-

phils, Prg2 = eosinophils, Mcpt8 = mast cells) were excluded as well. Ultimately, the 

filtered dataset consisted of 739 cells. 

2.3.3.3 scRNA-seq analysis with RaceID and FateID 

739 remaining cells were analyzed using the RaceID v.0.1.4 R package 79, a package 

suitable for analysis of single-cell sequencing data with small and large cell numbers. 

Within the filterdata function that generates the R object needed for further analysis, 

minnumber was set to 900, filtering out cells with total transcript counts below 900. 

Furthermore, FGenes was set to run the analysis on the 3000 top highly variable genes 

previously identified using Seurat v3.0 124, 125 following best practices suggested in the 

packages vignette and excluding cell cycle related genes. 675 cells remained after 

running filterdata. Distance computation using compdist function was run with metric 

= “pearson” and clustering using clustexp was run with cln set to 8 to identify 8 or close 
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to 8 clusters. This parameter was set following previous exploratory analysis that found 

15 or more clusters with some only consisting of a few cells. Setting the cluster number 

manually after initial screening is approved in the best practices. 9 clusters were iden-

tified and a UMAP was calculated using the compumap function. On this UMAP each 

population was highlighted individually (Figure 3.7) and unsupervised clusters were 

displayed (Figure 3.8A). A heatmap of 30 DC related genes was generated using the 

plotmarkergenes function (Figure 3.8B) with hierarchical clustering of genes and cells 

aggregated in their clusters (aggr=TRUE). Gene expression was scaled on a per-gene 

basis setting zsc=TRUE (z-scale normalization). 

For cell fate analysis FateID v0.1.9 package and VarID (part of RaceID) were used79, 

126. The dataset and corresponding data from RaceID analysis were used as the start-

ing point. First, transcriptional noise was regressed from the data following the VarID 

protocol in the RaceID vignette without any manual adaptions. Then, FateID was used 

to calculate pDC and pre-cDC fate, i.e., cell fate for cluster 2 and cluster 1, respec-

tively. Fate bias was plotted onto the UMAP generated using RaceID, either as indi-

vidual fate biases for either pre-cDC or pDC as a heatmap and both fate trajectories 

on one UMAP by fitting a principal curve over either calculated cell fates. 

2.3.3.4 Analysis of single-cell transcriptional dynamics with scvelo 

zUMIs output from the scRNA-seq data that was velocity-tagged by the zUMIs pipeline 

was then further processed using the Python velocyto v0.17127 pipeline and standard 

workflow with specified barcodes. A loom file was created which was then used for 

downstream analysis of RNA velocity using the scvelo package v0.2.2128. Only cells 

that remained after filtering (2.3.3.2 and 2.3.3.3) were included in this analysis. Nor-

malization, log transformation and highly variable gene detection were performed us-

ing the scvelo filter_and_normalize function with n_top_genes set to 10000. Basic cal-

culations and preparations were done according to the recommended scvelo analysis 

workflow found at https://scvelo.readthedocs.io/. Velocity was calculated with mode 

set to “stochastic”. Clusters were identified by Louvain clustering with resolution set to 

1.8 to increase the number of detected clusters. Terminal states were calculated with 

groupby=“louvain”, which is important for datasets with known multiple trajectories . 

Downstream analysis and plotting was performed with default settings according to 

the recommended workflow. 
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2.3.4 Analysis of qRT-PCR data 

Ct values of technical duplicates were averaged. For each sample and gene delta Ct 

values were calculated as Ct(gene of interest) – Ct(HPRT) to normalize for different 

cell counts in the starting material. Then delta delta Ct values were calculated as delta 

Ct minus the mean of delta Ct values for the given gene, since no control sample was 

present. Fold-changes compared to mean gene expression were then calculated as 

2-ddCt. These values were put in a data frame, log2 transformed and scaled (-2 to 2) 

on a per gene basis. The data was plotted with the Heatmap function of the Com-

plexHeatmap R package with row_split set to 4. 

2.3.5 Statistics 

Statistical analysis was performed using either R v4.0.3 programming language, 

GraphPad PRISM 9 or Excel software. For multiple comparison p-value adjustment, 

Holm-Šídák correction was used multiple t-tests and Šídák correction for 2-way 

ANOVAs, unless indicated otherwise129, 130, 131. Multiple testing correction was done 

using the built-in functions in PRISM. For evaluation of qPCR data the delta-delta Ct 

method was utilized132. ELISA data was calculated in PRISM using a 4-parameter 

logistical fit as suggested in the manufacturer’s protocol. 
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3. Results 

The findings of this thesis have been published in Lutz, Musumeci et al. 2022133. Ac-

cordingly, the publication is cited for all following chapters. 

3.1 Differentiation potential of murine DC precursors133 

Earlier work published by our group already described CCR9low pDC-like precursors 

in murine BM with plasticity to generate pDCs and cDCs83, 84. Subsequently, Ezgi Dur-

sun and Andrea Musumeci122, two former lab members, discovered that the CCR9low 

population within the Lin- CD135+ CD11c+ Siglec-H+ fraction of murine BM is hetero-

genous in expression of B220 and can be separated into a B220low CCR9low population 

(lo-lo) and a B220low CCR9high population (lo-hi) (Figure 3.1A). 

Figure 3.1: Previous findings on CCR9low pDC precursors.133 (A) Gating strategy 
for pre-cDCs, lo-lo, lo-hi and hi-hi (pDCs). (B) Principal component analysis of bulk 
RNA-seq data of the cells of interest (n=3). (C) Comparison of gene signature overlap 
of cells of interest (coloured lines) with previously published gene signature datasets 
(polar points, annotated). (D) pre-cDC, lo-lo, lo-hi and hi-hi (pDC) were cultured for 3 
d on EL08 stromal cells with either 3% Flt3L only or Flt3L + GM-CSF. Cell type output 
was analyzed on d3 by flow cytometry and is displayed as percentage of CD11c+ cells 
(mean ± SEM, n=4). 
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In addition to these precursor cells, Lin- CD135+ CD11c+ Siglec-H- Sirp-- MHCII- pre-

cDCs and bona fide pDCs (B220high CCR9high) isolated from BM cells were also ana-

lyzed for comparison. These four cell types were subjected to bulk RNA-sequencing, 

and principal component analysis (PCA) was performed on the resulting data to inves-

tigate similarities and/or differences in gene expression between the cells (Figure 

3.1B). Lo-lo cells were found to cluster closer to pre-cDCs than lo-hi, which in turn 

were mapped nearer to bona fide pDCs, indicating transcriptional relatedness. Thor-

ough comparative transcriptome analysis revealed that lo-lo cells and pre-cDCs 

shared gene expression patterns for genes involved in DNA replication (e.g.: Pcna, 

Prim1, Rpa1), cell cycle (e.g.: Plk1, Mcm4, Ccna2) and the hematopoietic lineage 

(e.g.: Cd34, Cd14, Csf1r). PDC and lo-hi cells on the other hand shared expression of 

genes involved in antigen presentation (e.g.: Cd74, H2-Aa, B2m) and the JAK-STAT 

signalling pathways (e.g.: Jak1, Stat1, Stat2). To further corroborate these findings I 

compared gene expression in these populations with previously published gene sig-

natures for pre-pDCs, pDCs, pre-cDCs, CDPs and cDCs75, 82, 134. For each cell popu-

lation, genes that exhibited higher expression levels than the mean expression across 

all 4 populations were identified and compared to the known gene signatures. Per-

centage of congruency with a given signature was then plotted on a polar axis (Figure 

3.1C). pDC and lo-hi gene expression completely encompassed pDC signature genes 

and largely overlapped with pre-pDC signature as defined by Dress et al.75. Gene ex-

pression of lo-lo cells was more comparable to pre-cDCs, which showed high congru-

ency with CDP and cDC signature and the majority of pre-cDC signature genes, as 

expected. Differentiation potential of the 4 populations was investigated by culturing 

them on EL08 stromal cells for 3 days in DC medium in the presence of Flt3L or Flt3L 

and GM-CSF. On d3 the phenotype of the cell progeny was then analyzed by flow 

cytometry (experiments performed by Ezgi Dursun). The percentage of cells with pDC 

or cDC phenotype in the recovered CD11c+ cells was determined (Figure 3.1D). Pre-

cDCs were shown to give rise to mostly cDCs (76.0 ± 7.6%) and low numbers of pDCs 

(11.3 ± 5.7%) in the medium condition. Addition of GM-CSF enhanced cDC (96.2 ± 

2.5%) over pDC output (2.8 ± 1.8%). For lo-lo cells the medium condition with Flt3L 

alone generated 55.4 ± 12.8% cDCs and 25.5 ± 7.1% pDCs compared to 77.1 ± 8.8% 

and 12.9 ± 2.5%, respectively, with addition of GM-CSF. Lo-hi cells gave rise to 60.1 

± 9.5% pDCs and 19.7 ± 9.6% cDCs in medium with Flt3L alone, while the GM-CSF 
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condition shifted cell output to 51.3 ± 9.8% pDCs and 30.1 ± 9.7% cDCs. Expectedly, 

sorted pDC largely maintained their pDC phenotype in the medium (91.7 ± 0.8%) and 

GM-CSF (85.0 ± 3.6%) conditions, while cDC output was minuscule in both (1.6 ± 

0.4% and 4.9 ± 1.5%, respectively). Thus, lo-lo and lo-hi precursor populations 

seemed to exhibit a certain plasticity in their respective cell fates with a bias of the lo-

hi precursor fraction for pDC differentiation consistent with the transcriptome data. 

Collectively, these results confirmed that pre-cDCs generate mostly cDCs, that the Lin- 

CD135+ CD11c+ Siglec-H+ CCR9low cell population of murine BM cells can give rise to 

cDCs as well as pDCs and showed that pDC fate bias as well as transcriptional simi-

larity progressively increases with higher B220 and CCR9 expression83, 122. Further-

more, they demonstrated that addition of GM-CSF promotes cDC vs. pDC output from 

these precursors in vitro. 

3.1.1 TLR9 stimulation promotes pDC over cDC output in a cell-
intrinsic manner133 

The experiments reported above indicated that external factors influence relative cDC 

versus pDC output from the DC precursor subsets. Preliminary data further suggested 

that TLR9 stimulation with CpG-A enhanced pDC over cDC output (unpublished data, 

not shown). I expanded upon these findings by culturing sorted pre-cDC, lo-lo, lo-hi 

and pDCs from WT (CD45.1 congenic) and MyD88 deficient mice (CD45.2) on a BM 

stromal cell layer derived from WT and MyD88 deficient mice in the presence or ab-

sence of TLR9 ligand CpG-A. MyD88 knock-out mice lack the gene for the protein 

MyD88 which is a central adapter of all TLRs except TLR3 and required for the re-

sponse to CpG6. Sorted precursor cells were seeded onto a lineage-depleted BM 

feeder cell layer. Three combinations of precursor cells and BM feeder cells were 

tested: MyD88-/- precursors on WT BM feeder cells, WT precursors on MyD88-/- BM 

feeder cells and WT precursors on WT BM feeder cells. Each of these cocultures were 

performed in the presence of 3% Flt3L only or Flt3L and 0.5 µM CpG-A. These com-

binations allowed me to analyze effects of CpG stimulation on cDC vs. pDC output 

and whether these effects are cell-intrinsic or mediated/influenced by the surrounding 

feeder cells. After 3 days of culture, I analyzed the phenotype of the progeny and 

calculated DC output as a percentage of CD11c+ cells. Depending on the genotype of 
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the input cells, I first gated the cells as CD45.1+ (WT cells) or CD45.2+ (MyD88-/- cells). 

An exemplary gating strategy is depicted in Figure 3.2.  

 

Figure 3.2: Exemplary gating for DC output in MyD88 in vitro experiments. Living 
cells were gated CD45+ (.1 or .2, depending on the input cells), then CD11c+. Within 
the CD11c+ population cDCs were identified as MHCII+ Siglec-H- and pDCs were iden-
tified as Siglec-H+ CCR9+ B220+ cells. 

Specific pDC output for these experiments is shown in Figure 3.3A. For the basic con-

dition of WT populations cultured on WT feeder cells with medium containing Flt3L 

alone, pre-cDCs generated the least amount of pDCs, followed by lo-lo, then lo-hi and 

sorted pDC. Stimulation with 0.5 µM CpG-A did not markedly influence pDC output by 

pre-cDCs but increased pDC output generated from lo-lo (p=0.040514), lo-hi 

(p=0.002218) and a similar trend was seen for culture of pDCs (p=0.083434, n.s.).  

Figure 3.3: TLR9 stimulation promotes pDC over cDC output in a cell-intrinsic 
manner. pre-cDC, lo-lo, lo-hi and pDC (hi-hi) were sorted onto a lineage-depleted BM 
feeder cell layer in the indicated combinations. Cells were cultured for 3 days in DC 
medium containing either 3% Flt3L or 3% Flt3L + CpG (0.5 µM). Cells were harvested 
on d3 and analyzed by flow cytometry. DC output is shown as percentage of CD11c+ 
gated cells. Results are shown as mean ± SEM (n=3). Stimulation conditions were 
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compared with medium condition for each input population using paired, two-sided t-
tests with Holm-Šídák correction for multiple testing. Adjusted p-values: <0.05(*), 
<0.005(**). 

When WT precursors were cultured on MyD88-deficient feeder cells, these effects 

were largely preserved, although the differences were not statistically significant. In 

contrast, pDC output from MyD88-deficient input cells was not increased by CpG stim-

ulation (Figure 3.3A, right).  

Likewise, cDC output from MyD88-/- cells on WT feeder cells was hardly affected by 

TLR9 stimulation (Figure 3.3B, right). In sorted WT precursors, however, a relative 

decrease of cDC output was observed for lo-lo and lo-hi cells cultured on WT or 

MyD88-deficient feeder cells after stimulation with CpG while the cDC output of pre-

cDCs was not changed (Figure 3.3B, left and middle).  

Taken together, I observed that TLR9 stimulation increased relative pDC vs. cDC out-

put in both the lo-lo and the lo-hi population. Disruption of TLR9 signalling by absence 

of adapter protein MyD88 diminished those effects. I also discovered that the effects 

were most likely cell-intrinsic and not or only in part elicited by feeder cells, since no 

compelling differences were observed when WT precursor populations were cultured 

with WT or MyD88 deficient feeder cells. 

3.1.2 IFN I signalling promotes pDC over cDC output133 

Since CpG-A stimulation of pDC and CCR9low precursors leads to IFN I production by 

TLR9 signalling84, 135, we hypothesized that the observed effects on cDC vs. pDC out-

put from CCR9low precursor cells may in fact be mediated by IFN I secreted in re-

sponse to the CpG-A stimulus by the precursors, which in turn engages IFN-/- re-

ceptors (IFNAR) on the precursors or the feeder cells. To test this hypothesis, I re-

peated the experiments with precursor cells isolated from BM cells of IFNAR-deficient 

mice alongside WT mice and stimulated the cells with 0.5 µM CpG-A as well as 100 

U/ml type I IFN. The sorted precursor cells were seeded onto an EL08 stromal cell 

layer and cultured for 3 days with either Flt3L alone or with Flt3L and CpG-A or IFN-

. Flow cytometry was then used to analyze the phenotype of the progeny.  

Consistent with the previous experiments, pDC output of pre-cDCs in medium 

condition was minimal and stimulation did not markedly influence it (Figure 3.4). 

Likewise, pDC output by bona fide sorted BM pDCs remained high for all conditions. 
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Effects of stimulation were observed for lo-lo cells, generating more pDC with CpG 

(p=0.1992, n.s.) and IFN- (p=0.0536, n.s.) addition. For lo-hi cells, IFN- (p=0.0017) 

and CpG (p=0.1465, n.s.) stimulation also increased pDC output. 

Figure 3.4: IFN signalling promotes pDC over cDC output.133 pre-cDC, lo-lo, lo-hi 
and pDC (hi-hi) were sorted onto a EL08 stromal cell layer. Cells were cultured for 3 
d in DC medium containing either 3% Flt3L, 3% Flt3L + CpG-A (0.5 µM) or 3% Flt3L 
+ 100 U/ml type I IFN. cDC and pDC output is shown as percentage of CD11c+ cells. 
The gating strategy shown in Figure 3.2 was used. Results are shown as mean ± SEM 
(n=3). Stimulation conditions were compared with medium condition for each input 
population using a 2-way ANOVA with Šídák correction for multiple testing. Adjusted 
p-values: <0.05(*), <0.005(**). 

Consequently, relative cDC output was affected by stimulation in an inversely 

proportional manner. Lo-lo cells generated significantly less cDC compared to medium 

when stimulated with CpG (p=0.0179) or IFN- (p=0.0348). CDC generation by lo-hi 

cells was also decreased by stimulation with CpG (0.0678, n.s.) or IFN- (p=0.0171). 

As expected, no substantial effect of stimulation on cDC output was observed for 

sorted pre-cDC or pDC. 

Using IFNAR deficient input cells abrogated any described effects of stimulation on 

relative pDC vs. cDC output (Figure 3.4A,B right side). 

These results confirmed our hypothesis that effects on pDC vs. cDC cell fate induced 

by TLR9 stimulation were likely a result of downstream IFN- secretion. Abrogation of 

the effect in IFNAR-deficient precursors indicated that IFN I limits cDC output while 
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promoting pDC output by acting in an autocrine or paracrine manner directly in the 

precursors themselves and not in the feeder cells. 

3.1.3 IFN I promotes downstream upregulation of cDC1-specific 
surface markers133 

In addition to analyzing pDC and cDC output I further investigated the impact of CpG 

and IFN- stimulation on the phenotype of generated cDCs in more detail. After gating 

on cDCs, I discriminated between cDC1 and cDC2 by their expression of XCR1 and 

CD11b, respectively (Figure 3.5A). Since sorted pDCs did not generate cDCs in vitro, 

the pDC condition was omitted from this analysis.  

Figure 3.5: IFN signalling promotes downstream upregulation of cDC1 surface 
markers. cDCs generated in experiment 3.1.2 were further gated for cDC1 (XCR1) 
vs. cDC2 (CD11b) markers to assess the generated subtype. (A) shows an exemplary 
gating strategy for cDC1 and cDC2 discrimination of generated cDCs in the medium 
and CpG condition of cultured pre-cDCs. (B) Output of XCR1+ cells of generated cDCs 
from the different precursors in three conditions (medium, CpG, IFN). The left plot 
shows output generated by sorted WT cells, the right plot shows output of IFNAR-/- 
cells. Analysis of pDCs as input population was omitted due to a lack of cDC 
generation. Bar chart results are shown as percentage of cDCs, mean ± SEM (n=3). 
Stimulation conditions were compared with medium condition for each input popula-
tion using a 2-way ANOVA with Šídák correction for multiple testing. Adjusted p-val-
ues: <0.05 (*), <0.005 (**). (C) Histograms of a representative sample of cDCs 
generated by sorted lo-lo cells. WT (top) and IFNAR-/- (bottom) cells are shown in a 
comparison of the medium, CpG and IFN conditions. Histograms were normalized to 
mode. 
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For WT cells the frequency of XCR1+ CD11blo cDC1 generated after culture without 

any stimulus was relatively low and comparable for pre-cDC, lo-lo and lo-hi (Figure 

3.5B). Stimulating the cells with CpG-A increased relative cDC1 output for all sorted 

populations to a comparable degree. Addition of IFN- also led to an increase of cDC1 

generation from all populations, significantly so for pre-cDC (p=0.0208) and lo-hi 

(p=0.0486), while lo-lo showed a similar trend. 

For cells from IFNAR-/- mice (Figure 3.5B, right), the frequency of cDC1 generated in 

the medium condition was low for pre-cDC, lo-lo and lo-hi cells. As expected for cells 

lacking type I IFN receptors, addition of IFN- had no effect on relative cDC1 output. 

Addition of CpG-A to IFNAR-/- precursors significantly increased the percentage of 

cDC1 within cDCs compared to the medium condition, even though the effect was 

much smaller than in WT cells (below 20% cDC1). 

Figure 3.5C depicts histograms showing the expression of surface markers XCR1, 

CD11b, Sirp-a, CX3CR1, CD8, CD86 and MHCII for cDCs generated from a repre-

sentative lo-lo condition. In line with the subtype analysis, stimulated conditions (CpG-

A and IFN) showed an upregulation of cDC1 markers XCR1 and CD8a, while cDC2 

related markers CD11b and Sirp-a were downregulated. Activation markers CD86 and 

MHCII were upregulated in stimulated conditions, as expected. For cells from IFNAR-

/- mice (bottom row), there was no discernable difference in cDC surface marker ex-

pression in the IFN treated condition compared to medium only. The CpG-A stimulated 

sample showed slight upregulation of XCR1 in accordance with the subtype analysis. 

Furthermore, CpG-A also led to an upregulation of CD86 and MHCII, albeit much less 

pronounced than in WT cells. 

In brief, I demonstrated that IFN-mediated signalling – whether elicited by direct stim-

ulation with IFN- or indirectly following TLR9 stimulation – influences the phenotype 

of generated cDCs, favoring cDC1 differentiation over cDC2. Interestingly, TLR9 stim-

ulation on its own had a remaining effect – albeit to a much lower degree – even when 

downstream IFNAR signalling was interrupted suggesting additional IFNAR-independ-

ent effects of TLR9 stimulation. 
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3.1.4 CCR9low pDC precursors generate functional pDCs133 

As demonstrated above, lo-lo and lo-hi precursors give rise to cells with a surface 

marker phenotype resembling pDCs after 3 days of culture with Flt3L. However, we 

wanted to assess their function as well. Since pDCs respond to stimulation with pro-

duction of vast amounts of type I IFNs, I addressed the question of the function of the 

in vitro generated cells by stimulating them on day 3 of culture (on EL08 stromal cells 

with Flt3L) with 0.5 µM CpG-A, collected the supernatant after 24 h and looked for IFN 

production using an all-subtype type IFN- ELISA. 

Figure 3.6: CCR9low pDC precursors generate bona fide pDCs.133 cDCs, pDCs, lo-
lo and lo-hi cells were cultured for 3 days on EL08 cells in DC medium containing 3% 
Flt3L and then stimulated with 0.5 µM CpG-A. SN was collected after 24 h and tested 

for soluble IFN- by ELISA. Results are shown as individual values (black dots) and 
bars with mean ± SEM (n=3). 

The results of the IFN- ELISA are illustrated in Figure 3.6. The data are raw values 

not normalized to input cell numbers, since input populations have vastly different pDC 

potential and turnover. Furthermore, IFN- production capabilities of generated pDCs 

differ with time spent in culture. Accordingly, this experiment served merely as proof 

for IFN- production capabilities in response to TLR9 stimulation, but no conclusions 

about relative production were supposed to be drawn. Expectedly, cultured cDCs, 

which served as a control, did not exhibit any detectable type I IFN production. Sorted 

pDCs produced 72.9 ± 6.8 pg/ml IFN in response to stimulation with CpG-A, while cells 

generated by sorted lo-lo and lo-hi cells produced 251.7 ± 41.9 pg/ml and 431.6 ± 55.7 

pg/ml type I IFN, respectively (mean ± SEM, n=3). Combining the findings on pheno-

type and response to CpG stimulation, we concluded that lo-lo and lo-hi cells give rise 

to functional pDCs capable of producing IFN- in response to CpG-A stimulation after 

3 days of culture on EL08 with Flt3L in the medium. 
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3.2 Single-cell RNA-sequencing of DCs and precursor 
cells133 

To put the lo-lo and lo-hi cells into context with other previously identified pDC- and 

cDC-precursors we performed single-cell RNA-sequencing on a total of 8 different DC 

related cell populations from murine BM, namely Lin- CD11c+ Siglec-H- Sirp-- MHCII- 

pre-cDC, Lin- CD11c+ Siglec-H+ lo-lo, lo-hi, and pDC as well as 4 populations within 

the Lin- B220- Ly6C- CD11c- CD135+ CD117low-int gate; CD115+ CDP, IL7R+ CLP, 

Ly6D+ lymphoid progenitors (SP), and Siglec-H+ Ly6D+ DP as described by Rodrigues 

et al. in 201846. 96 cells per population were sorted. The cell sorting, RNA extraction 

and cDNA library preparation were performed by my colleague Andrea Musumeci us-

ing the plate-based mcSCRBseq method136. All following bioinformatical analyses of 

the resulting sequencing data were performed by me. 

3.2.1 scRNA-seq reveals heterogeneous composition of the Lin- 
Flt3+ CD11c+ Siglec-H+ B220low CCR9low cell population133 

After filtering the single-cell RNA-seq data as described in 2.3.3.2 I performed dimen-

sionality reduction by Uniform Manifold Approximation and Projection (UMAP). I then 

identified the top 3000 highly variable genes in the dataset using Seurat125 and sub-

sequently calculated a UMAP projection using these genes, while excluding cell cycle 

related genes, as they dominated the dimensionality reduction in my previous explor-

atory analysis. On this UMAP I highlighted each sorted population individually to find 

potential transcriptional similarities and relations between them (Figure 3.7). Predict-

ably, pre-cDCs and CD115+ CDPs were located together in the bottom left of the 

UMAP. As expected, pDCs were projected most distant from these cells. CLPs over-

lapped with Ly6D+ LP and Siglec-H+ LP with the latter being projected between Ly6D+ 

LP and lo-hi cells, which were the population clustering the nearest to pDCs, suggest-

ing their immediate pDC precursor identity. Notably, the lo-lo population was found to 
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be heterogeneously distributed on the UMAP, partly overlapping with pre-cDCs on the 

one side and with lymphoid progenitors on the other.  

Figure 3.7: scRNA-seq reveals heterogenous composition of the lo-lo cell pop-
ulation. UMAP of 675 single-sorted cells consisting of 8 populations (CDP, CLP, 
Ly6D+ LPs, Ly6D+ Siglec-H+ LP, pre-cDCs, lo-lo, lo-hi and pDC). Each sorted popula-
tion is individually highlighted in red on the UMAP by their sorted identity. (B) Heatmap 
of z-score normalized gene expression with genes as rows and 9 clusters identified by 
k-medoid clustering as columns. Unsupervised, rows and columns were hierarchically 
clustered and ordered. (C) Clusters identified by k-medoid clustering highlighted by 
colour on the UMAP of 675 cells. Clusters were annotated manually according to ex-
pression of marker genes. 

I used the unsupervised k-medoid clustering algorithm integrated in the RaceID137 

workflow to identify cell clusters with phenotypic similarities. Of the 9 distinct clusters 

that were identified, 3 were situated on the CDP/pre-cDC side (clusters 1, 7, 8) and 6 

on the LP/pDC side (clusters 2, 3, 4, 5, 6, 9, Figure 3.8A). To be able to annotate these 

clusters I plotted a gene expression heatmap using manually selected genes known 

to be expressed in lymphoid, myeloid, and B cell related precursor cell populations.  
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Figure 3.8: Unsupervised clustering of pDCs and precursor cells. (A) Clusters 
identified by k-medoid clustering highlighted by colour on the UMAP of 675 cells. Clus-
ters were annotated manually according to expression of marker genes. (B) Heatmap 
of z-score normalized gene expression with genes as rows and 9 clusters identified by 
k-medoid clustering as columns. Unsupervised, rows and columns were hierarchically 
clustered and ordered.  

Figure 3.8B depicts the heatmap showing hierarchical clustering and ordering of genes 

(rows) and clusters (columns). Clustering of columns confirmed the inter-cluster rela-

tion of myeloid clusters 7, 1, and 8 and of the remaining lymphoid clusters. Examining 

gene expression patterns allowed us to broadly annotate the UMAP in Figure 3.8A. 

Cluster 1 was annotated as pre-cDCs, since high expression of signature genes Id2, 

Batf3, Anxa1 and Lgals3 expression was detected82. The combined high expression 

of Lgals3, Lyz2, Csf1r and Ccr2 in cluster 7 led us to assume that this is a monocyte 

or monocyte-like cell cluster138. Despite not being explicitly sorted, they may have 

been incorporated in the CD115+ CDP sort gate. An actual CDP cluster was found in 

cluster 8, marked by expression of Csf1r and Flt3 combined with a lack of expression 

of H2-Aa, Cd74, Ly6D, Siglech and Il7r46, 122. Cluster 3 consisted of mostly pre-B cells 

or closely related B cell precursors, characterized by high expression of Ebf1, Dntt, 

Il7r and Jchain139, 140. As seen in Figure 3.7, these cells were included in the Ly6D+ LP 
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sort gate. As a part of these IL7R+ Ly6D+ Siglec-H- lymphoid progenitors possess B 

cell differentiation potential, finding these cells was expected46. Clusters 9, 5 and 4 

contained cells co-expressing Ly6d, Siglech, Bst2, Il7r, Tcf4 and Spib corresponding 

to Ly6D+ Siglec-H+ LP. Cluster 2 consisted of fully differentiated pDCs, identified by 

high expression levels of H2-Aa, Cd74, Ccr9, Bst2, Irf7, Spib, Tcf4, Cox6a2, and Sig-

lech75, 122. Since lo-hi pDC precursor cells are Ly6D-expressing immediate pDC pre-

cursors, we annotated cells between cluster 4 and 2 including cells of cluster 6 as 

advanced precursors of pDCs, corresponding to cells with lo-hi phenotype and some 

of the cells with lo-lo phenotype (Figure 3.7). Accordingly, a downregulation of Ly6d 

and upregulation of Siglech and Ccr9 RNA expression was observed from cluster 4 to 

cluster 2 (pDCs). These broad annotations based on differential gene expression in 

the detected clusters largely overlapped with the actual sorted identity of the cells. 

Intriguingly, the only population that was heterogeneously between the CDP/pre-cDC 

clusters and the Ly6d- and Siglech-expressing precursor clusters were cells sorted as 

lo-lo precursors, which also exhibited the most heterogeneous cell fate in earlier in 

vitro experiments.  
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3.2.2 A potential link between Ly6D+ lymphoid precursors and 
pre-cDCs is uncovered by single-cell transcriptome 
analysis133 

The FateID algorithm was written to reveal pre-existing differentiation biases in pro-

genitor cells for one or multiple terminal fates, using single-cell RNA-seq data as a 

basis79. It includes a machine learning component which, by running a multitude of 

iterative random forest classifications, detects and quantifies the bias of every cell in 

the dataset to terminally differentiate into a manually selected cluster.  

Figure 3.9: A theoretical link between Ly6D+ pDC precursors and pre-cDCs. Pre-
cDC and pDC cell fate bias were calculated with FateID for each set in the dataset. 
(A) Color map visualization of pre-cDC (left) and pDC (right) fate bias score from low 
(blue) to high (red) on a previously calculated UMAP. (B) Principal curve fitted over 
pre-cDC (solid) and pDC (dotted) trajectories, calculated with the cells exhibiting the 
highest likely fate for each target cluster. 

I chose the pDC and pre-cDC clusters (2 and 1, respectively) as the end-points for 

differentiation. With the FateID algorithm I determined the bias score of each cell for 

either pre-cDC or pDC fate and plotted it on the previously calculated UMAP (Figure 

3.9A). The score is displayed as a color map with a gradient from blue to red indicating 

an increase of the particular cell fate bias. For the pre-cDC cell fate color map (left), 

pre-cDC cluster 1 is defined as the highest fate bias score (red) and pDC cluster 2 – 

since it was designated as a different end-point of differentiation – is defined as having 

the lowest score (blue). The respective opposite applies for the pDC fate map (right). 

Pre-cDC fate bias score was highest amongst cells in the CDP/pre-cDC clusters on 

the left side of the UMAP, but a modest number of cells on the lymphoid side exhibited 

a higher-than-average pre-cDC fate as well. Bias scores for pDC fate were uniformly 

high throughout all lymphoid precursor cells of cluster 3, 4, 5, 6 and 9.  
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The FateID package offers further powerful tools to visualize fate bias, including 

pseudotemporal ordering using principal curve computation. These computations are 

needed to approximate differentiation trajectories for a given cluster79. In the FateID 

algorithm, only those cells that have a statistically significant bias for a certain target 

cluster are taken into consideration for principal curve fitting of said target cluster’s 

trajectory. The individual pre-cDC and pDC trajectories are depicted in Figure 3.9B, 

overlaid onto the cluster UMAP calculated before (Figure 3.8A). The pDC trajectory 

spanned from pre-B cell cluster 9 over Ly6D+ lymphoid progenitor clusters to ultimately 

mature pDCs in cluster 2. Intriguingly, the trajectory for pre-cDCs connected Ly6D+ 

lymphoid progenitors from cluster 4 with the myeloid populations in cluster 1, 7 and 8. 

FateID analysis did not provide information on the directionality of this trajectory. Since 

a growing body of evidence suggested that CDP do not give rise to pDCs or pDC 

precursors, we hypothesized that Ly6D+ precursors contribute to pre-cDCs and sub-

sequently cDC generation. To investigate this newly posed hypothesis, I analyzed 

transcriptional dynamics in the dataset. 

3.2.3 Analysis of transcriptional dynamics substantiates 
connection and directionality of Ly6D+ lymphoid precursors 
to pre-cDCs133 

Whilst the single-cell RNA-seq analysis with RaceID and FateID did offer useful in-

sights into the transcriptional state of individual cells, no actual temporal information 

could be obtained. For the observed differentiation trajectories, however, a temporal 

component would add valuable information to allow for better interpretation of the data 

– including directions of the identified trajectories. Therefore, I analyzed the underlying 

transcriptional directionalities using scVelo, a tool for visualization and interpretation 

of RNA velocity data. 
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Figure 3.10: Transcriptional dynamics substantiate the connection and direc-
tionality of Ly6D+ pDC precursors to pre-cDCs133. RNA velocities, louvain clusters, 
and diffusion map dimensionality reduction were calculated using scVelo. (A) Diffusion 
map of 675 cells colored by their sorted identity. (B) Velocity plot with velocities for 
each single cell displayed as an arrow. Cells are colored by their respective cluster 
membership. (C) Streamline rendering of RNA velocities along cells and clusters of 
the dataset. Colors represent distinct louvain clusters. (D) Partition-based graph ab-
straction of RNA velocities. Arrows indicate the highest trajectory confidence from one 
cluster to another. (E) Expression heatmap of manually selected myeloid and lymphoid 
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genes in louvain clusters. (F) Phase portraits of spliced/unspliced ratios, velocity plots 
and expression of B cell, pDC and cDC related genes. 

Figure 3.10A displays 675 cells on a calculated diffusion map that combines dimen-

sionality reduction of gene expression with pseudotime ordering of cells141. As before 

with RaceID analysis, I first projected the sorted identities of the cells onto the map. 

Consistent with RaceID analysis, cells sorted as pre-cDCs and CDPs clustered to-

gether on one side of the diffusion map, while lymphoid Ly6D+ pDC precursors, pDCs 

and B cell precursors were mainly projected on the opposite side of the UMAP. As 

observed in the previous analysis, I again found the lo-lo population to be heteroge-

neously distributed between both sides. The fundamental layout of the diffusion map 

suggests 3 endpoints of differentiation for this dataset. Considering the projected pop-

ulations at these 3 end points, I interpreted them as a cDC-related (left), B cell-related 

(upper right) and pDC (lower right) (Figure 3.10A). Next, I ran an unsupervised clus-

tering algorithm for community detection. 7 clusters were identified by louvain cluster-

ing and cells were colored by their cluster affiliation (Figure 3.10B). Furthermore, this 

graph depicts RNA velocity directionality on a single-cell level, indicated by an arrow 

drawn on each cell. Clusters were then broadly annotated regarding their observed 

gene expression (Figure 3.10C) and composition of sorted cell identities (Figure 

3.10A). Cluster 1 consisted of bona fide pDC, expressing high levels of Bst2, Siglech, 

Ccr9 and H2-Aa. Cluster 2 was annotated as B cell precursors expressing Dntt, 

Vpreb3, Pax5 and Flt3. Clusters 3, 4 and 5 are Ly6D+ lymphoid precursors exhibiting 

a progressively increasing expression of pDC specific markers Bst2, Siglech, Spib, 

Irf8, Tcf4 and Ifnar1 along the trajectory to mature pDCs in cluster 1. The transcrip-

tional dynamics inferred by the scVelo algorithm were projected onto this diffusion map 

as arrows and lines, illustrating the directionality of differentiation. As expected, 

streamlines were plotted from Ly6D+ cluster 3 to cluster 1. Within cluster 2, streamlines 

point away from pre-cDC and pDC. These cells are the earlier identified B cell precur-

sors that are differentiating towards a mature B cell state. Streamlines in CDP cluster 

6 point exclusively to CDP/pre-cDC cluster 0. Notably, lymphoid cluster 5 (expressing 

high levels of Ly6d, Irf8 and Il7r) exhibited transcriptional trajectories aiming towards 

myeloid cluster 0.  

Trajectories were further confirmed by quantifying the connectivities of the single-cell 

clusters by partition-based graph abstraction (PAGA). This type of graph simplifies the 
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more fine-grained single-cell data by fitting confidence levels over connections and 

fitting a minimum spanning tree to plot the highest likelihood trajectories between clus-

ters. The PAGA graph (Figure 3.10D) confirmed the stepwise differentiation from 

Ly6D+ lymphoid progenitors (cluster 4) via an immediate precursor cluster (cluster 3) 

to fully differentiated pDCs (cluster 1). Further, Ly6D+ precursors (cluster 4) were con-

nected to immediate B cell precursors (cluster 2). CDPs (cluster 6) expectedly showed 

a connection and differentiation trajectory towards pre-cDCs (cluster 0). Interestingly, 

the RNA velocity streamlines connecting Ly6D+ cells to pre-cDCs were also reflected 

in the simplified connections of the PAGA graph from cluster 4 over cluster 5 to cluster 

0, eventually. 

Figure 3.10F shows phase portraits (i.e. spliced vs. unspliced mRNA ratios), velocity 

plots and expression heatmaps for a selected set of genes. Here, we see an upregu-

lation of Siglech, Ccr9, Tcf4 and Flt3 in the direction of the pDC cluster, starting at 

Ly6D+ Siglec-H+ precursors. This induction is closely followed by detected expression 

of said genes. The Ly6D+ pre-B cell cluster exhibited upregulation and expression of 

Pax5 and a downregulation of Flt3 while still showing expression of Flt3. Amongst 

other genes like Batf3 and Id2, an induction of Csf1r was detected in the CDP/pre-

cDC clusters. 

In summary, analysis of transcriptional dynamics in the dataset supported findings of 

previously published data showing the lymphoid ontogeny of pDCs and further sug-

gested a connection of Ly6D+ lymphoid precursors to pre-cDCs, disclosing the direc-

tion of the proposed trajectory identified by the RaceID analysis. 

3.3 Heterogeneous expression of Ly6D and Zbtb46 in 
DC precursors133 

For the first experiments CCR9low precursors, be it lo-lo or lo-hi, were sorted from Lin- 

CD135+ CD11c+ Siglec-H+ BM cells. To find out whether the supposed dual potential 

for pDC and cDC differentiation stems from heterogeneity within these populations, it 

was crucial to find out whether heterogeneously expressed surface markers or tran-

scription factors can be found within these populations. Single-cell RNA-seq analysis 

did reveal Ly6d as a heterogenously expressed gene within the lo-lo population. 
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Figure 3.11: Revised gating strategy including Zbtb46 and Ly6D discrimina-
tion.133 (A) Sorting strategy for hi-hi, lo-hi, lo-lo, Zbtb46+ Ly6D+, Siglec-H+ pre-cDCs 
and Siglec-H- pre-cDCs with the new Ly6D+ Zbtb46+ gating applied. Percentages are 
depicted as percentage of the parent gate. (B) Comparison histograms of Ly6D ex-
pression and Zbtb46-eGFP signal in populations of interest using the old gating (left) 
and the new gating (right). Histograms are normalized to mode. 

The role of Ly6D as an important marker for lymphoid pDC progenitors established in 

2018 was confirmed by Dress et al. in 201946, 65, 79. Furthermore, previous experiments 

in our lab using Zbtb46-eGFPwt/ki mice suggested that the transcription factor Zbtb46, 

a marker for exclusive cDC potential50, was heterogeneously expressed in CCR9low 

precursor populations. Albeit unfortunately not detectable in the single-cell RNA-seq 

analysis, the vicinity of some of the lo-lo cells to pre-cDCs (most of which express 

Zbtb46) further suggested contamination of the lo-lo cells with pre-cDCs which could 

be the Zbtb46+ cells observed earlier within the lo-lo fraction. With the single-cell RNA-

seq data and the previously published information about Zbtb46 and Ly6D in mind, we 

hypothesized that sorting lo-lo and lo-hi cells as Ly6D+ and Zbtb46– might eliminate 

the observed cDC potential within these populations. While previous experiments 

showed that exclusion of Zbtb46+ cells did not eliminate cDC potential in our precur-

sors, additionally sorting them as Ly6D+ might yield exclusive pDC potential in the lo-

lo and lo-hi cells. Figure 3.11A illustrates the new and revised gating strategy for DC 

precursors within the Lin- CD135+ CD11c+ fraction of BM of a Zbtb46-eGFPwt/ki mouse. 

Lo-lo, lo-hi cells and pDCs were now sorted Ly6D+ Zbtb46– (p4) after the Siglec-H+ 
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gate (p2). With this pre-gating applied, the discrimination between the three popula-

tions was more difficult than before, as the lo-lo population shrank considerably. 

Hence, the gates for lo-lo and lo-hi precursors and pDCs were first set on the Siglec-

H+ population as I would have done before and then applied to the Siglec-H+ Ly6D+ 

Zbtb46– subfraction to ensure comparability.  

Interestingly, within the CD11c+ Siglec-H+ gate (p2) I found Zbtb46+ Ly6D+ double pos-

itive cells. Furthermore, in the Ly6D– population (p3) of Siglec-H+ cells (p2) I found 

Siglec-H+ pre-cDCs, the majority of which expressed Zbtb46, while the Siglec-H– (p1) 

population contained Siglec-H– pre-cDCs, amongst other cells like cDC. Figure 3.11B 

depicts offset histograms of the Zbtb46-eGFP signal in our populations of interest with-

out Ly6D+ Zbtb46- pre-gating (left, old gating) and with the new gating of Figure 3.11A 

applied (right, new gating). Here it is evident that the lo-lo and the lo-hi population as 

sorted before were heterogeneous and contained Zbtb46 expressing cells which may 

have been the cause of the cDC potential observed in those populations previously. 

These “contaminating” cells consisted mostly of the newly identified Zbtb46+ Ly6D+ 

cells and Siglec-H+ pre-cDCs, which I from then on included as a separately sorted 

population in all following in vitro differentiation experiments. 

3.3.1 Zbtb46+ Ly6D+ cells are phenotypically in between Ly6D+ lo-
lo pDC precursor cells and Siglec-H+ pre-cDCs133 

My next goal was to place the newly identified Zbtb46+ Ly6D+ cells into context with 

lo-lo and lo-hi cells as well as various other previously identified lymphoid and myeloid 

precursor cells and fully differentiated pDCs and cDCs. To achieve this, I analyzed BM 

and splenic cells from a Zbtb46-eGFPwt/ki mouse in a multiparametric flow cytometry 

experiment using 25 parameters. From the resulting flow cytometry files I concate-

nated 1.5 million living, single cells of each the BM and spleen sample and ran a UMAP 

projection. After gating various major immune cell populations (B cells, T cells, cDC, 

pDC, MDP, CDP, CLP) I drew an approximate gate around DC related cells and re-

ran the UMAP. I again projected cDCs, pDCs and various precursor cells onto this 

second UMAP and drew another, stricter gate around all my cells of interest combined. 

Running UMAP analysis on this DC related gate yielded the projection found in Figure 

3.12A. Since the flow cytometry file was concatenated from BM and spleen, it is pos-

sible to discern splenic and BM cells. Figure 3.12B depicts the general location of 
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splenic cells (left) on the lower half of the UMAP, while BM cell populations (right) are 

located on the upper right in this projection, suggesting a differentiation and/or matu-

ration gradient from precursor cells on the upper right to fully differentiated cells on the 

lower half of the UMAP. For Figure 3.12C I projected pDCs (BM and spleen), cDC 

subsets (BM and spleen), myeloid precursors (various types of pre-cDCs) and lym-

phoid precursors (pre-pDC75, Ly6D+ LP and Ly6D+ Siglec-H+ LP46, Ly6D+ lo-lo and lo-

hi) and the recently identified splenic tDCs16 onto the UMAP of Figure 3.12A. The 

actual gating strategies for all projected cell populations are shown in Table 12. 

Table 12: Gating strategies for DC related cell populations projected onto multiparam-
eter flow cytometry UMAP: 

Population name Gating 

pDC Lin- CD11c+ Siglec-H+ Ly6D+ Zbtb46- CCR9+ B220+ 

pre-pDC75 Lin- CD11c- B220- Ly6C- CD135+ CD117lo-int CD115- IL7R+ Ly6D+ Sig-

lec-H+ CD81int CD2+ 

lo-hi Lin- CD135+ CD11c+ Siglec-H+ Ly6D+ Zbtb46- CCR9low B220high 

lo-lo Lin- CD135+ CD11c+ Siglec-H+ Ly6D+ Zbtb46- CCR9low B220low 

Zbtb46+ Ly6D+ Lin- CD135+ CD11c+ Siglec-H+ Ly6Dint-high Zbtb46int-high 

Ly6D+ Siglec-H+ LP46 Lin- CD11c- B220- Ly6C- CD135+ CD117lo-int CD115- IL7R+ Ly6D+ Sig-

lec-H+ 

Ly6D+ LP46 Lin- CD11c- B220- Ly6C- CD135+ CD117lo-int CD115- IL7R+ Ly6D+ Sig-

lec-H- 

Siglec-H+ pre-cDC Lin- CD135+ CD11c+ Siglec-H+ Ly6D- Sirp-- MHCII- 

Siglec-H- pre-cDC Lin- CD135+ CD11c+ Siglec-H- Sirp-- MHCII- 

pre-cDC182 Lin- CD135+ CD11c+ B220- Ly6D- MHCIIlo-int Zbtb46+ Sirp-lo-int Siglec-

H- Ly6C+ (adapted to MHCIIint to only include immediate pre-cDC1) 

pre-cDC282 Lin- CD135+ CD11c+ B220- Ly6D- MHCIIlo-int Zbtb46+ Sirp-lo-int Siglec-

H- Ly6C- 

cDC1 Lin- CD135+ CD11c+ B220- Siglec-H- MHCII+ Zbtb46+ CD11b- XCR1+ 

cDC2 Lin- CD135+ CD11c+ B220- Siglec-H- MHCII+ Zbtb46+ XCR1- CD11b+ 

CD11clow tDC16 Lin- XCR1- CD11blow (CD11c or Siglec-H)+ CX3CR1+ Ly6C+ CD11clow 

CD11chigh tDC16 Lin- XCR1- CD11blow (CD11c or Siglec-H)+ CX3CR1+ Ly6C- CD11chigh 
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Expectedly, I found a continuous progression from Ly6D+ LP over Ly6D+ Siglec-H+ LP 

(which, by definition, include pre-pDCs identified by Dress et al.75) to lo-lo and lo-hi 

cells, followed by bona fide BM and splenic pDCs. 

For pre-cDCs I found a connection of Siglec-H+, Siglec-H- pre-cDCs as well as pre-

cDC1 and pre-cDC2, followed by bona fide BM and splenic cDC1 or cDC2, respec-

tively. Interestingly, the newly identified Zbtb46+ Ly6D+ cell population was located in 

between Siglec-H+ pre-cDCs and CD11clow tDCs on one side, while Ly6D+ Zbtb46- lo-

lo and lo-hi cells adjoined on the other. Both tDC subsets combined formed a connec-

tion from splenic pDC to cDC2, as published previously16.  

I further inspected the phenotypes of gated cell populations by comparing surface 

marker expression in staggered histograms (Figure 3.13A). As expected – and owing 

to the gating strategy –, Ly6D and Siglec-H were highly expressed in Ly6D+ Siglec-H+ 

LPs as well as Zbtb46+ Ly6D+ cells and CD11clow tDCs. Zbtb46 was expressed in most 

cDC precursors and mature cDCs, and frequently co-expressed with CX3CR1. MHCII 

was predominantly expressed on mature pDCs, cDCs and CD11chigh tDCs. The higher 

expression of MHCII in mature cell populations was also reflected in expression 

heatmaps (Figure 3.13B), where the left/lower half of the UMAP corresponded to 

mostly mature splenic cell populations, while the upper/right side of the projection con-

sisted of mostly BM cells (see Figure 3.12B). Expectedly, lymphoid markers like Ly6D, 

Siglec-H, CCR9 and B220 were  
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Figure 3.12: Multiparameter flow cytometric analysis of Zbtb46-eGFPwt/ki BM and 
spleen.133 (A) Pseudocolor UMAP plot (25 parameters) of DC related cells (~490.000 
cells) gated from a UMAP of concatenated BM and splenic cells (1.5 million each). (B) 
Discrete plots of splenic (left) and BM (right) cell distribution in the projection of (A). 
(C) Projection of various gated myeloid, lymphoid precursor cells and fully differenti-
ated cell populations from BM and spleen onto the UMAP of (A). Representative re-
sults of one experiment (n=3). 

mostly expressed on lymphoid cells (right half of projection), while myeloid markers 

like Zbtb46 and CD11b were mostly found on pre-cDCs and cDCs (left half of the 

projection). XCR1 was strictly confined to cDC1 alongside CD8, while Ly6C, 

CX3CR1, Sirp- and CD4 expression were detected in both myeloid and lymphoid 

populations. Except for the co-expression of Zbtb46 and Ly6D in the corresponding 

cell population, these results were in line with previous literature. 

This experiment revealed the close phenotypic relation of Zbtb46+ Ly6D+ cells to Ly6D+ 

Zbtb46- lo-lo and lo-hi lymphoid progenitors on the one hand, and Siglec-H+ pre-cDCs 

on the other. As laid out in Figure 3.11, Zbtb46+ cells had been included in the lo-lo/lo-

hi gates in previous in vitro experiments. Hence, we hypothesized that the cDC gen-

eration from lo-lo populations in those experiments was merely a consequence of 

these contaminating cells. As an alternative second hypothesis – considering the tran-

scriptional data from the scRNA-seq experiment – we postulated that Zbtb46+ Ly6D+ 

cells might indeed represent a transitional state from Ly6D+ lymphoid progenitors to 
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cDCs and thus inclusion of these cells in the lo-lo/lo-hi gates could be the explanation 

for the cDC potential we had observed in earlier experiments. 

Figure 3.13: Phenotype depiction and distribution for multiparameter flow cy-
tometry of Zbtb46-eGFPwt/ki BM and spleen.133 (A) Histograms for surface 
marker/transcription factor fluorescence intensities in all projected cell populations of 
Figure 3.12C, normalized to mode. (B) Expression heatmaps of various surface mark-
ers and Zbtb46-eGFP on the UMAP of Figure 3.12A. Results of one representative of 
3 experiments are shown. 
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3.3.2  Ly6D+ lymphoid precursors retain potential to generate 
cDCs via a Zbtb46+ Ly6D+ state133 

As laid out above, we hypothesized that the new and improved sort strategy might 

yield exclusive pDC potential in Ly6D+ Zbtb46- lo-lo and lo-hi cells. This hypothesis 

was not fully confirmed by the following in vitro experiments. I sorted Siglec-H- pre-

cDCs, Siglec-H+ pre-cDCs, Zbtb46+ Ly6D+, Ly6D+ Zbtb46- lo-lo, lo-hi cells and pDCs 

from BM cells. Culture conditions were as described previously (EL08 stromal cells, 

3% Flt3L, 3d of culture). The hypothesis was rejected, as strictly Ly6D+ Zbtb46- sorted 

cells retained substantial cDC potential (Figure 3.14A). After 3d of culture, virtually 

exclusive cDC potential was observed for Siglec-H- pre-cDC, Siglec-H+ pre-cDC and 

Zbtb46+ Ly6D+ cells. Ly6D+ Zbtb46- sorted lo-lo cells gave rise to 47.9 ± 5.8% cDC, 

while lo-hi cells generated 9.1 ± 1.8% cDC. Expectedly, noteworthy cDC generation 

was not observed for sorted pDCs. Instead, sorted pDCs mostly retained their mature 

B220+ CCR9+ phenotype at 92.1 ± 1.6%. Pertinent to their cDC potential, no appre-

ciable pDC generation was detected for Siglec-H- pre-cDCs, Siglec-H+ pre-cDCs or 

Zbtb46+ Ly6D+ cells. In contrast, lo-lo and lo-hi cells gave rise to 24.7 ± 3.6% and 66.9 

± 4.9% pDCs, respectively.  

Further examination of the phenotype of differentiated CD11c+ cells on d3 confirmed 

the similarities of cDCs generated from Siglec-H- pre-cDC, Siglec-H+ pre-cDC and 

Zbtb46+ Ly6D+ cells with high expression levels of Zbtb46 and MHCII and low expres-

sion of Ly6D and Siglec-H (Figure 3.14C). In contrast, pDCs expressed no Zbtb46, 

intermediate levels of MHCII and high levels of Ly6D and Siglec-H. Of note, CD11c+ 

cells differentiated from Ly6D+ Zbtb46- lo-lo and lo-hi precursors contained cells phe-

notypically similar to the sorted Zbtb46+ Ly6D+ cells. Due to the strict sort gates, these 

cells with a transitional phenotype were unlikely to be contaminants, but rather devel-

oped de novo following downregulation of Ly6D and Siglec-H as well as upregulation 

of Zbtb46 and MHC class II. This postulated transition is indicated with a dotted arrow 

in Figure 3.14C.  
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Figure 3.14: Ly6D+ Zbtb46- sorted lo-lo and lo-hi cells retain cDC potential.133 
Siglec-H- pre-cDC, Siglec-H+ pre-cDC, Zbtb46+ Ly6D+, Ly6D+ Zbtb46- lo-lo, lo-hi and 
pDC were sorted, cultured for 3d on EL08 stromal cells with 3% Flt3L and analyzed 
by flow cytometry. Shown is pDC and cDC output of sorted cells as percentage of 
CD11c+ cells. Results are plotted as mean ± SEM, n=5. (B) CellTrace Blue proliferation 
dye intensity histogram of generated CD11c+ cells, separated by input population. (C) 
Contour plots (Zbtb46 vs. Ly6D = top, MHCII vs. Siglec-H = bottom) of generated cells 
(gated CD11c+) for each input population on d3. Dotted arrows indicate transition from 
Ly6D+ Zbtb46- to Zbtb46+ Ly6D- phenotype via a Zbtb46+ Ly6D+ stage. Representative 
results of one experiment, n=5. (D) Phenotype analysis (Zbtb46, Ly6D, MHCII and 
Siglec-H) of undivided cells (CellTrace Blue++) of the whole CD11c+ population gener-
ated by lo-lo input cells. (E) Zbtb46-eGFP vs. Ly6D signal in sorted Ly6D+ Zbtb46- lo-
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lo cells on d0 directly after sort and after 20h of culture with 3% Flt3L without stromal 
cells. (F) Percentage of Zbtb46+ Ly6D+ cells generated from Ly6D+ Zbtb46- lo-lo input 
cells after 20h of culture with 3% Flt3L without stromal cells (mean ± SEM, n=3). Cell 
type output was compared for each input population using a 2-way ANOVA with Šídák 
correction for multiple testing. Adjusted p-values: <0.05(*), <0.005(**), <0.001(***). 

 
Dilution of CellTrace Blue (CTB) dye signal in the generated cells after culture sug-

gested higher proliferative capacity of cDC precursors compared to cells giving rise to 

pDCs (Figure 3.14B). The steady CTB signal of sorted pDC suggested no proliferative 

activity in fully differentiated pDCs. I applied the gate containing undivided non-prolif-

erative pDCs to the progeny of lo-lo cells to analyze phenotypic changes occurring 

before cell division (Figure 3.14D). I observed the aforementioned downregulation of 

Ly6D and Siglec-H in concert with upregulation of MHCII and Zbtb46 already within 

these undivided cells. To understand when that process starts, I checked the pheno-

type of sorted lo-lo cells after 20h of culture. Already at that point in time, I detected 

upregulation of Zbtb46 with parallel downregulation of Ly6D in around eight percent of 

generated cells (Figure 3.14E, F). 

In conclusion, I discovered that sorting CD11c+ Siglec-H+ CCR9low lymphoid precur-

sors as Ly6D positive and Zbtb46 negative did not eliminate cDC generation from 

those cells. Rather, I found cDC potential still existed in Ly6D+ Zbtb46- lo-lo and to a 

minor extent in lo-hi cells. CDC generation from these precursors occurred via a 

Zbtb46+ Ly6D+ transitional state following a gradual downregulation of Ly6D and up-

regulation of Zbtb46 that starts early before cell division. Cells with this transitional 

phenotype sorted directly from BM cells had exclusive cDC potential. 
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Figure 3.15: cDC potential in earlier progenitors.133 CD115+ IL7R- CDP and Ly6D+ 
Siglec-H+ (DP) lymphoid progenitors were sorted and cultured for 4 d without stromal 
cells with 10% Flt3L in the medium, then analyzed by flow cytometry. (A) Identification 
of CDP and DP within the BM according to the gating strategy employed by Rodrigues 
et al.46 Bar graphs depicting cell type output (cDC, Zbtb46+ Ly6D+ cells, lo-lo and lo-hi 
cells and pDC) on d 4 of culturing CDP (B) or DP (C), presented as percentage of all 
recovered CD11c+ cells (mean ± SEM, n=4 for CDP, n=3 for DP). Cell type output was 
compared using paired, two-sided t-tests with Holm-Šídák correction for multiple test-
ing (adjusted p-values: <.05(*)). 

If early CD11c- Ly6D+ Siglec-H+ lymphoid progenitors identified by Rodrigues et al. are 

indeed upstream progenitors of Ly6D+ Zbtb46- lo-lo and lo-hi cells, as suggested by 

the findings in chapter 3.3.1, we hypothesized that those cells should give rise to cDCs 

via a Zbtb46+ Ly6D+ transitional state as well46. Consequently, I sorted CD115+ CDP, 

and Ly6D+ Siglec-H+ LP (DP), cultured them without stromal cells with 10% Flt3L and 

analyzed the cell output on day 4. Figure 3.15B shows the phenotype of the progeny 

CDP on day 4 of culture. CDPs gave rise to cDCs exclusively and no pDCs or other 

pDC precursor cells. DP generated mostly cDCs, but also produced Zbtb46+ Ly6D+ 

transitional cells as well as a moderate amount of pDCs. These experiments revealed 

that the cDC potential observed for lo-lo and lo-hi cells can also be found in earlier 

lymphoid progenitors. 
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3.3.3 Gene expression changes in cultured Zbtb46+ Ly6D+ cells 
and Ly6D+ lo-lo cells133 

The findings of 3.3.2 were based on the phenotype as measured by surface marker  

and Zbtb46 expression. I was able to corroborate these results on a transcriptional 

level by performing qPCR for 19 genes in the cells of interest (pre-cDCs, Zbtb46+ 

Ly6D+, Ly6D+ lo-lo, Ly6D+ lo-hi) on day 0, 1, 2, and 3 of differentiation. 

Figure 3.16: Transcriptional data corroborates in vitro generation of cDCs from 
Ly6D+ lymphoid progenitors.133 (A) Siglec-H- pre-cDC, Zbtb46+ Ly6D+ cells and 
Ly6D+ Zbtb46- lo-lo and lo-hi were sorted and cultured for 3 days without stromal cells 
in 10% Flt3L-SN containing medium then analyzed by flow cytometry. Living CD11c+ 
cells of each sample were concatenated and a UMAP was run. cDCs from all samples 
(in the indicated colours) were projected onto the UMAP of all CD11c+ cells to assess 
phenotypic similarities. (B) Histogram comparisons of several surface markers 
expressed on the cDCs from the samples of (A) (normalized to mode). (C) Heatmap 
of log2 normalized relative gene expression (mean values of 2 experiments, scaled 
per gene). Four DC precursors were sorted, cultured and RNA extracted on four 
different time points. Relative gene expression was measured with qRT-PCR and 
calculated using the mean expression per gene as reference. BM pDCs and cDCs 
were also analyzed on day 0 for comparison. Hierarchical clustering of genes was 

performed to detect 4 clusters. 

PDCs and cDCs sorted directly from BM and spleen cells were analyzed together with 

the other populations as controls. To avoid any contamination with EL08 cells I cul-

tured the precursors without a stromal cell layer. To increase survival and ensure cell-

to-cell contact I increased the Flt3L SN concentration to 10% and cultured the cells in 

96-well round-bottom plates. As these changes might have influenced culture out-

come, I also analyzed the surface marker phenotype of the progeny by flow cytometry 

on day 3.  cDC and pDC output were comparable to previous experiments (like in 
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Figure 3.14). I concatenated all CD45.2+ fractions from d3 of the cultures and ran a 

UMAP on FSC, SSC and all markers except CD45.2 and the live dead stain. I then 

gated cDCs generated from each sample and projected them onto the UMAP along-

side pDCs generated from lo-hi cells (Figure 3.16A). Although varying numbers of 

cDCs were generated, their phenotype was comparable, as is evident from the over-

lapping projection in the UMAP and the histograms of surface marker expression 

shown in Figure 3.16B.  

Using the mean expression of a given gene as reference I calculated gene expression 

kinetics in the sorted cells over the course of three days. I created a dataframe with 

log2-normalized expression changes and plotted a heatmap with hierarchical cluster-

ing into 4 clusters of related genes (Figure 3.16C). Three of the clusters consisted of 

mostly cDC related genes (cluster 1: Zbtb46, Batf3; cluster 2: Itgam, Cd74, Itgax, Irf4, 

Id2, Spi1; cluster 3: Cx3cr1, Klf4), while cluster 4 was composed of pDC related genes 

(Stat3, Tcf4, Ly6d, Siglech, Zeb2, Irf8, Spib, Tlr4, Tlr7). 

As expected, bona fide pDCs showed high levels of expression for Cd74, Stat3, Ly6d, 

Siglech, Zeb2, Irf8 and Spib with splenic pDCs exhibiting higher expression levels than 

BM pDCs for most of them. Both cDC controls expressed little of the pDC related 

genes in cluster 4 but showed high expression of cDC related genes like Zbtb46, Batf3, 

Cd74, Id2 and Spi1 in clusters 1, 2 and 3. As expected, pre-cDCs upregulated these 

cDC related genes over the course of three days, in line with the change of their sur-

face marker phenotype. Moreover, pDC related genes like Ly6d, Siglech, Irf8 and Spib 

remained at low expression levels throughout their differentiation. Zbtb46+ Ly6D+ and 

Ly6D+ lo-lo sorted cells show a similar trend of cDC signature gene upregulation. No-

tably, they exhibit moderate levels of pDC related gene expression on day 0 and show 

a downregulation of those genes over the course of 3 days. This is in accordance with 

the observed downregulation of surface markers like Ly6D and Siglec-H during differ-

entiation into cDCs.  

These results substantiate the existence of cDC potential in Ly6D+ Zbtb46- lymphoid 

precursors and the transitional state of Zbtb46+ Ly6D+ cells. 
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3.3.4 CD11c+ Ly6D+ Siglec-H+ Zbtb46- lo-lo precursors are capable 
of producing cDCs after cell transfer in vivo133 

In vitro experiments revealed cDC potential in Ly6D+ lymphoid precursors. However, 

in vitro experiments cannot perfectly mimic in vivo conditions. The co-culture with stro-

mal cells was supposed to provide cell-to-cell contact usually encountered by differ-

entiating cells in the BM environment, and Flt3L was added to intentionally promote 

DC development in vitro. Since this is only an approximation of the naturally occurring 

environment for these lymphoid precursors, it was important to investigate their cell 

fate in vivo after adoptive transfer into untreated mice. 

Figure 3.17: cDC potential of Ly6D+ Siglec-H+ Zbtb46- lo-lo precursors is ob-
served in vivo after cell transfer.133 (A) Experimental setup for cell transfers. Ly6D+ 
Zbtb46- lo-lo as well as lo-hi cells were sorted from BM of Zbtb46-eGFPwt/ki mice, fol-
lowed by injection into congenic CD45.1 mice. After 5d BM and splenic cells were 
harvested and analyzed by flow cytometry. (B) Phenotype of recovered injected cells 
in spleen (B) and BM (C) as percentage of donor derived cells (CD45.2+, mean ± SEM, 
n=3). Cell type output was compared for each injected population using a 2-way 
ANOVA with Šídák correction for multiple testing. Adjusted p-values: <0.05(*), 
<0.005(**), <0.001(***), <0.0001(****).  

Therefore, I sorted Lin- CD11c+ Siglec-H+ Ly6D+ Zbtb46- lo-lo as well as lo-hi cells from 

BM of Zbtb46wt/ki mice and subsequently injected them into the tail vein of CD45.1 

congenic mice (Figure 3.17A). After 5 days I isolated cells from the spleens and BM 
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of recipient mice and analyzed their phenotype by flow cytometry after enrichment of 

DCs by lineage depletion. 

Figure 3.17B presents the phenotype of transferred cells in spleen after 5 days. Ly6D+ 

Zbtb46- lo-hi cells were confirmed to be immediate pDC precursors just like in vitro, 

preferentially giving rise to mature pDC in spleen. In contrast, donor derived Ly6D+ 

Zbtb46- lo-lo cells had acquired multiple phenotypes 5d after transfer. While lo-lo cells 

generated significantly more pDC than other cell types, I also observed cDC1, tDC 

and Zbtb46+ Ly6D+ cell generation. Donor-derived cells recovered from BM had virtu-

ally exclusive pDC phenotype 5d after transfer of lo-lo as well as lo-hi cells (Figure 

3.17C). 

Figure 3.18: Detailed cell fate of transferred lo-lo cells in murine spleen.133 (A) 
UMAP of concatenated CD11c+ splenic cells (400.000 per recipient and all transferred 
cells) for recipients of sorted Ly6D+ Zbtb46- lo-lo (mean ± SEM, n=3). Recipient cells 
are displayed in grey (whole Lin- CD11c+), light blue (pDC), light yellow (cDC1), light 
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purple (cDC2), or light green (tDC). Donor-derived cells were highlighted on the UMAP 
as large dots and coloured by cell type (cDC1 = yellow, cDC2 = purple, Zbtb46+ Ly6D+ 
= red, tDC = green, pDC = blue). (B) Fluorescence intensity heatmaps of transferred 
lo-lo cells by surface marker (blue = low intensity, red = high intensity) projected in the 
UMAP space of (A). (C) CellTrace Blue proliferation dye intensity histogram of the 
indicated cell types generated from lo-lo cells. 

To further assess and confirm the phenotype of cells generated from lo-lo precursors 

in vivo,  I put them into context with the phenotype of cells from the respective recipient 

mice. Figure 3.18A depicts a UMAP of concatenated splenocytes. From each recipient 

mouse 400.000 Lin- CD11c+ were concatenated with all recovered donor derived cells 

(lo-lo input, n=3 concatenated). I calculated a dimensionality reduction for this concat-

enated data using all markers except those that discriminate host cells from donor-

derived cells by design (CD45.1, CD45.2, CellTrace™ Blue and Zbtb46-eGFP) and 

those that were excluded by gating and thus offered no benefit in resolution (dead 

stain, lineage). I then gated pDCs, cDC1, cDC2, and tDC from host cells and high-

lighted them on the UMAP. Donor-derived cells were then projected on top of the host 

cells as large dots for emphasis and coloured by their gated identity. The UMAP anal-

ysis confirmed that cDCs generated from transferred Ly6D+ Zbtb46- lo-lo cells were 

phenotypically equivalent to host cDCs. Zbtb46+ Ly6D+ cells and tDCs generated from 

lo-lo cells formed a continuum from host pDC to cDC, connecting the two cell clusters 

suggesting a transition. Donor derived pDCs were completely superimposable with 

host pDCs according to their surface marker phenotype. Heatmaps of surface marker 

and Zbtb46 signals in donor-derived cells are depicted in Figure 3.18B and confirm 

the annotation of cell types within the UMAP. 

Observed proliferation was comparable to in vitro experiments. Only a small fraction 

of cells showed dilution of CTB signal in donor-derived pDCs, Zbtb46+ Ly6D+ cells and 

tDCs (Figure 3.18C). In contrast, generated cDC2 and cDC1 exhibited several de-

grees of CTB dilution in recovered cells, indicating higher proliferative capacity within 

these populations and/or their precursors. 
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Figure 3.19: In vivo cell fate of Zbtb46+ Ly6D+ cells.133 (A) Experimental setup for 
cell transfers. Zbtb46+ Ly6D+ cells were sorted from BM of Zbtb46-eGFPwt/ki mice, fol-
lowed by injection into CD45.1 congenic mice. After 3d splenic cells were harvested 
and analyzed by flow cytometry. (B) Phenotype of recovered injected cells in spleen 
(B) and as percentage of donor derived cells (CD45.2+, mean ± SEM, n=3). Cell type 
output was compared using a 1-way ANOVA with Šídák correction for multiple testing. 
Adjusted p-values: <0.05(*), <0.005(**). 

Since I found Zbtb46+ Ly6D+ cells in cells derived from transferred lo-lo precursors 

after 5 days, I also wanted to analyze their cell fate in vivo. Assuming a transitional 

state like in vitro, I hypothesized that after injection these cells would generate mostly 

cDC and do so in a shorter time frame than lo-lo precursors, because they are further 

differentiated. Therefore, I injected these cells into CD45.1 congenic mice and ana-

lyzed their cell fate in spleen after 3 days (compared to 5 days for lo-lo and lo-hi, Figure 

3.19A). 

Injected Zbtb46+ Ly6D+ cells exhibited a significant preference for cDC generation over 

lo-hi and pDC in the spleen, while about a third retained their phenotype as Zbtb46+ 

Ly6D+ cells (Figure 3.19B). 

Taken together, these results confirm that CD11c+ Siglec-H+ Ly6D+ Zbtb46- lo-hi cells 

are immediate precursors of pDC and that the earlier described potential of Ly6D+ 

Zbtb46- lo-lo cells give rise to both bona fide pDC and cDC in vivo under steady-state 

conditions as well as a transitional Zbtb46+ Ly6D+ state. 
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3.3.5 IFN- signalling impedes cDC generation from Ly6D+ 

Siglec-H+ lymphoid precursors133 

Since I had previously observed that IFN- promoted pDC and limited cDC output of 

CD11c+ Siglec-H+ precursors in vitro (see Figure 3.4), I repeated these differentiation 

assays with precursor populations which were sorted using the refined gating strategy 

(described in Figure 3.11). Furthermore, I wanted to explore effects of IFN- signalling 

on proliferation and phenotypic changes in these precursor cells and their progeny. 

Figure 3.20: IFN- signalling abrogates cDC generation from Ly6D+ lymphoid 
progenitors by blocking pre-cDC proliferation and arresting cells in an immature 
Zbtb46+ Ly6D+ transitional state.133 Siglec-H- pre-cDC, Siglec-H+ pre-cDC, Zbtb46+ 
Ly6D+, Ly6D+ Zbtb46- lo-lo, lo-hi and pDC were sorted, cultured for 3d on EL08 stromal 

cells with 3% Flt3L or Flt3L and 100 U/ml IFN-, and analyzed by flow cytometry. pDC 
(A), cDC (B) and Zbtb46+ Ly6D+ (C) cell output are shown as percentage of CD11c+ 
cells after culture (mean ± SEM, n=3). (D) Zbtb46 vs. Ly6D phenotype of CD11c+ cells 

of a representative lo-lo sample after culture with Flt3L only (left) or Flt3L + IFN- 
(right). (E) Surface marker expression vs. CellTrace Blue signal in representative 

CD11c+ cells of lo-lo input after 3d of culture with Flt3L (left) or Flt3L and IFN- (right). 
(F) B220 vs. CCR9 phenotype of representative CD11c+ Siglec-H+ Ly6D+ cells from 

lo-hi input after culture with Flt3L only (left) or Flt3L and IFN- (right). (G) Percentage 
of mature pDCs in the CD11c+ Siglec-H+ Ly6D+ progeny of lo-lo and lo-hi cells (mean 
± SEM, n=6). Stimulation conditions were compared with medium condition for each 
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input population using paired, two-sided t-tests with Holm-Šídák correction for multiple 
testing (adjusted p-values: <.05(*). 

Siglec-H+ pre-cDCs, Siglec-H- pre-cDCs, Zbtb46+ Ly6D+ cells as well as Ly6D+ Zbtb46- 

lo-lo, lo-hi and pDCs were sorted from BM cells of Zbtb46-eGFPwt/ki mice. Cells were 

then cultured on EL08-1D2 stromal cells for 3 days with Flt3L with or without IFN- 

(100 U/ml). On day 3 the phenotype was assessed by flow cytometry. Figure 3.20A 

shows the pDC output after culture. As expected, pre-cDCs and Zbtb46+ Ly6D+ cells 

did not generate pDCs with or without IFN- treatment. For lo-lo, lo-hi and pDCs, how-

ever, IFN- stimulation significantly increased relative pDC output over the non-stim-

ulated condition. 

Figure 3.20B shows the complementary cDC output. With Flt3L alone cDC output was 

comparable to that seen in Figure 3.14A. cDC output from pre-cDC subsets was not 

influenced by IFN-a addition. For Zbtb46+ Ly6D+ cells, however, there was a trend 

towards reduced cDC generation with IFN- stimulation. Interestingly, cDC generation 

from Ly6D+ Zbtb46- sorted cells (lo-lo, lo-hi and pDC) was virtually eliminated by cul-

ture in the presence of IFN-. 

I also quantified the output of cells with Zbtb46+ Ly6D+ phenotype (Figure 3.20C). Nei-

ther sorted pre-cDCs nor pDCs gave rise to Zbtb46+ Ly6D+ cells with in Flt3L alone or 

with IFN- stimulation. Approximately 20% of the sorted Zbtb46+ Ly6D+ cells retained 

their phenotype after 3 days of culture with Flt3L and IFN-. This was not observed in 

the absence of IFN-. Lo-hi cells showed a lower output of Zbtb46+ Ly6D+ cells in both 

conditions whereas lo-lo cells generated around 15 % transitional Zbtb46+ Ly6D+ cells 

in Flt3L culture and around 5% with Flt3L and IFN-. The increased percentage of this 

population after culture of lo-lo cells with Flt3L and IFN- can also be seen in the 

example shown in Figure 3.20D. These results show that culture in the presence of 

IFN- still allows upregulation of Zbtb46 in the lo-lo precursors, but these cells fail to 

downregulate Ly6D and do not fully differentiate into cDCs. 

In addition, I investigated the expression of other surface markers and Zbtb46 in lo-lo 

derived cells in relation to CTB proliferation dye signal (Figure 3.20E). First and fore-

most, these data demonstrated a lack of CTB dilution – hence a lack of proliferation – 

in cells treated with IFN- (Figure 3.20E, right panel). However, despite impeded pro-

liferation I still observed upregulation of Zbtb46 and MHCII, as well as a downregula-

tion of Ly6D, Siglec-H and B220 in cells generated from lo-lo precursors. After culture 



3 Results 75 

of lo-lo precursors with Flt3L alone CTB dilution was detected in cells that had acquired 

a cDC phenotype but not in cells with a pDC phenotype (Figure 3.20E, left panel), in 

line with our previous experiments.  

However, pDCs generated from lo-lo and lo-hi precursors were affected by IFN- in a 

different manner. As shown in Figure 3.20F and G, IFN- promoted pDC differentiation 

indicated by high level expression of CCR9 and B220. For this analysis, I determined 

the percentage of CCR9high B220high pDCs within the CD11c+ Siglec-H+ Ly6D+ Zbtb46- 

pre-gate of cells generated after culture. For both lo-lo and lo-hi input cells, the per-

centage of mature pDCs was significantly increased with IFN- treatment compared 

to Flt3L alone.  

In summary, IFN- promoted pDC vs. cDC output from CD11c+ Siglec-H+ Ly6D+ lym-

phoid precursors by three means. First, it impeded proliferation of cDC-committed pre-

cursor cells. Second, IFN- arrested differentiating cDC-committed precursors that 

had upregulated Zbtb46 in a Zbtb46+ Ly6D+ transitional state, and third, IFN- pro-

moted acquisition of a fully differentiated pDC phenotype.  
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4. Discussion 

In this thesis I investigated cell fate decisions of CD11c+ DC precursors in murine BM 

to gain further insights into the distinct differentiation trajectories of pDCs and cDCs. 

Single-cell RNA-seq experiments as well as in vitro and in vivo differentiation assays 

provided valuable and novel insights into cell fate decisions of pre-cDCs and CD11c+ 

Siglec-H+ Ly6D+ DC precursors in steady-state and following stimulation. 

4.1 Differentiation potential of DC precursor subsets133 

My research focus was to analyze cell fates of pre-cDCs and Siglec-H+ Ly6D+ CD11c+ 

lo-lo and lo-hi precursors. In all my experiments, cells expressing the TF Zbtb46 – 

which included Siglec-H- pre-cDC, Siglec-H+ pre-cDC and Zbtb46+ Ly6D+ cells – had 

exclusive cDC and no pDC potential in vitro and in vivo, confirming the role of Zbtb46 

as a TF marking terminal cDC fate50. PDC differentiation, on the other hand, was 

marked by upregulation of B220 in CD11c+ Siglec-H+ Ly6D+ cells, as CCR9lo B220hi 

cells exhibited almost exclusive pDC potential in vitro and especially in vivo, suggest-

ing these cells to be the immediate differentiation stage before mature CCR9high pDCs. 

CCR9lo B220lo cells, however, still gave rise to significant numbers of cDCs in vitro 

and in vivo, even when sorted as Ly6D+ and Zbtb46-, which should have excluded 

precursors with cDC fate50, 75. To avoid possible contamination with cells already ex-

pressing Zbtb46, strict sort gates were applied and high after sort purity was achieved. 

Data from experiments detecting proliferation by cell trace dye dilution further suggest 

that pDC differentiation from lo-lo cells occurs rapidly and does not involve prolifera-

tion. CDCs, in contrast, are generated from these lo-lo cells via a Zbtb46+ Ly6D+ tran-

sitional state and then expand by proliferation after Zbtb46 upregulation.  

In line with recent research I found no compelling evidence that myeloid DC progeni-

tors (CD115+ CD127- CDP, Siglec-H- pre-cDC or Siglec-H+ pre-cDC) contribute to the 

pool of generated pDC in vitro75. This does not exclude a contribution to pDCs from 

very early progenitors that may have pDC and cDC potential142. 

Ly6D+ Siglec-H+ LP, in contrast to CD11c+ Siglec-H+ Ly6D+ Zbtb46- lo-lo cells, do not 

express CD11c, and were shown by Rodrigues et al. to have almost exclusive pDC 

potential when cultured with Flt3L46. However, when culturing them on OP9 stromal 
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cells, they did observe low levels of cDC generation in their experiments. My experi-

ments did not corroborate exclusive pDC potential of these progenitors when cultured 

with Flt3L in the absence of stromal cells. Indeed, culturing Siglec-H+ Ly6D+ LP with 

or without stromal cells yielded more cDCs than pDCs in either condition. As I followed 

the published sort and culture protocol diligently, the discrepancies in cDC output be-

tween the results of Rodrigues et al. and my results are hard to explain. Small differ-

ences in cell handling and cell culture conditions such as the source of cell culture 

media and additives or cell culture plastic may have contributed to the higher cDC 

output in my experiments. Furthermore, differences in identification of pDCs and cDCs 

after differentiation may be a reason. 

Within the CD135+ CD11c+ Siglec-H+ fraction of murine BM I further identified a pop-

ulation of precursor cells expressing both Zbtb46 and Ly6D. As noted above, I also 

found cells with this phenotype after in vitro culture and after adoptive transfer of Sig-

lec-H+ Ly6D+ Zbtb46- lo-lo cells. In high-dimensional flow cytometric analysis of BM 

and spleen of Zbtb46-eGFPwt/ki mice I found these cells to be phenotypically close to 

both myeloid Siglec-H+ pre-cDCs and lymphoid Siglec-H+ Ly6D+ Zbtb46- lo-lo and lo-

hi cells, posing the only connecting cell populations between pDC and cDC precursor 

cells. 

Opposed to the findings of Leylek et al. who did not find CD11c low tDCs in the BM but 

only in spleen, I found cells with a similar phenotype in steady-state BM16. Zbtb46+ 

Ly6D+ precursor cells partially overlapped with these tDC-like cells in the BM and cells 

with a Zbtb46+ Ly6D+ phenotype in the spleen also showed partial overlap with 

CD11clow tDCs gated as described by Leylek et al.16 Interestingly, I also recovered 

cells with a tDC phenotype after adoptive transfer of Siglec-H+ Ly6D+ Zbtb46- lo-lo 

cells. These cells were only found in spleen, not BM of recipient mice. In line with the 

progressive loss of proliferation dye signal in tDCs after transfer, the results suggest 

that these tDC-like cells could exhibit a certain plasticity, allowing for differentiation 

into other cDC subtypes downstream. This would need to be further investigated by 

transferring tDCs isolated from the spleen and following their cell fate in vivo. 

Interestingly, previously published observations suggested that pDCs themselves 

have capabilities to generate cDC-like cells upon stimulation65, 143. More specifically, 

Leylek et al. showed that human bona fide pDCs can undergo CD40L-stimulus-spe-

cific chromatin changes leading to generation of the human counterpart of tDCs, 
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namely Axl+ DCs, and further downstream even to cDC-like cells143. Plasticity of fully 

differentiated pDCs upon stimulation has also been shown before by another group, 

who analyzed the transcriptome of pDCs in an MCMV infection model48. They ob-

served that pDCs over time upregulate tDC/cDC related genes in concert with an im-

proved antigen-presenting capacity48. However, CCR9high pDCs cultured with Flt3L in 

vitro or transferred into untreated wildtype mice did not lead to generation of Zbtb46+ 

Ly6D+ cells, or even cDCs in my experiments. Thus, it appears that mature CCR9high 

pDCs are stable under steady-state conditions but may maintain plasticity under some 

stimulatory conditions. 

Other cells simultaneously expressing Zbtb46 as well as pDC related genes and sur-

face markers have been described before46. Rodrigues et al. found that 5 to 10 percent 

of mature pDC in spleen exhibited Zbtb46 expression in the same Zbtb46-eGFPwt/ki 

strain of mice used in this study. Furthermore, those cells did exhibit both pDC- and 

cDC-related functionality, namely IFN- production and antigen-presentation, respec-

tively46. I did not find these cells in murine BM and also not in these quantities in the 

spleen. Furthermore, I did not find them in vitro after culturing Siglec-H+ Ly6D+ Zbtb46- 

lo-lo cells. This might be explained by the different pDC gating strategies employed  

(Rodrigues: Lin- Siglec-H+ BST2+ Ly6C+; this study: Lin- CD11c+ Siglec-H+ B220+ 

CCR9+), or it might suggest a different origin for these Zbtb46+ pDC-like cells, as they 

were observed to be related to BST2+ Siglec-H+ cells generated from CD115+ CDP on 

a transcriptional level, indicating a myeloid origin46. 

De novo expression of Zbtb46 in lymphoid cells in vitro was previously reported by 

Miller et al. in 2021. They observed Zbtb46 expression in sorted mature pDCs after 

stimulation with the TLR7/8 agonist imiquimod (R848). Along with Zbtb46 they also 

found Id2 expression in a subset of activated pDCs in a scRNA-seq experiment. These 

results are likely related to earlier findings showing Id2 upregulation in pDCs after 

TLR7/9 stimulation122, 144. However, Miller et al. did not see Zbtb46 upregulation after 

stimulation with a TLR9 agonist like CpG-A alone145. Consistent with these findings, I 

did not observe any Zbtb46 expression in pDC after culture, neither with Flt3L only or 

including stimuli like CpG-A or IFN-. Hence, the Zbtb46+ Ly6D+ cells generated in my 

experiments are not falsely attributed Zbtb46+ pDCs described therein.  

Dress et al. analyzed transcriptomics of four previously defined, distinct pre-DC 

populations, namely Siglec-H- Ly6C- pre-DC, Siglec-H- Ly6C+ pre-DC, Siglec-H+ Ly6C- 
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pre-DC and Siglec-H+ Ly6C+ pre-DC75, 82. Their analysis revealed that Siglec-H+ Ly6C- 

pre-DC expressing Tcf4, Spib, Tlr7, Ly6d and Siglech were pDC-primed, while those 

subsets expressing Id2, Batf3 and Irf4 were cDC-primed75. Considering these findings, 

my results derived from detection of these markers by qPCR before and after culture 

with Flt3L suggest that the analyzed Siglec-H+ Ly6D+ Zbtb46- lo-lo population was 

indeed mostly pDC-primed at the time of sorting, switching to a more cDC-primed 

transcriptional program over time in culture. 

Papaioannou et al. showed in 2021 that the splenic cDC2 pool in neonate mice is 

partly generated from LP originating from the liver85. In line with these findings, 

depletion of cDC progenitors via a Clec9aCre ROSADTA mouse model was shown to 

lead to a lack of cDC1 but not cDC2, the latter of which were suggested to be 

replenished by lymphoid progenitors due to evidence of Ig receptor rearrangements86. 

How and if these models are complementary to my findings in adult mice should be 

subject to further research. Related or not, regeneration of the cDC pool from lymphoid 

progenitor cells could be a crucial tool in emergency DC generation during bacterial 

or viral infections, which were previously shown to negatively affect CDP and pre-cDC 

differentiation into mature cDCs146, 147. 

4.2 Single-cell RNA sequencing analysis and 
transcriptional dynamics133 

In the past years multiple bioinformatic tools to calculate and interpret single-cell RNA-

seq data have been developed. One of the major characteristics of scRNA-seq data 

is the plethora of dimensions of each dataset since each detected gene constitutes 

one dimension for each cell. Hence, a typical first step in scRNA-seq analysis is the 

reduction of this high-dimensional data into a 2- or 3-dimensional space. 

The UMAP algorithm was first introduced for single-cell RNA-seq data analysis in 2019 

by Becht et al. It is a non-linear dimensionality reduction that scales well with high-

dimensional real-world data, while offering better performance compared to other com-

parable algorithms148. Compared to t-SNE149, for instance, it preserves more infor-

mation on global data structure and inter-cluster relationships (e.g. hematopoietic de-

velopment trajectories) in single-cell RNA-seq datasets150. Since I focused especially 
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on inter-population relationships and developmental trajectories, UMAP was the ap-

propriate algorithm to choose for dimensionality reduction in the initial analysis of my 

dataset. In this 2-dimensional projection CDP, pre-cDC and a part of lo-lo cells were 

placed on one side, while lymphoid cells (Ly6D+ LP, Ly6D+ Siglec-H+ LP, Ly6D+ lo-lo, 

lo-hi and pDC) were placed on the other. For further insights into the dataset, I looked 

for methods to calculate so-called pseudotime, which infers a relative ordering of data 

points – in our case, individual cells with their corresponding gene expression – by 

incorporating transcriptional similarities as well as global and local variabilities. Algo-

rithms to calculate pseudotime, however, are plentiful and vary widely in their data 

requirements, bioinformatic approach, informative value, and underlying biological 

question they intend to address79, 127, 128, 151, 152, 153, 154. I used the RaceID algorithm to 

investigate gene expression similarities amongst detected k-medoid clusters and tran-

scriptional similarities of individual cells in a two-dimensional space79, 128. FateID pack-

age allowed me to infer two differentiation trajectories for pDC and pre-cDC cell fate, 

based on an iterative random forest algorithms assigning cell fate scores to each indi-

vidual cell in the dataset79. To explore the underlying directionalities of these trajecto-

ries I included RNA velocity, a concept first introduced by La Manno et al. in 2017, in 

the analysis127. They describe RNA velocity as a metric calculated as the ratio of 

unspliced to spliced mRNA transcripts. Since the half-life of mRNA is comparable to 

the timescale of cell differentiation, they found that this ratio can be used to predict 

future states of cells in a single-cell RNA-seq dataset127. I used the scVelo python 

package in the analysis of my data. It improves upon the velocyto algorithm initially 

presented by La Manno with a stochastic and dynamical model to fully solve the tran-

scriptional dynamics, providing a greater range of applicability127, 128. I analyzed our 

data with both toolsets and found scVelo to offer advantages in ease of use, visuali-

zation techniques, customization, and perspicuity. 

Transcriptome analysis of DC precursors and pDCs with these powerful bioinformatic 

toolsets corroborated the in vitro data on Siglec-H+ lo-hi cells as immediate pDC pre-

cursors, indicated by expression and induction of pDC related genes and the immedi-

ate vicinity in which they were placed in dimensionality reduction projections and 

pseudotemporal ordering. In addition, the Siglech and Ly6d expressing fraction of 

sorted lo-lo precursors were also placed on this continuous pDC differentiation trajec-

tory between earlier lymphoid precursors (IL7R+ Ly6D+ LP and IL7R+ Siglec-H+ Ly6D+ 
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LP) and pDC-like lo-hi cells. A major part of Ly6D+ Siglec-H- LP, however, was placed 

in a cell cluster expressing B cell precursor genes like Ebf1, Dntt and Pax5. The Pax5 

expressing cluster further exhibited downregulation of Flt3 in the RNA velocity analy-

sis. This is in line with findings by Holmes et al., who used Pax5-deficient mice to 

demonstrate the crucial role of Flt3 repression by Pax5 in B cell lineage commitment 

at the pro-B cell stage155. The heterogeneous composition of the Ly6D+ Siglec-H- LP 

population is consistent with results by Rodrigues et al., who demonstrated that within 

these LP cells expressing high levels of Ebf1 and low levels of Irf8 have B cell fate 

while cells within this compartment expressing low levels of Ebf1 and high levels of 

Irf8 have pDC cell fate. High expression of Irf8 was also found to be associated with 

pDC rather than B cell fate in CLP by Herman et al79. However, more recent research 

by a different group found no common origin for B cells and pDCs in barcoded clonal 

tracing experiments142. In addition to the pDC differentiation trajectory, my analysis 

also revealed a trajectory for pre-cDCs, encompassing an intriguing connection be-

tween Ly6D+ lymphoid precursors and pre-cDCs. Subsequent RNA velocity analysis 

exposed the underlying directionality of this connection from Ly6D+ lymphoid precur-

sors to the pre-cDC/CDP clusters. These findings are in line with the observed cDC 

generation from Ly6D+ Zbtb46- precursor cells in my in vitro and in vivo experiments. 

RNA velocity analysis is an emerging bioinformatical approach to analyse RNA-seq 

data that has its limitations. The likelihood-based dynamical scVelo algorithm for RNA 

velocity calculation already improved upon the initial algorithm of velocyto, which was 

based on multiple assumptions when cells are in steady-state127, 128, 156. Despite relax-

ing some of the premises, scVelo still assumes constant kinetic rates and needs high 

quality data in gene expression phase portraits to distinguish up- from downregula-

tion156. Further, inferring statistical conclusions is only possible for genes exhibiting 

faster splicing than degradation processes156. In addition, the algorithms published so 

far are reliant on a transcriptional snapshot at the time of RNA isolation. Events that 

include up- or downregulation of certain genes only at the very beginning or end of the 

differentiation process can thus not be exhaustively emulated156.  

Another limitation of our single-cell RNA-seq data analysis is the raw data itself, or 

rather the process by which it was acquired. The UMI-based mcSCRB-seq method we 

employed to obtain single-cell specific RNA has various benefits like improved gene 

detection and cost efficiency over other methods like MARS-seq or its predecessor 
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SCRB-seq136, 157. It is, however, a plate-based protocol136. While all cell populations 

were sorted on the same day from the same mice and frozen immediately, due to 

workspace and workforce limitations each of the 9 plates harboring 2 cell populations 

each were then processed individually until cDNA library generation. Despite strictly 

following the protocol, at each point of the process, this individual and separate treat-

ment can potentially introduce so-called batch effects158. We did, however, have the 

even separation of each cell population onto 2 plates to check for any such effects in 

the resulting data. After pre-processing, filtering, and utilizing only shared highly vari-

able genes in analysis of the data, we did not find plate-associated batch effects for 

any genes and cells we looked at. 

Despite these limitations, the analysis of the whole transcriptome as well as transcrip-

tional dynamics using the underlying RNA velocity data provided valuable insights, 

resulted in a refined gating strategy for further experiments, and led to new hypotheses 

that were interrogated and confirmed by in vitro and in vivo experiments. 

4.3 Influence of TLR and IFNAR stimulation on DC 
precursors133 

Stimulation and infection in general can modulate the abundance and function of DC 

precursor and differentiated DC subsets, as recently shown in humans for COVID-19 

and inflammation during sepsis, for example159, 160. Accordingly, I observed that the 

relative output of pDC vs. cDC from the murine CD11c+ Siglec-H+ lo-lo and lo-hi cells 

described above could be modulated in vitro by stimulation with cytokines and TLR 

agonists mimicking viral infection. More specifically, I found that TLR9 stimulation with 

CpG-A increased relative pDC over cDC generation from these precursors. Using a 

series of experiments involving WT as well as MyD88-deficient precursor or feeder 

cells I found these effects to be elicited in a cell-intrinsic manner, as opposed to being 

extrinsically mediated by the feeder cells directly or indirectly by other soluble factors 

like cytokines produced by them. Indeed, we hypothesized that this effect was medi-

ated by downstream IFN I signalling after TLR9 stimulation. Consistently, experiments 

with direct IFN- stimulation showed the same effect promoting pDC and limiting cDC 

output from lo-lo precursors, which was abrogated in IFNAR-deficient precursor cells. 

This abrogation was also observed for IFNAR-deficient precursors stimulated with 
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CpG-A, supporting the proposed hypothesis that TLR9 signalling leads to the ob-

served pDC promoting effect via downstream IFN I production and IFNAR signalling 

in the precursors themselves. Furthermore, the hypothesis was supported by the de-

tected IFN- levels detected in SNs of differentiated lo-lo and lo-hi cells after stimula-

tion with CpG-A.  

Additional in vitro experiments using IFN- stimulation in concert with a proliferation 

dye revealed three mechanisms behind the increased pDC vs. cDC output. Uncover-

ing these mechanisms also helped to propose a model for pDC and cDC generation 

from Ly6D+ Siglec-H+ lo-lo cells, which I will detail below. 

The first mechanism is an effect solely imposed on cDC-primed (detected in the cul-

tures by de novo expression of Zbtb46) cells. IFN- addition to cultures with Zbtb46-

expressing cells impeded proliferation of these cells almost entirely. This was true for 

pre-cDCs, cDCs and also for cells exhibiting de novo Zbtb46 expression during cul-

ture, which were initially sorted from Zbtb46- Ly6D+ populations. Needless to say, im-

peded proliferation of Zbtb46+ cells led to a lower cDC output and thus increased rel-

ative pDC output. Similarly, anti-proliferative effects of type I IFNs have already been 

described for fibroblasts (L cells)161.  

The second mechanism concerns transitional Zbtb46+ Ly6D+ cells that develop from 

Ly6D+ Zbtb46- sorted lo-lo cells. While in vitro culture of this population with only Ftl3L 

yielded substantial amounts of cDCs, addition of IFN- resulted in failure to develop a 

mature cDC phenotype. Instead, cells were arrested in a transitional Zbtb46+ Ly6D+ 

state. Whether this failure to fully downregulate pDCs markers and acquire a differen-

tiated cDC phenotype is a cause or consequence of the stalled cell division cannot be 

concluded form this data.  

The third mechanism by which IFN- stimulation increased relative pDC output is aug-

mented differentiation of immediate pDC precursor cells, i.e. an increase of CCR9high 

B220high pDCs within CD11c+ Siglec-H+ Ly6D+ lymphoid cells. These results are in line 

with data on human CD34+ cells, which gave rise to increased numbers of mature 

pDCs when treated with type I IFNs in vitro162. Furthermore, effects of type I IFN pro-

moting pDC differentiation have previously been shown for pDCs generated in vitro 

from CLPs, progenitors that are upstream of Siglec-H+ Ly6D+ lo-lo or lo-hi cells108, 163. 
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In addition, paracrine and autocrine priming of human pDCs by type I IFN has been 

shown to be crucial for responsiveness to TLR stimulation164.  

There are two possible explanations for the observed dual cell fate of the Siglec-H+ 

Ly6D+ lo-lo precursor cell fraction. One possible explanation is the existence of cells 

with actual dual potency  within this fraction (model A, Figure 4.1). This model could 

be validated by a clonal assay, if lo-lo cells gave rise to both cDCs and pDCs after in 

vitro culture from a single cell. A further method to potentially corroborate this model 

is live cell tracking and in-culture antibody labelling83. Unfortunately, all attempts at 

these experiments failed due to insufficient proliferative capacity of these late-stage 

precursors and for some experiments presumably increased apoptosis due to lack of 

cell-to-cell contact in the input cells during culture. 

The second possible explanation is that the Siglec-H+ Ly6D+ lo-lo precursor cell frac-

tion is heterogeneous and contains pDC- and cDC-primed/committed precursors 

(model B). The IFN- experiments combined with the corresponding proliferation data 

collectively suggest that the dual cell fate of lo-lo cells is rather explained by a hetero-

geneous population with the same phenotype but different inherent priming for termi-

nal cDC or pDC fate (Figure 4.1B). A dual potency model (A) would require cell division 

before pDC generation, which we did not observe. The observation of rapid upregula-

tion of Zbtb46 in undivided progeny of the lo-lo precursors and anti-proliferative and 

differentiation-altering responses to IFN- only in cDC-primed cells supports the 

primed progenitor model (B). 

Figure 4.1: Proposed models explaining cDC and pDC generation from Siglec-
H+ Ly6D+ Zbtb46- lo-lo cells. (A) Dual potency model. (B) Primed progenitor model. 

A putative mode of action for IFN- signalling is depicted in red in (B). 
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In addition to the effects on the ratio of pDC vs. cDC, we also found the generated 

cDC subtype to be affected by type I IFN signalling. Whether by secreted type I IFN in 

response to CpG stimulation or by direct IFN- stimulation, generated DCs with a 

cDC1 surface marker phenotype were expanded relative to cDC2 in vitro. These re-

sults suggest that IFN I in the microenvironment produced by pDC in response to viral 

infection might – despite a negative impact on overall cDC numbers – lead to a relative 

increase of cDC1 vs. cDC2 to assist in clearance of infected cells through induction of 

cytotoxic T cell responses. These findings are in line with Schaupp et al., who used 

WT and IFNAR-deficient mice for genome-wide analysis of transcriptomic and epige-

netic data alongside in vivo experiments to show that type I IFNs instructed distinct 

epigenetic changes in cDC, preparing them for potential upcoming infection and en-

hanced priming of CD8+ T cell responses, a hallmark function of cDC1165. A recent 

study by Bosteels et al. used a respiratory virus infection model to show that type I 

IFNs can also instruct cDC2 to assist in combatting viral infection by differentiating into 

so-called “inf-cDC2s” that acquire cDC1-like and macrophage-like functions166. These 

effects, however, did not involve de novo expression of XCR1 or downregulation of 

CD11b/Sirp-, which I used to assess cDC phenotype after culture166. Hence, my re-

sults are not a reflection of what was found in this study but show an actual change in 

relative cDC1 vs. cDC2 abundance in progeny of precursors exposed to IFN- stimu-

lation. Another study using IFNAR-deficient mice found that type I IFNs do have effects 

on general DC turnover with in vivo experiments167. Especially for splenic CD11c+ 

CD8+ cells they found IFN I to have pro-apoptotic effects, leading to downregulation 

of the anti-apoptotic proteins Bcl2 and Bclxl. While they further saw higher CD11c+ DC 

generation with IFN I treatment, they did not provide insights into the DC subtype apart 

from CD11c and CD8 expression.  

4.4 Concluding remarks 

In this study I researched differentiation trajectories for murine Lin- CD135+ CD11c+ 

DC precursors. Moreover, I investigated the effects of stimulation on these ontogenetic 

pathways. 

Using in vitro experiments, I demonstrated that TLR9 and IFNAR stimulation led to 

higher relative pDC than cDC output within these precursor populations. This shift in 



4 Discussion 86 

cell type yield was mediated by arresting Zbtb46+ Ly6D+ transitional cells in an imma-

ture pre-cDC state and inhibiting their proliferation and further differentiation into cDCs. 

Additionally, IFN- promoted final pDC differentiation.  

Furthermore, I described a previously overlooked differentiation pathway by which 

phenotypically lymphoid precursors from adult mice can give rise to cDCs in vitro and 

in vivo. By employing powerful bioinformatic tools I discovered this potential differen-

tiation trajectory and confirmed it by in vitro and in vivo cell differentiation experiments 

using sorted precursor cells from Zbtb46wt/ki mice, which allow for tracking of cDC dif-

ferentiation. Using this reporter mouse model I discovered immature cells exhibiting 

both Zbtb46 and Ly6D expression. High-dimensional flow cytometric analysis showed 

these cells to be placed by their phenotype in between pre-cDCs and Ly6D+ Siglec-H+ 

CCR9low pDC precursors. Indeed, in vitro and in vivo experiments proved these cells 

to be in a transitional state in the aforementioned differentiation trajectory from Ly6D+ 

lymphoid precursors to cDCs.  

Future research into this topic should focus further on these Ly6D+ precursors and 

their upstream progenitors. Extensive characterization of cell surface molecule and 

transcription factor expression in the Siglec-H+ Ly6D+ lo-lo precursor fraction (using 

reporter mouse lines and high-dimensional flow cytometry) could reveal previously 

overlooked heterogeneity. Thereby a marker combination could be identified that can 

be used to isolate the pDC-primed and cDC-primed cells within this fraction to confirm 

their respective cell fate in vitro and in vivo. 

In addition, multi-omics analyses like combining single-cell RNA-sequencing and a 

genome-wide chromatin accessibility assay (ATAC-seq) with enriched Ly6D+ progen-

itors and precursors in the context of lineage-depleted BM cells could further elucidate 

gene-regulatory networks required for cDC and pDC lineage priming occurring at ear-

lier and later stages of differentiation. 

Taken together, I showed that the CD11c+ Siglec-H+ Ly6D+ Zbtb46- lo-lo precursor 

population maintain pDC as well as cDC potential in steady-state with a certain plas-

ticity under conditions of immune stimulation. Within these cells, downregulation of 

Ly6D in concert with an upregulation of TF Zbtb46 indicates cDC commitment, while 

upregulation of B220 marks pDC commitment. The newly discovered differentiation 

pathway from Ly6D+ precursors to cDCs could be one mechanism for adapting the DC 
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compartment to requirements of dynamic immune responses for example during in-

fections.  
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Appendix:  
Scripts used in this study: 

1. RaceID single-cell analysis (R) 

a. RaceID dimensionality reduction, clustering and heatmap 

 
## Loading libraries 
library(RaceID) 
library(ggplot2) 
library(dplyr) 
library(stringr) 
library(cowplot) 
library(FateID) 
 
## Loading data 
load("SC4_ready_for_analysis.RData") 
 
## RaceID analysis 
 
## List of genes to ignore in clustering, i.e. cell cycle related genes and 
genes that are NOT the top3000 hvg 
nottop3000 <- setdiff(rownames(noCDPr), hvg[1:3000]) #noCDPr = filtered cells 
dataset, hvg = highly variable genes calculated in Seurat 
nottop3000.list <- as.list(nottop3000) #list is needed for RaceID 
hist_genes <- rownames(noCDPr)[grep("hist", rownames(noCDPr), ignore.case = 
TRUE)] 
tub_genes <- rownames(noCDPr)[grep("Tub", rownames(noCDPr), ignore.case = 
TRUE)] 
ignore <- c(hist_genes, tub_genes, nottop3000, "H2afx", "Hmgb2") 
ignore.list <- as.list(ignore) 
 
#initiating RaceID object 
sc <- SCseq(noCDPr) 
sc <- filterdata(sc, mintotal = 800, minnumber = 10, FGenes = ignore.list) 
## all genes not in the top3000 and cell cycle related genes will be ignored 
for clustering 
 
## distance matrices 
sc <- compdist(sc,metric="pearson") 
sc <- clustexp(sc, cln = 8, verbose = FALSE) # identify clusters 
sc <- findoutliers(sc) 
 
## Projections new 
types <- str_trim(str_sub((colnames(sc@ndata)), 1, 
str_length(colnames(sc@ndata))-9)) #get cell types for cell type projection 
sc <- compumap(sc) #calculate UMAP 
plotsymbolsmap(sc,types,um = TRUE, cex = 2) # UMAP with cell types 
plotmap(sc, um = TRUE, cex = 2) # UMAP with clusters 
diffcelltypes <- levels(as.factor(types)) 
for (type in diffcelltypes) { 
  plotsymbolsmap(sc,types,um = TRUE, cex = 1, subset = type) # UMAP with 
single cell types highlighted 
} 
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b. FateID cell fate analysis 

#libraries from RaceID script and sc object from RaceID script 
 
## Getting rid of transcriptional noise with VarID according to best 
practises 
d <- getExpData(sc) 
distM <- sc@distances 
res <- 
pruneKnn(d,distM=distM,large=FALSE,metric="pearson",genes=NULL,knn=10,alpha=1
,no_cores=1,FSelect=FALSE) 
bg <- fitBackVar(d) 
y <- createKnnMatrix(res,pvalue=0.01) 
cl <- graphCluster(res,pvalue=0.01) 
sc <- updateSC(sc,res=res,cl=cl) 
probs <-transitionProbs(res,cl,pvalue=0.01)  
noise <- compNoise(d,res,regNB=TRUE,pvalue=0.01,genes = NULL,no_cores=1) 
sc <- updateSC(sc,noise=noise,flo=.1) #updating RaceID object without noise 
 
## FateID pDC and pre-cDC fate map 
fx <- as.matrix(sc@ndata) 
fy <- sc@cluster$kpart 
tar <- c(1,2) 
fb  <- fateBias(fx, fy, tar, z=NULL, minnr=5, minnrh=10, adapt=TRUE, 
confidence=0.75, nbfactor=5, use.dist=FALSE, seed=12345, nbtree=NULL) 
dr  <- compdr(fx, z=NULL, m=c("umap"), k=c(2,3), lle.n=30, dm.sigma="local", 
dm.distance="euclidean", seed=12345) 
dr$umap$D2 <- sc@umap ## take projection from RaceID 
for (clustt in c("t1", "t2")) { 
  plotFateMap(fy,dr,k=2,m="umap",fb=fb,g=clustt, logsc = FALSE) #separate pDC 
and pre-cDC fate map 
} 
plotFateMap(fy,dr,k=2,m="umap",fb=fb,prc=TRUE, col = sc@fcol) # pDC and pre-
cDC trajectories on UMAP 
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2. scVelo RNA-velocity analysis (Python) 

 
import scvelo as scv 
import pandas as pd 
import matplotlib.pyplot as plt 
import scanpy as sp 
## get filtered cells from previous RaceID analysis, make sure there are only 674  
import csv 
with open("umapIDsinloom.csv", 'r') as RaceIDs: 
    reader = csv.reader(RaceIDs, delimiter='\t') 
    IDs = list(reader) ## nested list! 
#unnest list 
from itertools import chain 
IDs = (list(chain.from_iterable(IDs))) 
scv.set_figure_params() 
adata = scv.read("scveloom.loom", cache=True) 
adata.var_names_make_unique() 
# keep only cells from RaceID analysis read in above 
adata = adata[IDs,] 
# filtering 
scv.pp.filter_and_normalize(adata, n_top_genes=10000) 
#Dimensionality reductions and related 
scv.pp.pca(adata) 
scv.pp.neighbors(adata) 
scv.pp.moments(adata) 
# velocity calculation 
scv.tl.velocity(adata, mode='stochastic') 
# clustering calculation 
scv.tl.louvain(adata, resolution = 1.8) #1.8  
# UMAP 
scv.tl.umap(adata) 
# diffmap 
scv.tl.diffmap(adata) 
# Further necessary velocity related calculations 
scv.tl.velocity_graph(adata) 
scv.tl.terminal_states(adata, groupby='louvain') 
# Plotting velocity stream on diffmap 
scv.pl.velocity_embedding_stream(adata, basis='diffmap') 
# Plotting single velocity arrows on diffmap 
scv.pl.velocity_embedding(adata,basis="diffmap",layer=['velocity'], arrow_size=1.5) 
# Plotting velocity and expression of individual genes 
scv.pl.velocity(adata, ['H2-Aa', 'Ccr9', 'Siglech', 'Irf8', 'Ifnar1', 'Tcf4', 'Il7r', 'Flt3', 
'Ebf1', "Pax5",'Rnaset2b', 'Clec10a', "Csf1r", "Batf3", "Klr17"],basis="diffmap", 
ncols=2,color_map =["RdBu", "gnuplot_r"]) 
# PAGA calculation 
scv.tl.paga(adata,minimum_spanning_tree=False, use_time_prior=True) 
# PAGA plot 
scv.pl.paga(adata, basis='diffmap', size=50, alpha=.5, 
            min_edge_width=2, node_size_scale=1.5, threshold=0.1) 
# Import cell types by sorted identity 
import csv 
with open("celltypesraceid.csv", 'r') as celltypes: 
    reader = csv.reader(celltypes, delimiter='\t') 
    types = list(reader) ## nested list! 
#unnest list 
from itertools import chain 
types = (list(chain.from_iterable(types))) 
adata.obs['celltypes'] = types 
# Plot sorted cell identities on diffmap 
scv.pl.diffmap(adata, color='celltypes', legend_loc='right margin') 
#marker genes for manual heatmap 
my_genes2=["Ccr2", "Lgals3", "Fcer1g",  "Cd209a", "Ifitm3", "Batf3", "Id2", 
"Lyz2","Cx3cr1","Ly6c2","Ms4a6c","Csf1r", "Mpo", "Cd34","Irf2", "Ccr9", "Tlr7","Irf4", "Irf7", 
"Cd74", "H2-Ab1", "H2-Aa", "Cd8a","Bst2", "Siglech","Cd7","Spib","Irf8","Tcf4", 
"Ifnar1","Itgax","Ly6d","Cox6a2","Irf2bp1", "Il7r", "Ebf1", "Dntt", "Vpreb3", "Pax5","Cd79a", 
"Cd81","Flt3", "Tubb5", "Hmgb2", "Ptma"] 
# plot heatmap of genes 
sp.pl.matrixplot(adata,var_names=my_genes2, 
groupby="louvain",standard_scale="var",dendrogram=True, log=True) 
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