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Abstract……. 
 

Conventional dendritic cells (cDCs) are leucocytes that act as sentinel cells, sensing 

the extracellular environment and initiating immune responses against infection and 

cancer. cDCs develop from a common progenitor in the bone marrow (BM) that 

travels via the blood in the form of a pre-cDC to seed tissues. How pre-cDCs colonise 

different organs, whether this is affected by infection and how BM production is 

matched to cDC demand in the periphery remains poorly understood. During my PhD 

I used a mouse model for multicolour fate mapping of cDC progenitors and found 

that many pre-cDCs and cDCs divide in tissues generating single cDC clones. Upon 

infection with influenza A virus, lung cDCs increase in number due to accelerated 

CCR2-dependent recruitment of pre-cDCs from the BM rather than local proliferation, 

diluting pre-existing clones. This recruitment generates new waves of cDCs in the 

lung that seem to be necessary for inducing antiviral immunity. Preliminary results 

using a reporter mouse for DC progenitors show that more cells localise close to BM 

sinusoids during infection, possibly to favour the rapid release of pre-cDCs into the 

blood circulation. Interestingly, cancer and vaccine adjuvants also mobilise BM cDC 

progenitors, demonstrating that this is probably a conserved mechanism by which 

the cDC network adapts to different challenges. In addition, pre-cDCs can directly 

sense pathogen-associated molecular patterns via toll-like receptors, which might be 

necessary for the progenitors to respond to infection or tissue damage. In sum, my 

results provide evidence for a tightly regulated cDC network that is often organised 

in clones. However, when a bigger arsenal of cDCs is required, the BM responds by 

pumping out more pre-cDCs, which is a new component of immunity to infection. 

More studies might reveal whether CCR2 also drive this phenomenon during cancer 

and the mechanism underlying pre-cDC exit from the BM. 
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Impact Statement 
 

Our bodies contain millions of immune cells that play a key role in defence against 

pathogens and cancer but also help keeping normal function of tissues. Thousands 

of new therapies have emerged in the past decades that use the immune system in 

order to treat several pathologies. Recently in 2018, the Nobel Prize in Physiology 

or Medicine was awarded to James P. Allison and Tasuku Honjo for their ground-

breaking research in the mechanisms that drive negative immune regulation. Their 

discovery led to the successful use of immune checkpoint blockade strategies for the 

treatment of cancer that today are helping and curing many patients. This is one of 

many examples that have been possible thanks to the study of the molecular 

mechanisms underlying immune cell function. Since the immune system is at the 

interface of almost every human disease, the study of immune cell development and 

function in detail offers the possibility to discover new pathways by which we can 

probe the immune system to improve human health 

 

During my PhD, I have studied a type of immune cell called dendritic cell. Dendritic 

cells are essential for controlling infections caused by several pathogens, like 

Influenza virus and Toxoplasma, and for starting immune responses against cancer. 

They are equipped with sensors that allow them to detect body alterations caused 

by bacteria, viruses, parasites or cancer cells in the tissue, thereby acting as sentinel 

cells of our body. By being strategically positioned in all tissues, they can encounter 

pathogens and they subsequently instruct other immune cells that can target and kill 

the pathogen in order to restore the tissue to its healthy state. However, many 

aspects of the development of dendritic cells are still unknown. By developing new 

microscopy techniques, I have been able to see how the precursor cells of dendritic 

cells, coming from the bone marrow, arrive and divide in the tissue to generate an 

intimate network of dendritic cells. During influenza virus infection, and possibly 

cancer, the number of tissue dendritic cells increases because the bone marrow is 

able to detect alterations in the periphery and send more precursor cells. Precursor 

cells use a receptor called CCR2 that makes them follow a gradient of ligands coming 

from the affected tissue. Once they arrive, they generate new dendritic cells that are 

required to instruct more Influenza-specific immune cells. Whether this also applies 



 

5 

 

to other scenarios like cancer, allergies or vaccination is something that future work 

may elucidate. In sum, during my PhD I have improved several microscopy 

techniques and image analyses that can be employed by the scientific community 

beyond immunology. In addition, my work demonstrates that precursors of dendritic 

cells coming from the bone marrow are an essential component of immunity against 

infections. Therefore, therapies that involve the use of dendritic cells in the clinic 

should also focus on how to expand the network of these cells via attracting more 

dendritic cell precursors from the bone marrow. 
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GFP   green fluorescent protein 

G-CSF  granulocyte colony-stimulating growth factor 

GM-CSF  granulocyte macrophage colony-stimulating growth factor 

GMP  granulocyte monocyte progenitor 

GO  gene ontology 

GSEA  gene set enrichment analysis 

H  hemagglutinin 

HCl  hydrochloric acid 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HSC   haematopoietic stem cell 

HSPC  haematopoietic stem and progenitor cell 

i.n.   intranasal 

i.p.   intraperitoneal 

i.v.  intravenous 

IAV  influenza A virus 

Id2  inhibitor of DNA binding 2 

IFNAR  interferon alpha and beta receptor 

Ifnar1  interferon alpha and beta receptor 1 gene 

IFNGR  interferon gamma receptor 
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IgG  immunoglobulin G 

IL   interleukin 

ILC   innate lymphoid cell 

IFN   interferon 

IFNLR  interferon lambda receptor 

IRES  internal ribosome entry site 

IRF  interferon regulatory factor 

LI  large intestine 

LN   lymph node 

LPS   lipopolysaccharide 

MAVS  mitochondrial antiviral-signalling protein 

mdLN   mediastinal lymph node 

MDP   macrophage and DC precursor 

MFI  mean fluorescence intensity 

MHCI   major histocompatibility complex class I 

MHCII   major histocompatibility complex class II 

migDC  migratory dendritic cell 

min   minute 

mLN   mesenteric lymph node 

Mq  macrophage 

MPP  multipotent progenitor 

mTECs medullary thymic epithelial cells 

MyD88 myeloid differentiation primary response 88 

MZ  marginal zone 

N  neuraminidase 

Nfil3  nuclear factor, interleukin 3 regulated 

NK cell natural killer cell 

NKT  natural killer T cell 

NLR   NOD-like receptors 

NLRP nucleotide-binding oligomerization domain, Leucine rich Repeat and 

Pyrin domain containing 

NOD   Nucleotide-binding oligomerisation domain-containing protein 

NP  nucleoprotein 

OVA   ovalbumin 
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P2A  self-cleaving peptide derived from porcine teschovirus 

PAMP   pathogen-associated molecular pattern 

PBS  phosphate-buffered saline 

pDC   plasmacytoid dendritic cell 

pfu   plaque forming unit 

PKR  protein kinase R 

pre-cDC  pre-conventional dendritic cell 

PRR  pattern recognition receptor 

RBPJ recombination signal binding protein for immunoglobulin kappa J 

region 

resDC   resident dendritic cell 

RFP   red fluorescent protein 

RLR   RIG-I-like receptor 

RNA   ribonucleic acid 

ROS  reactive oxygen species 

RP  red pulp 

RPMI  Roswell Park Memorial Institute media 

RT   room temperature 

Runx1  Run related transcription factor 1 

s   second 

s.c.   subcutaneous 

SCF  stem cell factor 

sdLN   skin-draining lymph node 

SI  small intestine 

ssRNA  single stranded RNA 

STAT  signal transducer and activation of transcription 

TCID50 tissue culture infective dose 50 

TCZ  T cell zone 

TF  transcription factor 

TGF   transforming growth factor 

Th cell  T helper cell 

tdLN  tumour-draining lymph node 

TLR   toll-like receptor 

TNF  tumour necrosis factor 
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Traf6  TNF receptor associated factor 

Treg   regulatory T cell 

TRIF  TIR-domain-containing adapter-inducing interferon-β 

TRM  tissue resident memory 

WP  white pulp 

WT   wild-type 

XCR1  C subfamily chemokine receptor 1 or lymphotactin 1 

YFP   yellow fluorescent protein 
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Chapter 1. Introduction 

1.1 Classification and origin of dendritic cells 

1.1.1 Dendritic cell nomenclature and subsets 

Dendritic cells (DCs) are sentinel leucocytes that play a key role in innate immunity 

as well as the initiation and regulation of T cell responses against pathogens and 

cancer (Merad et al., 2013). DCs were discovered in the 1970’s as motile cells with 

irregular shape in lymphoid organs (Steinman, 1973; Steinman and Witmer, 1978; 

Nussenzweig et al., 1980). Since then, many efforts have revealed that DCs form a 

network of sentinel cells that are present in lymphoid and non-lymphoid tissues 

(Merad et al., 2013; Guilliams et al., 2014). Lymphoid tissues refer to organs whose 

primarily function is to support immune responses. The bone marrow (BM) and the 

thymus are primary lymphoid organs, while the lymph nodes (LNs), spleen and 

Peyer’s patches are secondary lymphoid tissues. 

 

DCs are myeloid cells that belong to the haematopoietic myeloid lineage, together 

with monocytes, neutrophils, eosinophils, mast cells and basophils. On the other 

hand, T cells, B cells, natural killer (NK) cells and innate lymphoid cells (ILCs) form 

the lymphoid lineage. Initially, two broad types of DCs were identified namely 

conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs have also been 

subdivided in different subsets according to their expression of cell surface markers 

and function in different organs. Due to DC diversity and high heterogeneity, DC 

nomenclature has become extremely complex and mutable over the past years. 

Recently, the scientific community has started to use a unified nomenclature for cDC 

subsets that has simplified the classification of cDCs in two basic subsets: cDC1s 

and cDC2s (Guilliams et al., 2014). In addition, pDCs have recently been discovered 

to belong to the lymphocyte lineage (Dress et al., 2019; Giladi et al., 2018; Rodrigues 

et al., 2018) and to date, cDCs are considered to be the only DCs of myeloid origin. 

This thesis focusses on cDCs and their subsets, but not pDCs. 

 

As of today, cDCs can be identified by expression of the complement component 3 

receptor 4 subunit (or integrin alpha X, CD11c) and the major histocompatibility 
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complex class II (MHCII) (Metlay et al., 1990). cDCs lack the expression of markers 

used to identify related mononuclear phagocytes, such as macrophages and 

monocytes. These markers include FcγRI (CD64), EGF-like module-containing 

mucin-like hormone receptor-like 1 (F4/80), M-CSF receptor (CD115 or Csf1r), 

lymphocyte antigen Ly-6C and the tyrosine kinase MerTK (Guilliams et al., 2014). 

However, some of those markers can be expressed by cDCs in certain tissues and, 

in addition, functional criteria like migratory capacity and ability to efficiently stimulate 

T lymphocytes, are often used to distinguish cDCs from monocytes and 

macrophages.  

 

cDCs comprise two basic subsets, cDC1s and cDC2s, that form a network of immune 

sentinel cells in most tissues of mice and humans (Guilliams et al., 2014). In LNs, 

cDC subsets can be further subdivided in resident cDCs (resDCs) or migratory cDCs 

(migDCs). resDCs originate from incoming cDC precursors from the BM (see later, 

ontogeny of mouse dendritc cells) and express lower levels of MHCII and higher 

levels of CD11c compared to migDCs, while migDCs come from adjacent tissues 

carrying antigen to prime T cells. 

 

cDC1s can be identified by expression of markers such as XCR1, DNGR-1 (aka 

CLEC9A) and low expression of CD11b (Guilliams et al., 2014; Merad et al., 2013). 

In non-lymphoid tissues they express CD103 (the E-cadherin–binding integrin αEβ7) 

while in lymphoid tissues they lack CD103 but can be identified by CD8a expression. 

cDC1s play a prominent role in directing cytotoxic T cell responses against 

intracellular bacteria and viruses, cross-presentation of dead cell-associated 

antigens as well as in Th1 lymphocyte priming (Guilliams et al., 2014; Merad et al., 

2013). The other major subset, cDC2, expresses high levels of CD11b and SIRPa 

(Guilliams et al., 2014; Merad et al., 2013). cDC2s are considerably heterogeneous 

and include, in the mouse, a subtype whose differentiation depends on Klf4 and 

induces Th2-dominated immunity (Tussiwand et al., 2015), as well as intestinal 

CD103+ cDC2s (or double positive – DP– cDC2s) that prominently induce Th17 

responses against pathobionts (Lewis et al., 2011; Persson et al., 2013; Schlitzer et 

al., 2013). Human cDC2s have similarly been shown to be heterogeneous (See et 

al., 2017; Villani et al., 2017).  
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1.1.2 Ontogeny of mouse dendritic cells 

Although phenotype and function aid in identifying cDCs, these attributes are not 

universally shared by all cDC subsets and often overlap with those from 

macrophages and monocytes, especially under inflammatory conditions. Over the 

last few years, a concerted effort has been undertaken to complement phenotypic 

and functional definition of cDCs with gene expression signatures and ontogenetic 

criteria (Guilliams et al., 2014; Merad et al., 2013; Murphy et al., 2016; Schraml and 

Reis e Sousa, 2015). This has revealed that cDCs constitute a discrete subfamily of 

leucocytes that descends from a cDC-committed haematopoietic progenitor in BM 

and distinct from which gives rise to monocytes (Figure 1.1). 

 

 
Figure 1.1. Haematopoiesis in the mouse 
HSCs, which have recently been proposed to be pre-committed to certain lineages 
(Giladi et al., 2018; Herman et al., 2018), generate a multipotent progenitor (MPP) 
that commits to common myeloid progenitors (CMP) and common lymphoid 
progenitors (CLPs). The latter generates several intermediate precursors to give to 
all lymphoid cells. CMPs can give rise to megakaryocyte erythrocyte progenitors 
(MEP) and granulocyte monocyte progenitors (GMP). GMPs have the capacity to 
generate basophils, eosinophils, neutrophils, monocytes and cDCs. Monocytes are 
generated from a common monocyte progenitor (cMoP) that may come from MDPs, 
although it is controversial (Sathe et al., 2014). cDCs come from common DC 
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progenitors (CDPs) that generate uncommitted and pre- cDCs. CDPs were initially 
thought to be able to generate pDCs, hence the name “common” DC progenitor, 
although this has subsequently been questioned and it is becoming clearer that 
pDCs are of lymphoid origin and that the pDC precursor is not the same that gives 
rise to cDCs (Dress et al., 2019; Giladi et al., 2018; Rodrigues et al., 2018). 
 

Irrespective of type, cDC1s and cDC2s all originate from “common” (but, more 

accurately, “conventional”) cDC progenitors (CDPs) (Bogunovic et al., 2009; 

Ginhoux et al., 2009; Naik et al., 2006; Liu et al., 2009; Onai et al., 2007; Varol et al., 

2009). CDPs give rise to pre-cDCs, which exit the BM via the blood to seed lymphoid 

and non-lymphoid tissues to generate cDCs in all organs (Bogunovic et al., 2009; Liu 

et al., 2009; Varol et al., 2009), a process that will be referred to as cDCpoiesis in 

this thesis. cDCpoiesis will refer then to the whole process that involves the 

development of tissue differentiated cDCs, including generation of cDC progenitors 

in the BM, pre-cDC efflux from the BM, pre-cDC recruitment into different organs 

from the blood as well as pre-cDC transition into cDCs in the tissue. 

 

Individual pre-cDCs were originally thought to be bi-potential and generate both 

cDC1s or cDC2s (Naik et al., 2007; Onai et al., 2007). More recently, cDC1/cDC2 

subset specification was shown to be able to occur, at least in certain tissues, during 

CDP to pre-cDC transition to give rise to committed pre-cDC1s or pre-cDC2s 

(Grajales-Reyes et al., 2015; Schlitzer et al., 2015; See et al., 2017). It remains 

unclear to what extent tissues are seeded by committed vs uncommitted pre-cDCs. 

 

On the other hand, related mononuclear phagocytes such as macrophages and 

monocytes arise from what has been called macrophage dendritic cell progenitor 

(MDP) (Fogg, 2006; Varol et al., 2015), although the existence of an MDP population 

is controversial (Sathe et al., 2014). Nevertheless, a myeloid progenitor generates 

cMoPs (common monocyte precursors) that give rise to Ly6Chi monocytes. The latter 

leave the BM in a CCR2 dependent manner (Engel et al., 2008; Serbina and Pamer, 

2006) and seed peripheral tissues. Both in BM and in blood, Ly6Chi monocytes give 

rise to Ly6Clow monocytes (Yona et al., 2013). In addition, Ly6Chi monocytes are 

recruited to peripheral tissues where they differentiate into effector cells that may 

resemble monocytes, DC-like cells or macrophages, depending on the local 

environment but that are distinct to bona fide cDCs (Varol et al., 2015) and not the 
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focus of this thesis. The remaining fraction of tissue resident macrophages, at least 

in the laboratory mouse, has self-renewal capacity and arise from the yolk sac before 

definitive haematopoiesis (Alliot et al., 1999; Ginhoux et al., 2010; Gomez-

Perdiguero et al., 2014; Hashimoto et al., 2013; Hoeffel et al., 2015; Hume et al., 

2019; Schulz et al., 2012; Sheng et al., 2015; Yona et al., 2013). 

 

It was generally accepted that tissue cDCs were end-differentiated post-mitotic cells 

that were not proliferating. However, several studies have shown that a small 

percentage of lymphoid organ cDCs or their progenitors is actively cycling (Ginhoux 

et al., 2009; Kabashima et al., 2005; Liu et al., 2007; Merad et al., 2002; Scott, 2014). 

Whether this is also true for non-lymphoid pre-cDCs and whether they can undergo 

local expansion to give rise to clones of differentiated cDC1s or cDC2s occupying a 

defined tissue territory is less clear. Nevertheless, experiments with parabiotic mice 

have shown that cDCs are entirely replaced by BM progenitors in 10-14 days, except 

for the lung that requires more than 25 days (Ginhoux et al., 2009; Liu et al., 2007). 

This demonstrates that organs need input from BM pre-cDCs although it does not 

exclude the possibility that local expansion might be needed to fully colonise organs 

with cDCs. 

 

Which cues drive pre-cDC BM exit, homing to specific organs, and relocalisation 

within the tissue remains largely unknown (Figure 1.2). Using mixed bone marrow 

chimeras, one study has suggested that CCR2 and CX3CR1 mediate pre-cDC 

homing into the lung at steady state and CCR2 alone was enough to mediate pre-

cDC accumulation in the lung during an LPS inhalation model (Nakano et al., 2017). 

However, whether this is true for other tissues and during infection or cancer remains 

unclear. Another study has revealed a mixed chemokine receptor expression by 

different pre-cDC subsets (Cook et al., 2018). Whether there is also diversity at the 

single cell level and whether this is relevant for cDC-dependent immune responses 

in different tissues remains unknown. 
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1.1.3 Transcription and growth factors that dictate dendritic cell development 

The study of transcription and growth factors that drive cDCpoiesis has been integral 

to the discovery of specific functions attributable to cDCs. In both cDC subsets the 

growth factor Flt3L acts as a key regulator of cDCpoiesis (Murphy et al., 2016). Flt3L 

binds to Fms-like tyrosine kinase 3 (Flt3), or CD135, expressed by several early bone 

marrow progenitor populations (Mackarehtschian et al., 1995; Matthews et al., 1991; 

Miller et al., 2012). Both Flt3-/- and Flt3l-/- mice have deficiencies in DC development, 

although with varying severity (McKenna et al., 2000; Waskow et al., 2008). 

 

Development of all DC lineages requires the transcription factors Ikaros (Allman et 

al., 2006; Wu et al., 1997), Gfi1 (Rathinam et al., 2005), PU.1 (Anderson et al., 2000; 

Carotta et al., 2010; Chopin et al., 2019) and Bcl11a (Ippolito et al., 2014; Wu et al., 

2013). The last two drive Irf8 and Flt3 expression (Carotta et al., 2010; Grajales-

Reyes et al., 2015; Schönheit et al., 2013). cDC development is also dependent on 

the transcription factor Runx1 and the core-binding factor subunit β (Cbfβ). These 

factors also appear to support expression of Irf8 (Satpathy et al., 2014). Notably, 

expression of PU.1, Irf8, and Baft3 (see later) is able to reprogram mouse and human 

fibroblasts into dendritic cells (Rosa et al., 2018). Finally, the transcription factor 

Zbtb46 (zDC, Btbd4), is expressed by the cDC lineage (Meredith et al., 2012; 

Satpathy et al., 2012) and also by some vascular endothelial cells but it is not 

necessary for cDC development. 

 

Importantly, each cDC subset also depends on discrete transcriptional programs for 

development, which has been essential to identify specific functions attributable to 

either cDC1s or cDC2s (Figure 1.2). cDC1 differentiation depends on Irf8 and Batf 

family transcription factors, especially Batf3 (Hildner et al., 2008), which has been 

found to maintain high levels of Irf8 for cDC1 development (Grajales-Reyes et al., 

2015). cDC1s also depend on Nfil3, Id2 and Bcl6 (Murphy et al., 2016). cDC2 

development mainly depends on Irf4 but also Irf2, Traf6 and RBP-J (Murphy et al., 

2016). In addition, two functionally distinct subtypes of cDC2s require either the 

transcription factor Notch2 or Klf4. DP cDC2s (CD11b+ CD103+) in the intestine 

depend on Notch2 signalling (Satpathy et al., 2013). Klf4 has been found to be 

essential for a subset of migratory skin-draining lymph node cDC2s and lung cDC2s. 
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In addition, splenic CD4+ Esam+ cDC2s depend on RelB (Briseño et al., 2017), 

Notch2 signalling (Satpathy et al., 2013) and lympho- toxin β (LT-β) receptor 

signalling (Kabashima et al., 2005). 

 

 
Figure 1.2. cDC develoment 
BM uncommitted pre-cDCs (u-pre-cDCs) and pre-cDC1s and pre-cDC2s are known 
to leave the BM and enter the blood stream by a mechanism that is not understood. 
In the blood, they find their way and extravasate by unknown signals into all tissues 
to generate cDC1s and cDC2s. For non-lymphoid tissues (i.e. lung or intestine) it is 
not known whether pre-cDCs and differentiated cDC can proliferate to expand the 
cDC network. It is also unknown how this process changes under inflammatory 
conditions. cDC1s can be identified by expression of surface markers like XCR1 and 
DNGR-1. They also express CD8α in lymphoid tissues and CD103 in non-lymphoid 
tissues. They depend on Irf8, Batf3, Nfil3, Id2 and Bcl6 for their development. cDC2s 
can be identified by CD11b and Sirp-α expression, CD4 in lymphoid organs only, and 
depend on Irf2, Irf4, Traf6 and RBPJ.  A subset of cDC2s depends on Klf4 and an 
intestine-specific cDC2 depends on Notch2 and expresses CD103. 
 

On the other hand, Csf-1 or Macrophage Colony Stimulating Factor (M-CSF) is an 

essential factor for monocyte commitment in the bone marrow. Its receptor is 

expressed by MDPs but also CDPs and some pre-DCs. The strength of Flt3L versus 

M-CSF signalling has been proposed to control MDPs generating CDPs versus 

monocytes, respectively (Smith et al., 2010) although it is now questionable whether 
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MDPs truly exist (Sathe et al., 2014). Csf-2 or Granulocyte Macrophage Colony 

Stimulating Factor (GM-CSF) is a haematopoietic factor important for myeloid 

commitment but the requirement for GM-CSF in cDC development is controversial. 

One study suggested that it is required for development of cDC1s (Greter et al., 

2012), but other studies have suggested that GM-CSF only regulates CD103 

expression in cDC1s and not their development (Edelson et al., 2011; King et al., 

2010). Mice lacking GM-CSF harbour normal DC numbers in lymphoid tissues and 

reduced number in certain non-lymphoid tissues, such as the intestine and the lung 

(Greter et al., 2012). GM-CSF has commonly been used for the generation of DC-

like cells in vitro from total mouse bone marrow, although in fact it supports the 

generation of a mixed population comprising cDCs and monocyte-derived cells (Helft 

et al., 2015). To date, the best system to generate in vitro cDCs is the culture of bone 

marrow progenitors with Flt3L (Naik et al., 2005; Helft et al., 2015). 

 

1.1.4 The bone marrow niche for haematopoietic and progenitor cells 

A niche is the local tissue microenvironment that maintains and regulates a given 

cell, providing tissue architecture and producing growth, survival and/or 

differentiation factors (Morrison and Spradling, 2008). Research over the past two 

decades has helped unravelling the niche of haematopoietic stem cells (HSCs) and 

other BM progenitor cells, providing a better understanding of the regulation and 

function of these cells during health and disease (Crane et al., 2017). However, the 

niche for most myeloid progenitors, including cDC progenitors (referring to both 

CDPs and pre-cDCs), has not been studied so far. 

 

Understanding the structure of the bone is essential for studying the BM niche. In 

long bones, such as the femur and the tibia, there are three anatomically distinct 

areas namely epiphysis, metaphysis and diaphysis (Figure 1.3). The growth disc of 

the bone separates the epiphysis and the metaphysis, which contains a dense 

network of trabecular bone, or spongy bone, and BM. The diaphysis covers the 

longer and thinner part of the bone that is in contact with BM only in the endosteum, 

which separates the cortical bone, or hard bone, from the rest of the BM. 
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The BM vasculature is a highly dynamic and compartmentalised structure essential 

for the maintenance of BM cells and their trafficking to the periphery. Different types 

of BM vasculature have been identified on the basis of diameter, morphology and 

continuous versus fenestrated basal lamina. In bones like the femur, continuous 

arterioles branching from main arteries carry nutrients into the BM and are 

longitudinally organised. Transition zone vessels branch from arterioles and connect 

those to fenestrated sinusoids. Finally, BM sinusoids are usually perpendicular to the 

bone and return venous blood and exiting BM cells to the perpendicular central sinus 

that connects the BM to the peripheral blood (Crane et al., 2017) (Figure 1.3).  

 

 
Figure 1.3. BM niche 
The bone is divided in three anatomically distinct areas: epiphysis and metaphysis 
(divided by the growth plate or epiphyseal plate) and diaphysis. The endosteum is 
the area of the bone that is in contact with the marrow and it is where osteoclast and 
some osteoblasts are found. The bone can be trabecular, or spongy bone found in 
the epiphysis/metaphysis, or cortical, which is a hard bone that is found in the 
diaphysis. The vasculature is formed by endothelial cells and are divided in 
arterioles, that bring nutrients and oxygenated blood, and sinusoids that contain 
venous blood which exists the bone via the central sinus. CAR cells are associated 
to BM sinusoids and HSCs are in close contact to them. CLPs are localised in 
endosteal areas.  
 



Chapter 1 Introduction 

31 

 

For HSCs, it is now quite evident that their niche is mainly perivascular, close to BM 

sinusoids, although some cells are also found close to BM arterioles (Crane et al., 

2017). They are in close contact with CAR cells (mesenchymal CXCL12 abundant 

reticular cells) and endothelial cells, both of which are the main source of stem cell 

factor (SCF) and CXCL12 required for HSC maintenance and retention (Ding and 

Morrison, 2013). 

 

Other cells, such as leptin receptor+ and Ng2+ stromal cells also contribute to the 

production of the two factors mentioned before and are close to HSCs as well (Acar 

et al., 2015; Chen et al., 2016; Kunisaki et al., 2013). Apart from mesenchymal 

stromal and endothelial cells, other cells contribute to the HSC niche. Those include 

sympathetic nerve fibers, Schwann cells associated with them, macrophages, 

megakaryocytes and neutrophils (Bruns et al., 2014; Casanova-Acebes et al., 2013; 

Chow et al., 2011; Cossío et al., 2019; Fonseca-Pereira et al., 2014; Mendez-Ferrer 

et al., 2008; Zhao et al., 2014). Sympathetic neurons produce noradrenaline, which 

has been shown to be important for HSC maintenance. BM macrophages contribute 

with the production of prostaglandin E2 (PGE2) (Ludin et al., 2012) and are important 

for HSC retention in BM (Chow et al., 2011; Winkler et al., 2010). Megakaryocytes 

secrete TGFβ (Zhao et al., 2014) and thrombopoietin (TPO), although the latter is 

secreted at high quantities from the liver (Kimura et al., 1998). Osteoblasts do not 

directly regulate HSC maintenance but they are thought to be indispensable for HSC 

homeostasis by indirectly regulating the vasculature of the BM, among other things 

(Morrison and Scadden, 2014). All in all, the niche of HSCs is very complex and 

facilitates HSC maintenance as well as cell trafficking from the BM sinusoids into the 

blood. 

 

The specific mechanism that drives HSC egress from the BM is not well understood, 

mainly because it involves a variety of cell types, different signals and it is context 

dependent. During homeostasis, HSCs are retained in their niche and very few 

numbers are released to the blood circulation. Interestingly, there are soluble 

mediators that promote retention rather than egress. Retention is mainly mediated 

by CXCL12, SCF, VCAM-1 and hyaluronic acid that bind to CXCR4, c-kit, VLA-4 and 

CD44 respectively, all expressed by most haematopoietic stem and progenitor cells 

(HSPCs) (Lapid et al., 2013). In addition, bone remodelling, circadian regulation and 
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macrophages play a critical role in homeostatic retention of HSCs (Chow et al., 2011; 

Mendez-Ferrer et al., 2008; Winkler et al., 2010). Upon stress, both cell intrinsic and 

cell extrinsic mechanisms contribute to the detachment and release of HSCs from 

the BM. The niche becomes highly proteolytic, leading to the disruption of retention 

signals (Heissig et al., 2007; Lévesque et al., 2003a; 2003b; 2001) and 

permeabilisation of the vascular endothelium (Prendergast et al., 2017). Osteoclasts, 

neutrophils and monocytes contribute to the inflammatory and proteolytic 

environment in the BM thanks to the production of reactive oxygen species (ROS) 

and activation of complement cascades and inflammasomes (Kollet et al., 2007; 

Kwak et al., 2015) . Factors like CXCL12 are released into the circulation, together 

with the signalling lipid sphingosine-1-phosphate (S1P), which contribute to the 

release of HSCs from the BM (Dar et al., 2011; Golan et al., 2012). BM T cells can 

also activate and mobilise HSCs during infection by producing IFN-γ (Baldridge et 

al., 2010). Cell intrinsic mechanisms that potentiate HSPC motility, such as the 

activation of Rho GTPases (Lapid et al., 2013; Yang et al., 2007) or even the direct 

recognition of pathogen components also contribute to the egress of HSCs from the 

BM (Boettcher and Manz, 2016; Manz, 2017). 

 

The niche for BM progenitor cells is far less studied. For lymphoid progenitors, it has 

been shown that they primarily reside in the endosteal areas of the BM. There, 

osteoblasts promote their maintenance by secreting DLL4 (Yu et al., 2015) and 

IGF1(Yu et al., 2016) but very low levels of CXCL12 (Ding and Morrison, 2013) . 

Other lymphoid progenitors reside in sinusoidal niches, where they depend on 

CXCL12, TGFβ and IL-7 from leptin receptor+ cells. GMPs are maintained by G-CSF 

and IL-1 that are likely derived from the vasculature but they have been found to be 

scattered throughout the whole BM or in endosteal areas (Hérault et al., 2017).  

 

The study of the BM niche of several cell types has been possible thanks to the 

development of tools that allow to visualise cells in situ with powerful imaging 

techniques. Without the need of irradiation or adoptive cell transfer, which alters BM 

vasculature and the basal state of the cells, many efforts have helped improving our 

knowledge about the BM niche but also improving clinical diagnosis and therapy. A 

good example is the use of an antibody against CXCR4 –plerixafor– to mobilise 

HSCs during transplantation or cancer (Broxmeyer et al., 2005). However, the niche 
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for most myeloid progenitors, like CDPs and pre-cDCs, remains unidentified. The 

development of new tools for CDPs and pre-cDCs might help studying their niche to 

better understand their contribution to the immune response as well as their 

implications in therapy. 

 

1.2 Models to visualise dendritic cells 

A fair amount of the knowledge about cDC function over the past years (see later) 

comes from the ability to visualise cDCs in situ and in vivo. Mapping of cell 

populations can be achieved by using two genetic approaches: direct reporting of the 

expression of a gene specific to that cell population; or lineage tracing using 

technologies like the Cre-loxP system (Srinivas et al., 2001). Direct reporters rely on 

identifying a single marker that can faithfully identify a given cell type. Normally, a 

sequence encoding a fluorescent protein (FP) is inserted into the locus of a gene of 

interest, either by a knock-in approach into the start codon, which interferes with 

expression of the gene, or by using an IRES or P2A sequence in the 3’ untranslated 

region, which allows the expression of both the gene and the FP. For lineage tracing, 

a mouse line is generated in which Cre recombinase (Cre) is expressed under control 

of the promoter of the gene of interest. The line is then crossed to a second mouse 

that carries a FP under the control of a constitutively active promoter, such as the 

Rosa26 locus. The fluorescent protein gene is preceded by a loxP-flanked STOP 

cassette and, therefore, its expression is induced only after Cre mediated excision 

of the STOP cassette. This form of labelling is heritable, meaning that any cell 

expressing Cre will pass the label to its progeny, irrespective of contemporaneous 

Cre expression. 

 

The approaches mentioned above have been used extensively to target cDCs. Here, 

I summarise current tools that are employed to map cDCs and their limitations.  

 

1.2.1 Genetically-modified mice based on CD11c 

The most widely used model to target cDCs is a transgenic mouse in which a FP is 

expressed under control of the CD11c promoter. This model has been key to 
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visualise the network of cDCs in lymphoid tissues, heart, lung, skin and brain 

(Anandasabapathy et al., 2011; Choi et al., 2009; Hume, 2011; Khanna et al., 2010; 

Lindquist et al., 2004; Thornton et al., 2012). However, the use of CD11c-DTR mice, 

generated to ablate cDCs in vivo upon injection of diphtheria toxin (DT), showed that 

CD11c is not exclusively expressed by cDCs. It is expressed by alveolar 

macrophages in the lung, splenic macrophages, NK cells and T cells (Jung et al., 

2002; Probst et al., 2005)  and can be upregulated by other immune cells like 

monocytes under inflammatory conditions (Drutman et al., 2012; Misharin et al., 

2013). In addition, DTR expression is also found in non-immune cells and prolonged 

DT treatment causes lethality in mice (Zaft et al., 2005). Moreover, even in the 

absence of DT treatment, these mice show altered lymph node composition (van 

Blijswijk et al., 2015). Due to these caveats, identifying the cDC network and cDC 

function in certain organs and under inflammation conditions it is largely 

compromised in genetically-modified mice that rely on CD11c. However, CD11c 

reporter mice are a useful model to study cDCs in some tissues and under 

homeostatic conditions.  

 

1.2.2 Genetically-modified mice based on Zbtb46 

The realisation that CD11c expression is not restricted to cDCs nurtured the search 

for more specific lineage markers. Two groups simultaneously identified the 

transcription factor Zbtb46 to target and distinguish cDCs (Meredith et al., 2012; 

Satpathy et al., 2012). Zbtb46 is expressed in cDCs and cDC progenitors and both 

are labelled in mice that express GFP under the Zbtb46 promoter (Meredith et al., 

2012). However, cDC progenitors are not labelled when Zbtb46-Cre mice are 

crossed to the fate mapping reporter strain Rosa26-STOPfl/fl-eYFP, presumably 

because Cre recombinase is expressed too late relative to the process of 

differentiation into cDCs (Loschko et al., 2016). Despite this, Zbtb46-Cre x Rosa-

eYFP mice display a fraction of labelled cDCs because of continued Zbtb46 

expression in differentiated cDCs (Menezes et al., 2016). However, Zbtb46 

expression is also found on endothelial cells, erythtroid progenitors and monocytes 

(Menezes et al., 2016), limiting the use of these mice to faithfully target and visualise 

cDCs. 
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1.2.3 Genetically-modified mice based on XCR1 

The discovery of XCR1 as a specific marker for cDC1s offered great possibilities to 

study this cDC subset (Dorner et al., 2009). Both XCR1 reporter and XCR1-Cre mice 

were generated to visualise, trace and manipulate cDC1s in vivo and have helped to 

unravel many aspects of cDC1 biology (Kitano et al., 2016; Roberts et al., 2016; 

Yamazaki et al., 2013). However, the use of XCR1-Cre mice to lineage trace cDC1s 

has revealed that a fraction of T cells is labelled in these mice, possibly due to 

sporadic Xcr1 expression in a T cell progenitor, as well as often recombination in the 

germline ((Mattiuz et al., 2018) and unpublished observations). Still, XCR1 based 

mice have proven to be a useful model to study cDC1s. In parallel, another cDC1 

specific marker -Gpr141b gene- has allowed for the generation of Karma-Cre mice 

to target cDC1s, although less efficiently compared to XCR1-Cre mice (Mattiuz et 

al., 2018). 

1.2.4 Genetically-modified mice based on DNGR-1 

When Cre recombinase is knocked-in to the Clec9a locus (or, in another version, 

introduced as a bacterial artificial chromosome (BAC) transgenic) and crossed to a 

fate mapping reporter strain (Rosa26-STOPfl/fl-eYFP or -tdTomato), the progeny 

(Clec9a-eYFP or Clec9a-tdTomato) contains labelled cDC1s and cDC2s across all 

mouse tissues (Schraml et al., 2013). This confirms that all cDCs descend from a 

DNGR-1+ CDP/pre-cDC (Schraml et al., 2013) and that expression of the receptor 

occurs prior to pre-cDC commitment to either subset. Moreover, analysis of reporter 

mice challenged with pro-inflammatory microbial products or infected with Listeria 

monocytogenes showed that monocyte-derived DC-like cells are not labelled, 

consistent with the notion that DNGR-1 is not expressed by monocytes (Schraml et 

al., 2013). 

 

Caveats are that DNGR-1 is also expressed at high levels by cDC1 and at low levels 

by differentiated pDCs. This can complicate the analysis of Clec9a-Cre-based 

reporter mice, especially in conditions in which labelling shows incomplete 

penetrance in cDC progenitors (Schraml et al., 2013). In those cases, there is 

disproportionately greater labelling of cDC1 (which express Cre at the precursor 

stage and, again, as differentiated cDC1) than cDC2 (which only express Cre at the 
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precursor stage). This caveat can be partially eliminated by using reporter strains 

with higher penetrance (e.g., Rosa-tdTomato instead of Rosa-eYFP) and/or 

homozygous Cre mice in which labelling of CDPs/pre-cDCs approaches 90% 

(Schraml et al., 2013). In addition, a very small percentage of 

monocyte/macrophages is labelled in Clec9a-Cre lineage reporter mice, which can 

substantially contribute to the labelled cell fraction in tissues where there is a much 

greater abundance of monocyte-derived macrophages than cDCs (such as the lung 

or the BM). Even with these caveats, to date, DNGR-1 constitutes the best cell 

surface marker and the best lineage tracing strategy of commitment to the cDC 

lineage in mice. 

 

1.3 Dendritic cell function 

1.3.1 Dendritic cells during central and peripheral tolerance 

Apart from being sentinel cells, cDCs are essential keepers of tissue homeostasis 

beyond immune defence. cDCs play a pivotal role in central and peripheral tolerance 

by participating in the negative selection of autoreactive T cells in the thymus and in 

the periphery. Although this function of cDCs is not examined in this thesis, tolerance 

is a prominent cDC feature that results in the resolution of ongoing immune 

responses and ultimately the prevention of autoimmune disorders. 

 

In the thymus, cDCs and medullary thymic epithelial cells (mTECs) contribute to 

central tolerance by eliminating self-antigen reactive T cells and by generating 

regulatory T cells (Tregs) (Hasegawa and Matsumoto, 2018; Iberg et al., 2017). In 

the thymus, cDC1s are known to be resident and are localised mainly in the medulla 

where they contribute to the elimination of autoreactive thymocytes by cross-

presenting self-specific antigens from mTECs (Ardouin et al., 2016; Atibalentja et al., 

2011). On the other hand, cDC2s are thought to be migratory and enter differentiated 

in the thymus in a CCR2 dependent manner (Baba et al., 2009). Mice lacking cDCs 

show accumulation of T cells in the thymus without negative selection leading to 

autoimmunity (Ohnmacht et al., 2009), and mice deficient in both cDCs and mTECs 

show also a reduction in Tregs and multiorgan autoimmunity (Cosway et al., 2017). 
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Although they are efficiently eliminated, some autoreactive T cells remain and 

migrate into the periphery. Tregs induced by cDCs in the periphery are crucial for the 

maintenance of immune tolerance against self-proteins. Induction of peripheral 

Tregs is impaired in Batf3 and Irf8 deficient mice (Esterházy et al., 2016; Jones et 

al., 2016). Treg function is particularly important in barrier tissues such as the skin 

and the intestine, where tolerance to commensal bacteria needs to be balanced with 

an appropriate immune response against prospective pathogens.  

 

Skin cDCs are found in the dermis, while cells resembling tissue resident 

macrophages and cDCs, known as Langerhans cells, are found in the epidermis 

(Merad et al., 2013). Dermal cDC1s are able to produce tonic IL-10 and induce Tregs 

in mice and humans (Chu et al., 2012; Guilliams et al., 2010; Idoyaga et al., 2013), 

while dermal cDC2s are more important for induction of Th2 responses in the skin 

and Tregs only in skin draining lymph nodes (Baratin et al., 2015; Kumamoto et al., 

2013; Tanaka et al., 2016). 

 

In the intestine, immune tolerance is essential to avoid undesired inflammatory 

responses against food antigens and microbiota. cDCs are efficiently localised in the 

villi lamina propria and gut-associated lymphoid tissues, where they induce Tregs in 

a process that depends on TGFβ and retinoic acid that keeps gut homeostasis 

(Coombes et al., 2007; Jones et al., 2015; Ohta et al., 2016; Scott et al., 2011). 

 

1.3.2 Sensing function of dendritic cells 

cDCs play a crucial role in coordinating innate and adaptive immune responses 

through their fine-tuned capacity to sense and respond to microbial products and 

tissue damage-derived molecules (Durai and Murphy, 2016). In order to perform this 

fundamental function, cDCs are strategically localised in tissues. 
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1.3.2.1 Splenic cDCs 

 

In the spleen, cDCs are thought to be resident because they do not come from 

peripheral tissues, although some migratory behaviours within the spleen have been 

long noted (Asselin-Paturel et al., 2005; De Smedt et al., 1996; Idoyaga et al., 2009; 

Reis e Sousa et al., 1997). cDC1s are located in the splenic white pulp (WP) in close 

contact with T cells in the T cell zone (TCZ) (Figure 1.4). CD103, which is thought to 

be expressed only by migratory cDC1s in non-lymphoid tissues, can be expressed 

by some cDC1s in the red pulp (RP) and resemble migratory cDCs, which migrate 

into the TCZ upon encounter with blood borne antigens during inflammatory 

conditions (Idoyaga et al., 2009; Qiu et al., 2009). Splenic cDC2s are mainly found 

in the MZ, close to B cells in the B cell zone (BCZ) (Gatto et al., 2013; Yi and Cyster, 

2013), but they can also be found in the RP or the TCZ. 

 

 
Figure 1.4. Splenic cDCs 
The spleen is mainly composed of two different regions namely red pulp (RP) and 
white pulp (WP). The RP contains macrophages and some cDC1s. The WP is 
separated from the RP by the marginal zone (MZ), where MZ B cells and CD169+ 
macrophages are. In the WP cDC1s and cDC2s reside in different areas, like the B 
cell zone (BCZ) and the T cell zone (TCZ), although they can be densely found in 
close proximity to T cells in the TCZ. 
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Apart from interacting with T cells, splenic cDCs can also perform effector functions. 

For example, splenic cDC1s are critical for the control of Toxoplasma gondii infection 

thanks to their ability to recognise the parasite and produce IL-12 (Gazzinelli et al., 

1993; Liu et al., 2006; Mashayekhi et al., 2011; Reis e Sousa et al., 1997). Splenic 

cDC1s are also important in generating NKT cell responses during Streptococcus 

pneumonia infection (Arora et al., 2014). 

 

1.3.2.2 cDCs in lymph nodes 

 

 
Figure 1.5. Lymph node cDCs 
Migratory cDC1s and cDC2s enter draining lymph nodes from the tissue via afferent 
lymphatics. There, they prime T cells in the T cell zone (TCZ) which then migrate to 
the tissue via efferent lymphatics. Resident cDC1s and cDC2s can get activated and 
prime T cells too when they encounter blood borne antigens that arrive to lymph 
nodes. B cell zone (BCZ), interfollicular zone (IFZ). 
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cDCs in lymph nodes (LNs) can be resident or migratory. resDCs originate from BM 

pre-cDCs and are identified by high CD11c expression and intermediate levels of 

MHCII, while migDCs have lower CD11c levels but have high MHCII expression 

(Merad et al., 2013). After encountering pathogens and processing foreign antigens, 

migDCs become activated and migrate to tissue draining lymph nodes through 

afferent lymphatics in a process that depends on CCR7, CLEC2 and S1P (Acton et 

al., 2012; Idzko et al., 2006; Maeda et al., 2007; Martín-Fontecha et al., 2003; Ohl et 

al., 2004). Once in the LN, cDCs interact with naïve T cells that latter migrate to the 

tissue via the efferent lymphatics (Figure 1.5). 

 

The histo-cytometry technique has revealed that different LN cDCs occupy distinct 

territories (Gerner et al., 2012 and 2015). Migratory (expressing CD103) and resident 

cDC1s (expressing CD8a) locate in deep TCZs where they interact and prime naïve 

T cells to initiate adaptive immune responses. Resident and migratory cDC2s are 

found in the interfollicular zone (IFZ) of the LN, in the T-B cell border, where they can 

sample lymph antigens (Figure 1.5). 

 

1.3.2.3 Intestinal cDCs 

Intestinal cDCs are tolerogenic at steady state but under inflammatory conditions can 

initiate immune responses. They can migrate between different compartments of the 

intestine, from the lamina propria to the epithelium and into the intestinal draining 

lymph nodes (mesenteric lymph nodes, mLNs). They comprise cDC1s, cDC2s and 

a gut-specific subset of DP cDC2s that express both CD11b and CD103 (Figure 1.6). 

 

Intestinal cDC subsets are differentially distributed across the intestinal tract. DP 

cDC2s are found at a high percentage in the small intestine (SI), while in the large 

intestine (LI) they are replaced by single positive cDC2s and a higher percentage of 

cDC1s. cDCs are in general more abundant in the SI, where villi are found, while 

macrophages are more prominent in the colon, where villi are replaced by intestinal 

folds (Bekiaris et al., 2014; Denning et al., 2011). However, to date there is no 

specific characterisation of different cDC subsets and their progenitors in the different 
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regions of the SI (duodenum, jejunum, ileum) and the LI (cecum, colon), which might 

explain the differences in subset distribution. 

 

 
Figure 1.6. Intestinal cDCs 
The intestinal lumen contains food antigens, microbiota or pathogens that can be 
sensed by cDCs found in the lamina propria. The small intestine contains 3 types of 
cDCs: cDC1s, DP cDC2s and low abundant cDC2s. After encountering and 
phagocytosing pathogens, cDCs process antigens and migrate to mesenteric lymph 
nodes via the lymphatics. 
 

It is known that intestinal cDCs perform different functions depending on subset and 

location. cDC1s are present in the lamina propria and can migrate into the epithelial 

cell layer to capture bacterial antigens (Farache et al., 2013; McDole et al., 2012). 

cDC2s in the SI seem to be superior in inducing IFN-γ production by T cells, although 

this has been assessed exclusively in vitro (Cerovic et al., 2012) while in the colon 

they are more abundant and can drive Th2 responses (Mayer et al., 2017). DP 

cDC2s have more limited access to antigens from the intestinal lumen, and get 

access to them when pathogens cross the epithelial layer or when other cells import 

them to the lamina propria (Edelson et al., 2010; Voedisch et al., 2009; Weninger et 
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al., 2014). Moreover, mice lacking the transcription factor Notch2, and consequently 

lacking DP cDC2s, succumb to infection with Citrobacter rodentium which has been 

linked to deficient production of IL-23 (Satpathy et al., 2013). DP cDC2s are the main 

drivers of Th17 responses in the SI (Persson et al., 2013; Satpathy et al., 2013; 

Schlitzer et al., 2013; Welty et al., 2013), which seems to depend on their ability to 

produce high levels if IL-6. DP cDC2s can also induce Th2 cells (Mayer et al., 2017) 

and are efficient inducers of Tregs (Coombes et al., 2007; Mucida et al., 2007; Sun 

et al., 2007). 

 

1.3.2.4 Lung cDCs 

The airways represent an environment that is frequently targeted by pathogens and 

allergens but it is also the place where gas exchange occurs. Therefore, immune 

responses in the lung need to be delicately balanced to provide protection yet 

prevent collateral damage that could impair survival. 

 

The big airways of the lung, the bronchi, descend from the trachea and ultimately 

branch into bronchioles. Airways are surrounded by submucosal glands that secrete 

fluids, mucins and other host defence proteins into the airway lumen, and ciliated 

cells that constantly move mucus. Bronchioles terminate at the alveoli lined by type 

I and type II epithelial cells and this is where gas exchange takes place (Whitsett and 

Alenghat, 2014). 

 

Several mononuclear phagocytes are resident in the lung at steady state. Alveolar 

macrophages are highly autofluorescent by flow cytometry or microscopy, express 

CD64, CD11c, MerTK and SiglecF and are found in the alveolar space at the air-

liquid interface (Kopf et al., 2014). Interstitial macrophages express CD64 and 

CD11b and are associated to the lung parenchyma or to endothelial cells (Chakarov 

et al., 2019). They have recently found to be heterogenous (Chakarov et al., 2019) 

and, together with alveolar macrophages, perform several functions like homeostatic 

phagocytosis, immune defence to parasites and initiation of inflammatory and tissue 

repair responses (Bosurgi et al., 2017; Guilliams et al., 2013; Kopf et al., 2014), 

(Minutti et al., 2017) . 
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cDCs on the other hand are usually associated with conducting airways where they 

can sample the lung lumen (Veres et al., 2011). cDC1s display long protrusions 

outside the epithelial layer of the conducting airways. cDC2s are associated with big 

airways too but are located underneath the basement membrane, in the lamina 

propria. When they become activated, lung cDCs can transport antigens to lung 

draining lymph nodes (mediastinal lymph nodes, mdLN) where they can initiate T 

cell responses. 

 

 
Figure 1.7. Lung cDCs 
cDC1s and cDC2s in the lung are found around big airways at steady state. There, 
they can be in close contact with allergens and pathogens that enter the body through 
the respiratory tract. Alveolar macrophages and interstitial macrophages are found 
throughout the whole lung, both close to big airways but also in the lung parenchyma. 
 

cDC1s play an important role in the induction of pulmonary antiviral CD8 cytotoxic T 

cells that lead to viral clearance, such as in the case of Influenza A virus (IAV, see 

later), Vaccinia virus and Sendai virus (Beauchamp et al., 2010; Edelson et al., 2010). 

cDC2s can trigger Th17 responses against fungal pathogens (Schlitzer et al., 2013), 

a process that depends on the production of IL-23, IL-6, and IL-1β and the 
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complement system. cDC2s can also control helminth infection and lung 

inflammation during asthma (Cook and MacDonald, 2016; Hammad et al., 2010; 

Lambrecht and Hammad, 2012; Phythian-Adams et al., 2010; Tussiwand et al., 

2015; van Rijt et al., 2005). During bacterial infections such as Mycobacterium 

tuberculosis, cDC2s were found to be infected and were the only transporters of 

bacterial antigens to mdLN where they initiate Th1 responses in an IL-12 dependent 

manner (Bafica et al., 2005; Khader et al., 2006; Robinson et al., 2010; Wolf et al., 

2007). 

 

In addition to initiating adaptive immune responses after challenge, lung cDCs are 

also important in generating memory responses, either by inducing a tissue-resident 

memory (TRM) T cell pool (Kim et al., 2010) or by cooperating with B cells for the 

production of antibodies (Naito et al., 2008; Smits et al., 2009).  

 

1.3.3 Pattern Recognition Receptors expressed by cDCs 

Ultimately, cDCs can perform a sentinel function because they express a variety of 

Pattern Recognition Receptors (PRRs) that can recognise Pathogen-Associated 

Molecular Patterns (PAMPs) and Damage-Associated Molecular Patterns (DAMPs). 

 

PRRs are classically divided in membrane bound and cytoplasmic sensors. 

Cytoplasmic receptors include RIG-I like receptors (RLRs) that detect viral nucleic 

acids and NOD-like receptors (NLRs) that can recognise microbial products or 

stresses such as irradiation. As they are cytosolic, their engagement requires the cell 

to be infected or damaged. Transmembrane receptors include Toll-like receptors 

(TLRs) and C-type lectin receptors (CLRs). 

 

cDC subsets have a different expression pattern of PRRs (Merad et al., 2013). 

cDC1s are the only cDCs that express the double-stranded viral RNA sensor TLR3 

(Edwards et al., 2003), Toxoplasma gondii sensor TLR11 (Yarovinsky et al., 2005) 

and the CLR Clec9a (DNGR1), which binds filamentous actin from dead cells 

(Ahrens et al., 2012; Hanč et al., 2015; Poulin et al., 2012; Sancho et al., 2009; 

Schulz et al., 2018; Zhang et al., 2012). cDC2s express high cytoplasmic viral sensor 
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levels (Luber et al., 2010) and the CLR Dectin 1 (Clec7a), which recognises fungal 

components (Brown et al., 2002; Dudziak et al., 2007). TLR5 is expressed by 

intestinal DP cDC2s and its activation by flagellin leads to the production of 

antimicrobial peptides in an IL-22 dependent manner (Kinnebrew et al., 2012). 

 

BM cDC progenitors, both CDPs and pre-cDCs, also have a specific PRR expression 

pattern. They mainly express TLR2, TLR4, TLR9 and DNGR-1 (Merad et al., 2013; 

Schraml et al., 2013), which recognise several PAMPs and DAMPs. TLR2 binds to 

cell wall components from yeast or bacteria (Oliveira-Nascimento et al., 2012) while 

TLR4 recognises bacterial lipopolysaccharide (LPS) (Medzhitov et al., 1997; 

Poltorak et al., 1998). TLR9 recognises unmethylated cytosine-phosphate-guanine 

(CpG) dinucleotides from bacterial and viral DNA (Hemmi and Akira, 2000), although 

it can also recognise self-DNA in certain scenarios such as tissue injury (Zhang et 

al., 2010).  

Even though it has been long noted that CDPs and pre-cDCs express some PRRs, 

to date very little is known about the function of PRRs expressed by cDC progenitors. 

One study has shown that in vitro ligation of TLR2 and TLR9 induced CXCR4 

downregulation in CDPs, while TLR4 stimulation upregulated CCR7 (Schmid et al., 

2011). On another study, human pre-DCs were stimulated with the TLR9-ligand CpG 

which resulted in the production of tumour necrosis factor alpha (TNFa) and IL-12p40, 

to a greater degree than when the cells were exposed to LPS (TLR4 agonist) or 

polyI:C (TLR3 agonist) (See et al., 2017). These data suggest that cDC progenitors 

have the capacity to directly sense and respond to PAMPs and DAMPs. Recognition 

of pathogens and damage might play an important role in their lineage commitment 

or ability to generate cDCs. However, we do not know yet whether cDC progenitors 

directly sense signs of infection or inflammation to regulate cDCpoiesis and the 

impact that this might have in the cDC network in vivo. 

 

1.3.4 Changes in the dendritic cell network during immune challenge 

The fact that cDCs are distributed across barrier tissues assures the early detection 

of any given insult. When they encounter pathogens, cDCs migrate to draining lymph 
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nodes to prime T cells and die 1-3 days thereafter (Braun et al., 2011; Kamath et al., 

2000; Tomura et al., 2014). In order to sustain T cell priming, new waves of tissue-

derived cDCs carrying antigen need to keep arriving in draining lymph nodes. 

Therefore, it is reasonable to speculate that cDC numbers in the affected tissue also 

need to increase in order to support antigen sampling and subsequent emigration to 

the draining lymph node. During an inflammatory setting, monocytes can differentiate 

into cells that have many cDC features, including the ability to prime naïve T cells, 

but it is clear that such monocyte-derived DC-like cells are distinct from those that 

arise from regular cDCpoiesis and cannot substitute for them, for example in anti-

viral or anti-tumour immunity (Briseño et al., 2016). Therefore, increased demand for 

cDCs in the periphery can only be met through increased cDCpoiesis: either by 

increased generation of cDC progenitors in BM, by greater efflux of pre-cDCs out of 

the BM and/or by proliferation of pre-cDCs in tissues. 

 

Importantly, there is indirect evidence that the localisation, basal turnover, number 

and frequency of different cDC subsets in tissues, as well as generation of cDC 

progenitors in BM, are altered by infection or tissue injury. For example, following 

corneal infection of mice with herpes virus, there is diversion of haematopoiesis 

towards generation of cDCs (Welner et al., 2008) while chronic Salmonella infection 

leads to cDC accumulation in the spleen and liver (Johansson et al., 2006a). A Flt3L-

dependent increase in cDC1 has been noted upon Plasmodium infection 

(Guermonprez et al., 2013) and a decrease in cDC1 followed by increase has been 

seen in the lungs of influenza virus-infected mice (Ballesteros-Tato et al., 2010). 

Similarly, there is an increase in CD11b+ cells in lungs of mice infected with IAV 

although many of those cells are likely to represent monocyte progeny rather than 

bona fide cDC2 (Ballesteros-Tato et al., 2010; Helft et al., 2012). Pulmonary infection 

with Cryptococcus neoformans also induces expansion of both cDC1s and cDC2s 

subsets in the lungs (Hole et al., 2019). Finally, LPS inhalation causes an increase 

in cDCs in mouse lungs (Nakano et al., 2017). 

 

cDCpoiesis rates can also increase in response to loss of cDCs in the periphery 

(Hochweller et al., 2009). One recent study has reported a decrease in lung cDCs at 

early time points during IAV infection, and BM cDC progenitors from infected mice 

were more capable of generating cDCs in vitro than those from uninfected mice 
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(Beshara et al., 2018). Furthermore, administration of Flt3L to humans or mice 

greatly increases cDC numbers (Maraskovsky et al., 1996). This fact is routinely 

exploited to generate cDCs in vitro and in vivo for experimental analysis (Naik et al., 

2005) and can improve vaccine efficacy or anti-tumour immunity (Salmon et al., 

2016; Sumida et al., 2004). Interestingly, Flt3L can lead to skewing of cDC subsets 

towards cDC1 (Guermonprez et al., 2013). In contrast, retinoic acid biases pre-cDCs 

populations towards cDC2 development (Klebanoff et al., 2013). These data suggest 

that cDC subset generation by pre-cDCs can be modulated by external signals 

although it is not known how this occurs. 

 

In contrast, macrophages, in most cases, are long-lived, largely sessile and originate 

from embryonic precursors that colonise tissues prior to the developmental 

establishment of definitive haematopoiesis (Varol et al., 2015). Notably, tissue 

macrophages can self-renew and this allows macrophage numbers to be adjusted in 

response to increased local demand in conditions such as infection or inflammation 

(Sieweke and Allen, 2013). Furthermore, blood monocytes can enter tissues upon 

demand and differentiate into monocyte-derived cells that greatly resemble tissue 

macrophages (Guilliams et al., 2018). This increase in monocytes in response to 

peripheral signals is termed “emergency monopoiesis” (Guilliams et al., 2018), and 

in the case of neutrophils, for which demand also increases upon infection, it is called 

“emergency granulopoiesis” (Manz and Boettcher, 2014). Those processes involve 

the attraction of BM monocytes and neutrophils to the tissue via chemokine gradients 

of CCL2/7 for monocytes and CCL5/CXCL4 for neutrophils. In addition, fresh new 

cells are generated in the BM thanks to the production of growth factors such as G-

CSF, M-CSF, GM-CSF and IL-6 (Guilliams et al., 2018; Kolaczkowska and Kubes, 

2013; Manz, 2017; Manz and Boettcher, 2014). Extramedullary monopoiesis, i.e. in 

the spleen and in the lung, has also been noted and it depends on IL-1β release 

during inflammation (Leuschner et al., 2012). However, very little is known about the 

induction of a similar process for cDCs, which might by analogy be termed 

“emergency cDCpoiesis”. 

 

Challenges such as infection, injury or inflammation can also lead to systemic 

increases in cytokines that augment the generation of cDC progenitors in BM, 

including not only Flt3L but also GM-CSF, G-CSF, M-CSF, IL-3 or IL-6, all of which 
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impact myeloid development and can instruct the development of specific lineages 

(Boettcher and Manz, 2016; Takizawa et al., 2012). The systemic response could 

impact CDPs and pre-cDCs, which express relevant receptors (Merad et al., 2013). 

Regulation of the expansion and differentiation potential of pre-cDCs arriving in 

tissue has also been observed previously (Hochweller et al., 2009; Klebanoff et al., 

2013) and is particularly attractive as it does not require signal transmission from the 

periphery to the BM. Also, decreased lymphopoiesis or increased emigration of 

lymphocytes from BM can create “space” for increased generation of myeloid cells 

(Takizawa et al., 2012), but whether this affects the CDP niche awaits 

characterisation of the latter.  

 

While all these studies suggest that cDC numbers in tissues can be regulated by 

local demand, it is unclear whether this requires changes in putative local 

proliferation of pre-cDCs or, alternatively, communication with the BM and 

recruitment of additional precursors. Similarly, we do not at present know to what 

extent a surge in demand increases pre-cDC output from BM, impacts the niche 

where cDC progenitors develop in BM, affects how pre-cDCs colonise tissues or 

directs differentiation of different subsets of cDCs. In fact, our understanding of 

cDCpoiesis is limited even in steady-state conditions.  

 

1.3.5 Dendritic cells during Influenza A virus infection 

IAV belongs to the Orthomyxoviridae family and it is a single stranded RNA (ssRNA) 

enveloped virus. The World Health Organisation guideline for the nomenclature of 

IAV subtypes includes the type of Influenza (A, B or C), the host (if not human), place 

of isolation, isolation number and year of isolation. In addition, there are 18 types of 

Influenza hemagglutinins and 11 types of neuraminidases that are noted in 

parentheses with H1-18 and N1-11. For instance, PR8, a lab-adapted strain that is 

used for infecting mice, comes from A/Puerto Rico/8/1934 (H1N1). A variant of H1N1 

Influenza caused the pandemic of Spanish flu that killed 50 to 100 million people 

from 1918 to 1919. PR8 is extremely virulent to mice and a milder strain that is often 

used instead is X31, a modified virus carrying the H and N genes of A/Hong 

Kong/1/1968 (H3N2) in the background of PR8 (Bouvier and Lowen, 2010). 
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IAV infects the respiratory tract and in most cases the infection is contained within 

the lung. The virus gets through the mucus layer that covers the epithelium and 

infects respiratory epithelial cells. From there, IAV spreads to immune cells such as 

macrophages and cDCs (Manicassamy et al., 2010; Perrone et al., 2008). IAV is 

recognised by the immune system mainly by detecting viral RNA present within 

infected cells. It can be recognised by several PRRs, which include TLR3, TLR7, 

RIG-I and NLRP3 (Iwasaki and Pillai, 2014). 

 

TLR3 is expressed by epithelial cells and mononuclear phagocytes and recognises 

double stranded RNA (dsRNA) in endosomes (Alexopoulou et al., 2001; Schulz et 

al., 2005). It signals through the adaptor TRIF and triggers the production of 

proinflammatory cytokines and IFNs. TLR3 is required for containing IAV infection, 

although it also drives inflammation-derived immunopathology (Goffic et al., 2006). 

The exact mechanism by which TLR3 recognises IAV is not clear because IAV 

replication supposedly does not generate dsRNA (Pichlmair et al., 2006; Wisskirchen 

et al., 2011). 

 

TLR7 is mainly expressed by pDCs and recognises ssRNA in endosomes without 

IAV replication. It signals through MyD88 to trigger proinflammatory cytokines and 

IFNs (Diebold et al., 2004). 

 

RIG-I is an RLR family cytoplasmic receptor expressed by epithelial cells and most 

immune cells. It is essential for viral detection and signals through MAVS to result in 

secretion of type I IFNs and proinflammatory cytokines (Goubau et al., 2014; 

Pichlmair et al., 2006; Rehwinkel et al., 2010). 

 

Finally, NLRP3 is expressed by several cell types and it is a multiprotein 

inflammasome complex containing ASC and pro-caspase 1 that triggers the 

secretion of mature proinflammatory IL-1β and IL-18. It requires two signals to get 

activated: signal 1 in the lung is maintained by commensal bacteria and induces 

transcription of genes like pro-IL-1β, pro-IL-18 and NLRP3 (Martinon et al., 2009), 

while signal 2 can be provided by three IAV stimuli: ssRNA, proton flux from the IAV 

M2 ion channel or big IAV aggregates from infected cells (Ichinohe et al., 2010; 



Chapter 1 Introduction 

50 

 

McAuley et al., 2013; Thomas et al., 2009). Signal 2 results in the activation and 

cleavage of caspase 1 that induces the secretion of IL-1 β and IL-18. 

 

Overall, through a complex multicellular mechanism involving several pathways, viral 

recognition leads to the secretion of type I and III interferons (IFNs), proinflammatory 

cytokines, eicosanoids and chemokines. IFNs bind to their receptors (IFN α and β 

receptor or IFNAR for type I IFNs, and IFNλ receptor or IFNLR for type III IFNs) in 

an autocrine and paracrine manner. Mice lacking either receptors are slightly more 

susceptible to infection compared to WT mice but susceptibility is much greater when 

mice lack both IFNAR and IFNLR (Mordstein et al., 2008), or their common 

downstream transcription factor STAT1 (Durbin et al., 2000). 

 

Although IFNs are secreted to contain viral infection, in excess they can be 

detrimental to the host and cause immunopathology (McNab et al., 2015). For 

instance, CCR2 recruited monocytes have shown to produce pulmonary 

immunopathology during IAV infection in a type I IFN manner (Lin et al., 2008). Other 

studies showed how TLR3 derive IFNs can lead to immunopathology (Goffic et al., 

2006). Immunopathology in 129 mice was shown to be type I IFN dependent and this 

was reverted when mice lacked IFNAR (Davidson et al., 2014) or when adult mice 

were used instead of juveniles (Coates et al., 2018). Finally, IFNs can cause 

immunopathology beyond the lung, for instance by driving BM HSC collapse and cell 

death (Smith et al., 2018). Therefore, when controlling IAV infection it is necessary 

to balance protection with host fitness. 

 

IFN receptor signalling stimulates the expression of genes known as IFN-stimulated 

genes (ISGs) and induces an antiviral state. Proinflammatory cytokines and 

eicosanoids induce fever and instruct innate and adaptive immune responses to IAV. 

Chemokines recruit additional immune cells at the site of infection, such as 

neutrophils, monocytes and NK cells which help clearing viral infected cells or 

containing the infection (Gazit et al., 2006; Hashimoto et al., 2007). Whether cDCs 

are recruited and how they would be recruited during IAV infection is less clear. Some 

studies have shown increase of different cDC subsets during IAV infection 

(Ballesteros-Tato et al., 2010; GeurtsvanKessel et al., 2008) but another recent study 

has contradicted this (Beshara et al., 2018). In addition, bona fide cDCs and 
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monocyte-derived cells are difficult to be distinguished as the latter can have DC-like 

properties during infection. Monocytes are recruited in a CCR2 and IFNAR 

dependent manner but, as explained before, they are different to cDCs (Guilliams et 

al., 2018) and whether monocyte-derived cells participate in viral clearance is unclear 

(Coates et al., 2018; Lin et al., 2008). 

 

If viral infection persists, clearance of IAV ultimately depends on the adaptive 

immune system, either by the action of cytotoxic CD8+ T cells or virus-neutralising 

antibodies produced by B cells. Adaptive T cell responses to viral proteins (such as 

IAV nucleoprotein or NP) are generated in the lung-draining mdLNs. Such responses 

are associated with the clearance of the virus from the lung and with the subsequent 

protection from reinfection by keeping a tissue resident memory CD8+ T cell pool. 

Mice deficient in in TLR7, NLRP3 or RIG-I still generate IAV specific CD8+ T cells 

but, interestingly, mice lacking the receptor for the pro-inflammatory cytokine IL-1 

(IL1R) or the inflammasome adaptor ASC do not (Ichinohe et al., 2009; Pang et al., 

2013). On the other hand, the induction of neutralising antibodies to IAV 

neuraminidases and hemagglutinins, necessary for prevention of reinfection, is 

mainly TLR7 dependent (Geeraedts et al., 2008; Koyama et al., 2007). 

 

cDCs are essential in mounting CD8+ T cell responses during IAV infection. Activated 

lung cDCs, in particular cDC1s, bring antigen to mdLN where they present it to naïve 

T cells (GeurtsvanKessel et al., 2008). cDCs are also important in generating IAV 

specific TRMs (Iborra et al., 2016; Ng et al., 2018; Shen et al., 2010) . In sum, all 

these studies have identified cDCs as key drivers of antiviral immunity to IAV.  

 

1.3.6 Dendritic cells function in cancer 

cDCs have proven to be key in the control and rejection of tumours by different 

mechanisms (Broz et al., 2014; de Mingo Pulido et al., 2018; Greyer et al., 2016; 

Roberts et al., 2016; Salmon et al., 2016; Spranger et al., 2017; Zelenay et al., 2015). 

They help recruiting T cells to tumours in a CXCL9/10 and CXCR3 dependent 

manner, activating intratumoral effector cells through the production of IL-12, IL-15 

and type I IFNs and they are also necessary to prime and generate cytotoxic T 
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lymphocytes (CTLs). Many clinical trials have tried to harness cDCs to boost these 

properties in cancer patients (Tacken et al., 2007). However, the results have not 

reached expectations seen in mice yet. 

 

One of the reasons why those clinical trials have failed, is the fact that monocyte-

derived cells were used instead of bona fide cDCs (Cancel et al., 2019). In fact, the 

generation of tools that can distinguish monocyte-derived cells over cDCs has led to 

the conclusion that the later are better at generating tumour CTLs (Bakdash et al., 

2016; Briseño et al., 2016; Garg et al., 2017; Wimmers et al., 2014). Importantly, 

cDC1s have been shown to be the subset responsible of generating anti-tumour 

responses. This superior capability might be due to the lack of tools to specifically 

study cDC2 function, or due to their unique intrinsic ability. cDC1s express DNGR-1, 

which might help them take up tumour material from dead cells (Zelenay et al., 2012), 

they are able to preserve antigen for longer in phagocytic compartments (Savina et 

al., 2009) and it has been recently shown that they express WDFY4 which is 

specifically required to cross-present cell associated antigens (Theisen et al., 2018). 

The novo generation of CTLs by cDC1s occurs predominantly in tumour draining 

LNs (tdLNs), although some naïve T cells can also be primed in the tumour 

(Thompson et al., 2010). Understanding the mechanisms that drive the generation, 

recruitment and activation of intratumoral cDC1s is thus key for improving cDC-

based immunotherapy. 

 

Regarding the recruitment of cDC1s, it has been shown that CCL5 and XCL1 

produced by intratumoral NK cells is key for the recruitment of cDC1s to melanoma 

tumours (Böttcher and Reis e Sousa, 2018; Böttcher et al., 2018). In addition, CCL4 

produced by tumour cells can increase intratumoral cDC1s (Spranger et al., 2015). 

 

In terms of factors that activate cDC1s in the tumour, type I IFNs appear to be critical 

in enhancing the cross-presentation ability of cDC1s (Diamond et al., 2011; Fuertes 

et al., 2011), although high availability of tumour antigen renders type I IFNs 

unnecessary for cross-presentation of tumour associated antigens.  

 

Finally, very little known about intratumoral cDCpoiesis. A study has demonstrated 

the presence of pre-cDCs in tumours that were capable of generating cDCs upon 
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adoptive transfer (Diao et al., 2010). Anti CCL3 blocking antibody reduced the 

amount of pre-cDCs in lung tumours, although the cell intrinsic effect of the CCR1-

CCL3 axis was not shown. The same group eight years later used Zbtb46-DTR mice 

to show that ablation of pre-cDCs and cDCs during the inoculation of a B16-OVA 

melanoma cell line significantly decreased the generation of cytotoxic CD8+ T cells 

in tdLNs but not intratumoral CTLs (Diao et al., 2018). However, whether the 

impaired T cell response was due to inefficient recruitment of pre-cDCs from the BM 

or just due to depletion of cDCs in the tumour is not clear. 

 

Tumours employ multiple mechanisms to evade immune surveillance. One study has 

recently shown that one of these mechanisms is tumour-induced myelopoiesis, 

whereby immunosuppressive myeloid cells are generated at the expense of cDC 

development in a process that depended on G-CSF and Irf8 downregulation in BM 

progenitors (Meyer et al., 2018). This generated impaired CD8+ T-cell responses and 

correlated with poor patient outcome. On the other hand, treatment of mice with Flt3L 

leads to accumulation of pre-cDC1s in tumours (Salmon et al., 2016). Intratumoral 

production of Flt3L by NK cells could facilitate this, however it is unclear whether it 

acts on pre-cDCs, cDCs or both (Barry et al., 2018). Our understanding of the 

mechanisms that support the development of tumour cDCs is limited and studying 

how pre-cDCs are recruited to tumours might help boosting current immunotherapies 

for the treatment of cancer.  

 

1.4 Summary 

In sum, cDCs are key components of immunity that are present in most tissues and 

develop from BM committed progenitors. However, we still do not understand how 

BM progenitors seed barriers tissues such as the lung and the small intestine and 

whether this process is altered during inflammatory conditions caused, for instance, 

by infection or cancer. My hypothesis is that pre-cDCs proliferate in tissues to 

establish an intimate network of cDCs, while immune challenges such as infection 

can induce changes in this network requiring a fine regulation of cDCs in tissues with 

pre-cDCs in the bone marrow. The goal of this thesis is to understand how the 
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network of cDCs is organised in barrier tissues and how it changes to couple cDC 

localisation with function. More specifically, the aims of this thesis are: 

 

1. To develop a mouse model to study how the network of cDC is organised in 

tissues by assessing pre-cDC colonisation in vivo. 

2. To examine the network of cDCs during infection or cancer and study how 

pre-cDC colonisation changes during these immune challenges. 

3. To evaluate whether pre-cDCs can directly sense signs of infection or tissue 

injury and whether this affects their capacity to generate cDCs in vivo. 

4. To generate a mouse model to visualise pre-cDCs in vivo and study their 

niche in the BM as well as their migratory capacity under steady state and 

inflammatory conditions. 
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Chapter 2. Materials & Methods 

Mice 
Clec9a-Cre (Schraml et al., 2013), ROSA26-eYFP (Srinivas et al., 2001), ROSA26-

tdTomato (Madisen et al., 2009) , ROSA26-Confetti (Snippert et al., 2010), Flt3l-/- 

(Taconic Biosciences), CCR2-fl-eGFP (Willenborg et al., 2012), Ifnar1-/-(Muller et al., 

1994), Myd88-/- (Hou et al., 2008), Rag1-/-(Mombaerts et al., 2003), Tlr7-/- (Lund et 

al., 2004), Ifngr-/-(Huang et al., 1993), Tlr9-/- (Shizuo Akira Laboratory), Vav-Cre (de 

Boer et al., 2003), Csf1r-DTR-mCherry (Schreiber et al., 2013) and C57BL/6J mice 

were bred at The Francis Crick Institute in specific pathogen-free conditions. All 

transgenic mouse lines were backcrossed to C57BL/6J. Six to twenty-week-old mice 

were used in all experiments unless otherwise specified. All animal experiments were 

performed in accordance with national and institutional guidelines for animal care. 

 

Bone marrow chimeras 
Bone marrow was isolated from femur and tibia of CD45.1 (WT) and CD45.2 (Tlr9-/-) 

donor mice. Bones were flushed with ice-cold PBS and cells were counted. Cell 

suspensions were centrifuged at 500g/4min/4°C and resuspended in appropriate 

volumes to reach 3x107cells/ml. For mixed chimeras, bone marrow from both donors 

was combined 1:1. Before bone marrow transplant, CD45.1 hosts were treated with 

0.043% HCl in their drinking water, 7 days before irradiation until 5 weeks after. Hosts 

were irradiated twice with a dose of 6.6Gray, separated by 4h, and intravenously 

reconstituted 24h after the last irradiation with 3x106 donor cells. Peripheral blood 

was collected via tail vein bleed into heparinised tubes to assess reconstitution 5 

weeks after bone marrow transfer. 

 

Infection with Influenza A Virus 
Mice were anaesthetised via inhalation of isoflurane. Mice were infected intranasally 

with 35000 TCID50 of influenza A X31 (H3N2) in 30µl of PBS. Mice were monitored 

daily for weight loss and signs of infection and sacrificed at day 1, 3, 5 or 7 post-

infection. 
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Transplantable model of melanoma 

Melanoma cell lines were defrosted from -80°C freezer and cultured in medium in 

humidified 37°C, 5% CO2 incubator. Cells were treated with trypsin for detachment 

and passed through a 70µm cell strainer. Cells were manually counted using 

haemocytometer. The whole cell suspension was diluted to aim for 20x106 cells/ml 

in PBS. Mice were shaved and received a subcutaneous injection of 2x106 cells in 

the flank. Mice were sacrificed at day 4 or day 13 post tumour inoculation. 

  

Systemic delivery of TLR ligands 
TLR ligands (CpG ODN 1668, Pam3CSK4 or LPS from InvivoGen) were injected 

either peritoneally or intravenously to mice at a dose of 1mg/kg in PBS. Mice were 

sacrificed 1h, 3h, 12h or 72h post-injection. 

 

Injection of DT to mice 
Mice were injected i.p. with 12 ng/g body weight DT (Sigma-Aldrich D0564) diluted 

in sterile PBS every other day until the end of the experiment. 

 

Intravital imaging of the mouse calvaria. 
Imaging procedure followed the guidelines from (Scott et al., 2014). One-hour prior 

surgery, mice received intravenous injection of 50μg of anti-B220, MHCII and CD64 

antibodies in AF647 diluted 5μl/g weight. Mice were anaesthetised using isofluorane. 

Metacam (for injection, 5-10mg/kg) + Vetergesic (Buprenorphine, 0.1 mg/kg) were 

injected subcutaneously before surgery. The skin of the skull was shaved and 

disinfected with Clorexidine. A skin incision of 1.5 cm was performed to expose the 

skull. A metallic window was implanted on top of the skull by using dental cement. 

Surgery was done under best aseptic conditions although mice were recovered at 

the end of the experiment. Ophthalmic ointment was applied to the eyes following 

induction of anesthesia. Before imaging, mice received 50 μl of 1mg/ml dextran-

TRITC 500KDa (Merck 52194). Mice were imaged using an upright LSM710 confocal 

microscope using 488nm, 561nm and 633nm lasers to detect eGFP, dextran and 

AF647 respectively. BM pockets in the skull were imaged using a 20x objective over 

20 time lapses with 7min intervals. Images were processed using Imaris software. 
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Flt3L cultures 
Whole bones of both hind legs (femurs and tibia) were collected on cold PBS after 

the muscle tissue was removed. Bones were disinfected for 2 min in 70% ethanol 

and both ends of bones were cut with sterile scissors. BM was flushed out with R10 

(RPMI+10%FCS+1%PSG) medium using a 20ml syringe and needle in a 70μm cell 

strainer over a 50ml falcon tube. Remaining cells were squeezed through the strainer 

with a plunger, then rinsed with medium. Cells were resuspended in R10 medium 

containing 150ng/ml mouse Flt3L (Peprotech) at a concentration of 2.5 million 

cells/ml. 4 ml cells were seeded per well of 6-well tissue culture plates. At day 8-9 

cultures cells were harvested by collecting supernatant and attached cells using cold 

PBS and 2mM EDTA. If cultures were treated with DT, DT was added to the cultures 

at day 0 and 3 in fresh media. 

 

Cultures of splenic cells 
Spleens were cut into small pieces and digested with Collagenase IV (200U/ml, 

Worthington) and DNase I (0.2mg/ml, Roche) in RPMI for 30 min. Digested tissues 

were strained through a 70μm cell strainer and washed with PBS. Spleen single cell 

suspensions were resuspended in RPMI at a concentration of 2.5 million cells/ml and 

plated in 6-well plates in the presence or absence of DT. Cultures were analysed 

24h later. 
 

Cell isolation 
Spleens, msLNs, mdLNs, lungs and tumours were cut into small pieces and digested 

with Collagenase IV (200U/ml, Worthington) and DNase I (0.2mg/ml, Roche) in RPMI 

for 30 min (spleen and LNs) or 60 min (lung and tumours) at 37°C. Digested tissues 

were strained through a 70μm cell strainer (BD Bioscience) and washed with FACS 

buffer (3% foetal calf serum, 5mM EDTA, 0.02% sodium azide in PBS). For spleens, 

red blood cells were lysed with Red Blood Cell Lysis Buffer (2 min at RT; Sigma). 

For SI, Peyer’s patches and connective tissue were removed. SIs were cut 

longitudinally and rinsed with PBS. The tissue was cut in 0.5cm pieces and incubated 

in 20ml of RMPI with 25mM HEPES, L-glutamine, penicillin/streptomycin, 50μM β-

mercaptoethanol, 5mM EDTA (all Gibco), 3% foetal calf serum and 0.145mg/ml DL-

dithiothreitol (Sigma) for 20min at 37°C with shaking. SI were subsequently vortexed 

for 30s and strained through a fine mesh tea strainer. Tissue fragments were washed 



Chapter 2 Materials and Methods 

 

58 

 

three times in 10ml of RMPI with 25mM HEPES, L-glutamine, penicillin/streptomycin, 

50μM β-mercaptoethanol and 2mM EDTA (all Gibco), while vortexing in between 

each washing step to remove intraepithelial lymphocytes. SI fragments were 

digested with collagenase IV (200U/ml, Worthington) and DNase I (0.2mg/ml, Roche) 

in 10 ml RPMI medium for one hour at 37°C. Digested tissues were strained through 

a 70μm cell strainer (BD). For the SI and lung only, leukocytes were enriched by 

Percoll gradient centrifugation (GE Healthcare), (Vray and Plasman, 1994). Nine 

parts Percoll were combined with one-part 10x PBS to obtain 100% Percoll. Cells 

were resuspended in 70% Percoll in HBSS/RPMI, overlaid with 37% in PBS and final 

layer of 30% Percoll in HBSS/RPMI. Tubes were centrifuged at room temperature 

for 30min at 900g without braking. Cells were collected at the 70/37% interface. For 

BM, epiphysis (bone extremities) were cut using scissors and BM was flushed with 

10ml of FACS buffer using a 20ml syringe with a 25G needle over a 70μm cell 

strainer. Cells were resuspended in final volume of 1ml and single cell suspension 

was counted while excluding red blood cells. 

 

Chemokine arrays 
For isolation of extracellular fluid of the bronchoalveolar space, mice were sacrificed 

and bronchoalveolar lavage was done by passing and collecting 2 syringes with 

0.6ml cold PBS using a needle inserted in the trachea. For the BM, bones were 

flushed with 2ml of cold PBS over a 70μm cell strainer while smashing carefully 

whole bone marrow pieces. Cell suspensions were centrifuged 500g/8min/4°C and 

supernatants were collected for protein analysis. Chemokines and cytokines were 

analysed using the mouse chemokine array ARY020 (R&D).  

 

Flow cytometry 
Up to 4 million cells were pre-incubated with blocking anti-CD16/32 in 50μl FACS 

buffer for 10 min at 4°C and then stained for 20 min at 4°C with 50μl 2X staining 

cocktail in FACS buffer in the presence of the previous 50μl of anti-CD16/32. DAPI 

was used to exclude dead cells, except for when cells were fixed. For the latter, dead 

cells were excluded by live/dead fixable blue or aqua dye (Invitrogen). For Ki67, DNA 

content (FxCycle, Invitrogen) and phospho-H3 staining cells were fixed and 

permeabilised using Foxp3 Fix/Perm buffer set (eBioscience, 00-5523-00). For 

analysis, samples were collected on an LSR Fortessa flow cytometer (BD 
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Biosciences) or a SP6800 Spectral Analyzer (Sony) and analysed using FlowJo 10 

software (TreeStar Inc.). Gating strategies are shown at the end of this section, 

including the discrimination of the four Confetti fluorophores by spectral analysis.  

 
Table 1. Antibodies used in flow cytometry 

Target Fluorophore Clone Company Concentration 
CD3 APC 145-2C11 BD 

Bioscience 
2µg/ml 

CD4 Pacific Blue RM4-5 BD 

Bioscience 

1.25µg/ml 

CD8-alpha Pacific Blue 53-6.7 Biolegend 1.25µg/ml 

CD8-alpha BV605 53-6.7 Biolegend 10µg/ml 

CD11b eFluor450 M1/70 eBioscience 1µg/ml 

CD11b APC 

eFluor780 

M1/70 eBioscience 1µg/ml 

CD11c PerCP Cy5.5 N418 Biolegend 1µg/ml 

CD11c APC 

eFluor780 

N418 eBiocience 1µg/ml 

CD16/32 Unconjugated 2.4G2 BD 

Bioscience 
1µg/ml 

CD19 V450 1D3 BD 

Bioscience 

0.5µg/ml 

CD25 FITC 7D4 BD 

Pharmigen 

5µg/ml 

CD43 FITC S11 Biolegend 1µg/ml 

CD45.1 PercP Cy5.5 A20 eBioscience 1µg/ml 

CD45.2 APC 104 Biolegend 1µg/ml 

CD45R 

(B220) 

eFluor450 RA3-6B2 eBioscience 2µg/ml 

CD45R 

(B220) 

PE RA3-6B2 BD 

Bioscience 
0.5µg/ml 

CD62L APC eF780 MEL14 BD 

Bioscience 

5µg/ml 
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CD64 AF647 X5-4/7.1 Biolegend 2µg/ml 

CD103 PE 2E7 Biolegend 4µg/ml 

CD115 PerCP eF710 AFS98 eBioscience 1.67µg/ml 

CD117 PeCy7 2B8 Biolegend 1µg/ml 

CD135 APC A2F10 Biolegend 2µg/ml 

CD172-alpha PeCy7 P84 BD 

Bioscience 
1µg/ml 

DNGR-1 PE 1F6 Biolegend 5µg/ml 

I-A/I-E 

(MHCII) 

AF700 M5/114.15.2 eBioscience 1µg/ml 

Ly6c/Ly6g 

(Gr-1) 

Pacific Blue RB-8C5 Biolegend 1µg/ml 

NK1.1 Pacific Blue PK136 Biolegend 2.5µg/ml 

Ter-119 Pacific Blue TER-119 Biolegend 5µg/ml 

Ki67 BV786 B56 BD 

Bioscience 

5µg/ml 

Pentamer NP PE ASNENMETM Proimmune 2.5µg/ml 

Phospho-H3 AF647 D2C8 Cell Signaling 0.25µg/ml 

 
Cell sorting and RNA extraction 
CDPs and pre-cDCs were sorted using a BD FACS Aria Fusion sorter following the 

gating strategy that is shown at the end of the materials and methods section. 10000-

60000 cells were sorted directly on lysis buffer to avoid loss of materials after sorting. 

RNA was extracted using the RNA easy minikit (Qiagen). 

 
RNAseq analysis 
NuGEN Ovation RNA-Seq System (v2) was used for cDNA synthesis followed by 

NuGEN UltraLow Library System (v2) for library preparation. Samples were 

normalised to 1 ng RNA for input and the preparation was performed according to 

the manufacturer’s guidelines. Sequencing was performed on the Illumina HiSeq 

4000, with 100 base pair single end reads. After sequencing, samples were 

normalised and analysed for reactome enrichment using GSEA and for pathways 

enrichment using metacore. 
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Microscopy 
Mice were perfused with 20ml of PBS and 10ml of Antigenfix (Diapath). 1 ml of 

melted 2% low melting point agarose (Invitrogen) in PBS was inserted through the 

trachea when lungs were isolated. Lungs, spleen, lymph nodes and bones were then 

removed and fixed overnight in Antigenfix at 4°C. The proximal SI (mostly 

duodenum) was also removed and contents were flushed with ice cold PBS and 

Antigenfix, and fixed for 2h at 4°C. Small intestines were subsequently cut 

longitudinally, rolled into a “Swiss roll” and fixed overnight in Antigenfix at 4°C. After 

fixation, bones were transferred to Osteosoft (Merck) for decalcification during 7 days 

at room temperature. Tissues were transferred to 30% sucrose in PBS for 24h at 4C. 

Lungs, spleen and SI were embedded in 4% agarose in PBS and 300µm sections 

were cut using a Leica VT1200S vibratome and collected in PBS. Bones were 

sectioned using a Bright Cryostat. Lymph nodes were unsectioned and imaged as 

whole mounts. Tissue sections were stained as explained below. Antibodies used in 

microscopy are listed in table 2. Stained sections were mounted on slides in the 

clearing solution Rapiclear 1.47 (SunJin Lab) for image acquisition while lymph 

nodes were clarified using uDISCO instead (Pan et al., 2016) and mounted on a 

metallic glass-bottom dish. Images were acquired on a LSM880 inverted confocal 

microscope. Images and Videos were generated after adjusting channels using 

Imaris software.  

 

Antibody staining for microscopy 
For antibody staining of vibratome sections, tissue sections were blocked for 12h at 

RT in 1% bovine serum albumin, 0.3% Triton X-100 (Sigma) and 1% mouse serum 

(Sigma) in 0.1M Tris pH7.4. Sections were stained with primary antibodies in 

blocking buffer for 48h at 4°C. If primary antibodies were unconjugated, sections 

were subsequently stained with secondary antibodies in blocking buffer overnight at 

RT. When there was the possibility of cross-reactivity, 1% specie serum (Sigma) was 

used prior to secondary antibody staining in 0.3% Triton X-100 in 0.1M Tris pH7.4 

overnight at RT. Cryosections were stained like vibratome sections but reducing 

incubation times. 
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Table 2. Antibodies used in confocal microscopy 

Target Fluorophore Clone Company Concentration 
CD11b Purified 5C6 BIO-RAD 10µg/ml 

CD45R AF647 RAB-6B2 BD Bioscience 5µg/ml 

CD64 Purified 027 Sino biological 0.75ng/ml 

CD103 Purified Polyclonal goat R&D 3.54µg/ml 

CD169 Purified Polyclonal rat Biolegend 5 µg/ml 

Endomucin Purified V.7C7 Santa Cruz 5µg/ml 

IgG Goat AF680 Polyclonal 

donk 

Jackson Immun 3.75µg/ml 

IgG Rabbit AF594 Poly4064 Biolegend 1.25µg/ml 

IgG Rabbit AF647 Polyclonal goat Invitrogen 5µg/ml 

IgG Rat AF594 Polyclonal 

donk 

Invitrogen 5µg/ml 

IgG Rat AF647 Polyclonal 

donk 

Invitrogen 5µg/ml 

MHCII AF647 M5/114.15 Biolegend 5µg/ml 

M+NP FITC Not specified Oxoid 1:100 

FITC AF647 1F8-1E4 Jackson Immun 4µg/ml 

 

Image acquisition 
Sections were imaged using a 25x oil immersion objective (Zeiss). Laser lines at 

405nm, 458nm, 514nm, 561nm and 633nm were used to excite the fluorophores. 

Lambda mode scanning (detecting 410-687nm) was used to detect CFP, GFP, YFP, 

RFP, AF594 and AF647. AF680 was detected in a separate channel collecting 686-

735nm. For all images, tile scans and z-stacks were acquired with a step size of 2.5 

µm and a pinhole of 1 airy unit. Images were taken at 1024x1024 voxel density with 

a line averaging of 8. Fluorophores and autofluorescence were unmixed into 

separate channels using the unmixing algorithm provided in the Zen software (Zeiss). 

Single-stained slides were used to obtain the reference spectra of the different 

fluorophores. 
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Cluster analysis using ClusterQuant software 
To analyse the clustering of cells in 3 dimensions, I used a 3D version of 

ClusterQuant 2D (Ghigo et al., 2013). The software is based on the CognitionMaster 

and GenericBusinessClient software implemented in Microsoft NET/C# (Wienert et 

al., 2013). ClusterQuant3D comprises three modules. The first module facilitates 

manual cell labelling in 3D image stacks. In addition to labelling observed cells, 

“dummy cells” and borders (villi, airways, high and low infiltrated areas) are 

annotated to fill void spaces and guarantee realistic Voronoi polyhedrons region 

growing. In the second software module, a 3D Voronoi mesh is created around the 

annotated cells for visualisation, including rotation and the adjustment of different 

transparency settings to interactively explore the 3D representation. This module 

also offers an option to define equivalence rules which can be used to group different 

cell classes into higher level classes, e.g. “YFP cDC1" and "YFP cDC2" into "YFP 

cDC". The third module performs a statistical evaluation of the spatial relationships 

among the cells represented in the Voronoi mesh. For each cluster of connected 

cells of the same type the features 1) mean cells per cluster and 2) compactness 

(defined as number of same class neighbours divided by number of all neighbours) 

are computed. The statistical significance/non-randomness of cluster size and 

compactness are evaluated with 10,000 Monte Carlo simulations for each test. To 

this end, cell positions are maintained but cell labels are randomly shuffled for each 

simulation and the resulting size/compactness measures are computed and 

compared to the original ones and used for p-value estimation. 

 

Cluster composition probabilities 
For cluster composition, a probability-based method based on the ratio of 

cDC1:cDC2 in lung and SI was used. In the lung, the probability that a cluster of size 

n is pure, can be calculated as p (pure|n) = pcDC1
n+ pcDC2

n, where pcDC1 and pcDC2 are 

the proportions of each cell type (1:2). From these probabilities and the known 

number of clusters of each size, the total number of clusters that were pure and 

mixed could be estimated for each mouse, assuming random mixing. Fisher’s Exact 

test was then used to compare experimental versus random for proportion of pure 

and mixed clusters. Similar analysis was conducted in the SI for the three groups of 

cells cDC1, DP cDC2 and cD103- cDC2 cells (ratio 2:4:1). 
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Quantification of CD64+ and infected cells 
For quantification of CD64+ cells and infected cells, surfaces were generated with 

Imaris software by using the AF594 and AF647 channels respectively. Statistics were 

exported and analysed using GraphPad Prism. 

 

Human influenza dataset analysis 
Human microarray data from Influenza A virus infected cohort ((Zhai et al., 2015), 

GEO GSE68310) was analysed using CIBERSORT (Newman et al., 2015). For gene 

expression data, samples were normalized and compared in a paired basis. Baseline 

was compared to first onset of symptoms. 

 
Statistics 
Statistical analyses were performed using GraphPad Prism software (GraphPad), 

MATLAB (Mathworks) or RStudio. Results are depicted as means +/- SD. The 

statistical test used is specified in each figure legend.  

 

Illustrations 
Illustrations were drawn using BioRender. 
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Figure 2.1. Gating strategy for cDC progenitors 
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Figure 2.2. Gating strategy for cDCs 
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Figure 2.3. Gating strategy for confetti colours 
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Chapter 3. Multicolour fate mapping of cDCs in 
tissues  

3.1 Introduction 

cDCs play a critical role in tissue homeostasis and defence thanks to their strategic 

localisation, which allows effective surveillance of tissue environments. However, 

how the dendritic cell network is set up and whether pre-cDCs or cDCs need to 

expand locally in order to seed and cover the entire tissue remains largely unknown. 

Addressing the issue requires the ability to visualise the distribution of cDCs in 

different tissues. Confocal fluorescence microscopy is commonly used for analysis 

of tissue architecture and cell distribution (Paddock, 2013). When combined with 

multicolour fate mapping of cell precursors, it allows for analysis of single-colour cell 

clusters, which in turn informs on the clonal relationship of cells in tissues (Snippert 

et al., 2010). 

 

In this chapter, I describe a multicolour fate mapping mouse model to trace the 

progeny of cDC progenitors in different tissues. Analysis of these mice required the 

optimisation of antibody staining and multicolour confocal microscopy of thick 

sections and subsequent quantification of confocal images using ClusterQuant 3D, 

a novel tool developed by Frederick Klauschen’s laboratory. This chapter and the 

beginning of Chapter 4 was published together with Janneke van Blijswijk (Cabeza-

Cabrerizo et al., 2019), whose data are shown (with explicit acknowledgement) 

where appropriate to maintain a cohesive narrative. 

 

3.2 Development of a multicolour fate mapping mouse model 
for cDCs – Clec9aConfetti mouse 

3.2.1 Cross of Clec9aCre and Rosa26LSL-Confetti mice 

In order to generate a multicolour fate mapping mouse model to follow the expansion 

of the cDC lineage in vivo, Clec9aCre/Cre mice (Schraml et al., 2013) were crossed to 

Rosa26Confetti/Confetti mice (Snippert et al., 2010) (Figure 3.1). Both CDPs and pre-
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cDCs express DNGR-1, encoded by the Clec9a gene, and mice expressing Cre 

recombinase under the control of the Clec9a locus have previously been used to 

trace the cDC lineage in vivo (Schraml et al., 2013). Consequently, it was expected 

that in Clec9aConfetti mice, cDC progenitors would become stochastically labelled with 

one of four fluorescent proteins (CFP, GFP, YFP or RFP) and transfer the 

fluorophore to all daughter cells, allowing tracing of individual cDC clones. 

 

 

Figure 3.1. Schematic of genetic recombination in Clec9aConfetti mice 
Cells that express DNGR-1 under the Clec9a locus will recombine loxP sites 
orientated in the same direction and flip loxP sites oriented in opposites directions 
thanks to the action of Cre recombinase. Ultimately, the cells and their progeny will 
have one of the four different resulting combinations at the bottom. 
 

3.2.2 Validation of Clec9aConfetti mice using flow cytometry 

Clec9aConfetti mice were validated by flow cytometric spectral analysis (which allows 

separation of closely related fluorophores, including GFP and YFP, Figure 3.2) of 

spleen, mesenteric lymph nodes (mesLN), small intestine (SI) and lung cell 

suspensions. In all organs, labelled cDC1s and cDC2s were found (Figure 3.3). The 

percentage of labelled cells in Clec9aConfetti mice was lower than previously observed 

using Clec9aCre crossed to a Rosa26eYFP single fluorophore fate reporter strain 

(Schraml et al., 2013) (Figure 3.3.A), likely due to the complexity of the RosaConfetti 

locus, which reduces the efficiency of Cre-mediated recombination (Livet et al., 2007). 

This, together with the transience of Cre expression, leads to incomplete penetrance 
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of the reporting event and causes labelling of only a fraction of cDCs, as previously 

reported (Schraml et al., 2013). 

 

Figure 3.2. Gating of Confetti fluorescent proteins by spectral flow cytometry 
analysis in splenic cDC1s and cDC2s 
Spleen cDC1s and cDC2s were gated as explained in materials and methods. YFP+, 
GFP+, YFP/GFP+, RFP+, CFP+ or RFP/CFP+ cells were subsequently gated as 
shown in the figure. 
 

In contrast to cDCs, the frequency of labelled CD64+ cells, generally considered to 

correspond to monocytes and macrophages (Langlet et al., 2012; Tamoutounour et 

al., 2012), was very low (Figure 3.3.A), as expected (Schraml et al., 2013). However, 

in lung, where CD64+ cells vastly outnumber CD64– cDCs, they contributed to a 

larger fraction of all labelled cells (Figure 3.3.B). 

 

As noted (Snippert et al., 2010), the expression of the four fluorescent proteins in the 

Confetti reporter cassette was uneven, with clear underrepresentation of GFP+ cDCs 

(Figure 3.3). Importantly, cDC1s, but not cDC2s, are DNGR-1+ and hence express 

Cre recombinase after differentiation and become preferentially labelled in Clec9a-
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Cre-based reporter mice (Schraml et al., 2013), including Clec9aConfetti (Figure 3.3). 

This also means that cDC1s can continue to recombine the inverted loxP sites of the 

RosaConfetti locus, switching back and forth between expression of GFP and YFP or 

of RFP and CFP. The half-life of those fluorescent proteins allows the identification 

of GFP+YFP+ or CFP+RFP+ double positive cells, which are disproportionately more 

abundant among cDC1 than cDC2 subsets (Figure 3.3).  

 

 

Figure 3.3. Analysis of cDC subsets and macrophages by spectral flow cytometry 
in different organs from Clec9aConfetti mice 
A. Labelling frequencies in different cDC subsets and macrophages found in spleen, 
mesenteric lymph nodes, SI and lung. B.  Percentage of Confetti+ cDC subsets and 
macrophages from total live cells in the same organs than in A. Cells were labelled 
as explained in materials and methods. 20-22 mice per group. Analysis was done 
together with Janneke van Blijswijk. 
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Despite these limitations, the flow cytometric spectral analysis clearly demonstrates 

that CDP/pre-cDCs in Clec9aConfetti mice can be stochastically labelled with different 

fluorophores that are faithfully transmitted to daughter cells resident in tissues. 

 

3.3 Confocal microscopy of Clec9aConfetti mice 

3.3.1 Microscopy of antibody stained Clec9aConfetti sections 

 

 
Figure 3.4. Workflow of tissue processing, staining and imaging of Clec9aConfetti 
mouse organs 
Organs were isolated from Clec9aConfetti mice, fixed in a PFA-based solution and left 
in a 30% sucrose solution. Organs were embedded in an agarose block to generate 
300µm sections using a Leica VT1200 vibratome. Antibody staining was performed 
as explained in materials and methods. Stained sections were mounted in a clarified 
solution matching oil refracting index. Images were acquired using lambda mode 
scanning in a LSM880 Zeiss microscope. Finally, channels were unmixed for data 
visualisation using Imaris software. Protocol was optimised together with Janneke 
van Blijswijk. 
 

To visualise the spatial arrangement of labelled cDCs and assess possible clustering 

by fluorophore (indicative of local clonal expansion), together with Janneke van 
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Blijswijk, I developed a protocol to fix and clarify tissues while preserving the Confetti 

fluorescent proteins (Figure 3.4). The method includes agarose embedding and 

vibratome sectioning, allowing cutting of 300µm sections, a thickness necessary to 

visualise enough cDCs in non-lymphoid tissues for the analysis of clusters (Figure 

3.4). It is also compatible with antibody staining of the sections (see later). Large 

tissue volumes (1020µm by 680µm in 100 z-steps of 3µm for SI, 1360µm by 1360µm 

in 40 z-steps of 5µm for lung) were then imaged by confocal microscopy using total 

spectrum acquisition (lambda mode scanning) followed by spectral unmixing to 

discriminate all fluorophores (Figure 3.4). 

 

3.3.2 Imaging of lymphoid organs 

 
Figure 3.5. Images of Clec9aConfetti lymphoid organs 
3D projection of a 300µm spleen section (left) or whole mount msLN (right). Spleen 
was stained with anti-CD169 to zoom into T cell areas (1). Whole mesLN was 
clarified using uDISCO. Confetti surfaces were generated with Imaris software to 
reduce autofluorescence. Squares depict selected zoom in areas that are displayed 
at the bottom. 
 

To validate the system, I initially analysed lymphoid organs such as spleen and 

mesLN (Figure 3.5). Confetti+ cells were detectable together with the fluorophores 

from conjugated antibodies. The images revealed a network of Confetti+ cells 



Chapter 3 Multicolour fate mapping of cDCs in tissues 

 

74 

 

predominantly localised to T cell areas, as expected. Several studies have reported 

the capacity of pre-cDCs and cDCs to proliferate in lymphoid organs (Ginhoux et al., 

2009; Liu et al., 2007; Scott, 2014) and it was therefore expected that single 

fluorophore clusters might be detected in the spleen and msLNs. However, the large 

number and high density of labelled cells in these organs precluded the analysis of 

clustering based on fluorescent protein expression (Figure 3.5). 

 

3.3.3 Imaging of small intestine and lung 

 
Figure 3.6. Image of a Clec9aConfetti small intestine 
3D projection of a 300µm vibratome section of the SI from a Clec9aConfetti mouse 
stained for E-cadherin to delineate the epithelium. Image taken by Janneke van 
Blijswijk. 
 

Due to the difficulty of analysing lymphoid organs, I decided to focus on non-lymphoid 

tissues such as the SI and lung, where Confetti+ cells were easily detected but 

sufficiently sparse to allow cluster analysis (Figure 3.6, Figure 3.7, Movies 1-2).  

Visual inspection of images from SI and lung of Clec9aConfetti mice revealed that 

Confetti+ cells were often found in discrete single-colour clusters within individual villi 
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in the small intestine (Figure 3.6). In the lung, Confetti+ clusters were mostly found 

around big airways, where cDCs localise in order to increase their chances of sample 

antigen from the environment (Figure 3.7). 

 

 
Figure 3.7. Image of a Clec9aConfetti lung 
3D projection of a 300µm vibratome section of the lung from a Clec9aConfetti mouse. 
Autofluorescence channel is displayed to visualise the lung structure. Squares 1 and 
2 zoom into areas around a big airway, while square 3 is possibly around lung blood 
vessel. 
 

Labelling was largely lost in Clec9aConfetti mice crossed to Flt3l-/- mice (Figure 3.8, 

Movies 3-4), which lack cDCs but not monocytes or macrophages (McKenna et al., 

2000; Waskow et al., 2008), confirming that Confetti+ cells were bona fide cDCs. This 

was true even for the lungs, where a considerable number of Confetti+ cells had been 

found to be CD64+ by flow cytometry (Figure 3.3.B). This raised a question as to the 

identity of the FP-expressing CD64+ cells in the lung 
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Figure 3.8. Images of SI and lung from Clec9aConfetti Flt3l-/- mice 
3D projection of a 300µm vibratome section of the SI (left) or lung (right) from a 
Clec9aConfetti Flt3l-/- mouse. SI was stained with anti-E-cadherin (white) and 
autofluorescence channel (white) is depicted to show lung structure. SI image was 
taken by Janneke van Blijswijk. 
 

To better characterise labelled CD64+ cells in the lungs of Clec9Cre-based mice, I 

carried out a separate flow cytometric analysis of Clec9aCre crossed to Rosa26tdTomato 

(Clec9atdTomato) mice deficient in Flt3l. As expected, Tomato-labelled CD64- cells 

were reduced in Flt3l-/- mice (Figure 3.9.A), consistent with a reduction in total cDC 

numbers (Figure 3.9.B). In contrast, the total number of CD64+ cells, irrespective of 

CD11c and CD11b expression, was not reduced in Flt3l-/- mice (Figure 3.9.B), which, 

again, is as expected. However, Tomato-labelled CD64+ cells were reduced in Flt3l-

/- mice (Figure 3.9.A), consistent with the possibility that some cDCs can express 

CD64 in certain tissues, as previously suggested (Schraml et al., 2013). 

Nevertheless, to avoid confusion, I excluded CD64+ cells in further analyses. 
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Figure 3.9. Flow cytometric analysis of lung CD64+ cells in Clec9atdTomato mice 
sufficient or deficient for Flt3l 
A. Percentage of tdTomato+ cells that are CD64+ or CD64- in Clec9atdTomato WT or 
Flt3l-/- mice. B. Percentage of total cDCs, CD64+ CD11c+ or CD64+ CD11b+ cells in 
Clec9atdTomato WT or Flt3l-/- mice. 6-7 mice per group. cDCs were gated as explained 
in materials and methods. Statistical analysis was done using Mann-Whitney test. 
 

3.4 Analysis of tri-dimensional cDC clusters in the small 
intestine and lung using ClusterQuant 3D 

Multicolour fate mapping of the progeny of precursor cells allows the identification of 

clonal relationships when identifying single-colour clusters. This is particularly 

striking for highly proliferative stem cells. In the intestine, Lgr5+ stem cells give rise 

to sessile epithelial cells that remain adjacent to one another to form single-coloured 

villi (Snippert et al., 2010). However, when cell cycle progression is slower or progeny 

cells are motile, single-colour clustering is diluted. Analysis of non-obvious clustering 

can be carried out using algorithms that account for stochastic pattern formation 

(Ghigo et al., 2013; Jarjour et al., 2014; Mondor et al., 2016; Tay et al., 2017), 

although these are often restricted to two dimensional analysis. Moreover, the 

analysis needs to consider different cell types, requiring cell phenotyping in addition 

to multi-colour fate mapping, which can rapidly reach high complexity. 
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To quantify the clustering of cDCs in SI and lung, I collaborated with the laboratory 

of Frederick Klauschen who developed a 3D version of the ClusterQuant software 

previously used for analysis of cell clusters in 2D tissue planes (Ghigo et al., 2013). 

Together we developed a workflow to robustly analyse 3D clusters (Figure 3.10).  

 

 
Figure 3.10. Image analysis using ClusterQuant 3D 
Workflow of plane separation (1), manual cell annotation (2), 3D Voronoi 
polyhedrons generation (3) and randomisation using MonteCarlo (MC) simulations 
(4). Software was developed by Stephan Wienert and improved by Daniel Heim 
(Frederick Klauschen laboratory). 
 

The analysis involves different steps: (1) separation of 3D confocal images into 

individual z planes, corresponding to the optical slices used for image acquisition, (2) 

manual segmentation and annotation of cDCs in each plane, (3) computation of 3D 

Voronoi polyhedrons using the x, y and z- cell coordinates and (4) randomisation of 

the original data using MonteCarlo simulations. 
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Figure 3.11. 3D voronois and randomisations of SI and lung images from 
Clec9Confetti mice 
Original images from the SI (top) and the lung (bottom) were annotated using 
ClusterQuant 3D software and converted to Voronoi polyhedrons (middle), which 
were then randomised using Monte Carlo simulations (right). CD64 staining was 
used to exclude CD64+ cells from the analysis. Dashed lines indicate the structure 
of the SI (villi) or lung (airways), determined from CD11b staining or autofluorescence 
channel, respectively. Colours represent the different Confetti fluorescent proteins. 
Note the scarcity of double labelled cells, especially in lung. SI image was taken by 
Janneke van Blijswijk. 
 

Each polyhedron of a 3D Voronoi polyhedron contains all voxels closer to the 

centroid of that Confetti+ cell than to the centroids of all other cells and it is used to 

compute neighbour and proximity relationships in subsequent analysis steps (Figure 

3.11, Movies 5-6). To include cells within the anatomical structure of the tissue and 

generate shapes that approximate cell volumes, in step (2) it is necessary to draw 

borders along anatomic barriers (crypts for the SI and airways for the lung). I also 

randomly inserted dummy cells (displayed as grey cells) into the spaces around 

Confetti+ cells, helping to remove artificially large Voronoi polyhedrons, avoiding false 

positive cluster formation and serving as a randomised control for the analysis 

(Figure 3.12). 
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Figure 3.12. 3D Voronoi polyhedrons of Confetti+ cells and dummy cells in SI and 
lung images from Clec9aConfetti mice 
Image of SI (A) or lung (B) before (left) or after (right) Voronoi tessellation. Colours 
are as in Figure 3.11. Dummy cells are depicted in grey 
 

Each Voronoi polyhedron was then assigned a colour based on the fluorescent 

protein expressed by the annotated underlying cell (i.e. green Voronoi polyhedron 

for a GFP cell). Double positive cells were assigned either purple (RFP+ CFP+) or 

orange (GFP+ YFP+) (Figure 3.11, Figure 3.12). Adjacent Voronoi polyhedrons 

bearing the same colour were considered a cluster (i.e., a group of 2 or more cells 

of the same colour). The colours (but not the positions) of the Voronoi polyhedrons, 
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representing individual cDCs, were then randomised in a step (4) through a Monte 

Carlo simulation with 10,000 possible realisations. 

 

In total, I analysed the small intestine from 4 mice and the lung from 5 mice. In 

average, 0.75mm3 of small intestine volume and 1mm3 of lung volume were imaged 

per mouse. 850 cDCs were manually annotated per small intestine and 600 cDCs 

per lung, which adds up to more than 6000 cDCs analysed at steady state (Figure 

3.13) 

 

 
Figure 3.13. Volume imaged and cells that were manually annotated using 
ClusterQuant 3D software 
Volume imaged by confocal microscopy (left) and counted cells per mouse using 
ClusterQuant 3D (right) in SI and lungs from Clec9aConfetti mice. 
 

To compare original (O) vs. simulated (S) images, I extracted relevant parameters 

such as number of clusters, cells per cluster, clusters per mm3 and cluster 

compactness from ClusterQuant 3D software (Figure 3.14). Comparison of original 

images with its average paired 10000 randomisations determines the probability that 

the observed clusters could have arisen by chance.  
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Figure 3.14. Analysis of cDC clusters in all SI and lung images from Clec9aConfetti 
mice 
A. From left to right: number of clusters of 2 or more cells normalised to number of 
cells, percentage of cells in clusters, clusters per cubic millimetre imaged and cluster 
compactness from 24 SI images from 4 mice. Each point represents one image; 
observed (O), orange, compared to simulations (S), grey. B. As in (A) from 25 lung 
images from 5 mice; observed (O), blue, compared to simulations (S), grey. In all 
cases, CD64 staining was used to exclude CD64+ cells from the analysis. Statistical 
analysis was done using a paired t test. 
 

In all cases, the ClusterQuant 3D analysis clearly revealed a pattern of single-colour 

cDC clustering in SI and lung that was not reproduced in randomised scenarios 

(Figure 3.14). The difference between O and S images was statistically significant 

regardless of whether data were analysed as number of clusters relative to total cell 

number, fraction of total cells in clusters or number of clusters per unit volume of 

tissue (Figure 3.14). This was true for both SI and lung images and was also 

observed when images from all mice were grouped per mouse (Figure 3.15). 

 

To confirm the validity of the 3D ClusterQuant algorithm, I analysed the randomly-

placed dummy cells. The same analysis that was carried out for cDCs showed that 
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dummy cells were not significantly clustered and therefore ClusterQuant 3D could 

discriminate between random and not random scenarios (Figure 3.16). 

 

 
Figure 3.15. Analysis of cDC clusters in all SI and lungs from Clec9aConfetti mice 
A. Data from Figure 3.14 A grouped per mouse. B. Data from Figure 3.14 B grouped 
per mouse. Lines link the observed (O) and simulated (S) scenarios associated with 
each mouse. Colours correspond to individual mice. In all cases, CD64 staining was 
used to exclude CD64+. Statistical analysis was done using a paired t test. 
 

In additional analyses that I did together with Robert P. Jenkins (a mathematician in 

Erik Sahai’s laboratory), we used statistical data binning with chi-squared testing. We 

examined the size distribution of clusters normalised to the value expected to be 

obtained by chance, which was calculated from the simulated scenarios. We found 

that in the small intestine there was a greater proportion of large cDC clusters than 

expected by chance alone (Figure 3.17). It is worth mentioning that we often 

observed large clusters (containing more than 7 cells), which are exceedingly 

improbable in a randomised scenario. 
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Figure 3.16. Analysis of dummy cells clusters 
Lack of clustering of dummy cells depicted as number of dummy cell clusters divided 
per number of total dummy cells, across all lung images (left) or grouped per mouse 
(right). Statistical analysis was done using a paired t test. 
 

 
Figure 3.17. Cluster size distribution analysis in the SI of all Clec9aConfetti mice 
analysed 
Proportion of SI clusters of the indicated size in observed scenario (O, orange) 
normalised to the simulated scenario (S, dashed line). Data are from all mice 
analysed. In all cases, CD64 staining was used to exclude CD64+ cells from the 
analysis. Statistical analysis was done using a chi-squared test in collaboration with 
Robert P. Jenkins (Erik Sahai laboratory). 
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In the lung, all mice analysed also had a higher proportion of large clusters that, when 

compared to the randomised simulations, were statistically significant (Figure 3.18). 

Because larger clusters were found in the lung, data binning was adjusted to 11 or 

more cells instead of 7 or more cells for the small intestine. 

 

 
Figure 3.18. Cluster size distribution analysis in the lung of all Clec9aConfetti mice 
analysed 
Proportion of lung clusters of the indicated size in observed scenario (O, blue) 
normalised to the simulated scenario (S, dashed line). Data are from all mice 
analysed. In all cases, CD64 staining was used to exclude CD64+ cells from the 
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analysis. Statistical analysis was done using a chi-squared test in collaboration with 
Robert P. Jenkins (Erik Sahai laboratory). 
 

To see whether niche specific signals could impact the formation of cDC clusters, I 

directly compared small intestine and lung. Interestingly, the analysis revealed that 

the lung contained more clusters of 2 or more cells than the small intestine (Figure 

3.19. A). In both tissues, I found a high number of isolated cells (cluster size = 1), 

although 60% of intestinal cDCs and 80% of lung cDCs were found to be in clusters 

(Figure 3.14, Figure 3.15). This is consistent with large clusters being present in both 

tissues, although larger in the lung compared to the small intestine. In fact, when 

comparing cluster size distributions of all small intestine and lung clusters analysed, 

the lung had significant higher proportion of large clones than the small intestine 

(Figure 3.19. B). These data suggest that different environments found in the small 

intestine versus the lung affect cDC clusters, either by differential proliferative 

capacity, cell death or migration rates. Of note, this is consistent with lung cDCs 

having a higher half-life than intestinal cDCs (Liu et al., 2007). 

 

 
Figure 3.19. Cluster comparison between SI and lungs from Clec9aConfetti mice. 
A. Proportion of all clusters analysed of size 1 (grey) or ≥2 in SI (orange) or lung 
(blue). B. Comparison of proportion of clusters of size 2 to 10 in the SI (orange) and 
in the lung (blue). In all cases, CD64 staining was used to exclude CD64+ cells from 
the analysis.  Statistical analysis used a chi-squared test. 
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3.5 Cell cycle analysis of cDC progenitors 

The data above implies that peripheral pre-cDCs and/or its progeny retain 

proliferative capacity after leaving the bone marrow. In order to confirm this, I 

analysed the cell cycle status of pre-cDCs and cDCs in different tissues.  

 

 
Figure 3.20. Ki67 staining in bone marrow cDC progenitors. 
A. Flow cytometry dot plots of Ki67 staining in CDPs compared to isotype controls. 
B. Percentage of Ki67+ pre-cDCs and CDPs in the bone marrow of C57BL/6 mice. 
12 mice per group in two independent experiments. Cells were gated as explained 
in materials and methods. 
 
I first used an antibody against Ki67, which is a nuclear protein expressed in cells 

that are not arrested in cell cycle. Cells expressing Ki67 are therefore in G1, S, G2 

or M cell cycle phases. Consistent with their high turnover rate, the majority of BM 

cDC progenitors were Ki67+ (Figure 3.20). 

 

To further discern between different cell cycle phases, in a different set of 

experiments I stained for phosphorylated histone H3, expressed only in mitotic cells, 

which in combination with a DNA dye allows for the identification of G0/G1, S, G2 

and M cell cycle phases (Figure 3.21.A). Again, as expected, a large fraction of BM 

CDPs and pre-cDCs was found in S/G2/M phases at any given time (Figure 3.21.B). 
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Figure 3.21. DNA content and phosphorylated histone H3 staining in bone marrow 
cDC progenitors 
A. Flow cytometry histogram of DNA content (left) and cell cycle analysis in CDPs 
based on DNA content and phosphorylated histone H3 (pH3, right). B. Mean 
percentage of cells in G0/G1, S, G2 or M phases of the cell cycle determined as in 
(A) in the bone marrow of C57BL/6 mice. 6 mice per group in two independent 
experiments. Cells were gated as explained in materials and methods. 
 

When analysing pre-cDCs and fully differentiated cDCs in spleen or mesLN, the 

fraction of Ki67+ cells and S/G2/M cells was much smaller, although not negligible 

(Figure 3.22, Figure 3.23). Together with the multicolour fate mapping analysis, this 

means that pre-cDCs and cDCs in lymphoid tissues retain proliferative capacity but 

not sufficient to visually detect single-colour clusters in such high cDC density tissues 

(Figure 3.5). 

 

When looking at non-lymphoid tissues, such as the small intestine and the lung, 40% 

of pre-cDCs and its progeny were Ki67+ (Figure 3.24.A, Figure 3.25.A). In line with 

the predictions from Clec9aConfetti analysis, a fraction of intestinal pre-cDCs were in 

S/G2/M phases indicating that they were actively proliferating (Figure 3.24.B). This 

was also true for the lung (Figure 3.25.B) and for differentiated cDCs in both tissues 

(Figure 3.24.B, Figure 3.25.B), suggesting that some single-colour cDC clusters 

might be a result of not just diving pre-cDCs but dividing cDCs. 
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Figure 3.22. Cell cycle analysis in splenic pre-cDCs and cDCs 
A. Percentage of Ki67+ pre-cDCs and cDCs in the spleen of C57BL/6 mice. B. Mean 
percentage of cells in G0/G1, S, G2 or M phases of the cell cycle determined as in 
Figure 3.21 in the spleen of C57BL/6 mice. 6-12 mice per group in two independent 
experiments. Cells were gated as explained in materials and methods. 
 

 
Figure 3.23. Cell cycle analysis in mesenteric lymph nodes pre-cDCs and cDCs 
A. Percentage of Ki67+ pre-cDCs, migratory cDCs (migDCs) and resident cDCs 
(resDCs) in the mesenteric lymph nodes of C57BL/6 mice. B. Mean percentage of 
cells in G0/G1, S, G2 or M phases of the cell cycle determined as in Figure 3.21 in 
the mesenteric lymph nodes of C57BL/6 mice. 6-12 mice per group in two 
independent experiments. Cells were gated as explained in materials and methods. 
 

Altogether, these data indicate that cell cycle commitment is not fully lost when pre-

cDCs exit BM and seed lymphoid and non-lymphoid tissues. It also suggests that 

some cDCs can actively proliferate, even though they are considered to be fully 

differentiated through their expression of CD11c and MHCII. Therefore, single-colour 
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clusters found in Clec9aConfetti mice were most probably clones of sister cells as a 

result of local proliferation. 

 

 
Figure 3.24. Cell cycle analysis in intestinal pre-cDCs and cDCs 
A. Percentage of Ki67+ pre-cDCs and cDCs in the small intestine of C57BL/6 mice. 
B. Mean percentage of cells in G0/G1, S, G2 or M phases of the cell cycle determined 
as in Figure 3.21 in the small intestine of C57BL/6 mice. 6-12 mice per group in two 
independent experiments. Cells were gated as explained in materials and methods. 
 

 
Figure 3.25. Cell cycle analysis in lung pre-cDCs and cDCs 
A. Percentage of Ki67+ pre-cDCs and cDCs in the lung of C57BL/6 mice. B. Mean 
percentage of cells in G0/G1, S, G2 or M phases of the cell cycle determined as in 
Figure 3.21 in the lung of C57BL/6 mice. 6-12 mice per group in two independent 
experiments. Cells were gated as explained in materials and methods. 
 

3.6 cDC subset composition of Confetti clusters  

I next asked whether cDC clones comprise multiple subsets (i.e., arise from 

uncommitted pre-cDCs) or a single subset (i.e., originate from committed pre-cDC1s 

or pre-cDC2s or from dividing cDC1/2s) by analysing cluster composition in 

microscopy images. I used stained Clec9aConfetti sections with antibodies against 
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CD11b and CD103 to allow discrimination between cDC1s and cDC2s and an 

antibody against CD64 to exclude CD64+ cells (Figure 3.26, Movies 7-8). 

 

 
Figure 3.26. cDC subsets and macrophage staining in SI and lung sections from 
Clec9aConfetti mice 
3D projection of a Clec9Confetti image of SI (left) or lung (right) stained for CD103, 
CD11b and CD64. SI image was taken by Janneke van Blijswijk. 
 

Individual Confetti+ cells were interrogated for its cell surface expression of either 

CD103, CD11b or CD64 in small intestine and lung (Figure 3.27) In the small 

intestine, cDC1s express CD103, but also a subset of cDC2s that is double positive 

for CD11b and CD103 (DP cDC2s). Intestinal CD64+ cells express also CD11b 

(Figure 3.27). In the lung, cDC subsets are single positive for either CD103 (cDC1s), 

or CD11b (cDC2s) or double negative for CD11b and CD103 (cDC1s). Some CD64+ 

cells express CD11b, which correspond to monocytes or interstitial macrophages. 

The remaining CD11b- CD64+ cells usually express CD11c and are often considered 

to be alveolar macrophages (Figure 3.27) (Misharin et al., 2013). 
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Figure 3.27. Single confetti+ cells stained for cDC subsets and macrophage 
markers 
Single z optical slices depicting individual cells from the SI (A) or lung (B) of 
Clec9Confetti mice; individual channels are shown on the right side of the merged 
image. Images from SI cells were taken by Janneke van Blijswijk. 
 

In order to validate the faithful detection of Confetti+ cells by microscopy, I quantified 

the distribution of fluorescent protein expression among annotated cDC subsets and 

macrophages in tissue sections of Clec9aConfetti mice (Figure 3.28). Concordant with 
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what I observed from cell suspensions analysed by spectral flow cytometry (Figure 

3.3), small intestine Confetti+ cDC subsets and macrophages were detected in a very 

similar distribution, cross-validating both experimental approaches. (Figure 3.28). In 

the lung, fewer double positive RFP/CFP+ cDC1s were detected. This is most 

probably due to the autofluorescent nature of this tissue, that hinders the detection 

of the dimmest fluorescent protein – CFP, and therefore most RFP/CFP+ cells appear 

only as RFP+ under the microscope. Fewer CD64+ were annotated of those detected 

by flow cytometry analysis, in part because microscopy analysis was centred around 

big airways were cDCs are found and not in the parenchyma were CD64+ cells are 

very abundant too. 

 

 
Figure 3.28. Annotated cDC subsets and macrophages 
Number of annotated confetti+ cDC subsets and macrophages in the small intestine 
(left) and lungs (right) of all mice analysed.  
 

cDC subset commitment can occur at the CDP to pre-cDC transition in BM (Grajales-

Reyes et al., 2015; Schlitzer et al., 2015). In order to understand whether cDC 

clusters were generated by uncommitted or committed pre-cDCs in vivo, I looked at 

individual single-colour clusters and analysed their composition. “Pure” clusters in 

which all cells were either cDC1 or cDC2 were found very frequently (Figure 3.29). 

Of note, this included some very large clusters (more than 10 cells) in both small 

intestine and lung. 
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Figure 3.29. cDC subset composition in clusters from Clec9aConfetti mice 
cDC subset composition of 20 representative clusters in SI (A) or lung (B). 
 

Quantification of cluster composition from ClusterQuant 3D analysis confirmed that 

single-colour clusters mainly consisted of a single cDC subset (i.e., were “pure”), 

although “mixed” clusters comprising cDC1 and cDC2 could also be observed 

(Figure 3.30). Pure clusters accounted for 80% of all clusters in the SI and 70% of 

clusters in the lung (Figure 3.30). 

 
Figure 3.30. Percentage of pure clusters in the SI and lung of Clec9aConfetti mice 
Pie charts representing percentage of pure clusters in SI (orange, 80%) or lung (blue, 
70%) in all images analysed. Grey bar indicates mixed clusters. Data are pooled from 
all images and n indicates number of clusters analysed. 
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The probability of a single-colour cluster being pure by chance can be calculated 

from the cluster size and the proportion of cDC1 and cDC2 cells in that tissue (Figure 

3.31). 

 

 
Figure 3.31. Probabilistic analysis of pure and mixed clones in the SI and in the 
lung 
A. Diagram depicting the calculation of the random probability of pure or mixed for a 
cluster of 2 cells based on cDC subset composition in SI (2:4:1 – cDC1: DP cDC2: 
cDC2). B. Diagram depicting the calculation of the random probability of pure or 
mixed for a cluster of 2 cells based on cDC subset composition in the lung (1:2 – 
cDC1: cDC2). Probabilistic calculations were done by Robert P. Jenkins (Erik Sahai 
laboratory). 
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Together with Robert P. Jenkins (Erik Sahai laboratory), we performed a probabilistic 

estimation of how cDC clusters would look by chance depending on cluster size and 

cDC subset compostion in each tissue. This analysis revealed a far greater 

proportion of pure clusters than would be expected in a random scenario (Figure 

3.32). Altogether, these data suggest that, during homeostasis, tissue cDC clones of 

sister cells are predominantly generated by local proliferation of incoming pre-

committed cDCs and/or of their differentiated cDC progeny. 

 

 
Figure 3.32. Analysis of pure cDC clusters in the SI and lung of Clec9aConfetti mice 
A. Analysis of the proportion of pure clusters of cluster size 2 to 7 found in the SI (o, 
orange) vs the expected null distribution assuming random mixing (r, grey). B. 
Analysis of the proportion of pure clusters of cluster size 2 to 10 found in the lung (o, 
blue) vs the expected null distribution assuming random mixing (r, grey). Data are 
pooled from all images. Error bars correspond to variation across mice using SD. 
Statistical analysis was carried out using a Fishers exact test by Robert P. Jenkins 
(Erik Sahai laboratory). 
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3.7 Discussion 

Our understanding of cDCpoiesis, including tissue colonisation by pre-cDCs, is 

limited even in steady-state conditions. In addition, most studies of cDCpoiesis in 

mice rely on isolating defined progenitors and adoptively transferring them into other 

mice, where they may not find their way back to their niche. Here, I used a genetic 

mouse model of multicolour fate mapping and developed a workflow to analyse how 

the cDC network is maintained in tissues in three dimensions and in the absence of 

cell transfer. 

 

My data reveal that pre-cDCs enter peripheral tissues and can divide locally before 

differentiating into cDCs, which themselves display residual proliferative capacity. 

This leads to formation of some discrete clones of cDCs that are maintained in close 

proximity of each other. Notably, I find that these clones are predominantly 

composed of either cDC1 or cDC2, providing in vivo corroboration for the notion that 

cDC subset commitment can occur at the time of CDP to pre-cDC transition to give 

rise to blood pre-cDC1s and pre-cDC2s (Grajales-Reyes et al., 2015; Schlitzer et al., 

2015). Apart from tissue pre-cDCs, the residual proliferative capacity of fully-

differentiated cDC1s and cDC2s might contribute to the formation of single-subset 

clones as well. It should be noted that not all clusters are pure and that some mixed 

cDC clones are found in both SI and lung, possibly providing in vivo evidence for the 

existence of uncommitted pre-cDCs capable of seeding tissues and giving rise to 

sister cells of different fates. 

 

Quantification of images from tissues of Clec9aConfetti mice revealed that 60% of cDCs 

in SI and 80% of cDCs in lung are in single-colour clusters of 2 or more cells (Figure 

3.14, Figure 3.15). This pattern differs significantly from one obtained by chance and 

can only be interpreted by local clonal expansion and retention of sister cells, even 

though many isolated cDCs are also found in both organs (Figure 3.19). It is 

remarkable that large clones are seen, including in one case a cluster of 23 cDC2s 

positive for GFP, the most underrepresented fluorescent protein (Figure 3.29). The 

fact that I see such large clusters implies that many cDCs are resting at steady state, 

and they might increase motility once activated during infection or tissue injury. Also, 
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finding large clusters suggests that there may be defined tissue niches that allow for 

greater pre-cDC/cDC local proliferation or that prolong cDC half-life (Liu et al., 2007). 

Such niches may be more common in the lung than in SI as I noted a clear tendency 

for single-colour cDC clusters in that organ to be larger. 

 

It is possible that I underestimated the formation of cDC clusters due to the limitations 

of the model I used. Apart from some cDCs being motile at steady state and dilute 

clustering overtime, I am using a constitutively expressed Cre recombinase, which 

means I do not have temporal control over Cre expression and old clusters might mix 

with new ones. The use of an inducible Cre under the Clec9a locus (such as Cre-

ERT2) could overcome this problem. Additionally, the fact that cDC1s can switch 

fluorescent protein expression can also break up single-colour clusters (although in 

some cases this can be accounted for in the analysis as the half-life of the proteins 

is sufficiently long to result in double labelling). Finally, the use of dummy cells to aid 

segmentation for the analysis may lead to artificial separation of single-colour 

clusters. For all these reasons, the degree of cDC single-colour clustering that I 

observe in tissues is likely to be an underestimate of the true extent cDC clonality in 

tissues. 

 

Using this model, I visualised only a fraction of the tissue cDC network because of 

incomplete penetrance of the Cre-mediated recombination event. It is a likely that 

higher penetrance would result in overlap of single-colour clusters, preventing 

demarcation of clones. This may also explain why I do not see obvious single colour 

clusters in regions where cDCs are too abundant, such as T cell areas of spleen and 

lymph nodes, where cDC subsets can occupy distinct regions (Gerner et al., 2015). 

 

All in all, my data suggests that the cDC lineage uses local proliferation to colonise 

a whole organ with different cDC subsets which form an intimate network of cDCs in 

small intestine and lung. Such distribution ensures that cDCs with different 

preferences for antigen processing and presentation to distinct T cell subsets are 

present at any site of tissue damage or infection ensuing that the adaptive response 

that cDCs initiate is properly diverse.  
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Chapter 4. Remodelling of the lung cDC network 
during Influenza A virus infection 

4.1 Introduction 

An understudied feature of the cDC network is its ability to respond to demand, for 

example how cDC content changes in a tissue that is being challenged by local 

infection. One could anticipate that, in parallel to neutrophil and monocyte 

recruitment, cDCs need to increase in numbers in order to maximise their innate 

immune functions and sustain T cell responses. However, it is not clear whether and 

how these changes in the cDC network occur and whether any increase in cDC 

numbers during infection is required for immunity against pathogens. 

 

In this chapter, I describe how infection with IAV induces changes in the cDC network 

in the lung and impacts the bone marrow. I used IAV infection as a model because 

of several reports in the literature that show and expansion of the cDC network during 

this airway infection (Ballesteros-Tato et al., 2010; Helft et al., 2012) although it is 

unclear how it occurs. In addition, the role of cDCs in eliciting IAV immunity is well 

established (GeurtsvanKessel et al., 2008). Here I asked how does the network of 

cDCs change in response to IAV infection as well as whether this change is required 

to sustain adaptive immune responses against IAV. I was able to show that the acute 

increase in lung cDCs during infection is not due to local proliferation of pre-existing 

pre-cDCs or cDCs but recruitment of pre-cDCs from the bone marrow. The latter 

depends on the chemokine receptor CCR2 and appears to be necessary to prime a 

full-blown CD8+ T cell response against IAV. The first third but not the remainder of 

this chapter has been published in (Cabeza-Cabrerizo et al., 2019).  

 

4.2 cDC kinetics in the lung during IAV infection 

4.2.1 Abundance of lung cDCs during IAV infection 

In order to induce an acute infection in the lungs, mice were intranasally infected with 

50000 pfu of Influenza A Virus (X31 strain, provided by Andreas Wack laboratory at 

The Francis Crick Institute). C57BL/6J wild type mice experienced almost 15% of 
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weight loss over the course of a week (Figure 4.1.A). At day 7, a large increase in 

lung cDC1s and cDC2s was observed by flow cytometry (Figure 4.1.B.), as 

previously reported (GeurtsvanKessel et al., 2008). 

 
Figure 4.1. Lung cDCs during IAV infection 
A. Percentage of weight normalised to day 0 in mice infected with IAV until 7 days 
post-infection. B. cDC1s and cDC2s in the lungs of non-infected (N.i.) or IAV infected 
C57BL/6J WT mice. Cells were gated as explained in materials and methods. 3 
females and 4 males per group pooled from 2 independent experiments. Statistical 
analysis was done using one-way ANOVA test comparing infected mice at different 
time points versus N.i. 
 

Coincidental with the increase in lung cDC subsets, an increase in numbers of 

migratory cDC1s and cDC2s was observed in mdLN starting at 3dpi (Figure 4.2.A). 

At 7dpi the resident cDC pool was also increased, possibly associated with infection-

dependent lymph node expansion (Figure 4.2.B).  
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Figure 4.2. cDC migration to mediastinal lymph nodes during IAV infection 
A. Migratory (mig) cDC1s and cDC2s in mediastinal lymph nodes (mdLN) during IAV 
infection. B. Resident (res) cDC1s and cDC2s in mdLN during IAV infection. Cells 
were gated as explained in materials and methods. 3 females and 4 males per group 
pooled from 2 independent experiments. Statistical analysis was done using one-
way ANOVA test comparing infected mice at different time points versus N.i. mice. 
 

I also observed changes in other lung cell populations during the first week of IAV 

infection, in particular a large-scale infiltration of innate immune cells into the lungs 

(Figure 4.3).  
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Figure 4.3. Innate immune cells in the lungs of mice infected with IAV 
Different myeloid populations in mice that were infected with IAV and analysed at 
different time points. Cells were gated as explained in materials and methods. 3 
females and 4 males per group pooled from 2 independent experiments. Statistical 
analysis was done using one-way ANOVA test comparing infected mice at different 
time points versus non-infected mice (N.i.). 
 

I also infected Clec9aeYFP mice and observed an increase in eYFP+ cells 7dpi (Figure 

4.4.A), coincidently with the increase in cDCs that had been observed in wild type 

mice (Figure 4.1). Moreover, the penetrance of the eYFP reporter in lung cDCs and 

CD64+ cells did not change when compared to non-infected mice (Figure 4.4.B). 

Therefore, I decided to use Clec9Cre reporter mice to trace cDCs in the context of IAV 

infection. 
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Figure 4.4. IAV infection to Clec9eYFP mice 
A. Percentage of eYFP+ cells from total CD45+ cells in the lungs of Clec9aeYFP mice 
infected with IAV and analysed at different time points. B. eYFP labelling frequency 
in cDC1s, cDC2s and CD64+ cells in the lungs of non-infected mice (open circles) or 
mice infected with IAV and analysed 7 days later (yellow circles). Cells were gated 
as explained in materials and methods. 4 females and 3 males per group pooled 
from 2 independent experiments. Statistical analysis was done using one-way 
ANOVA test comparing infected mice at different time points versus N.i. mice. 
 

4.2.2 Imaging infected lungs from Clec9aConfetti mice 

 
Figure 4.5. Image of a lung section from Clec9aConfetti mice infected with IAV 
3D projection of a representative lung section from a Clec9aConfetti mouse 7dpi with 
IAV. Section was stained with anti-CD103 (white), anti-CD11b (magenta) and anti-
CD64 (orange) antibodies. Left image depicts all channels and right image confetti 
colours alone.  
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After validating the use of Clec9aCre mice to trace cDCs during infection, I infected 

Clec9aConfetti mice with IAV and analysed lung sections 1dpi (Movie 9) and 7dpi 

(Figure 4.5, Movie 10). More cells stained for CD11b and CD64 compared to non-

infected mice 7dpi (Figure 3.26), as expected after the innate infiltration seen by flow 

cytometry. Examination of these lung sections also revealed an increase in Confetti+ 

cells 7dpi, consistent with previous flow cytometry data. However, there was no 

evident increase in cDC single-colour clusters (Figure 4.5).  

 

Lung infection with IAV has been shown to be heterogeneous, with viral replication 

being confined to discrete foci (Fukuyama et al., 2015). Interestingly, I observed 

patches that were more populated with CD64+ and Confetti+ cells than others, called 

hereafter high and low infiltrated areas respectively (Figure 4.6, Movies 10-11). 

 

 
Figure 4.6. Low and high infiltrated areas in the lungs of Clec9aConfetti mice infected 
with IAV 
3D projection of a lung section from Clec9aConfetti mice 7dpi with IAV. Section was 
stained with anti-CD103 (white), anti-CD11b (magenta) and anti-CD64 (orange) 
antibodies. Left image depicts a big area of the lung. Squares indicate areas zoomed 
in on the right, either with all channels or confetti colours alone. 
 

4.2.3 Quantification of cell recruitment in virus foci 

To understand whether high infiltrated areas contained more Confetti+ cells and more 

infected cells than low infiltrated areas, I stained lung sections with an antibody 
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against the M and NP proteins of Influenza A virus and generated surfaces to quantify 

differentially infected areas using Imaris software (Figure 4.7.A).  

 

 
Figure 4.7. Quantification of infected cells in low and high infiltrated areas from 
Clec9aConfetti lungs 
A. 3D projection of 1 image out of 5 images from 5 mice analysed for infected cells, 
CD64+ cells and confetti cells in low versus high infiltrated areas. Autofluorescence 
(white), anti-CD64 (orange) and anti-X31 M+NP (magenta) channels are shown in 
the images on the left, followed by M+NP proteins from X31 (middle) and X31 Imaris 
surfaces for quantification purposes. Squares depict 5 high CD64+ infiltrated areas 
and 5 low CD64+ infiltrated areas from the same image that were interrogated for 
confetti+ cells and X31. B. Counts of Confetti+ cells, CD64+ cells and infected cells 
(M+NP positive) from 5 images analysed from 5 mice. Statistical analysis used a 
one-way ANOVA test. 
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Quantification showed that at 7dpi, Confetti+ cells and CD64+ cells accumulated in 

much greater numbers around virus-containing foci than in uninfected regions 

(Figure 4.7.B). These results imply that infected areas attract and/or facilitate the 

expansion of Confetti+ cells during IAV infection, and that there might be differences 

in cDC cluster formation between these two areas. CD64+ cell infiltration was 

therefore used as a surrogate to discriminate high (infected) and low (non/poorly-

infected) infiltrated areas during cluster analysis. 

 

4.2.4 Changes in lung cDC clusters during IAV infection 

 
Figure 4.8. Voronoi diagrams of a high and low infiltrated area from an infected 
Clec9aConfetti mouse 
Representative images from a high (A) or low (B) infiltrated area (left) converted to 
Voronoi polyhedrons (middle) and randomised (right). 
 

To analyse cDC cluster formation during IAV infection, I used the same methodology 

as in Chapter 3. Images were annotated using ClusterQuant 3D software and 3D 

Voronois polyhedrons were computed in all high and low infiltrated images from the 

same mice separately (Figure 4.8).  

 



Chapter 4 Remodelling of the lung cDC network during Influenza A virus infection 

 

107 

 

Notably, 3D ClusterQuant analysis revealed that the cDC single-colour clustering 

that had been observed in steady state conditions (Figure 3.14, Figure 3.15) was 

largely lost from high infiltrated areas after infection, which hardly showed a 

statistically-significant difference between O and S scenarios irrespective of whether 

the data were pooled or analysed by individual mouse (Figure 4.9).  

 

 
Figure 4.9. Analysis of lung cDC cluster formation in infected Clec9aConfetti mice 
A. Number of clusters of 2 or more cells normalised to number of cells and 
percentage of cells in clusters from 20 high infiltrated lung images from 5 mice 7dpi 
with IAV. Each point represents one image; observed (O), magenta, compared to 
simulations (S), grey. B. Data in D grouped per mouse. Lines link the observed and 
simulated scenarios associated with each mouse. Colours correspond to individual 
mice (observed (O) and simulations (S)). C. Data as in A from 19 low infiltrated lung 
images from 4 mice. D. Data in C grouped per mouse. Note that 1 of the 5 mice that 
were infected did not have enough low infiltrated areas and therefore there is one 
biological replicate less. Statistical analysis used a paired t-test. 
 

Analysis of cluster size distribution also showed no significant differences between 

O and S scenarios in all mice analysed (Figure 4.10.A, B). Interestingly, low infiltrated 

areas retained some significant cDC clusters in some of the mice (Figure 4.9.C, 

Figure 4.11) but this did not reach statistical significance when all mice were 

considered together (Figure 4.9.D). 
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Figure 4.10. Cluster size distribution in high infiltrated lung areas from infected 
Clec9aConfetti mice 
Proportion of clusters of the indicated size in original (O) normalised to the simulated 
(S, dashed line) scenario from the high infiltrated areas of 5 mice analysed 7dpi with 
IAV. Statistical analysis was done by Robert P. Jenkins and used a chi-squared test. 
 

Together with Robert P. Jenkins, we extended the analysis by comparing cluster size 

distribution between uninfected lungs and areas of low or high infiltration in infected 

mice. This confirmed that the infected data fitted a random scenario (Figure 4.12), 

although still there were differences between high and low infiltrated areas. Despite 

of the later, overall high and low infiltrated areas had an increase in the frequency of 

cDCs that were not in clusters compared to uninfected mice (Figure 4.12.A, B). We 
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also found statistically significant differences at the level of larger clusters, which 

could be preferentially found in lungs from uninfected mice (Figure 4.12.C). 

 

Altogether, these results show that the single-colour clustering of cDCs in lung is 

significantly reduced following influenza A virus challenge, predominantly in areas 

with active infection but also, to a lesser extent, in areas away from infectious foci. 

 

 
Figure 4.11. Cluster size distribution in low infiltrated lung areas from infected 
Clec9aConfetti mice 
Proportion of clusters of the indicated size in original (O) normalised to the simulated 
(S, dashed line) scenario from the high infiltrated areas of 5 mice analysed 7dpi with 
IAV. Note that 1 of the 5 mice that were infected did not have enough low infiltrated 
areas and therefore there is one biological replicate less. Statistical analysis was 
done by Robert P. Jenkins and used a chi-squared test. 
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Figure 4.12. Comparison of cluster formation between non-infected and infected 
Clec9aConfetti lungs 
A. Percentage of cells in clusters in all images analysed from non-infected mice (N.i., 
blue, Figure 3.14) or the high (magenta) and low (purple) infiltrated areas from 
infected mice 7dpi with IAV. B. Proportion of clusters of size 1 (grey) or ≥2 in non-
infected lungs vs. high and low infiltrated areas from lungs of infected mice. C. 
Comparison of proportion of clusters of size 2-10 in non-infected lungs (blue line), 
and high (magenta line) and low (purple line) infiltrated areas in the lungs of infected 
mice. Data correspond to the pool of all mice analysed. Statistical analysis in (A) 
used an unpaired t-test comparing high or low versus N.i. and in (B-C) was done by 
Robert P. Jenkins using a chi-squared test. 
 

4.3 Kinetics of cDC progenitors during IAV infection 

4.3.1 Abundance of lung pre-cDCs and cell cycle analysis during IAV 
infection 

The above data suggested that infection-driven increase in local cDC numbers was 

not likely a result of increased local proliferation. Indeed, flow cytometric analysis of 

cell cycle status showed that infection led, if anything, to a decrease in the frequency 

of cDC1s and cDC2s that were positive for Ki67 and no difference in pre-cDCs 

(Figure 4.13.A).  

 

When looking at specific cell cycle phases, there was a slight reduction in the 

percentage of cDCs in S/G2/M phases and an increase in the frequency of pre-cDCs 

in S and G2 phases, but not in M (Figure 4.13.B). Therefore, the increase in cDC 

numbers in the lungs of mice post infection with IAV does not seem to be due to an 

increase in proliferation of cDCs or their immediate lung precursors. 
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Figure 4.13. Cell cycle analysis in lung cDC populations from infected mice 
A. Percentage of Ki67+ pre-cDCs, cDC1s or cDC2s from non-infected (open circles) 
versus infected mice 7dpi with IAV (grey). B. Percentage of lung pre-cDCs and cDCs 
in G0/G1, S, G2 or M phases of the cell cycle determined as in Figure 3.21. Data are 
mean values from 6 non-infected (left) or 6 C57BL/6 mice 3 dpi with influenza virus 
(middle) or 6 C57BL/6 mice 7 dpi with influenza virus (right). Statistical analysis in A 
was based on a Mann-Whitney test. 
 

To ask if it could be attributable to changes in the dynamics of lung seeding by pre-

cDCs, I examined lung pre-cDCs at different times post-infection. At day 7 post-

challenge, influenza virus infected mice had many more pre-cDCs in their lungs than 

uninfected controls (Figure 4.14).  

 

This increase in pre-cDCs occurred at roughly the same time than the increase in 

their progeny (Figure 4.14) and suggested that rapid influx of pre-cDCs was 

responsible for the numerical expansion of lung cDCs during IAV infection. 
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Figure 4.14. Analysis of lung pre-cDCs during IAV infection 
Numbers of cDC1s, cDC2s or pre-cDCs in the lungs from C57BL/6J WT mice 
infected with IAV. Each dot represents a mouse of 6 per group from 1 representative 
experiment. Statistical analysis was based on a one-way ANOVA test comparing 
several days post-infection to N.i. mice. 
 

4.3.2 Changes in bone marrow cDC progenitors during IAV infection 

Because pre-cDCs seed tissues from the BM, the results above suggested that high 

demand for cDCs induced by infection is met by mobilisation of cDC progenitors from 

the BM. Consistent with that notion, there was a clear increase in the total number 

of pre-cDCs circulating in peripheral blood of mice at 7 days post-infection, when the 

increase in lung pre-cDCs and cDCs became apparent (Figure 4.15).  

 

 
Figure 4.15. Analysis of bone marrow cDC progenitors during IAV infection 
Numbers of CDPs, pre-cDCs in bone marrow or pre-cDCs per ml of blood from 
C57BL/6J WT mice infected with IAV. Each dot represents a mouse of 6 per group 
from 1 representative experiment. Statistical analysis was based on a one-way 
ANOVA test. 
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In contrast to the blood, there was loss of cDC progenitors from BM, which reached 

their lowest numbers at day 3-4 post-infection and recovered by day 7, suggesting 

that pre-cDCs were rapidly mobilised to the lung at the expense of the BM, which 

then “catches-up” and replenishes the transiently-depleted pre-cDC pool. Consistent 

with that notion, during IAV infection, I observed an increase in BM cDC progenitors 

in S and G2 phases, probably to account for the loss of pre-cDCs that left the BM to 

migrate to the lungs (Figure 4.16). 

 

 
Figure 4.16. Cell cycle analysis of bone marrow cDC progenitors during IAV 
infection 
A. Percentage of Ki67+ bone marrow pre-cDCs or CDPs from non-infected (open 
circles) versus infected mice 7dpi with IAV (grey). B. Percentage of lung pre-cDCs 
and cDCs in G0/G1, S, G2 or M phases of the cell cycle determined as in Figure 
3.21. Data are mean values from 6 non-infected (left) or 6 C57BL/6 mice 3 dpi with 
influenza virus (middle) or 6 C57BL/6 mice 7 dpi with influenza virus (right). Statistical 
analysis in A was based on a Mann-Whitney test comparing CDPs or pre-cDCs cell 
types individually in the N.i. versus 7dpi group. 



Chapter 4 Remodelling of the lung cDC network during Influenza A virus infection 

 

114 

 

In sum, these data suggest that, during infection, the lung is able to communicate to 

the BM the need for extra cDCs. Pre-cDCs then exit the BM at a higher rate, causing 

cellular loss that is later compensated by increasing BM cDC precursor proliferation. 

 

4.3.3 Changes in pre-cDC subset composition during IAV infection 

To analyse the mobilisation of specific pre-cDC subsets  during IAV infection, I used 

pre-cDC subset markers (Grajales-Reyes et al., 2015; Schlitzer et al., 2015) in BM 

and lung pre-cDCs. In the BM, there was no major bias in terms of pre-cDC subset 

distribution (Figure 4.17), consistent with the fact that both cDC1 and cDC2 

increased equally in the lungs. As for the BM, the increase in pre-cDCs in lungs was 

also not biased towards any one type of committed pre-cDCs (Figure 4.14), although 

it is important to consider that the pre-cDC subset markers used here have not been 

validated for pre-cDCs in the lung. 

 

 
Figure 4.17. pre-cDC subset composition in bone marrow and lung during iAV 
infection 
A-B. Percentage of pre-cDCs in BM (A) or lung (B) that express markers of pre-
cDC1s, pre-cDC2s or that do not express them (uncommitted; uncom) in the lungs 
of C57BL/6 non-infected mice or mice 3dpi (A) or 7dpi (B) with Influenza A virus. 
Pre-cDC1s, pre-cDC2s and uncommitted pre-cDCs (uncom) were identified as 
reported (Grajales-Reyes et al., 2015; CD117+/int, CD115+ or CD117-CD115- 
respectively). Data represent 3-6 mice per group from two (A) or one (B) experiment. 
Non-significant differences between N.i. and infected groups in any of the tissues 
using one-way ANOVA test. 
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4.3.4 Human blood transcriptional analysis during IAV infection 

To try to extend these data to humans, together with Probir Chakravarty 

(Bioinformatics, The Francis Crick Institute), I carried out an analysis of transcriptome 

datasets from peripheral blood of patients prior to or post infection with influenza A 

virus (Zhai et al., 2015). Using the CIBERSORT algorithm (Newman et al., 2015) we 

observed a marked increase in the blood frequency of DCs, annotated in 

CIBERSORT as “activated DCs” (Figure 4.18.A, B). This was consistent with a 

demand-driven increase in cDCs seen in the mouse during IAV infection. To assess 

whether pre-cDC numbers were also increased in human blood, as in mice, I 

assessed levels of transcripts for SEMA4D, a recently identified marker for cDC 

progenitors (Villani et al., 2017). SEMA4D transcripts were increased post infection 

(Figure 4.18.C). 

 

 
Figure 4.18. Peripheral blood transcriptional analysis during IAV infection 
A. Relative mean percentage of cells from peripheral blood from 41 patients pre and 
post natural infection with influenza A virus obtained from microarray data using 
CIBERSORT. B. Percentage of activated blood DCs in individual patients from A. C. 
Expression of SEMA4D, CD3E, CD79A and CD79B in peripheral blood from patients 
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before (pre, grey) or in the first 48h of symptoms after natural infection with influenza 
A virus (post, magenta). Statistical analysis was based on paired t-test. Analysis of 
raw data from (Zhai et al., 2015) was done by Probir Chakravarty (Bioinformatics, 
The Francis Crick Institute). 
 

Although SEMA4D can also be expressed by T and B cells, T and B cell markers 

(CD3E or CD79A/B) were either unchanged or decreased in the same datasets 

following influenza virus infection (Figure 4.18.C). 

 

Taken all together, these data demonstrate that in mice, and possibly humans, IAV 

infection leads to local demand for cDCs that is met not by increased local 

proliferation of pre-cDCs and their progeny but by communicating the need to the 

BM, resulting in an efflux of pre-cDCs into the blood and influx into the lungs. 

 

4.4 Recruitment of pre-cDCs during IAV infection 

4.4.1 Tissue tropism during IAV infection 

The above data suggested that pre-cDCs are recruited into the lungs during IAV 

infection. To understand if this recruitment is specific and directed to the lungs, I 

analysed uninvolved tissues from Influenza-infected mice by flow cytometry. 

 

Splenic pre-cDCs numbers did not increase at 5dpi, when lung pre-cDCs had already 

increased in number, and if anything, there was a transient loss of inguinal lymph 

nodes (iLNs) pre-cDCs during IAV infection (Figure 4.19). Consistent with this, the 

numbers of cDCs did not increase in spleen or iLNs during infection, while the lungs 

displayed the aforementioned increase in numbers cDCs (Figure 4.19). These data 

provide evidence for tissue tropism during IAV infection and suggests that pre-cDCs 

emigrating from BM are specifically directed to the lungs. 

 

To understand if this directionally depends on soluble mediators released from the 

lungs that reach the BM during infection, I had to pick the right timepoint for analysis. 

I therefore performed a finer grained analysis of the kinetics of CDP, pre-cDC and 

cDC numerical changes after IAV infection. 
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Figure 4.19. cDC kinetics in spleen, inguinal lymph nodes and lungs during IAV 
infection 
A. Number of pre-cDCs, cDC1s and cDC2s in the spleen from non-infected or 
infected mice 5dpi with IAV. B. Number of pre-cDCs, resDCs and migDCs in the 
inguinal lymph nodes from non-infected or infected mice 5dpi with IAV. C. Number 
of pre-cDCs, cDC1s and cDC2s in the lung from non-infected or infected mice 5dpi 
with IAV. Cells were gated as explained in materials and methods. Each dot 
represents a mouse from 6 mice per group from 2 independent experiments including 
C57BL/6J WT males and females. Statistical analysis used a Mann-Whitney test 
comparing cell numbers from N.i. versus 5dpi mice. 
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Figure 4.20. Detailed kinetics of the cDC lineage during IAV infection 
Numbers of CDPs and pre-cDCs in BM, percentage of blood pre-cDCs and numbers 
of pre-cDCs, cDC1s and cDC2s during IAV infection. Cells were gated as explained 
in materials and methods. Each dot represents a mouse from 7-14 mice per group 
from 3 independent experiments including C57BL/6J WT males and females. 
Statistical analysis used a one-way ANOVA test comparing different time points of 
infection to N.i. mice. 
 

In the BM, CDP numbers decreased as early as 2.5 dpi followed by a decrease in 

pre-cDCs 1 day after (Figure 4.20). Probably, this rapid loss in CDPs reflects an 
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increased transition to pre-cDCs, as the niche opens when pre-cDCs start emigrating 

to the lungs. CDPs proliferate, as noted previously (Figure 4.16), and recover in 

numbers 3 to 4dpi. Pre-cDC numbers also recover but at a later time points, probably 

due to more limited proliferative capacity and because they are the cells that 

effectively leave the BM. 

 

Consistent with an increased efflux from BM, blood pre-cDC numbers increase as 

early as 1.5dpi compared to numbers of pre-cDCs in blood from non-infected mice 

(Figure 4.20). This remains elevated at 4.5dpi, when the increase in number of lung 

pre-cDCs, cDC1s and cDC2s becomes evident (Figure 4.20). 

 

Since BM changes were noticeable already at 2.5dpi, I decided to analyse 

chemokines present in bronchoalveolar lavage fluid (BALF) and BM extracellular 

fluid (BMEF) at this time point using a chemokine array against 25 mouse 

chemokines. 

 

 
Figure 4.21. Chemokine array in bronchoalveolar lavage fluid 
Chemokine array performed in 500µl of 1ml bronchoalveolar lavage fluid from 1 non-
infected mouse or 1 infected mouse 2.5dpi with IAV. Mice were selected according 
to average values from Figure 4.20. Rectangles depict dots in duplicate in which a 
difference between Ni and infected was observed. Legend of the numbered 
rectangles appears on the right. 
 

14 chemokines showed a higher signal in the BALF from infected mice (Figure 4.21). 

All of these appeared to reach the BM or to be additionally produced there upon 

infection as they were also found in BMEF (Fig. 4.22). Interestingly, CXCL12 was 

decreased in the BM instead of the increase seen in the BALF (Figure 4.22).  
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Figure 4.22. Chemokine array in bone marrow extracellular fluid 
Chemokine array performed in 500µl of 2ml bone marrow extracellular fluid from 1 
non-infected mouse or 1 infected mouse 2.5dpi with IAV. Mice were selected 
according to average values from Figure 4.20. Rectangles depict dots in duplicate in 
which a difference between Ni and infected was observed. Legend of the numbers 
appears on the right. 
 

However, not all these chemokines bind to receptors that are expressed by pre-cDCs. 

To narrow down the list to candidate chemokines that can recruit pre-cDCs to lung, 

I analysed RNAseq data that I generated from sorted CDPs and pre-cDCS (see 

Chapter 5) and looked for the chemokine receptor expression profile in BM cDC 

progenitors. Amongst the most highly-expressed chemokine receptors were CCR2, 

CX3CR1, CXCR4, CCR5 and CCR1 (Figure 4.23). 

 

Interestingly, chemokines that bind to CCR2 (CCL2, CCL12), CX3CR1 (CX3CL1), 

CXCR4 (CXCL12), CCR5 (CCL5) and CCR1 (CCL3/4) were differentially abundant 

in the blots from BALF and BMEF from non-infected versus infected mice. All 

chemokines were increased during infection, with the exception of CXCL12 that was 

increased in the BALF but decreased in the BMEF (Figures 4.22, 4.23). These data 

suggest that a gradient of these chemokines might be involved in accelerating the 

exit of pre-cDCs from the BM and recruiting them to the lungs during IAV infection. 
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Figure 4.23. Chemokine receptor expression in bone marrow CDPs and pre-cDCs 
Normalised chemokine receptor expression in CDPs and pre-cDCs in the bone 
marrow. RNAseq data was taken from 4 PBS-injected control mice (see Chapter 5). 
Cells were gated and sorted as explained in materials and methods. 
 

4.4.2 Role of CCR2 during the recruitment of pre-cDCs to IAV-infected lungs 

CCR2 has previously been shown to be involved in pre-cDC recruitment to the lungs 

after LPS intranasal administration (Nakano et al., 2017). It is the most expressed 

chemokine receptor in pre-cDCs (Figure 4.23) and two chemokines that bind to 

CCR2, CCL2 and CCL12, were strongly enriched in the blots from the BALF and 

BMEF from infected mice (Figure 4.21 numbers 4 and 9, Figure 4.22 numbers 4 and 

11).  

 

To test the possibility that CCR2 mediates the recruitment of lung pre-cDCs during 

IAV infection, I generated conditional CCR2 knock-out mice specific for CDPs and 

pre-cDCs. Clec9aCre/Cre mice (Schraml et al., 2013) were crossed to Ccr2fl-eGFP/fl-eGFP 

mice (Willenborg et al., 2012). The progeny (C9aCcr2eGFP/+ mice) excises exon 
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number 3 from the Ccr2 locus, leading to a truncated non-functional CCR2 protein 

and concomitant eGFP expression in cells that have expressed Clec9a (DNGR-1) in 

the past or present and currently express CCR2 (Figure 4.24.A).  

 

 
Figure 4.24. Generation of C9aCcr2eGFP/+ mice 
A. Schematic of genetic recombination occurring in the progeny (C9aCcr2eGFP/+) of 
Clec9aCre/Cre mice and CCR2fl-eGFP/fl-eGFP mice. B. eGFP labelling frequency in bone 
marrow cDCs, pre-cDCs, CDPs, pDCs and CD64+ cells from two C9aCcr2eGFP/+ mice. 
C. CCR2 MFI in eGFP+ bone marrow CDPs, pre-cDCs and CD64+ cells from mice 
with one copy of the CCR2-fl-eGFP allele (C9aCcr2eGFP/+, open circles) or two copies 
(C9aCcr2eGFP/eGFP, green circles). Cells were gated as explained in materials and 
methods. 4-5 mice per group. Statistical analysis was done using an unpaired t test. 
 

Specificity was assessed by examining the cell populations that were labelled with 

eGFP and expected to be targeted by Clec9a genetic tracing (Schraml et al., 2013). 

Pre-cDCs and CDPs were 30 to 20% targeted (Figure 4.24.B). Notably, BM cDCs 

were 35% labelled even though cDCs are CCR2–. This is possibly due to the slow 

decay of eGFP resulting in FP maintenance in recently-differentiated cDCs. pDCs 

and CD64+ cells in BM were also labelled, which is expected as they can be targeted 

by Clec9a lineage tracing and both cell populations express CCR2 (Guilliams et al., 
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2014; Merad et al., 2013). However, the percentage of labelled pDCs or CD64+ cells 

was not more than 5%. 

 

When the Ccr2fl-eGFP construct is present at homozygosity, cells that have expressed 

or currently express Cre recombinase can become “knockouts” for the Ccr2 gene. 

To test if this was true in C9aCcr2eGFP/eGFP mice, I stained CDPs, pre-cDCs and 

CD64+ BM cells with an antibody against CCR2. Analysis of mean fluorescence 

intensity (MFI) by flow cytometry in eGFP+ cell populations revealed that CCR2 MFI 

was reduced in homozygous mice with two copies of the construct 

(C9aCcr2eGFP/eGFP) compared to heterozygous mice with one copy (C9aCcr2eGFP/+) 

(Figure 4.24.C). This suggests that CCR2 is being effectively knocked-out in BM 

CDPs, pre-cDCs and CD64+ cells, although a very low percentage of the latter is 

targeted (2%, Figure 4.24.B)  

 

To assess the role of CCR2 in recruiting lung pre-cDCs I analysed total pre-cDC 

numbers in the lungs from C9aCcr2eGFP/eGFP compared to C9aCcr2eGFP/+ mice. At 

steady state, there was no difference in total pre-cDC, cDCs and CD64+ cell numbers 

(Figure 4.25.A), as expected (Dyer et al., 2019; Nakano et al., 2017). However, 5dpi 

with IAV, conditional CCR2 knock-out mice displayed much lower numbers of lung 

pre-cDCs relative to infected C9aCcr2eGFP/+ mice (Figure 4.25.B). In fact, compared 

to uninfected mice, the putative infection-drive increase in lung pre-cDCs was no 

longer statistically significant in infected C9aCcr2eGFP/eGFP (Figure 4.25.B). cDC 

numbers were also significantly reduced in the lungs from C9aCcr2eGFP/eGFP 

compared to C9aCcr2eGFP/+ control mice during IAV infection, although there was still 

a significant increase compared to non-infected mice. This increase could be a result 

of residual proliferation from pre-cDCs, incomplete penetrance to effectively 

knockout CCR2 in pre-cDCs during IAV infection or due to chemokine receptor 

redundancy, as has been observed for other cell populations (Dyer et al., 2019). 

Regarding CD64+ cells, known to be derived in part from monocytes recruited in a 

CCR2-dependent manner during IAV infection, there was a trend for fewer cells in 

the lungs of infected C9aCcr2eGFP/eGFP mice compared to C9aCcr2eGFP/+ controls. 

However, very few CD64+ cells must be targeted in those mice as this difference did 

not reach significance (Figure 4.25.B). 
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Figure 4.25. Recruitment of lung pre-cDCs during IAV infection in the absence of 
CCR2 
A. Number of lung pre-cDCs, cDCs and CD64+ cells from non-infected mice that 
have one copy (C9aCcr2eGFP/+, open circles) or two copies (C9aCcr2eGFP/eGFP, green) 
of the CCR2-fl-eGFP allele. B. Number of lung pre-cDCs, cDCs and CD64+ cells 
mice infected with IAV 5dpi that have one copy (C9aCcr2eGFP/+, green open circles) 
or two copies (C9aCcr2eGFP/eGFP, green) of the Ccr2-fl-eGFP allele. C9aCcr2eGFP/+ 
and C9aCcr2eGFP/eGFP non-infected mice were pooled as there is no difference at 
steady state (grey open circles). Each group shows data from 9 to 19 male and 
female mice pooled from 3 independent experiments. Statistical analysis used a 
Mann-Whitney test in A and a one-way ANOVA test in B. In B, each infected 
genotype was compared to each other and it was also compared to N.i. mice. 
 

The data above show that C9aCcr2eGFP/eGFP mice are a useful tool to conditionally 

knock-out CCR2 in pre-cDCs and suggest that CCR2 is involved in recruiting these 

cells during IAV infection. To understand the impact that any defect in pre-cDC 

recruitment into the lungs of IAV infected mice might have in the immune response 

against IAV, I analysed immune cell dynamics in the lung draining lymph nodes.  
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Figure 4.26. cDC migration and T cell priming during IAV infection in the absence 
of CCR2 
A. Number of migratory or resident cDCs in the mdLNs from non-infected (open 
circles, grey) and infected mice that have one copy (C9aCcr2eGFP/+, green open 
circles) or two copies (C9aCcr2eGFP/eGFP, green) of the CCR2-fl-eGFP allele. B. 
Percentage of CD8+ CD62Llow T cells that are positive for the IAV pentamer on MHCI 
against NP (left) or number of CD8+ T cells that are CD25+ and CD62Llow (right) in 
the mdLNs from non-infected (open circles, grey) and infected mice that have one 
copy (C9aCcr2eGFP/+, green open circles) or two copies (C9aCcr2eGFP/eGFP, green) of 
the CCR2-fl-eGFP allele. 3 mice per group from 1 experiment using male mice. 
Statistical analysis used a one-way ANOVA test comparing N.i. versus infected mice 
from each genotype, as well as both infected groups. 
 

In a preliminary experiment with 3 mice per group 5dpi with IAV, mediastinal lymph 

nodes (mdLN) from C9aCcr2eGFP/eGFP mice had a trend towards fewer migratory 

cDCs and resident cDCs than C9aCcr2eGFP/+ control mice (Figure 4.26.A). Moreover, 

there was a significant defect in CD8+ T cells that were specific for IAV as shown by 

pentamer staining for NP from IAV. There was also a trend for fewer activated T cells 

(CD62Llow CD25+ CD8+ T cells) in C9aCcr2eGFP/eGFP mice compared to 

C9aCcr2eGFP/eGFP mice (Figure 4.26.B). This suggests that if the cDC network is not 
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allowed to properly expand in the lung during IAV infection, there are fewer cDCs 

available to migrate to mdLNs and to effectively prime T cells. 

 

Finally, to know if CCR2 is involved in the exit of pre-cDCs from the BM, I analysed 

BM CDPs and pre-cDCs from C9aCcr2eGFP/eGFP versus C9aCcr2eGFP/+ control mice. 

At steady state there were no differences in the total numbers of BM CDPs or pre-

cDCs (Figure 4.27.A). In addition, during IAV infection CCR2-deficient pre-cDCs 

were capable of leaving the BM at 5dpi compared to non-infected. mice, much like 

their WT counterparts (Figure 4.27.B). At this timepoint, IAV infection does not alter 

CDP numbers (see Figure 4.20) and CDPs numbers were comparable to those in 

non-infected mice irrespective of genotype (Figure 4.27.B). Thus, CCR2 is not 

involved in pre-cDC BM exit at steady state or during IAV infection. 

 

 
Figure 4.27. Bone marrow cDC progenitors during IAV infection in the absence of 
CCR2 
A. Number of BM CDPs and pre-cDCs from non-infected mice that have one copy 
(C9aCcr2eGFP/+, open circles) or two copies (C9aCcr2eGFP/eGFP, green) of the Ccr2-fl-
eGFP allele. B. Number of BM CDPs and pre-cDCs from mice infected with IAV 5dpi 
that have one copy (C9aCcr2eGFP/+, green open circles) or two copies 
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(C9aCcr2eGFP/eGFP, green) of the Ccr2-fl-eGFP allele. C9aCcr2eGFP/+ and 
C9aCcr2eGFP/ eGFP non-infected mice were pooled as there is no difference at steady 
state (grey open circles). 9 to 19 mice per group from 3 independent experiments 
using male and female mice. Statistical analysis used a Mann-Whitney test in A and 
a one-way ANOVA test in B. In B, each infected genotype was compared to each 
other and it was also compared to N.i. mice. 
 

Despite the fact that Ccr2-/- pre-cDCs were not recruited into the lungs, cells were 

found in the blood and did not end up in spleen (Figure 4.28). Other organs should 

be studied to exclude the possibility that they migrate to organs that do not require 

CCR2. 

 

 
Figure 4.28. Splenic and blood pre-cDCs during IAV infection in the absence of 
CCR2 
Percentage of blood pre-cDCs from total CD45+ cells in blood (left) and splenic pre-
cDCs (right) from mice infected with IAV 5dpi that have one copy (C9aCcr2eGFP/+, 
green open circles) or two copies (C9aCcr2eGFP/eGFP, green) of the CCR2-fl-eGFP 
allele. C9aCcr2eGFP/+and C9aCcr2eGFP/ eGFP non-infected mice were pooled as there 
is no difference at steady state (grey open circles). 5-9 mice per group from 2 
independent experiments using male and female mice. Statistical analysis used a 
one-way ANOVA test comparing N.i. versus infected mice from each genotype, as 
well as both infected groups. 
 

4.4.3 Role of CCR5 during the recruitment of pre-cDCs to IAV-infected lungs 

Although the number of pre-cDCs recruited to the lungs of IAV infected mice was 

reduced in the absence of CCR2 (Figure 4.25.B), other chemokine receptors might 

contribute to recruitment. CCL5 was also produced in the lungs from IAV infected 

mice and cDC progenitors express CCR5 (Figure 4.21, Figure 4.22, Figure 4.23). 

Therefore, I infected Ccr5-/- mice with IAV. I found that pre-cDCs from Ccr5-/- mice 

still increased during infection but to a lesser extent than in WT mice (Figure 4.29). 
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Although the experiment was done in a total CCR5 knock-out mouse and this 

phenotype could be a result of the absence of CCR5 expression in cells other than 

pre-cDCs, it suggests that some pre-cDCs might preferentially use CCR5 even if 

CCR2 is the dominant receptor driving lung pre-cDC recruitment during IAV infection. 

However, as for CCR2, CCR5 did not play a role in BM decrease of pre-cDCs during 

IAV infection (Figure 4.29). 

 

 
Figure 4.29. pre-cDC recruitment during IAV infection in Ccr5-/- mice 
Numbers of lung pre-cDCs (left) or BM pre-cDCs (right) in non-infected (grey open 
circles), and mice infected with IAV 5dpi that are WT (grey) or Myd88-/- (yellow). Non-
infected WT and respective knock-out mice were pooled as there is no difference in 
cell numbers at steady state. 4-7 mice per group. Statistical analysis used a one-way 
ANOVA test comparing N.i. versus infected mice from each genotype, as well as 
both infected groups. 
 

In sum, CCR2 drives pre-cDCs to the lungs during IAV infection, possibly, in 

cooperation with CCR5. However, neither chemokine receptor is necessary for BM 

exit, which likely involves other mechanisms. 

 

4.4.4 Cells and pathways involved in the recruitment of pre-cDCs during IAV 
infection 

To address the mechanism of BM exit of pre-cDCs upon IAV infection, I focused on 

pro-inflammatory pathways and cytokines triggered by the virus, which might be 

upstream of changes in chemokine profiles or BM retention signals. Influenza A virus 

can be recognised by RIG-I, TLR3, TLR7 and NLRP3 to induce multiple prop-

inflammatory mediators, including type I and III interferons (Iwasaki and Pillai, 2014). 
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Moreover, IFN-γ produced by IAV-specific CD8+ T cells or by NK cells could play a 

role as IFN-γ has been shown to promote HSC BM exit during several infections 

(Manz, 2017). To test if any of those pathways or cell types were necessary for the 

exit of BM pre-cDCs and/or their recruitment into the lungs during IAV, I infected any 

relevant mice available at The Francis Crick Institute. I focused on mice that lack the 

IFN-γ receptor (IFNgR-/-), mice that lack T and B cells (Rag1-/-), mice that lack TLR7 

(Tlr7-/-) or its adaptor MyD88 (Myd88-/-). 

 

All mice recruited pre-cDCs into IAV-infected lungs and had a significant reduction 

in BM pre-cDC numbers 5 days post-infection (Figure 4.30). In addition, none of 

these mice showed a significant reduction in lung pre-cDCs or an impairment of BM 

pre-cDCs efflux during infection when compared to WT infected controls (Figure 

4.30). Myd88-/- mice had a trend for an impairment in pre-cDC lung accumulation and 

pre-cDC loss in BM during IAV infection, but it did not reach significance in neither 

of the tissues. As MyD88 is the adaptor for TLR7 and Tlr7-/- mice did not show any 

impairment in pre-cDC recruitment, this raises the possibility that a TLR7-

independent and MyD88-dependent mechanism mediates this accumulation, 

possibly through IL-1 or IL-18 receptor pathways, which signal via MyD88 and are 

required to elicit CD8+ T cell responses against IAV (Ichinohe et al., 2009). More 

experiments involving knock out mice specific for IL-1 or IL-18 receptors or knock out 

mice for the inflammasome pathway that trigger the release of those cytokines might 

elucidate the role of MyD88 signalling in pre-cDC recruitment during IAV infection. 

 

Across all the experiments analysed, I could observe a considerable variability in the 

extent of pre-cDC reduction in BM and lung recruitment during IAV infection. This 

variability seemed to be linked to the weight loss that mice experienced at the end of 

the experiment. To test if this was true, I analysed the number of cDC progenitors in 

BM and correlated it to weight loss. Indeed, mice that experienced the greatest 

weight loss had the fewest CDPs and pre-cDCs in BM during IAV infection (Figure 

4.31). This might explain the variability seen in between experiments (for example 

big error bars in BM pre-cDCs in Figure 4.20 and why some WT mice had fewer BM 

pre-cDCs at 5dpi and some not in Figure 4.30). 
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Figure 4.30. pre-cDC recruitment during IAV infection in the absence of several 
cell populations or pathways 
A. Numbers of lung pre-cDCs (left) or BM pre-cDCs (right) in non-infected (grey open 
circles), and mice infected with IAV 5dpi that are WT (grey) or IFNgR-/- (red). B. 
Numbers of lung pre-cDCs (left) or BM pre-cDCs (right) in non-infected (grey open 
circles), and mice infected with IAV 5dpi that are WT (grey) or Rag1-/- (blue). C. 
Numbers of lung pre-cDCs (left) or BM pre-cDCs (right) in non-infected (grey open 
circles), and mice infected with IAV 5dpi that are WT (grey) or TLR7-/- (orange). D. 
Numbers of lung pre-cDCs (left) or BM pre-cDCs (right) in non-infected (grey open 
circles), and mice infected with IAV 5dpi that are WT (grey) or Myd88-/- (magenta). 
Non-infected WT and respective knock-out mice were pooled as there is no 
difference in cell numbers at steady state. 3-8 mice per group. Statistical analysis 
used a one-way ANOVA test and compared N.i. versus infected mice from each 
genotype as well as both infected groups. 
 

 
Figure 4.31. Correlation of weight loss and cDC progenitors’ loss during IAV 
infection 
A. CDPs per leg versus percentage of weight (normalised to day 0) at day 5 post-
infection with IAV. B. pre-cDCs per leg versus percentage of weight (normalised to 
day 0) at day 5 post-infection with IAV. 28 C57BL/6J imale and female mice infected 
with IAV from 8 independent experiments. Analysis was done using a linear 
correlation. 
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Excessive type I IFNs during infection is often associated with immunopathology, 

which can be the cause of weight loss (Coates et al., 2018; Lin et al., 2008; McNab 

et al., 2015). Since I observed a correlation between BM pre-cDC numbers and 

weight loss, I asked whether type I IFNs were driving the decrease in BM cDC 

progenitors and recruitment into the lungs during IAV infection. To test this, I infected 

Ifnar1-/- mice, which lack a subunit of the type I IFN receptor. However, both WT and 

Ifnar1-/- mice displayed a significant decrease in BM pre-cDC numbers and were able 

to recruit pre-cDCs to the lung to a similar extent (Figure 4.32.A). In addition, Ifnar1-

/- mice lost as much weight as WT mice during the infection (Figure 4.32.B). This 

demonstrates that type I IFNs do not drive weight loss in this particular model of 

infection and that they are not responsible for pre-cDC lung recruitment or BM 

decrease during IAV infection. 

 

 
Figure 4.32. pre-cDC recruitment during IAV infection in the absence of type I IFN 
receptor signalling 
A. Numbers of lung pre-cDCs (left) or BM pre-cDCs (right) in non-infected (grey open 
circles), and mice infected with IAV 5dpi that are WT (grey) or Ifnar1-/- (green). Non-
infected WT and respective knock-out mice were pooled as there is no difference in 
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cell numbers at steady state. B. Percentage of weight loss relative to day 0 in WT or 
Ifnar1-/- mice infected with IAV. 8 mice per group involving males (not co-housed) 
and females (co-housed) from 2 independent experiments. Cells were gated as 
explained in materials and methods. Statistical analysis used a one-way ANOVA test 
comparing N.i. versus infected mice from each genotype, as well as both infected 
groups in (A), while in (B) a two-way ANOVA test was used comparing percentage 
of weight in each phenotype and each day. None of the days showed significance. 
 

4.5 Discussion 

Macrophages and cDCs are immune cells that can be found in every tissue. They 

play vital roles in maintaining organ homeostasis and in restoring tissue integrity 

upon infection or injury. Infection or inflammation are often accompanied by a local 

increase in macrophage and cDC numbers, which can be met through local 

proliferation or increased precursor recruitment. Tissue macrophages are self-

renewing and can proliferate more rapidly in response to injury-induced signals and 

cytokines (Bosurgi et al., 2017; Minutti et al., 2017; Sieweke & Allen, 2013). 

Furthermore, blood monocytes can enter tissues upon demand and differentiate into 

cells that greatly resemble tissue macrophages (Varol et al., 2015). Monocytes can 

also differentiate into cells that have cDC features but it is clear that such monocyte-

derived DC-like cells are distinct from those that arise from regular cDCpoiesis and 

cannot substitute for them, for example in anti-viral or anti-tumour immunity (Briseño 

et al., 2016). Therefore, increased demand for cDCs in the periphery (Ballesteros-

Tato et al., 2010; GeurtsvanKessel et al., 2008; Hole et al., 2019; Johansson et al., 

2006b; Welner et al., 2008) can only be met through increased generation of cDC 

precursors in BM or by greater mobilisation and/or proliferation of pre-cDCs in 

tissues. The analysis of this has sometimes been clouded by the failure to distinguish 

cDCs from monocyte-derived cells (Guilliams et al., 2014). 

 

Here, I focussed specifically on parameters of cDCpoiesis that cause alterations in 

tissue cDCs. I showed that influenza A virus infection causes an increase in lung 

cDC numbers, which is not accompanied by increased local proliferation of pre-cDC 

or their differentiated progeny in mice and, possibly, humans. Rather, it is 

accompanied by efflux of pre-cDCs from BM, which increase in number and 

frequency in peripheral blood and enter tissues, leading to increased seeding in the 

lung in a process that mainly depends on CCR2. In Clec9aConfetti mice, this acute 
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influx of pre-cDCs into lungs resulted in dissolution of pre-existing single-colour cDC 

clusters, a process that might be exacerbated by increased cDC mobility leading to 

increased intermingling of pre-existing clones and migration to mediastinal lymph 

nodes. Differently from a prior report (Ballesteros-Tato et al., 2010), I did not observe 

a selective increase in cDC2s in influenza virus-infected lungs and, consistent with 

that observation, pre-cDC in BM or lung did not display any infection-induced 

changes in phenotype suggestive of a bias towards cDC1 or cDC2 commitment 

(Grajales-Reyes et al., 2015; Schlitzer et al., 2015). Whether this relates to the strain 

of influenza virus used, the severity of the infection or the fact that the previous study 

(Ballesteros-Tato et al., 2010) did not necessarily discriminate bona fide cDC2s from 

monocyte-derived cells remains to be established. 

 

Loss of CCR2 in CDPs and pre-cDCs leads to impaired recruitment of lung pre-cDCs 

and fewer lung cDCs during IAV infection but not during steady state conditions. 

Even though pre-cDC recruitment to IAV-infected lungs is impaired, some pre-cDCs 

and cDCs are increased in numbers even in the absence of CCR2. This can be a 

result of incomplete penetrance of the Ccr2fl-eGFP construct to effectively knock-out 

Ccr2 expressed by pre-cDCs, residual proliferation of pre-cDCs or cDCs in the lung 

during IAV infection or due to the fact that different pre-cDCs populations express 

different receptors and some can be attracted to the tissue via CCR2-independent 

mechanisms. Regarding the later, pre-cDC recruitment into the lungs during IAV 

infection is also impaired in Ccr5-/- mice. Whether CCR5 intrinsically expressed by 

pre-cDC mediates the recruitment of the small pre-cDC population that is attracted 

in the absence of CCR2 is something that requires more experiments including 

conditional CCR5 knock out mice or mixed bone marrow chimeras. 

 

Monocyte-derived cell recruitment was not impaired in C9aCcr2eGFP/eGFP mice during 

IAV infection, reflecting that very few BM monocytes are targeted. Although very 

preliminary, the failure to increase lung cDC numbers during IAV infection appears 

to limit the availability of migratory cDCs that arrive in the draining lymph nodes 5 

days post-infection. This results in a reduced pool of virus specific CD8+ T cells, 

suggesting that acute pre-cDC recruitment to the site of infection is a key parameter 

regulating T cell priming towards IAV and, consequently, immunity against the virus. 

This might be explained by the availability of cDCs that encounter viral-infected cells 
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at the site of infection. If the network of cDCs is not properly expanded during IAV 

infection with the help of BM pre-cDCs, less cDCs carry IAV antigen to the draining 

lymph nodes resulting in an impaired T cell clonal expansion and defective adaptive 

immunity response. Future experiments are needed to prove this true, as well as 

other arms of the adaptive immune response like IAV-specific antibody production 

by B cells. 

 

CCL2 and CCL12 chemokines produced in the lungs from IAV infected mice have 

been shown to be interferon inducible and be produced by epithelial cells or 

inflammatory monocytes (Lambrecht and Hammad, 2012). However, mice lacking 

type I IFN receptor were able to recruit pre-cDCs in the lungs during IAV infection 

suggesting that other pathways might be responsible for the production of CCR2 

chemokines during IAV.  More experiments involving type III IFN knockout mice or 

mice lacking STAT1 (which is necessary for both type I and III receptor signalling) 

will help understanding the mechanism underlying CCR2 chemokines production 

during IAV infection. In addition, mice lacking TLR7, IFN-γ receptor or T and B cells 

were also able to recruit pre-cDCs to IAV-infected lungs. Myd88-/- mice seemed to 

be unable to recruit pre-cDCs to the lungs of infected mice. Whether this involves 

inflammasome activation with the consequent release of MyD88-dependent 

cytokines such as IL-1 ad IL-18 needs further investigation. 

 

The signals that trigger pre-cDC exit from the BM and why this exit might be 

accelerated during infection remain unknown. Mobilisation of pre-cDCs from the BM 

was clearly CCR2 and CCR5 independent, suggesting that the whole process 

involves at least two distinct steps: an unknown mechanism responsible for 

augmenting the release of pre-cDCs from the BM during infection and the dominant 

CCR2-CCL2/12 axis helping directing pre-cDCs in circulation towards infected lungs. 

Like recruitment to the lung, accelerated pre-cDC exit from the BM during IAV 

infection was IFN-γ receptor and T and B cell independent, and was also 

independent of sensing the virus through TLR7 or the TLR7 adaptor MyD88, shared 

also with IL-1 and IL-18. However, BM reduction of cDC progenitors was proportional 

to weight loss, which correlated this process with the immunopathology suffered by 

the mouse. Type I IFNs can cause immunopathology to the host (McNab et al., 2015) 

but, surprisingly, IFN signalling was not responsible for the reduction of cDC 
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progenitors in BM or for weight loss. Whether other proinflammatory signalling 

pathways are responsible for pre-cDC BM exit during infection is something that 

needs further investigation. 

 

The fact that CXCL12 is increased in the lungs of infected mice but decreased in the 

BM might explain pre-cDC mobilisation. CXCL12 is involved in the retention of 

progenitor and precursors cells in the BM during steady state through interaction with 

its receptor CXCR4 (Wei and Frenette, 2018). This would imply that if there is less 

availability of CXCL12 in BM, fewer pre-cDCs would be retained during infection and 

more would be released to the blood circulation. This might act together with an 

inflammasome-dependent release of lipases and proteases that break the strong and 

existent CXCR4-CXCL12 interactions in BM, a mechanism that has been proposed 

for the mobilisation of HSCs during inflammation or G-CSF treatment (Heissig et al., 

2007; Lévesque et al., 2001; 2003a; 2003b). In any case, the mechanism that drive 

pre-cDCs exit from the bone marrow remains largely unknown, even at steady state 

conditions. 

 

Overall my findings reveal that the cDC network in tissues is plastic and can be 

shaped by immune challenges in a process that can be called emergency 

cDCpoiesis in analogy to what it has been defined for monocytes and granulocytes. 

Infected tissues can communicate to the BM their need for more cDCs resulting in a 

release of pre-cDCs into the blood circulation and transient loss of cDC progenitors 

from the BM. This process does not necessarily imply an increased generation of 

cDC progenitors in the BM, as at early time points of infection the numbers of CDPs 

and pre-cDCs in BM are the same or lower. This suggests that there is an emergency 

efflux of pre-cDCs during infection, that is later accompanied with increased 

generation of cDC progenitors when BM CDPs recovered in numbers and they start 

proliferating more at 7 days-post infection. Pre-cDCs that are released into circulation 

find their way into the infection site by using CCR2, which seems to be an essential 

mechanism to expand cDC numbers in the lung and mount proper adaptive immune 

responses, at least in the context of IAV infection. 

 

The signals that regulate emergency efflux of BM pre-cDCs are presently unknown 

but could include a combination of inflammatory cytokines, chemokines and direct 
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sensing of microbial products by cDC progenitors. Future work might elucidate the 

molecular pathways that regulate emergency cDCpoiesis and pre-cDC BM exit and 

whether this mechanism is conserved in other immune challenges such as tissue 

injury, other types of infection or cancer. 
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Chapter 5. Pathogen and damage sensing by cDC 
progenitors 

5.1 Introduction 

Stem and progenitor cells in the bone marrow express receptors that bind to 

Pathogen Associated Molecular Patterns (PAMPs) or Damage Associated Molecular 

Patterns (DAMPs) (Merad et al., 2013; Schmid et al., 2011; Schraml et al., 2013; 

Takizawa et al., 2012). This effectively means that progenitor cells, such as pre-cDCs, 

have the potential to respond to infection or another challenge when they arrive 

locally at an affected tissue. It also means that stem and progenitor cells can 

potentially respond locally in the bone marrow to any PAMPs or DAMPs carried via 

the blood from an affected tissue. Such signals could affect stem and progenitor cell 

survival, proliferation, differentiation and/or migration potential. 

 

Indeed, several studies have shown that TLR signalling can impact HSC 

development and myeloid commitment (Buechler et al., 2013; Sioud and Fløisand, 

2007; Takizawa et al., 2011). Herpes virus infection stimulates TLR9 expressed by 

bone marrow Common Lymphoid Progenitors (CLPs) to generate cDCs at the 

expense of B cells (Welner et al., 2008). Similar results were reported for TLR2 and 

TLR4, which recognise cell wall components from yeast and bacteria or bacterial 

lipopolysaccharide (LPS), respectively. In vitro triggering of TLR2 or TLR4 in HSCs 

promoted myeloid differentiation (Nagai et al., 2006) and in vivo LPS stimulation of 

HSCs led to local proliferation and generation of monocytes, granulocytes and cDCs 

(Massberg et al., 2007). Other studies showed that LPS stimulation induced 

mobilisation of HSCs from the bone marrow and increased their numbers in the 

spleen (Takizawa et al., 2011). In a different setting, chronic TLR stimulation of HSCs 

impaired their capacity to repopulate the haematopoietic compartment of irradiated 

hosts (Link, 2013; Matatall et al., 2016). Moreover, MyD88, the main adaptor of TLR 

signalling, was originally described as a primary response gene upregulated during 

myeloid differentiation (Lord et al., 1990).  
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In addition to exogenous pathogen components, it has been shown that endogenous 

TLR ligands coming from the microbiota support haematopoiesis. Germ free mice 

have impaired granulopoiesis, but transfer of serum from specific pathogen-free 

(SPF mice) with normal microbiota was able to restore normal granulopoiesis in a 

MyD88 dependent manner (Balmer et al., 2014; Zhang et al., 2015). Human HSCs 

also express TLRs and their stimulation can bias commitment to myeloid and 

lymphoid lineages (Sioud and Fløisand, 2007; Sioud et al., 2006). However, whether 

and how recognition of pathogens, or even microbiota, affects cDC progenitors 

remains largely unknown. In one study, TLR2 and TLR9 agonists given to CDPs in 

vitro induced downregulation of CXCR4, which promotes retention in the bone 

marrow (Schmid et al., 2011). Subsequent in vivo transfer of these cells led to homing 

to the lymph node instead of bone marrow, suggesting that the BM egress of cDC 

progenitors in vivo could be accelerated after direct encounter with TLR ligands. I set 

out to investigate in this chapter to what extent direct PRR engagement impacts cDC 

progenitors in vivo, in particular TLR9. 

 

Unmethylated cytosine-phosphate-guanine dinucleotides, which are relatively 

common in bacterial and viral DNA but are suppressed and methylated in eukaryotic 

DNA, trigger TLR9 (Hemmi and Akira, 2000). Accordingly, CpG-containing 

oligonucleotides (CpG) are used as vaccine adjuvants for improving the function of 

cDCs and boosting the generation of humoral and cellular responses. However, 

whether CpG affects cDC progenitors has not been addressed. Here I report that 

systemic administration of CpG to mice induces a reduction in numbers of cDC 

progenitors in BM and an increase in their numbers on spleen, which leads to an 

expansion of the differentiated cDC pool. Through the use of mixed bone marrow 

chimeras, I show that this effect is partially dependent on cell-intrinsic TLR9 

expression and partly dependent on global type I interferon production. 

 

5.2 Expression of CLRs and TLRs by BM cDC progenitors 

In order to confirm the expression of PRRs by BM cDC progenitors (Schmid et al., 

2011; Schraml et al. 2013; Merad et al., 2013), I interrogated RNAseq data from 

sorted BM CDPs and pre-cDCs (PBS controls, see later). As expected, CDPs and 
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pre-cDCs express a variety of PAMP receptors (Figure 5.1.A) and DAMP receptors 

(Figure 5.1.B). The most expressed PAMP receptors were TLR9, TLR2, Clec7a and 

TLR1, while CD44, CD24a, Clec12a, Clec9a and P2rx7 were the most expressed 

DAMP receptors together with the sensors Lyn, Aim2 and Nlrp3. The most expressed 

TLR, TLR9, can recognise unmethylated CpG motifs from bacterial and viral DNA 

but also self-DNA when released from dead cells and, particularly, associated with 

IgG complexes (Benmerzoug et al., 2019; Lande et al., 2019; Zhang et al., 2010). It 

is also expressed by differentiated cells, including B cells, cDCs and monocytes, but 

among BM progenitors it is almost exclusively expressed by CDPs and pre-cDCs 

(Immgen database). TLR2, which is the second most expressed TLR by CDPs and 

pre-cDCs, recognises wall components from yeast and bacteria. In the BM it is 

primarily expressed by neutrophils but also by several progenitors such as MDPs, 

GMPs, CDPs and pre-cDCs. CD44 is a widely expressed cell surface adhesion 

receptor that is also involved in the recognition of the DAMP hyaluronic acid 

(Goodison et al., 1999). Lyn is tyrosine kinase redox sensor highly expressed by cDC 

progenitors, cDCs, macrophages, NK cells and B cells. It binds to H2O2 and mediates 

leukocyte attraction to wounds (Yoo et al., 2011). 

 

Overall this data indicates that CDPs and pre-cDCs have a specific expression 

pattern of PRRs although its function remains unclear. 

 

 
Figure 5.1. PRRs expressed by BM CDPs and pre-cDCs 
A. Normalised expression of several PAMP receptors from sorted BM CDPs and pre-
cDCs (preDCs) from RNAseq data (see later). B. Normalised expression of several 
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DAMP receptors and sensors from sorted BM CDPs and pre-cDCs. Data 
corresponds to 4 biological replicates from PBS control mice (see later). 
 

5.3 Triggering TLR2, TLR4 and TLR9 

To mimic the systemic release of pathogen components during infection, I injected 

mice with a limiting dose of different TLR agonists intraperitoneallly. Numbers of cDC 

progenitors in BM were significantly reduced after injection of Pam3csk4, LPS and 

CpG, recognised by TLR2, TLR4 and TLR9 respectively (Figure 5.2.A). I also 

observed a reduction in BM neutrophils 12h post injection of the TLR agonists (Figure 

5.2.B). Reduction in neutrophil numbers has been linked to increased egress from 

the BM into the blood circulation in a CXCR4 and CXCR2 dependent manner (Martin 

et al., 2003). Therefore, TLR agonists might similarly cause cDC progenitor egress 

from the BM and some of this effect might be due to direct triggering of the receptors 

on the progenitors. 

 

 
Figure 5.2. BM cells 12h after intraperitoneal injection of TLR ligands 
A. Percentage of live CDPs and pre-cDCs in BM after intraperitoneal injection of 
1mg/kg of Pam3csk4 (P3C), lipopolysaccharide (LPS), unmethylated CpG motifs 
(CpG) or equal volume of PBS. B. Percentage of live neutrophils in BM in the same 
mice than in A. Data corresponds to 3 biological replicates using C57Bl/6J mice. 
Cells were gated as explained in materials and methods. Statistical analysis was 
done using a one-way ANOVA test comparing different TLR ligands to PBS controls. 
 

To study the consequences of engaging TLRs expressed by cDC progenitors I 

decided to focus on TLR9. Among stem and progenitor cells in BM, TLR9 is almost 

exclusively expressed by CDPs and pre-cDCs, with the exception of CLPs and some 

HSCs that also express it, albeit at lower levels. In contrast, TLR2 and TLR4 are 

expressed by the high majority of BM progenitors (ImmGen database). 



Chapter 5. Pathogen and damage sensing by DC progenitors 

 

142 

 

The numbers of CDPs and pre-cDCs were confirmed to be reduced in the bone 

marrow 12h after intravenous injection of CpG (Figure 5.3.A, B), a more systemic 

mode of delivery than the intraperitoneal injection used before (Figure 5.2). 

Differentiated BM cDC numbers remained unaltered after CpG injection. The number 

of total lineage- cells was also reduced, suggesting an effect on additional 

progenitors that outnumber pre-cDCs and CDPs. 

 

 
Figure 5.3. Changes in BM 12h after intravenous injection of CpG 
A. Representative flow cytometry dot plots and numbers of CDPs in BM 12h after 
intravenous injection of 1mg/kg of CpG to C57BL/6 mice or equal volume of PBS. B. 
Representative flow cytometry dot plots and numbers of pre-cDCs in BM 12h after 
intravenous injection of 1mg/kg of CpG to C57BL/6 mice or equal volume of PBS. C-
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D. Numbers of cDCs (C) or lineage- cells (D) in BM 12h after intravenous injection of 
1mg/kg of CpG to C57BL/6 mice or equal volume of PBS. Cells were gated as 
explained in materials and methods. Lineage corresponds to a cocktail of antibodies 
against CD4, CD8, CD11b, CD19, B220, Ter119 and NK1.1. 6-9 mice per group from 
2-3 independent experiments. Statistical analysis was done using a Mann-Whitney 
test. 
 

Some of the markers used to identify cDC progenitors, such as Csf1R (CD115), are 

known to be internalised in inflammatory settings due to ligand binding. This could 

prevent the identification of cDC progenitors and misleadingly suggest a reduction in 

BM. To exclude this possibility, I decided to identify cDC progenitors based on 

fluorescent protein expression and not cell surface markers. 

 

During genetic tracing via DNGR-1, i.e. Clec9aeYFP mice, the only lineage- labelled 

cells are CDPs and pre-cDCs, while lineage+ labelled cells include a mix of cDCs, 

pDCs and monocytes/macrophages (Schraml et al., 2013). When injecting CpG to 

Clec9eYFP mice, labelled lineage- cells were also reduced in BM while the eYFP+ 

lineage+ fraction remained unaffected. This confirms that cDC progenitor numbers 

are indeed reduced in BM following CpG delivery. 

 

 
Figure 5.4. Intravenous CpG injection into Clec9aeYFP mice 
Number of lineage negative (left) or lineage positive (right) eYFP+ cells 12h after 
1mg/kg CpG injection or PBS to Clec9aeYFP mice. Lineage corresponds to a cocktail 
of antibodies against CD4, CD8, CD11b, CD19, B220, Ter119 and NK1.1. 3 mice 
per group from 1 experiment. Statistical analysis was done using an unpaired t-test. 
 

Production of type I IFNs during infection can lead to haematopoietic stem and 

progenitor cell collapse via increased cell death (Smith et al., 2018). To exclude the 

possibility that cDC progenitors were dying shortly after intravenous injection of CpG, 
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which induces the production of type I IFNs, I assessed cell death by staining with 

Annexin V, which binds to phosphatidyl serine exposed in the surface of apoptotic 

cells, and via incorporation of the DNA dye DAPI (Henry et al., 2013). 3h after CpG 

injection, just when cell numbers start to be reduced in BM (see kinetics later, Figure 

5.10), there was no significant increase in CDPs and pre-cDCs positive for Annexin 

V or Dapi. These data suggest that the reduction in CDPs and pre-cDCs during CpG 

injection is unlikely due to increased cell death and that it might be a result of 

increased BM exit instead. 

 
Figure 5.5. Assessing cell death in BM cDC progenitors after intravenous injection 
of CpG 
A. Representative flow cytometry dot plots of BM CDPs stained for Annexin V (AnnV) 
3h after intravenous injection of CpG or PBS as control. Fluorescence minus one 
(FMO) control for AnnV is shown on the left. B. Percentage of AnnV+ CDPs and pre-
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cDCs in BM 3h after intravenous administration of 1mg/kg of CpG or equal volumes 
of PBS. C. Percentage of Dapi+ CDPs and pre-cDCs in BM 3h after intravenous 
administration of 1mg/kg of CpG or equal volumes of PBS. Cells were gated as 
explained in materials and methods except for cells in C, in which dead cells were 
not excluded prior gating. 4 mice per group. Statistical test was done using an 
unpaired t test.  
 
To take the latter into account, I also examined the spleen. 72h after CpG injection, 

CDPs numbers were back to normal in the BM while numbers of pre-cDCs were still 

significantly reduced (Figure 5.6.A, B). When looking in the spleen, pre-cDCs 

accumulated to greater numbers 72h after injection of CpG compared to PBS 

controls (Figure 5.6.C). Interestingly, this was more pronounced for cDC2s than 

cDC1s (the increase in which did not actually reach statistical significance; Figure 

5.6.D, E). This may suggest that CpG can change the fate of cDCs progenitors and 

skew their commitment towards a specific cDC subset. 
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Figure 5.6. Changes in splenic and BM cDC lineage cells 72h after intravenous 
injection of CpG 
A-B. Numbers of BM CDPs (A) and pre-cDCs (B) 72h after intravenous injection of 
1mg/kg of CpG to C57BL/6 mice or equal volume of PBS. C. Representative flow 
cytometry dot plots and numbers of splenic pre-cDCs 72h after intravenous injection 
of 1mg/kg of CpG to C57BL/6 mice or equal volume of PBS. D-E. Numbers of splenic 
cDC1s (D) and cDC2s (E) 72h after injection of CpG compared to PBS controls. Cells 
were gated as explained in materials and methods. 3 mice per group from 1 
representative experiment out of 2. Statistical analysis was done using an unpaired 
t-test. 
 

Overall, these data demonstrate that TLR agonists induce a transient reduction in 

cDC progenitors and their accumulation in the spleen, providing corroborating 

evidence for emergency cDCpoiesis during inflammatory conditions (see Chapter 4). 

 

5.4 Cell-intrinsic effects of TLR9 engagement 

 

5.4.1 Use of WT/Tlr9-/- BM chimeras 

To investigate whether direct sensing of TLR9 ligands was involved in emergency 

cDCpoiesis, I generated mixed WT and Tlr9-/- chimeras in a 1:1 ratio (Figure 5.7.A). 

WT and Tlr9-/- cells in the same mouse can be recognised by the use of congenic 

markers and will share the same environment, allowing the study of cell intrinsic 

differences in the absence of TLR9. 

 

After injecting CpG intravenously into the chimeras, WT CDPs and pre-cDCs were 

significantly reduced in BM as expected but, interestingly, Tlr9-/- cDC progenitors 

were not (Figure 5.7.B). This suggests that direct engagement of TLR9 is, at least 

partially, involved in the CpG-induced reduction and that the latter is not only a 

consequence of inflammation.  
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Figure 5.7. BM cDC progenitors after CpG injection to WT/Tlr9-/- BM chimeras 
A. Schematic of the experimental procedure used to generate WT/Tlr9-/- mixed BM 
chimeras in a ratio 1:1. Cells can be recognised by the use of congenic markers: 
CD45.1 for WT cells and CD45.2 for Tlr9-/- cells. B. CDPs and pre-cDCs in BM 12h 
after 1mg/kg CpG injection (filled circles) or PBS (open circles) to mixed WT (grey) 
and Tlr9-/- (orange) BM chimeras. Cells were gated as explained in materials and 
methods. 9-10 mice per group males and females from 3 independent experiments. 
Statistical analysis used a two-way ANOVA test comparing PBS versus CpG injected 
mice of each genotype. 
 

I also noted a consistent difference in the number of CDPs and pre-cDCs that were 

WT vs. Tlr9-/- in the BM chimeras, even in the PBS controls (Figure 5.7.B). 5 weeks 

after reconstitution, chimerism in total blood was close to 50%, yet, in BM, WT CDPs 

and pre-cDCs were significantly more numerous than their TLR9-deficient 

counterparts (Figure 5.8). Whether this is due to tonic TLR9 signalling that promotes 

CDP and pre-cDC development as it has been proposed for neutrophils (Balmer et 

al., 2014) is something that I currently cannot answer.  
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Figure 5.8. Chimerism in WT/Tlr9-/- mixed BM chimeras 
Percentage of WT (CD45.1+, grey) or Tlr9-/- (CD45.2+, orange) total blood leucocytes 
was assessed 5 weeks post-transplantation. Percentage of WT (CD45.1+) CDPs and 
pre-cDCs was assessed in BM when the experiments depicted in Figure 5.7 were 
carried out (5-7 weeks after BM transplantation). Cells were gated as explained in 
materials and methods. 9-10 mice per group males and females from 3 independent 
experiments. Statistical analysis used a two-way ANOVA test comparing WT versus 
Tlr9-/- cells of each cell population from untreated or PBS-injected mice. 
 

To understand if the lower depletion of BM Tlr9-/- cells after CpG injection resulted in 

lower pre-cDC accumulation in spleen, I analysed another set of chimeras 72h after 

CpG injection. WT pre-cDCs were elevated in the spleen as expected (Figure 5.9) 

but interestingly this was not the case for Tlr9-/- pre-cDCs. However, cDCs numbers 

were not increased at this timepoint in the WT or Tlr9-/- comparison (Figure 5.9), 

which could be due to a delayed response in the chimeras compared to non-

irradiated WT mice (Figure 5.6).  

 

 
Figure 5.9. Splenic cDC lineage cells 72h after CpG injection to WT/Tlr9-/- chimeras 
Splenic pre-cDCs and cDCs 72h after 1mg/kg CpG injection (filled circles) or PBS 
(open circles) to mixed WT (grey) and Tlr9-/- (orange) BM chimeras. Cells were gated 
as explained in materials and methods. 7 mice per group males and females from 1 
experiment. Statistical analysis used a two-way ANOVA test comparing PBS versus 
CpG injected mice of each genotype. 
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In sum, these results indicate that TLR9 expressed by bone marrow progenitors 

contributes to a reduction in pre-cDCs in the BM and their accumulation in the spleen 

following CpG injection. However, this does not explain the pathways behind it or 

other indirect mechanisms that might be involved. 

 

5.4.2 RNAseq analysis of WT and Tlr9-/- cDC progenitors during CpG injection 
and at steady state 

The results above suggest that CDPs and pre-cDCs could directly sense microbial 

products, resulting in mobilisation from the BM. However, the mechanism underlying 

this phenomenon is unknown and might result from changes in gene expression 

induced by PRR triggering in BM progenitors. In this section of Chapter 5 I describe 

the results of a bulk RNAseq experiment I did on cDC progenitors after CpG injection 

in mixed WT/Tlr9-/- BM chimeras. RNAseq was done by the Advanced Sequencing 

Facility at The Francis Crick Institute and the analysis was done by Probir 

Chakravarty at the Bioinformatics Facility of The Francis Crick Institute. 

 

Before the RNAseq experiment, I performed an analysis of early timepoints after 

CpG injection in order to identify a timepoint at which to sort cDC progenitors before 

they are lost from the BM. CDP numbers significantly decreased 3h post injection 

while for pre-cDCs this took a bit longer (Figure 5.10.A). In order to have a good 

balance between CDPs and pre-cDC numbers I decided to sort them 3h post 

injection of CpG. WT or Tlr9-/- cells were sorted using congenic markers in mice that 

had received PBS or CpG. After sorting the cells and extracting their RNA, RNA 

sequencing was performed in 4 biological replicates involving male and female mice. 

Comparison of PBS vs CpG in WT cells can inform about global transcriptional 

changes occurring in the cells after CpG injection, while comparing WT vs Tlr9-/- cells 

from CpG injected mice informs about the genes whose expression changes are 

intrinsically TLR9 dependent (Figure 5.10.B). Finally, a comparison between WT and 

Tlr9-/- cells from PBS-injected control mice might answer why there was the 

competitive disadvantage observed before (Figure 5.8). 
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Figure 5.10. RNAseq experiment in mixed WT/Tlr9-/- BM chimeras 
A. Time course to asses CDP and pre-cDC numbers in BM 1, 3 or 12h post 
intravenous injection of CpG to C57BL/6J mice, PBS controls correspond to 1h after 
injection. 3 mice per group from 1 experiment. Statistical analysis was done using a 
one-way ANOVA comparing each time points to the PBS control. B. Schematic of 
RNAseq experiment: 1. Generation of mixed BM chimeras, 2. Injection of PBS or 
CpG to collect BM 3h later, 3. Sort CDPs and pre-cDCs that are WT or Tlr9-/- from 
PBS or CpG injected mice and 4. RNA extraction for RNAseq analysis evaluating 
global changes in the transcriptome (PBS vs CpG comparison) or assessing direct 
changes only (WT vs Tlr9-/- comparison). 
 

First, I analysed WT and Tlr9-/- CDPs and pre-cDCs from mice that had received CpG 

injection to look at any possible intrinsic mechanism that might be involved in the 

response. Analysis of differentially regulated genes showed that there were no 

differences between WT and Tlr9-/- CDPs with only 5 significant differentially 

regulated genes (Figure 5.11.A), one of them being TLR9. This demonstrates that 

engagement of TLR9 does not change gene expression in CDPs. On the other hand, 

there were 391 significant genes that were differentially expressed in WT versus Tlr9-

/- pre-cDCs, suggesting a direct recognition and response in these cells after CpG 

injection (Figure 5.11.B). 
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Figure 5.11. Intrinsic analysis of WT versus Tlr9-/- cells after CpG injection 
A. Heatmap of gene expression changes in WT versus Tlr9-/- CDPs from CpG 
injected mice. B. Heatmap of gene expression changes in WT versus Tlr9-/- pre-cDCs 
from CpG injected mice. Colour key corresponds to red (high expression) or blue 
(low expression). Histogram depicts number of genes changing in a scale of Z-score. 
Data corresponds to 4 biological replicates. One WT pre-cDC sample was excluded 
and two Tlr9-/- pre-cDC samples for poor mRNA quality. Analysis was done by Probir 
Chakravarty. 
 

In a different type of analysis, Probir and I looked at pathways and processes that 

were linked to those differentially expressed genes in WT versus Tlr9-/- pre-cDCs 

using the Gene Set Enrichment Analysis (GSEA). With this method we could 

determine whether a defined set of genes linked to a pathway or a process show 

statistically significant enrichment at the top end (top ranked, genes that are 

differentially upregulated) or the bottom end (bottom ranked, genes that are 

downregulated) out of the whole list of differentially expressed genes from the 

RNAseq. GSEA pathways refer to gene sets curated from various online pathways 

databases, such as KEGG and REACTOME, while processes refer to gene sets 

derived from the Gene Ontology (GO) Biological Process Ontology. 
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Interestingly, the PI3 kinase pathway, metabolism of lipids and lipoproteins and 

interferon signalling (Figure 5.12.A) amongst other 158 gene sets at a nominal p 

value lower than 1% bottom ranked in the differentially expressed genes by Tlr9-/- 

pre-cDCs. This effectively means that Tlr9-/- pre-cDCs fail to upregulate genes 

associated with those pathways after encountering CpG. 

 

 
Figure 5.12. Pathways bottom and top ranked in Tlr9-/- versus WT pre-cDCs 
A. Pathways that bottom ranked in genes from Figure 5.11 (pre-cDC Tlr9-/- versus 
WT comparison). B. Pathways in the top ranked in genes from Figure 5.11 (pre-cDC 
Tlr9-/- versus WT comparison). Data corresponds to mean value of cells from 2-3 
mice injected with CpG. 1 WT sample was excluded and 2 Tlr9-/- samples for poor 
mRNA quality. Data were analysed by Probir Chakravarty. 
 

In contrast, 140 gene sets were top ranked at a nominal p value lower than 1% in 

differentially regulated genes from Tlr9-/- versus WT pre-cDCs. Some of them were 

related to metabolism of proteins, signal recognition particle pathway (SRP) and 

peptide chain elongation (Figure 5.12.B). This suggests that, in response to CpG, 

Tlr9-/- pre-cDCs fail to activate PI3 kinase pathway, interferon signalling and lipid 

metabolism at the level that WT cells do. At the same time, they maintain higher 
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metabolism of proteins, protein synthesis and peptide chain elongation, probably due 

to their failure to get directly “activated” by CpG. 

 

 
Figure 5.13. Processes bottom and top ranked in Tlr9-/- versus WT pre-cDCs 
A. Processes that bottom ranked in genes from Figure 5.11 (pre-cDC Tlr9-/- versus 
WT comparison). B. Processes that top ranked in genes from Figure 5.11 (pre-cDC 
Tlr9-/- versus WT comparison). Data corresponds to mean value of cells from 2-3 
mice injected with CpG. 1 WT sample was excluded and 2 Tlr9-/- samples for poor 
mRNA quality. Data was analysed by Probir Chakravarty. 
 

When looking at processes, 526 gene sets were bottom ranked in the list of 

differentially regulated genes from Tlr9-/- versus WT pre-cDCs at a nominal p value 

lower than 1%. It is intriguing that some of these processes were cell proliferation, 

cell motility and regulation of the immune response (Figure 5.13.A). Again, this 

suggests that WT pre-cDCs are able to directly respond to CpG and when they lack 

TLR9 they are less activated (i.e. do not upregulate genes associated with the 

immune response process) and they do not upregulate genes associated with cell 

proliferation and cell motility. The latter could explain why Tlr9-/- pre-cDCs are not 

found in high numbers in the spleen - because they display lower cell motility and 

migrate less. However, this is just an interpretation obtained from the transcriptomic 
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data and validation experiments involving in vivo imaging of these cells might proof 

this true. Again, Tlr9-/- pre-cDCs differentially downregulated genes associated with 

metabolism of organonitrogen compounds, peptides and amide biosynthetic 

processes (Figure 5.13.B) when looking at GO processes. This may be a result of 

lower cell activation that does not stop biosynthetic processes, in contrast to WT cells 

that seem to activate lipid metabolism possibly through fatty acid oxidation. 

 

We also analysed WT and Tlr9-/- CDPs and pre-cDCs from PBS injected mice to 

assess any differences in the absence of external stimuli. As for CpG-injected mice, 

there were hardly any differences in gene expression between WT and Tlr9-/- CDPs 

(Figure 5.14) in the PBS controls. This demonstrates that there is no intrinsic 

impairment in these cells and, therefore, their relative disadvantage in the chimera 

setting (see Figure 5.8) may be imprinted at the levels of a less differentiated cell 

further up in the haematopoietic tree, such as an HSC. 

 

 
Figure 5.14. Intrinsic analysis of WT versus Tlr9-/- cells in PBS control mice 
A. Heatmap of gene expression changes in WT versus Tlr9-/- CDPs from PBS 
injected mice. B. Heatmap of gene expression changes in WT versus Tlr9-/- pre-cDCs 
from PBS injected mice. Colour key corresponds to red (high expression) or blue 
(low expression), histogram depicts number of genes changing in a scale of Z-score. 
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C. Pathways in the bottom (top) or top (bottom) rank of Tlr9-/- versus WT comparison 
from genes in B. Data corresponds to 4 biological replicates. Analysis was done by 
Probir Chakravarty 
 

For pre-cDCs, there were 119 differentially regulated genes in Tlr9-/- versus WT cells. 

In the GSEA analysis, downregulated genes in Tlr9-/- pre-cDCs were associated with 

pathways linked to cell cycle, while the pathways that were associated with 

upregulated genes were related to protein metabolism. This suggests that there is 

tonic TLR9 signalling in WT pre-cDCs that supports their proliferation. When cells 

lack TLR9, they divide less and have higher protein metabolism. 

 

 
Figure 5.15. Global transcriptional changes occurring in CDPs after CpG injection 
A. Heatmap of gene expression changes in WT CDPs in PBS versus CpG 
comparison. Colour key corresponds to red (high expression) or blue (low 
expression), histogram depicts number of genes changing in a scale of Z-score. B. 
Top pathways enriched in CpG versus PBS comparison with respective adjusted p 
value. C. Top transcription factors associated with pathways from B with respective 
adjusted p value. Data corresponds to 4 mice per group. Analysis was done by Probir 
Chakravarty. 
 

When looking at global transcriptional changes occurring in BM cDC progenitors 

during CpG injection, independently of their capacity to sense CpG, we compared 
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WT cells from CpG versus PBS injected mice. In this case, CDPs had 675 

differentially regulated genes (Figure 5.15.A), suggesting that even though they do 

not change their transcriptome in response to direct triggering by CpG, they do so in 

response to the inflammatory setting that is caused by other cells recognising the 

TLR ligand. Metacore enrichment analysis grouped these genes in IFN, GM-CSF, 

IL-6 and integrin signalling (Figure 5.15.B). Transcription factors linked to these 

pathways were IRF8, IRF1 and STAT1 among others (Figure 5.15.C), which are 

linked to cDC differentiation and IFN and IL-6 signalling. 

 

GSEA analysis also showed that differentially regulated genes top ranked in cytokine 

and IFN signalling, antigen processing and cross presentation (Figure 5.16.A), 

probably due to cell differentiation or even suggesting a capacity for CDPs to cross 

present antigens. 

 

 
Figure 5.16. GSEA analysis in WT CDPs from chimeras injected with PBS or CpG 
A. Pathways in the top rank of CpG versus PBS comparison in genes from Figure 
5.15. B. Pathways in the bottom rank of CpG versus PBS comparison in genes from 
Figure 5.15. Data corresponds to mean value of 4 mice per group. Data was 
analysed by Probir Chakravarty. 
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On the other hand, differentially downregulated genes were associated with Rho 

GTPases signalling, mitosis and cell death through JNK pathway, possibly a 

reflection of the activation status of CDPs after CpG injection. Rho GTPases 

signalling is key for cell growth and migration, and the fact that the genes associated 

with these pathways were downregulated in CDPs from CpG injected mice might 

confirm that these cells do not migrate out of the BM even during inflammatory 

conditions.  

 

 
Figure 5.17. Global transcriptional changes occurring in pre-cDCs after CpG 
injection 
A. Heatmap of gene expression changes in WT pre-cDCs in PBS versus CpG 
comparison. Colour key corresponds to red (high expression) or blue (low 
expression). Histogram depicts number of genes changing in a scale of Z-score. B. 
Top pathways enriched in CpG versus PBS comparison with respective adjusted p 
value. C. Top transcription factors associated with pathways from B with respective 
adjusted p value. Data corresponds to 3-4 mice per group. One CpG pre-cDC sample 
was excluded for having low mRNA quality. Analysis was done by Probir Chakravarty. 
 
2086 genes were differentially regulated in WT pre-cDCs after CpG injection, clearly 

highlighting that these cells are more responsive to CpG compared to CDPs. Among 

those 2086 genes, 126 failed to be differentially regulated in TLR9-/- pre-cDCs and 

were grouped in the pathways and processes shown before (Figure 5.12, Figure 
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5.13). Nevertheless, the great majority of differentially regulated genes were 

differentially regulated in pre-cDCs of either genotype and Metacore enrichment 

analysis grouped them into IFN signalling, protein processing, MHC-I antigen 

presentation and cytokine signalling. Transcription factors linked to these pathways 

were very similar to those for CDPs (Figure 5.15.C). In addition, c-Myc and CREB1 

were prominent, which are linked to cell proliferation and activation. 

 
GSEA analysis in WT pre-cDCs grouped differentially expressed genes in pathways 

associated with IFN signalling, KEGG oxidative phosphorylation and Chemokine 

signaling among other 252 gene sets that were enriched at a nominal p value below 

1%. 

 

 
Figure 5.18. GSEA analysis in WT pre-cDCs from chimeras injected with PBS or 
CpG 
A. Pathways in the top rank of CpG versus PBS comparison in genes from Figure 
5.17. B. Pathway in the bottom rank of CpG versus PBS comparison in genes from 
Figure 5.17. Data corresponds to mean value of 3-4 mice per group. One CpG pre-
cDC sample was excluded for having low mRNA quality. Data was analysed by 
Probir Chakravarty. 
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Pathways linked to genes that were differentially downregulated included 

endocytosis, RhoA pathway and Aurora B pathway among other 52. This 

demonstrates again a potent IFN signature in the context of CpG, together with 

switches in cellular metabolism and cell cycle. In regards to endocytosis it is a 

possibility that downregulation occurs after cells have taken up and process CpG. 

RhoA GTPase and Aurora B pathways are involved in cytoskeleton regulation and 

cell division, which might indicate that pre-cDCs are diving less at this time point after 

CpG injection. Interestingly, it is been shown that RhoA upregulation limits HSC 

proliferation and migration (Ghiaur et al., 2006), but whether this is important for pre-

cDC exit from the BM it is not known. 

 

Finally, I specifically looked at differentially expressed chemokine receptors after 

CpG injection in WT pre-cDCs. Interestingly, CCR1 and CCR5 were upregulated in 

these cells in the context of CpG while CCR7 and S1pr3 were downregulated (Figure 

5.19). 
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Figure 5.19. Chemokine receptor expression changes in BM pre-cDCs after CpG 
injection 
A. Normalised expression of CCR1 and CCR5 in sorted BM WT pre-cDCs from 
chimeras injected with PBS (open circles) or CpG (filled grey circles). B. Normalised 
expression of CCR7 and S1pr3 in sorted BM WT pre-cDCs from chimeras injected 
with PBS (open circles) or CpG (filled grey circles). 3-4 mice per group. 1 CpG 
sample was discarded for having low RNA quality. Normalisation of RNAseq data 
was done by Probir Chakravarty. Adjusted p value was extracted from the RNAseq 
analysis. 
 

Overall, these data suggest that CDPs do not respond directly to CpG, at least at the 

level of gene expression regulation, but respond to the inflammatory milieu created 

by CpG administration. This response is manifested in a strong IFN signature, cell 

activation status and differentiation while slowing down cell division. On the other 

hand, pre-cDCs do sense CpG and respond to it directly. WT pre-cDCs get more 

activated than Tlr9-/- and have a stronger IFN signature. They also have higher 

expression of genes associated with proliferation and cell motility. A proliferation-

associated gene expression defect in Tlr9-/- pre-cDCs is also evident in PBS controls, 

suggesting that there are some ligands coming from the host that are able to 

stimulate TLR9 under steady state conditions. Finally, like CDPs, TLR9-deficient pre-

cDCs display global gene expression changes in the context of CpG administration 

that are therefore triggered by the inflammatory milieu and characterised by a strong 

IFN, IL-6 and GM-CSF signature that seems to depend on the transcription factors 

IRF1, STAT1 and IRF8. 

 

 
Figure 5.20. BM cDC progenitors 12h after intravenous injection to CpG injection 
to Ifnar1-/- mice 
Numbers of BM CDPs and pre-cDCs 12h after intravenous injection of 1mg/kg of 
CpG to C57BL/6 mice or equal volume of PBS. Cells were gated as explained in 
materials and methods. 6 mice per group from 2 independent experiments. Statistical 
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analysis was done using a two-way ANOVA test comparing PBS versus CpG 
injected mice (either WT or Ifnar1-/-) and WT versus Ifnar1-/- CpG injected mice. 
 

Because there was a pronounced type I IFN signature in BM cDC progenitors from 

mice that had received an i.v. CpG injection compared to PBS controls, I decided to 

inject CpG into Ifnar1-/- mice. 12h after injection of CpG, WT mice had fewer CDPs 

and pre-cDCs per leg as observed before. However, this was not true for Ifnar1-/- 

mice although there was a tendency towards reduction that did not reach statistical 

significance (Figure 5.20). Thus, type I IFN is a major regulator of loss of cDC 

precursors from BM after CpG injection although, interestingly, not in the setting of 

IAV infection (see previous chapter). 

 

5.5 cDC progenitors during transplantable tumour growth 

So far, I have described two different scenarios in which cDC progenitors seem to 

be mobilised out of the BM to go to the periphery. One of them, lung infection with 

Influenza A virus, is a contained local infection that send signals in the form of 

chemokines to attract different cell types to the site of damage. The other, injection 

of CpG, resembles a systemic infection or vaccination in which TLR agonists would 

directly reach the BM. 

 

An additional scenario is cancer. In the tumour microenvironment, constant cell 

growth increases total cell death. In fact, circulating tumour DNA, that could 

potentially stimulate TLR9, is found in blood from cancer patients (Snyder et al., 

2016; Sun et al., 2015) and it is often linked to response to treatment (Xi et al., 2016). 

In addition, several cytokines like IL-6 and chemokines such as CCL2 and CCL5 are 

elevated in plasma in the context of cancer (MD, 2013; Svensson et al., 2015). 

 

To test whether cancer could also cause changes in BM cDCs progenitors, I decided 

to inject two different melanoma cell lines into mice and analyse the effect on cDC 

progenitors in BM. One line I used is the BRAF melanoma line carrying the V600E 

mutation in the Braf genes, which appears in 50% of melanoma cases. It is a 

considerable immunogenic tumour, in which immune cell infiltration is able to control 

tumour growth and finally reject it in C57BL6/J mice. In addition, this tumour 
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melanoma line is “knockout” for cyclooxigenases (COX1 and COX2), which increase 

immune cell infiltration and control of the tumour (Zelenay et al., 2015) and has been 

transduced to produce the chemokine XCL1 which specifically attracts cDC1s in the 

tumour (but not pre-cDCs as they do not express its receptor XCR1) (Böttcher et al., 

2018)). This melanoma line is therefore BRAFV660E COX1/2-/- XCL1 producing, but 

will be called BRAF when referring to it in the figures or in the text. The other line 

injected, B16, is an aggressive melanoma cell line that in mice displays relatively low 

immune cell infiltration and is able to rapidly grow escaping immune control from the 

host.  

 

 
Figure 5.21. BM cDC progenitors during transplantation of melanoma cell lines 
Number of CDPs (A) and pre-cDCs (B) in BM 4 days or 13 days after subcutaneous 
injection of 2 million melanoma cells (BRAF V600E COX1/2-/- XCL1producing- green- 
or B16 -magenta- lines). No tumour (NT) controls were injected with PBS and 
analysed 4 or 13 days later. Cells were gated as explained in materials and methods. 
Results depict 1 experiment using 5 to 10 female mice per group. Statistical analysis 
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was done using a one-way ANOVA test comparing NT mice to BRAF or B16 mice at 
either d4 or d13 post-tumour inoculation. 
 

Early during tumour growth, BM CDPs were reduced in mice bearing either BRAF 

and B16 tumours (Figure 5.21) compared to control mice that were also shaved but 

received a PBS subcutaneous injection instead of cancer cells (no tumour mice, NT). 

At later time points, when tumours were considerably large (close to 1g per mouse 

in the case of B16 tumours), CDP numbers were increased in the BM of mice bearing 

BRAF tumours while they were unchanged in mice with B16 tumours (Figure 5.21). 

 

With regards to pre-cDCs, they were unchanged in the BM of mice with B16 but 

reduced in mice with BRAF tumours at day 4 post tumour transplantation. At later 

time points, mice with either tumour types had elevated pre-cDC numbers in BM 

(Figure 5.21). 

 

When looking at the tumour site, B16 tumours were bigger at day 13 compared to d4 

or to BRAF tumours at either d4 or d13 (Figure 5.22.A).  Overall there were no 

differences in total immune infiltrates (CD45+ cells), although there was a clear trend 

in B16 melanomas having fewer immune cells per gram of tumour at day 13 (Figure 

5.22.B). Pre-cDCs were slightly more abundant in BRAF tumours at day 4 but this 

became significant only at day 13 (Figure 5.22.C). cDCs were present at day 4 in 

both tumour types, but decreased in numbers in B16 tumours at later time point 

(Figure 5.22.D). 

 

In conclusion, these results demonstrate that tumours can also impact numbers of 

cDC progenitors in BM. Interestingly, BRAF tumours had a more dramatic change in 

the BM and were able to recruit more tumour pre-cDCs and cDCs compared to B16 

tumours, suggesting that the degree of pre-cDC mobilisation may depend on how 

much immune infiltration, and immune cell control, a particular tumour displays, as 

BRAF and B16 lines are very different in respect to that. 

 

 



Chapter 5. Pathogen and damage sensing by DC progenitors 

 

164 

 

 
Figure 5.22. cDC lineage cells during transplantation of melanoma cell lines 
Grams per tumour (A), number of immune cells (CD45+) per gram of tumour (B), pre-
cDCs per gram of tumour (C) or cDCs per gram of tumour (D) 4 days or 13 days after 
injection of 2 million melanoma cells (BRAF V600E COX1/2-/- XCL1 producing -
green- or B16 -magenta- lines). Cells were gated as explained in materials and 
methods. Results depict 1 experiment using 5 to 10 female mice per group. Statistical 
analysis was done using a two-way ANOVA test comparing BRAF versus B16 
tumours at either d4 or d13 post-tumour inoculation. 
 

5.6 Discussion 

Tissue damage, infection and cancer change the content of cytokines, chemokines, 

PAMPs and DAMPs in plasma. These changes can be sensed by cells that express 

the adequate receptors and are positioned in tissues with high blood irrigation.  

 

In this chapter, I provided evidence for TLR ligands in circulation that can impact cDC 

progenitors in BM. Intravenous injection of a mild dose of CpG led to an acute 

reduction of CDPs in BM starting 3h after injection and recovered 72h after. Pre-
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cDCs were also reduced, even 72h after when they accumulated in the spleen. 

Interestingly, the accumulation of pre-cDCs in the spleen led to a specific increase 

in cDC2s. The use of specific markers for pre-cDC subsets might reveal the specific 

recruitment of pre-cDC2s over pre-cDC1s in the context of CpG injection. 

 

By doing bulk RNAseq on CDPs and pre-cDCs from WT/Tlr9-/- mixed BM chimeras 

injected with CpG or PBS I could study transcriptional changes that depend or not 

on the direct recognition of CpG by cDC progenitors. While CDPs have a very limited 

direct response, pre-cDCs can respond directly to injected CpG via cell-intrinsic 

TLR9. Among the genes directly regulated by TLR9 on pre-cDCs were cell motility-

related genes suggesting that direct sensing of CpG improves mobilisation of pre-

cDCs. Some chemokine receptors such as CCR1 and CCR5 were upregulated on 

pre-cDCs during CpG treatment and might play a role in pumping out pre-cDCs out 

of the BM even though this effect was not dependent on direct sensing of CpG. The 

majority of transcriptional changes occurring in pre-cDCs and CDPs were not a 

consequence of direct sensing of CpG by these cells, as the majority of differentially 

regulated genes appeared in both WT and Tlr9-/- cells. These changes are linked to 

a strong type I IFN signature, and the use of Ifnar1-/- mice confirmed that type I IFN 

receptor signalling is the dominant pathway that causes loss of cDC progenitors in 

the BM in the context of CpG. However, signals that drive pre-cDCs out of the BM 

are still unknown even at steady state conditions, and these signals might be different 

under inflammatory conditions and even change according to the type of challenge. 

The use of intravital imaging techniques to visualise pre-cDCs exiting the BM in 

different conditions together with the use of specific knockout mice might help 

answering these questions. 

 

The use of mixed WT and Tlr9-/- chimeras also showed that Tlr9-/- pre-cDCs exhibit 

a competitive disadvantage in reconstituting chimeras, suggesting that cDC 

precursors may constantly engage TLR9 with endogenous ligands of unknown 

origin. This was confirmed by the bulk RNAseq experiment, as Tlr9-/- pre-cDCs 

downregulate genes linked to cell proliferation in the PBS control chimeras, although 

this is not the case for CDPs. Experiments using germ free mice, DNA depletion from 

circulation and antibiotic treatment might confirm these observations and answer the 

nature of those ligands. 



Chapter 5. Pathogen and damage sensing by DC progenitors 

 

166 

 

 

Finally, transplantable tumour implantation also induced changes in BM cDC 

progenitors. At earlier time points, cDC progenitors were reduced in the BM, 

especially in the context of BRAF tumours and not so much B16 tumours, while at 

later time points cDC progenitors were increased in the BM of mice bearing tumours 

compared to non-tumour mice. This could potentially mean that tumours reduce pre-

cDC exit leading to their accumulation in the BM as a mechanism of immune evasion. 

An alternative explanation is that cDC progenitors are able to proliferate more after 

a challenge as it was described in the context of IAV infection (Chapter 4). It is 

intriguing to think that type I IFNs, CCR2 and other chemokine receptors might 

participate in the mobilisation of BM and tumour recruitment of pre-cDCs. In parallel 

to IAV infection, one could speculate that it might impact the generation of tumour 

specific T cells and affect tumour growth  

All in all, I have provided evidence that the network of cDCs is highly dynamic partially 

because cDC progenitors respond to external cues in different ways. The molecular 

mechanism behind this and how it impacts the overall immune response to 

pathogens, vaccine efficacy and tumour development is something that future work 

might elucidate. 
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Chapter 6. Imaging the bone marrow niche of cDC 
progenitors 

6.1 Introduction 

The overall localisation, cell types and factors that maintain a particular cell type is 

often referred to as a niche. In the BM, the niche for HSCs and some haematopoietic 

progenitor cells has been described. The HSC niche is complex and regulated by a 

network of vasculature, mesenchymal stromal cells, nerve fibers and other HSPCs 

(Crane et al., 2017). The niche for lineage-committed BM progenitors is far less 

studied. B and T cell progenitors are found in the endosteal area of the BM close to 

osteoblasts from which they receive important growth factors and cytokines (Ding 

and Morrison, 2013). Regarding myeloid progenitors, we know so far that GMPs are 

scattered throughout the whole BM or in endosteal areas (Hérault et al., 2017). The 

actual niche for cDC progenitors remains unexplored due to lack of tools to visualise 

the cells in vivo. 

 

Here, I developed a reporter mouse model to visualise cDC progenitors in their BM 

niche in situ and discriminate them from differentiated cells. I was able to identify 

eGFP+ cDC progenitors by confocal microscopy of fixed decalcified bones. cDC 

progenitors are located close to BM sinusoids and not in the endosteal areas as 

described for other BM progenitors. Intravital imaging of the mouse calvaria revealed 

high motility of these cells. More experiments might elucidate other factors and cell 

interactions that form the niche of cDC progenitors, as well as how it is altered by 

infection in the periphery or by direct encounter with pathogens. 

 

6.2 Targeting cDC progenitors for imaging 

In order to target BM cDC progenitors I looked at publicly available microarray data 

(Grajales-Reyes et al., 2015) to find markers expressed by cDC progenitors (CDPs, 

pre-cDC1s, pre-cDC2s) but not differentiated cDCs (cDC1s and cDC2s). Sell (L 

selectin or CD62L), Ccr2, Csf1r (M-CSFR) and Cx3cr1 emerged as the top 

candidates from a long list of genes (Figure 6.1). Genes such as Clec9a were 
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expressed in the whole cDC lineage with the exception of cDC2s, while Flt3 was 

expressed by all subsets and MHC class II primarily by differentiated cells (Figure 

6.1). 

 

I wanted to take advantage of the Clec9aCre mouse line available in the lab given its 

proven track record in lineage tracing of cDC progenitors. I therefore set out to find 

mouse models that would lead to fluorescent protein expression after excising a stop 

cassette in the Sell, Ccr2, Csf1r or Cx3cr1 promoters. 

 

 
Figure 6.1. Normalised expression of several genes of interest in cDC progenitors 
and splenic cDCs 
Normalised expression of Sell (CD62L), Ccr2, Csf1r (M-CSFR), Cx3cr1, Clec9a 
(DNGR-1), Flt3 and H2-Ab1 (MHC-II) in cDC1s, pre-cDC1s, CDPs, pre-cDC2s and 
cDC2s. Data includes microarray data from 2-3 biological replicates per group. Data 
were normalised by Probir Chakravarty from (Grajales-Reyes et al., 2015). Legend 
on the right shows normalised expression levels from blue-white to orange. 
 

I found two published models. Csf1rfl-DTR-mCherry mice were generated by the 

laboratory of Michel Nussenzweig to look at the role of intestinal monocytes and 

macrophages in polarising T cells during Citrobacter rodentium infection (Schreiber 

et al., 2013), while CCR2fl-eGFP mice were generated by Manolis Pasparakis 

laboratory and were used to reveal the role of a macrophage subpopulation driving 

angiogenesis during tissue repair (Willenborg et al., 2012). 

 

In the following sections I described the unexpected leakage found in the Csf1rfl-DTR-

mCherry mice and the successful use of CCR2fl-eGFP mice to target BM cDC progenitors. 
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6.3 Using Clec9a and Csf1r to target CDPs and pre-cDCs 

6.3.1 Validation by flow cytometry  

Clec9aCre/Cre mice were crossed to Csf1rfl-DTR-mCherry/fl-DTR-mCherry mice purchased from 

Jackson Laboratories (Figure 6.2.A). The progeny (C9aCsf1rDTR-mCherry/+) leads to 

human DTR and mCherry expression in cells that express Csf1r and currently or 

historically expressed Clec9a. 

 

 
Figure 6.2. Crossing Clec9aCre to Csf1rDTR-mCherry mice to target cDC progenitors 
A. Schematic of genetic recombination occurring in the progeny of Clec9aCre/Cre mice 
and Csf1rfl-DTR-mCherry/fl-DTR-mCherry mice. B. Representative dot plots of mCherry (left) 
and DTR (right) penetrance in BM CDPs (top) or pre-cDCs in Clec9CreCsf1rDTR-mCherry 
mice. DTR was detected by using an antibody recognising the receptor. C57BL/6J 
mice were used as control for mCherry intensity and DTR background. Cells were 
gated as explained in materials and methods. 
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Mice were first analysed by flow cytometry to look at mCherry labelling of CDPs and 

pre-cDCs in BM in comparison to WT mice without the construct (Figure 6.2.B). An 

antibody against DTR was used to confirm as a second readout of construct 

expression (Figure 6.2.B). Around 20% of CDPs and 40% of pre-cDCs were 

mCherry+, although the intensity of the signal from the fluorescent protein by flow 

cytometry was so low that suggested that it would not be sufficient for confocal 

microscopy. The DTR signal was a bit stronger (Figure 6.2.B). Consequently, to look 

at the BM niche of cDC progenitors an antibody against mCherry or against DTR 

would have to be used. 

 

6.3.2 Validation by diphtheria toxin treatment to deplete CDPs and pre-cDCs 

Before validating BM staining for confocal microscopy, I decided to deplete cDC 

progenitors in vitro and in vivo as it would be a useful tool to stop the generation of 

cDCs at any given time without the use of CD11cDTR mice that target epithelial cells 

and alveolar macrophages too (Zaft et al., 2005). 

 

 
Figure 6.3. In vitro DT treatment to deplete BM cDC progenitors in Flt3L cultures 
A. Representative flow cytometry dot plots of a Flt3l culture of WT (CD45.1) and 
Clec9aCsf1rDTR-mCherry (CD45.2) BM treated with different concentrations of 
diphtheria toxin (DT) at d0 and d3 during 9 days of culture. B. Quantification of live 
cells in culture from 3 different donors per group in one experiment using different 
DT concentrations. 
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I generated Flt3L cultures with BM from WT mice mixed with BM from C9aCsf1rDTR-

mCherry mice using a CD45 allele difference to distinguish the two. I then treated the 

mixed cultures with diphtheria toxin (DT) to deplete DTR expressing cells in vitro. 

C9aCsf1rDTR-mCherry cDCs were mostly lost by d10 of culture even when using low 

concentrations of DT (Figure 6.3) and WT cDCs that did not come from DTR-

expressing progenitors were present in the culture. This proves that DT treatment of 

C9aCsf1rDTR-mCherry BM can specifically interfere with the generation of Flt3L cDCs in 

vitro. 

 

To deplete cDC progenitors in vivo, mice received an i.p. injection of DT every other 

day as previously used in the lab (van Blijswijk et al., 2015). Clec9aCre control 

littermates did not lose weight during the course of 8 days. However, C9aCsf1rDTR-

mCherry and control littermates Csf1rfl-DTR-mCherry lost weight during the course of DT 

treatment and some had to be sacrificed (Figure 6.4.A) 

 

Depletion of cDC progenitors should not induce weight loss in mice and, more 

importantly, Csf1rfl-DTR-mCherry mice that did not have any Cre (confirmed by 

genotyping tissue left over after the experiment) should not express any DTR. This 

result put in question the reliability of these mice and raised the possibility that the 

STOP cassette in Csf1rfl-DTR-mCherry mice is leaky. 

 

To address the latter point, I treated splenocytes from different mice with DT for 24h 

in vitro. This allowed me to look at possible depletion of Csf1r+ monocytes in the 

different genotypes in a more confined environment. As a positive control I used 

VavCre mice that lead to Cre expression in the whole haematopoietic compartment 

(de Boer et al., 2003). VavCsf1rDTR-mCherry monocytes were depleted by DT after 24h 

of culture in vitro compared to WT monocytes, which remained viable (Figure 6.4.B). 

However, C9aCsf1rDTR-mCherry and Csf1rfl-DTR-mCherry monocytes were also depleted, 

suggesting that there was DTR expression, even in the absence of Cre, in cells from 

Csf1rfl-DTR-mCherry mice. 
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Figure 6.4. DT treatment causes weight loss and monocyte depletion in Csf1rDTR-

mCherry mice the absence of Cre 
A. Percentage of initial weight during 8 days of DT treatment. Clec9aCre (C9a), 
Csf1rDTR-mCherry and C9aDTR-mCherry received intraperitoneal injections every other day. 
6 mice per group males and females from 1 representative out of 3 experiments. B. 
Single cell suspension of splenocytes from different donors cultured for 24h in the 
presence of DT. Csf1r+ cells were gated using flow cytometry. 
 

6.3.3 Aberrant expression of DTR in Csf1rfl-DTR-mCherry mice 

To test any leakage (i.e. expression of the construct without the action of Cre 

recombinase) in Csf1rfl-DTR-mCherry mice, I extracted RNA from BM cells taken from 

VavCsf1rDTR-mCherry, Clec9aCre and Csf1rfl-DTR-mCherry after confirming the identity of those 

mice by ear snip genotyping. I performed a semiquantitative PCR for the 

housekeeping gene HPRT and DTR in the BM from the three different genotypes. 

VavCsf1rDTR-mCherry expressed DTR, while C9aCre did not show any amplification 

product as expected (Figure 6.5). As anticipated from the previous results, DTR 

cDNA was amplified in Csf1rfl-DTR-mCherry BM (Figure 6.5). 
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Figure 6.5. Semi quantitative PCR of HPRT and DTR in BM from different donors 
Total BM was lysed and RNA was extracted for cDNA synthesis. Primers to amplify 
HPRT or DTR were used and amplification product was run in an agarose gel. BM 
from 1 donor VavCsf1rDTR-mCherry (positive control), Clec9aCre (negative control) and 
Csf1rDTR-mCherry. 
 

Altogether, my characterisation of Csf1rfl-DTR-mCherry mice indicates that there is 

leakiness of the construct and, therefore, they cannot be used to report on Cre driver 

activity. My data put in question the conclusions from (Schreiber et al., 2013) and 

suggest caution when using those mice. Notably, in that paper, the authors always 

compare DT treatment with PBS, or DT treatment to WT mice, but do not show data 

for DT treatment of the genetic control mice that have not been crossed to a Cre 

driver line. 

 

6.4 Using Clec9a and CCR2 to target CDPs and pre-cDCs 

6.4.1 Validation by flow cytometry 

As an alternative strategy to mark cDC progenitors, Clec9aCre/Cre mice were crossed 

to Ccr2fl-eGFP/fl-eGFP mice kindly provided by Manolis Pasparakis. The progeny 

(C9aCcr2eGFP/+) deletes exon 3 of the CCR2 locus, leading to truncated protein and 

eGFP expression in cells that are expressing or expressed Clec9a (DNGR-1). These 

mice were previously used in Chapter 4 to conditionally knock-out CCR2 expressed 

by cDC progenitors. Validation of the mice was performed by flow cytometry looking 

at eGFP labelling in different BM populations compared to CCR2fl-eGFP mice (See 

Chapter 4, Figure 4.24).  
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To further validate these mice and assess their suitability for confocal microscopy of 

BM cDC progenitors, I assessed the composition of all eGFP+ cells in BM by flow 

cytometry.  Encouragingly, almost half of labelled cells were cDC progenitors, 

followed by differentiated cDCs, 15% of pDCs and 20% of labelled CD64+ cells 

(Figure 6.6.A). This is a substantial improvement compared to lineage traced double 

heterozygous Clec9aeYFP mice (Figure 6.6.B) or double homozygous Clec9atdTomato 

mice (Figure 6.6.C) in which less than 10% of all labelled cells were cDC progenitors 

and more than 20% of the labelled cells were unknown with my flow cytometry 

staining panel. 

 

 
Figure 6.6. Validation of C9aCcr2eGFP mice to be used as a reporter of BM cDC 
progenitors 
A. Representative dot plots of the eGFP gate in total BM live cells and composition 
of those labelled cells in BM from 2 representative C9aCcr2eGFP/+ 

(Clec9aCre/+Ccr2eGFP/+) mice. B. Composition of labelled BM cells in Clec9aCre/+ 

Rosa26eYFP/+ mice (3 mice). C. Composition of labelled BM cells in Clec9aCre/Cre 

Rosa26tdTomato/tdTomato mice (3 mice). Cells were gated as explained in materials and 
methods. 
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In sum, C9aCcr2eGFP/+ mice are a useful tool to target cDC progenitors and potentially 

visualise them by confocal microscopy in their niche. The visualisation requires 

combining eGFP signal detection with exclusion of cDCs, pDCs and macrophages 

using suitable antibody counterstains. 

 

6.4.2 Validation by confocal microscopy 

I next processed femurs from C9aCcr2eGFP/+ mice to visualise eGFP+ cells by 

confocal microscopy compared to Ccr2fl-eGFP control mice. Bone processing is 

explained in detail in the materials and methods chapter. Briefly, after fixing and 

decalcifying bones I generated 30µm cryosections that were blocked with mouse 

serum and stained with antibodies against markers of interest and with Hoechst to 

visualise cell nuclei and bone marrow structure.  

 

 
Figure 6.7. Validation of eGFP signal detected by confocal microscopy in the 
femur of C9aCcr2eGFP/+ mice 
3D projection of a 30µm decalcified femur cryosection stained with Hoechst to 
visualise cell nuclei. Merged image is shown on the top left with eGFP signal alone 
in the bottom left. Zoom in area is shown in the top right. eGFP signal was set up 
with a section from a CCR2fl-eGFP femur in the bottom right. E corresponds to 
epiphysis, M to metaphysis and D diaphysis areas of the bone. 
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eGFP was detectable in the femurs from C9aCcr2eGFP/+ mice while it was absent in 

Ccr2fl-GFP control mice, confirming the specificity of the signal (Figure 6.7). eGFP+ 

cells were found across all three anatomically distinct bone regions: epiphysis, 

metaphysis and diaphysis. 

 

To distinguish eGFP+ cDC progenitors from eGFP+ differentiated cells, I used 

negative exclusion by staining for lineage markers. I used antibodies against MHC 

class II to identify cDCs, B220 for pDCs and CD64 for macrophages. I validated the 

use of these antibodies in the same fluorochrome and using the same laser power 

in the microscope (Figure 6.8). 

 

 
Figure 6.8. Use of lineage markers to exclude differentiated labelled cells in BM 
Single cell planes stained with antibodies against MHCII to label cDCs, B220 to label 
pDCs and CD64 to label macrophages. Merged images are shown on the left and 
eGFP and lineage markers alone are shown on the right. 
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Figure 6.9. C9aCcr2eGFP/+ femur section stained with lineage markers 
3D projection of a 30µm decalcified femur cryosection stained with Hoechst to 
visualise cell nuclei (blue) and with lineage markers (magenta) to exclude eGFP+ 
differentiated cells. Tile scan is shown on the left with zoom in area on the right. 
White arrows indicate cDC progenitors (CDPs and pre-cDCs) that are not stained 
with lineage markers. Tiles can be visualised in the Hoechst channel due to 
misalignment of the light path in the confocal microscope used. 
 

After validating the antibodies individually, I combined all of them in one “lineage” 

stain. Staining of C9aCcr2eGFP/+ BM with this lineage cocktail followed by exclusion 

of stained cells during the analysis should allow me to find eGFP+ lineage- cells 

corresponding to CDPs and pre-cDCs (cDC progenitors). Indeed, eGFP+ cells that 

did not stain for any of the lineage markers were observed in sections from 

C9aCcr2eGFP/+ femurs (Figure 6.9). Cells were found in several areas of the bone and 

had an oval non-dendritic shape, in line with being progenitors and not differentiated 

cDCs. 

 

6.4.3 Histo-Cytometry analysis of C9aCcr2eGFP bones 

To start mapping the BM niche of cDC progenitors, I combined the above approach 

with a stain for the BM sinusoid marker endomucin (Kusumbe et al., 2014). eGFP+ 

lineage- cells were often found in the vicinity of BM sinusoids (Figure 6.10). In 
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parallel, I used Imaris software to generate surfaces of eGFP, lineage and 

endomucin markers to quantify the localisation of eGFP+ cells with respect to BM 

sinusoids, as well as their localisation in the different areas of the bone. Surfaces 

seemed to reliably reflect the real signal from the images acquired in the microscope 

(Figure 6.10) proving this a useful technique to convert intensity signal from the 

microscope into data than can be later used for quantification purposes. 

 

 
Figure 6.10. Generation of Imaris surfaces in C9aCcr2eGFP/+ stained femur sections 
from a non-infected mouse 
3D projection of a 30µm decalcified femur cryosection stained with Hoechst to 
visualise cell nuclei (blue), with lineage markers (magenta) to exclude differentiated 
cells and endomucin (orange) to visualise BM sinusoids. Tile scan and zoom in area 
of the real image is shown on top and generated surfaces are shown at the bottom 
of the figure. Tiles can be visualised in the Hoechst channel due to misalignment of 
the light path in the confocal microscope used. 
 

In a preliminary analysis, I also stained a BM section from a C9aCcr2eGFP/+ mouse 

that had been infected with Influenza A virus and analysed 3 days later (Figure 

6.11.A). eGFP+ lineage- cells were found to be reduced in number compared to the 

control mouse, cross validating flow cytometry and confocal microscopy techniques 

(Figure 6.11.B). The decrease in number of lineage- GFP+ cells detected by 
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microscopy was not as dramatic as that seen by flow cytometry, maybe reflecting 

variabilities across different areas of the bone and highlighting the need to analyse 

deeper volumes or several images per bone. Total lineage+ cells were more 

abundant and more intense than in non-infected mice, probably due to an increase 

in monocytes in the BM during infection. 

 

 
Figure 6.11. Generation of Imaris surfaces in C9aCcr2eGFP/+ stained femur sections 
from a mouse infected with IAV virus 
A. 3D projection of a 30µm decalcified femur cryosection stained with Hoechst to 
visualise cell nuclei (blue) and with lineage markers (magenta) and endomucin 
(orange) to visualise BM sinusoids. Image is shown on top and generated surfaces 
are shown at the bottom of the figure. Femur was analysed 3dpi with IAV virus. Tiles 
can be visualised in the Hoechst channel due to misalignment of the light path in the 
confocal microscope used. B. Number of eGFP+ cells that are lineage- (top) or 
lineage+ (bottom) quantified by flow cytometry (FC, grey) or immunofluorescence (IF, 
green) in one leg each from the same mouse. 
 

To quantify the surfaces generated above, I used Histocytometry (Gerner et al., 

2012). Briefly, after generating surfaces using Imaris, values such as position (X, Y, 

Z) or MFI of different channels are exported into a csv file. The file can be imported 
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into a flow cytometry analysis program like FlowJo and individual cells can be 

visualised in dot plots that can be quantified using a gating-based strategy (Figure 

6.12.A). 

 

Using eGFP surfaces, I plotted intensity of the lineage marker to gate at lineage+ and 

lineage- cells (Figure 6.12.B). As expected, the eGFP composition differed between 

non-infected and infected bones. The overall reduction of cDC progenitors in BM 

during infection together with the increase in monocytes slightly reduced the fraction 

of eGFP+ cells that were lineage- 3dpi (Figure 6.12.C). 

 

 
Figure 6.12. Histocytometry in C9aCcr2eGFP/+ femur sections 
A. X/Y dot plots generated with FlowJo of exported microscopy data from the 
surfaces generated with Imaris. Total lineage+ cells (magenta) and eGFP+ cells 
(green) from a non-infected mouse are displayed at the left. eGFP+ lineage- (green) 
and eGFP+ lineage+ (grey) cells are shown on the right after gating cells as shown in 
(B) B. Gating strategy for lineage+ or lineage- eGFP+ cells that contain a nucleus 
(Hoechst+) to discard artifacts. C. Percentage of eGFP+ cells that are lineage+ or 
lineage- in one section from one mouse per group (non-infected or infected with IAV). 
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To look at cells that were close to BM sinusoids (visualised by endomucin staining), 

I took advantage of the fact that cells that are adjacent to sinusoids appeared in the 

software to be endomucin+ (Figure 6.13.A). Preliminary quantification (of only one 

section per group) showed that 35% of lineage- eGFP+ cells were (falsely) 

endomucin+ and, therefore, close to sinusoids at steady state. This increased to 

almost 60% during infection. Lineage+ eGFP- cells remained unchanged with 

approximately 20% of them being falsely endomucin+ (close to BM sinusoids) both 

at steady state and 3dpi with IAV (Figure 6.13.B). 

 
By plotting X-Y coordinates in the dot plots, I gated on cells that were in the distal 

part of the bone (epiphysis and metaphysis) and cells that were in the middle area 

or diaphysis (Figure 6.13.C). Localisation of lineage- eGFP+ cells could also 

potentially change during infection as I found in these 2 images that lineage- cells 

were usually found in the distal area but were more abundant in the diaphysis during 

infection (Figure 6.13.D). Interestingly, this follows the same pattern than BM 

sinusoids (Figure 6.13.E). This data suggests that during IAV infection cDC 

progenitors move to areas where endothelial cells are proliferating to increase BM 

vasculature as a consequence of the infection (Prendergast et al., 2017). In contrast, 

lineage+ eGFP+ cells were found in the distal area of the bone and remained 

unchanged during infection (Figure 6.13.D). 

 

Although they are very preliminary, these results suggest that infection with IAV 

causes changes in the BM niche for cDC progenitors. By getting closer to areas were 

BM sinusoids are found (diaphysis), pre-cDCs might have a better access to exit 

points from the BM, such as the central sinus, to travel to the lung, where they are 

needed. Quantification of more images and using complementary quantification 

techniques (i.e. distance to BM sinusoids) will be needed to prove if this true. 
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Figure 6.13. Localisation of cDC progenitors in BM during IAV infection 
A. Gating strategy of lineage+ (grey) or lineage- (green) eGFP+ cells that are 
endomucin+ for being close to BM sinusoids. B. Quantification of endomucin+ cells 
in one section analysed from 1 mouse per group. C. Gating strategy of lineage+ (grey) 
or lineage- (green) eGFP+ cells that are in the top part of the femur 
(epiphysis+metaphysis) or bottom part (diaphysis). D. Quantification of eGFP+ 
lineage- (green) or lineage+ (grey) cells in the epiphysis and metaphysis (E/M) or 
diaphysis (D) in one section analysed from 1 mouse per group. E. Quantification of 
total endomucin+ cells in the epiphysis and metaphysis (E/M) or diaphysis (D) in one 
section analysed from 1 mouse per group. 
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6.5 Intravital imaging of the mouse calvaria 

Intravital imaging in the BM can be challenging due to the difficulty of accessing 

bones like the femur without performing invasive surgery. In addition, the thickness 

and opacity of the bone makes the marrow unreachable to the laser of the 

microscope. 

 

The mouse skull or calvaria has been chosen for intravital imaging of the bone 

marrow thanks to being easily accessible and have a thin layer of bone that can be 

penetrated by the laser of a two photon or even a one photon confocal microscope 

(Mazo et al., 1998; Scott et al., 2014). The structure of the calvaria BM differs 

substantially from the one of long bones. Anatomical structures like the metaphysis 

and the diaphysis are replaced by BM pockets at both sides of the central vein of the 

skull (Mazo et al., 1998). 

 

Before performing intravital imaging, I isolated ex vivo skulls from C9aCcr2eGFP mice 

that had received intravenous injection of directly conjugated lineage marker-specific 

antibodies (against MHCII, CD64 and B220). Lineage- and lineage+ could be 

visualised, suggesting that in vivo labelling was indeed working in my hands ( 

Figure 6.14). 

 

In order to image the calvaria of C9aCcr2eGFP mice, I performed surgery to insert a 

metallic window in the skull that will be later attached into the stage of an upright 

microscope as previously used (Scott et al., 2014). This procedure was done in 

collaboration with Diana Passaro (Dominique Bonnet laboratory at The Francis Crick 

Institute) and it is described in detail in the materials and methods section. Briefly, 

mice were anaesthetised and the fur of the head was shaved. An incision was made 

to expose the skull and insert a metallic window that delimitates bone marrow areas 

at both sides of the skull central vein. Window was filled with PBS and the calvaria 

was imaged while monitoring body temperature of the anaesthetised mouse. 
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Figure 6.14. In vivo labelling of lineage+ cells in the calvaria from C9aCcr2eGFP/+ 
mice 
3D projection of the BM from an ex vivo skull after intravenous injection of lineage 
markers. Tile scan is shown on the left and zoom in area on the right. White arrows 
indicate cDC progenitors that are not stained with lineage markers. Auto (orange), 
eGFP (green) and lineage (magenta) channels are displayed. 
 

By imaging time lapses that were 7 minutes apart during 20 cycles, I could visualise 

lineage- eGFP+ cells that were highly motile and were in the vicinity of BM sinusoids 

(visualised by intravenous injection of dextran-TRITC dye, Figure 6.15, Movies 12-

15). Future quantification of motility, BM egress and comparison with infected 

C9aCcr2eGFP mice is something that I want to investigate further. 

 

This data shows that intravital imaging of the skull of C9aCcr2eGFP mice is possible 

and it reveals a high motiliy of cDC progenitors in the BM that are often close to BM 

sinusoids. 
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Figure 6.15. Intravital imaging in the calvaria from C9aCcr2eGFP/eGFP mice 
3D projections of 4 out of 20 timelapses taken from the calvaria BM from 
C9aCcr2eGFP/eGFP mice. Arrow indicates a cell that moves during the different time 
lapses. Times are indicated at the bottom right of each image. 
 

6.6 Discussion 

The BM niche plays an essential role in the development and maintenance of 

progenitor cells and, possibly, their response to external cues. However, the BM 

niche of myeloid progenitors has been poorly studied and that of cDC precursors not 

at all. Here I developed a reporter mouse model to visualise cDC progenitors in their 

niche. Although the first strategy based on Csf1rfl-DTR-mCherry/fl-DTR-mCherry mice 

(Schreiber et al., 2013) was unsuccessful, the second strategy using Clec9aCre/Cre 

mice crossed to Ccr2fl-eGFP/fl-eGFP mice and staining for lineage markers allowed me 

to identify lineage- cells that correspond to CDPs and pre-cDCs. 
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Preliminary analysis of femur sections showed that some cDC progenitors are close 

to BM sinusoids identified by endomucin staining. Proximity to BM sinusoids was 

confirmed by intravital imaging of the calvaria of C9aCcr2eGFP/eGFP mice at steady 

state. Lineage- cells were often wandering around BM sinusoids and were highly 

motile. Interestingly, the close proximity of cDC progenitors to sinusoids appears to 

increase during infection with IAV but this will need further examination of more bone 

sections. Intravital imaging of mice infected with IAV will also help reveal if cell motility 

and BM egress change during infection. 

 

C9aCcr2eGFP mice can also be used to visualise how pre-cDCs enter peripheral 

tissues at steady state and during infection (data not shown). How pre-cDCs enter 

the lung during IAV infection and whether they locate in the proximity of virus infected 

foci is being studied by a Masters student whom I am mentoring and will be relevant 

to understand the role of pre-cDCs during infection. Finally, on the basis of the data 

in this chapter, we are designing a new set of mouse tools to use the intersection of 

the Clec9a and Ccr2 promoters to further mark cDC progenitors while at the same 

time fate mapping their progeny. 
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Chapter 7. Discussion 

 

cDCs are sentinel leucocytes that play a key role in innate as well as adaptive 

immune responses. cDCs are found in all organs and have proven to be essential to 

prime T cells in the context of infection or cancer. However, how the cDC network in 

tissues is established during homeostasis and how it changes in response to 

infection or cancer to optimise immune responses has not been extensively studied. 

In fact, our understanding of cDCpoiesis, is limited even in steady-state conditions. 

Most studies rely on isolating defined progenitors and adoptively transferring them 

into other mice, where they may not find their way back to their niche and may have 

an altered phenotype due to the isolation and manipulation processes.  
 
During my PhD, I combined flow cytometry and microscopy analysis to understand 

how the network of cDCs is regulated in the absence of adoptive cell transfer. By 

using a multicolour fate mapping approach, I was able to stochastically label cDC 

progenitors in the BM and follow their progeny in barrier tissues such as the small 

intestine and the lung. Together with Janneke van Blijswijk, I revealed that pre-cDCs 

enter peripheral tissues and some divide locally before differentiating into cDCs, 

which themselves display residual proliferative capacity. Using ClusterQuant 3D 

software to quantify cDC clusters in three dimensions, we could find discrete clones 

of cDCs that were maintained in close proximity of each other. Notably, 20% of lung 

cells and 40% of small intestine cells were found isolated and not belonging to any 

cluster. This could be a consequence of the limitations of our model (e.g. lack of 

temporal control of Cre recombinase together with motility of cDCs contributing to 

dilution of clusters), or an indication that not all pre-cDCs divide and there might be 

specialised niches that preferentially support in situ pre-cDC proliferation. On the 

other hand, incomplete labelling of the entire cDC population in this model, due to 

incomplete penetrance of the Cre recombination event, might have favoured the 

visualisation of isolated clusters of cDCs that do not intermingle. This may explain 

why I do not see obvious single colour clusters in regions where cDCs are too 

abundant, such as T cell areas of spleen and lymph nodes. The use of inducible 

models to trigger Cre-mediated genetic recombination together with reporter mice 
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for growth factors involved in pre-cDC proliferation, such as Flt3L, will help answering 

those questions. 
 
Importantly, cDC clones were mostly composed of either cDC1s or cDC2s, which 

suggests that cDC subsets can proliferate to form clones but also that tissues are 

predominantly seeded by the committed pre-cDC1s and pre-cDC2s that had 

previously been identified in the BM and blood of mice and humans (Grajales-Reyes 

et al., 2015; Schlitzer et al., 2015; See et al., 2017). It should be noted that not all 

clusters were pure and that few mixed cDC clones were also found in both SI and 

lung, possibly providing in vivo evidence for the existence of uncommitted pre-cDCs 

capable of seeding tissues and giving rise to sister cells of different fates. The 

contribution of these cells to the whole cDC network and whether they have different 

proliferative capacity compared to committed pre-cDCs is currently unknown. 
 
The use of multicolour fate-mapped mice proved that the cDC network requires local 

proliferation to colonise a whole organ with different cDC subsets at steady state. 

cDCs and macrophages play vital roles in restoring tissue integrity upon infection or 

injury. Macrophages are self-renewing and can proliferate more rapidly in response 

to injury-induced signals and cytokines in situ (Sieweke & Allen, 2013; Bosurgi et al., 

2017a; Minutti et al., 2017a). In addition, blood monocytes enter tissues from the BM 

upon demand and can contribute to the macrophage pool (Guilliams et al., 2018; 

Varol et al., 2015) and/or generate cDC-like cells, although the latter cannot 

functionally substitute bona fide cDCs in many cases (Briseño et al., 2016). cDCs 

numbers in the tissue increase upon different challenges (Ballesteros-Tato et al., 

2010; Farache et al., 2013; GeurtsvanKessel et al., 2008; Guermonprez et al., 2013; 

Hole et al., 2019; Johansson et al., 2006a; Nakano et al., 2017; Sevilla et al., 2004; 

Singh et al., 2008; Welner et al., 2008; Zuniga et al., 2004), but whether this happens 

as a consequence of increased proliferation or increase recruitment of cDC 

progenitors from the BM it is not clear. To understand how the cDC network changes 

under inflammatory conditions, I challenged multicolour cDC fate-mapped mice with 

IAV. IAV caused an increase in lung cDCs that was not due to increased in situ 

proliferation but an acute recruitment of new BM pre-cDCs that entered the lung from 

the blood. Interestingly, I did not observe any preferential bias to recruit uncommitted 

pre-cDCs, pre-cDC1s or pre-cDC2s, which resulted in the expansion of both subsets 



Chapter 7. Discussion 

 

189 

 

equally during IAV infection. In analogy with the term emergency granulopoiesis and 

emergency monopoiesis, which refer to the acute increase in neutrophils and 

monocytes in the blood during infection, this process can be named emergency 

cDCpoiesis and includes the increase of cDCs in the tissue after increase of pre-

cDCs in the blood due to increased efflux from the BM (see discussion later). 
 
It was intriguing that pre-cDCs were specifically directed to the lungs during IAV 

infection and did not increase in the spleen or inguinal lymph nodes. This 

directionality suggested a gradient of soluble mediators that could attract these cells 

from the BM to the lung. Indeed, several chemokines were produced in the lungs 

and were able to reach the BM during IAV infection. The highest expressed 

chemokine receptor in pre-cDCs is CCR2 and its chemokine ligands, CCL2 and 

CCL12, were highly produced in IAV infected lungs. Knocking out CCR2 specifically 

in cDC precursors resulted in a reduction in the cells that accumulated in infected 

lungs and a significant decrease in their local cDC progeny. Probably because fewer 

cDCs were available in the lungs, fewer migratory cDCs were found in the 

mediastinal lymph nodes in the conditional absence of CCR2 from cDC precursors. 

Interestingly, in a preliminary experiment the pool of IAV-specific CD8 T cells was 

also reduced in the absence of CCR2 from cDC precursors suggesting that waves 

of newly-generated tissue cDCs are key to mounting effective immune responses 

against viruses. Whether this is all quantitative or whether the newly-generated cDCs 

are better at antigen processing or have any other qualitative differences compared 

to lung resident cDCs is something that merits further investigation. 
 
Notably, some pre-cDCs did reach the lungs of infected C9aCcr2eGFP/eGFP mice 

during IAV infection. Whether this is due to incomplete penetrance of CCR2 deletion 

or due to the ability of some pre-cDCs to be attracted by CCR2-independent means 

is something that requires further investigation. Experiments using mice deficient in 

several immune recognition pathways or cell types demonstrated that the production 

of chemokines that attract pre-cDCs to the lungs is possibly MyD88 dependent but 

independent on T and B cells, TLR7, IFN-γ and type I IFNs. CCL2 and CCL12 can 

be produced by epithelial cells or inflammatory monocytes but the specific cell type 

that is responsible for its production during IAV infection is unknown. More 

experiments using mice deficient in other IAV recognition pathways (such as RIG-I 
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and NLRP3), type III IFNs and/or conditional knock outs for CCR2 chemokines might 

help understanding the mechanism. 
 
The fact that more pre-cDCs reach the lung during IAV infection implies that more 

cells need to be available in the blood, either by increasing cDC precursor generation 

in the BM or by promoting the efflux of pre-cDCs. Favouring the second hypothesis, 

I found that there was an acute decrease in BM pre-cDCs with a concomitant 

increase in blood pre-cDCs during IAV infection. This also caused a transient dip in 

CDP numbers in BM, perhaps because of a push towards differentiation into pre-

cDCs. At later time points, BM cDC progenitor numbers recovered, which was 

accompanied by an increase in the number of cells progressing into cell cycle, 

possibly to respond to the cellular loss at earlier time points and to sustain the higher 

supply of pre-cDCs. 
 
The mechanism underlying pre-cDC egress in the steady-state (and increased 

egress during IAV infection) is independent of type I IFNs, IFN-γ, TLR7, on CCR2, 

CCR5, T and B cells and, probably, MyD88 and remains unidentified. Similarly, the 

mechanism that trigger the exit of the most studied BM progenitor – HSCs – still 

remains under investigation. Some studies have proposed the need for inflammation-

dependent proteases to cleave CXCL12-CXCR4 BM retention signals (Wei and 

Frenette, 2018), together with a CXCL12 and S1P dependent recruitment into the 

blood (Adamiak et al., 2018; Lapid et al., 2013; Massberg et al., 2007; Ratajczak et 

al., 2018; 2019). Whether similar mechanisms apply to emergency cDCpoiesis is not 

known but it is interesting that I saw more CXCL12 in the lungs of infected mice and 

less in the BM. Notably, progenitor cells other than CDPs and pre-cDCs are also 

reduced in the BM from IAV-infected mice. Whether these include progenitors of lung 

recruited cells, such as neutrophils and monocytes, and whether all depends on the 

availability of CXCL12 in the BM may merit further investigation. 
 
The BM must undergo several changes in order to promote an acute response during 

infection. The BM niche plays an essential role in the development and maintenance 

of progenitor cells. However, the BM niche for cDC progenitors has not been studied 

in depth due to lack of tools. To visualise cDC progenitors in their niche, I have 

started imaging the mice that were used to conditionally knock out CCR2 in cDC 
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progenitors. Those mice, when used as heterozygotes, express eGFP in pre-cDCs 

and CDPs but still have a functional Ccr2 gene and make CCR2 protein. Preliminary 

results from femur cryosections analysed by confocal microscopy show that cDC 

progenitors localise closer to BM sinusoids during infection, suggestive of increased 

migration. Moreover, intravital imaging of the BM from the calvaria of these mice has 

shown that cDC progenitors have high motility and are close to BM sinusoids already 

at steady state. It would be interesting to see whether these parameters are altered 

during infection and which are the cell types from the BM niche that are involved in 

this process. In addition, these mice can be used to visualise how pre-cDCs enter 

peripheral organs, such as the lung, and whether this is accelerated during 

inflammatory conditions such as IAV infection or cancer. 

 

The signals that regulate emergency cDCpoiesis are presently unknown but could 

include a combination of inflammatory cytokines, chemokines and other factors, 

including direct sensing of microbial or damage products by cDC progenitors. The 

latter would allow for a rapid response without the need for secondary mediators.  

 

Notably, cDC progenitors express several PRRs, in particular high levels of TLR9. 

The injection of a canonical TLR9 ligand was able to cause an acute decrease of 

CDPs and pre-cDCs in BM, similar to the one seen during IAV infection. At later 

timepoints after CpG injection, there was a specific increase in splenic pre-cDCs 

suggesting that they were mobilised from the BM. Interestingly, CpG is used in the 

clinic as a vaccine adjuvant due to its ability to activate and expand cDCs to promote 

vaccine efficacy (Bode et al., 2011; Sparwasser et al., 1998; 2000). Whether effective 

vaccine responses require emergency cDCpoiesis that brings new waves of cDCs 

to support T and B cell priming is currently unknown. Importantly, the BM decrease 

and spleen recruitment depended partly on the direct recognition of CpG by cDC 

progenitors as seen when using WT/Tlr9-/- mixed BM chimeras. When analysing 

transcriptional changes occurring in these cells by RNAseq, Tlr9-/- pre-cDCs, but not 

CDPs, failed to differentially express genes associated with cell motility and 

activation after CpG injection. However, the RNAseq also revealed that most 

transcriptional changes did not depend on the direct recognition of CpG by pre-cDCs 

and CDPs and it was accompanied by a strong type I IFNs signature. Confirming the 

latter, the use of mice lacking type I IFN receptor mostly abrogated the loss of pre-
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cDCs and CDPs in BM after CpG injection, suggesting that cDC progenitor 

mobilisation in BM is type I IFN dependent. Comparing local and contained versus 

systemic administration of CpG would be interesenting to validate the presence of 

soluble mediators that drive the mobilisation of cDC progenitors after CpG 

administration. In addition, whether in the context of CpG injection type I IFNs are 

responsible for the production of soluble mediators that would release these cells 

from the BM or attract them to the spleen, maybe via CCR2, it is something that we 

do not understand yet.  RNAseq analysis of mixed WT/Tlr9-/- BM chimeras suggested 

that TLR9 supports the proliferation of pre-cDCs already at steady state, but not 

CDPs. Whether there is an endogenous ligand coming from the microbiota or self-

DNA that supports the homeostatic generation of these cells is something that future 

experiments might elucidate. 

 

Apart from IAV infection and CpG administration, injection of two melanoma cell lines 

into mice also induced changes in BM cDC progenitors. During tumour progression 

at earlier time points, tumour-bearing mice suffered an acute decrease in BM cDC 

progenitors. However, at later time points cDC progenitors were increased in the BM 

compared to non-tumour mice, which could be explained by increased proliferation 

at later time points as seen for IAV infection or by the increased retention of these 

cells in BM in the context of cancer. In any case, it was remarkable that BRAF 

melanoma tumours were able to recruit large numbers of pre-cDCs at later time 

points. It is intriguing to think that type I IFNs, recognition of damage, CCR2 and 

other chemokine receptors might participate in the mobilisation of BM pre-cDCs and 

the recruitment of these cells to tumours or even in the process of generating tumour 

CTLs. 

 
Overall my findings reveal that the cDC network is highly dynamic and can be shaped 

by several immune challenges. Challenged tissues can communicate to the BM their 

need for more cDCs releasing pre-cDCs into the blood circulation and causing 

transient loss of cDC progenitors from the BM. Blood pre-cDCs find their way to 

challenged tissues using chemokines that bind to receptors such as CCR2, resulting 

in a directed recruitment. Interestingly, pre-cDC exit from the BM is CCR2 

independent implying that different mechanism regulate the steps of (1) releasing 

more pre-cDCs into circulation and (2) recruiting them specifically into tissues. It is 
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very possible that a combination of other factors, like other chemokines or soluble 

mediators, direct recognition of pathogens and cell damage together with an 

inflammatory environment in the BM contribute to emergency efflux and recruitment 

of BM pre-cDCs and that it might also be context dependent. In preliminary 

experiments I was able to show that the acute recruitment of pre-cDCs to infected 

lungs was necessary for the generation of an IAV-specific CD8 T cell pool, 

suggesting that pre-cDC recruitment is a key component of immunity to infection. 

The molecular mechanism behind this and how it impacts the overall immune 

response against cancer, or promotes vaccine efficacy is something that it would be 

interesting to investigate. 

 

Since haematopoietic stem cells were discovered in the 1950s, stem and progenitor 

cells were considered to be non-effector cells whose function was limited to divide 

and generate progeny. However, research over the past two decades has proven 

that progenitor cells are an important component of the immune response, not just 

because they are required to generate progeny but also because they can sense 

external cues and shape the immune cell repertoire. In fact, progenitor cells can 

directly response to infection and this influences the overall immune response 

towards a pathogen. Our understanding of the mechanism by which bone marrow 

progenitor cells respond to external cues and leave the BM is still limited, in particular 

for cDC progenitors. Studying the signals that are involved in the egress of cDC 

progenitors from the BM during steady state and infection and the signals that attract 

them to affected tissues might reveal new therapeutically tools that can be used to 

skew the immune system during infection, cancer, vaccination or autoimmune 

diseases. 
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Chapter 8. Appendix 

The following publication is included as appendix: 

Mar Cabeza-Cabrerizo†*, Janneke van Blijswijk†*, Stephan Wienert, Daniel Heim, 

Robert P. Jenkins, Probir Chakravarty, Neil Rogers, Bruno Frederico, Sophie Acton, 

Evelyne Beerling, Jacco van Rheenen, Hans Clevers, Barbara U. Schraml, Marc 

Bajénoff, Michael Gerner, Ronald N. Germain, Erik Sahai, Frederick Klauschen*, 

Caetano Reis e Sousa*. ‘Tissue clonality of dendritic cell subsets and emergency 

DCpoiesis revealed by multicolour fate-mapping of DC progenitors’. Science 

Immunology, 2019, 4, eaaw1941. 
† Contributed equally 

* Corresponding author 

 

The following movies are included as appendix in a CD-ROM: 

 

Movie 1: SI from a Clec9aConfetti mouse. 3D projection of a 300μm vibratome section 

of the small intestine from a Clec9aCre/+R26Confetti/+ mouse stained with an antibody 

recognising E- cadherin. Colours correspond to CFP (cyan), GFP (green), YFP 

(yellow), RFP (red) and E- cadherin (white). 

 

Movie 2: Lung from a Clec9aConfetti mouse. 3D projection of a 300μm vibratome 

section of the lung from a Clec9aCre/+R26Confetti/+ mouse with autofluorescence 

channel to reveal lung structure. Colours correspond to CFP (cyan), GFP (green), 

YFP (yellow), RFP (red) and autofluorescence (white). 

 

Movie 3: SI from a Clec9aConfetti mouse crossed to a Flt3l–/– background. 3D projection 

of a 300μm vibratome section of the small intestine from a Clec9aCre/+R26Confetti/+Flt3l-

/- mouse stained with an antibody recognising E-cadherin. Colours correspond to 

CFP (cyan), GFP (green), YFP (yellow), RFP (red) and E-cadherin (white). 

 

Movie 4: SI from a Clec9aConfetti mouse crossed to a Flt3l–/– background. 3D projection 

of a 300μm vibratome section of the lung from a Clec9aCre/+R26Confetti/+Flt3l-/- mouse 

with autofluorescence channel to reveal lung structure. Colours correspond to CFP 

(cyan), GFP (green), YFP (yellow), RFP (red) and autofluorescence (white). 
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Movie 5: Representative annotated image of the SI of a Clec9aConfetti mouse. 3D 

projection of a 300μm vibratome section of the small intestine from a 

Clec9aCre/+R26Confetti/+ mouse stained with CD11b (to reveal villi) that was annotated 

for subsequent analysis. Colours correspond to CFP (cyan), GFP (green), YFP 

(yellow), RFP (red) and CD11b (white).  

 

Movie 6: Representative annotated imaged of the lung of a Clec9aConfetti mouse. 3D 

projection of a 300μm vibratome section of the lung from a Clec9aCre/+R26Confetti/+ 

mouse with autofluorescence channel to reveal lung structure that was annotated for 

subsequent analysis. Colours correspond to CFP (cyan), GFP (green), YFP (yellow), 

RFP (red) and autofluorescence (white). 

 

Movie 7: SI from a Clec9aConfetti mouse stained for cDC subsets. 3D projection of a 

300μm vibratome section of the small intestine from a Clec9aCre/+R26Confetti/+ mouse 

stained with an antibody recognising CD103, CD11b and CD64. Colours correspond 

to CFP (cyan), GFP (green), YFP (yellow), RFP (red), CD103 (white), CD11b 

(magenta) and CD64 (orange). 

 

Movie 8: Lung from a Clec9aConfetti mouse stained for cDC subsets. 3D projection of 

a 300μm vibratome section of lung from a Clec9aCre/+R26Confetti/+ mouse stained with 

an antibody recognising CD103, CD11b and CD64 and revealing autofluorescence 

channel for lung structure. Colours correspond to CFP (cyan), GFP (green), YFP 

(yellow), RFP (red), CD103 (white), CD11b (magenta), CD64 (orange) and blue 

(autofluorescence). 

 

Movie 9: Image an area of the lung of a Clec9aConfetti mouse 1 dpi with influenza A 

virus and stained for viral proteins. 3D projection of a 300μm vibratome section of 

the lung from a Clec9aCre/+R26Confetti/+ mouse with autofluorescence channel to reveal 

lung structure and stained with an antibody recognising CD64 and M+NP proteins 

from Influenza A virus. Colours correspond to CFP (cyan), GFP (green), YFP (yellow), 

RFP (red), M+NP proteins (orange), CD64 (magenta) and autofluorescence (white). 

Movie 10: Representative annotated imaged of a high infiltrated area of the lung of 

a Clec9aConfetti 7 dpi with influenza A virus. 3D projection of a 300μm vibratome 
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section of the lung from a Clec9aCre/+R26Confetti/+ mouse with autofluorescence 

channel to reveal lung structure that annotated for subsequent analysis. Colours 

correspond to CFP (cyan), GFP (green), YFP (yellow), RFP (red) and 

autofluorescence (white). 

 

Movie 11: Representative annotated imaged of a low infiltrated area of the lung of a 

Clec9aConfetti 7 dpi with influenza A virus. 3D projection of a 300μm vibratome section 

of the lung from a Clec9aCre/+R26Confetti/+ mouse with autofluorescence channel to 

reveal lung structure that was annotated for subsequent analysis. Colours 

correspond to CFP (cyan), GFP (green), YFP (yellow), RFP (red) and 

autofluorescence (white). 

 

Movie 12: Intravital imaging in the calvaria from C9aCcr2eGFP/eGFP mice. Zoom in area 

of the skull BM from C9aCcr2eGFP/eGFP mice imaged during 20 time lapses separated 

by 7min. Colours correspond to eGFP (green), lineage (magenta) and dextran for 

blood vessels (orange). 

 

Movie 13: Intravital imaging in the calvaria from C9aCcr2eGFP/eGFP mice analysed with 

Imaris. Zoom in area of the skull BM from C9aCcr2eGFP/eGFP mice imaged during 20 

time lapses separated by 7min. Images were processed to generate cell tracks and 

surfaces in eGFP+ cells that are negative for lineage staining. Colours correspond to 

eGFP+ lineage- (green) and dextran for blood vessels (orange). 

 

Movie 14: Intravital imaging in the calvaria from C9aCcr2eGFP/eGFP mice 2. Zoom in 

area of the skull BM from C9aCcr2eGFP/eGFP mice imaged during 20 time lapses 

separated by 7min. Colours correspond to eGFP (green), lineage (magenta) and 

dextran for blood vessels (orange). 

 

Movie 15: Intravital imaging in the calvaria from C9aCcr2eGFP/eGFP mice analysed with 

Imaris 2. Zoom in area of the skull BM from C9aCcr2eGFP/eGFP mice imaged during 20 

time lapses separated by 7min. Images were processed to generate cell tracks and 

surfaces in eGFP+ cells that are negative for lineage staining. Colours correspond to 

eGFP+ lineage- (green) and dextran for blood vessels (orange). 
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Tissue clonality of dendritic cell subsets and emergency 
DCpoiesis revealed by multicolor fate mapping of  
DC progenitors
Mar Cabeza-Cabrerizo1*†, Janneke van Blijswijk1*†, Stephan Wienert2‡, Daniel Heim2,  
Robert P. Jenkins3, Probir Chakravarty4, Neil Rogers1, Bruno Frederico1, Sophie Acton1§, 
Evelyne Beerling5||, Jacco van Rheenen5||, Hans Clevers5, Barbara U. Schraml1¶, Marc Bajénoff6, 
Michael Gerner7#, Ronald N. Germain7, Erik Sahai3, Frederick Klauschen2†, Caetano Reis e Sousa1†

Conventional dendritic cells (cDCs) are found in all tissues and play a key role in immune surveillance. They comprise 
two major subsets, cDC1 and cDC2, both derived from circulating precursors of cDCs (pre-cDCs), which exited the 
bone marrow. We show that, in the steady-state mouse, pre-cDCs entering tissues proliferate to give rise to differen-
tiated cDCs, which themselves have residual proliferative capacity. We use multicolor fate mapping of cDC pro-
genitors to show that this results in clones of sister cDCs, most of which comprise a single cDC1 or cDC2 subtype, 
suggestive of pre-cDC commitment. Upon infection, a surge in the influx of pre-cDCs into the affected tissue 
dilutes clones and increases cDC numbers. Our results indicate that tissue cDCs can be organized in a patchwork 
of closely positioned sister cells of the same subset whose coexistence is perturbed by local infection, when the 
bone marrow provides additional pre-cDCs to meet increased tissue demand.

INTRODUCTION
Conventional dendritic cells (cDCs) are leukocytes that play a key 
role in innate immunity, as well as the initiation and regulation of 
T cell responses (1). They comprise two broad subtypes, cDC1s 
and cDC2s, that form a network of immune sentinel cells in most 
tissues of mice and humans (2). cDC1 and cDC2 originate from cDC- 
committed hematopoietic progenitors in the bone marrow (BM) 
known as the common (but, more accurately, the conventional) DC 
progenitor (CDPs) (3–7). CDPs give rise to pre-cDCs that exit the 
BM via the blood to seed lymphoid and nonlymphoid tissues (6–8). 
Individual pre-cDCs were originally envisaged to be bipotential and 
generate both cDC1 and cDC2 (4, 9). More recently, cDC1 or cDC2 
subset specification was shown to be able to occur, at least under 
certain circumstances, during the CDP to pre-cDC transition to give 
rise to committed pre-cDC1 or pre-cDC2 (10–12). It remains 

unclear to what extent tissues are seeded by committed pre-cDCs 
versus uncommitted pre-cDCs. Similarly, it is not known to which 
degree pre-cDCs arriving in nonlymphoid tissues have proliferative 
capacity (3) and can undergo local expansion to give rise to clones 
of differentiated cDC1 or cDC2 occupying a defined tissue territory.

The replacement of “old” tissue cDCs with “new” ones is thought 
to occur at a high rate as the half-life of cDCs in most tissues is 3 to 
6 days (8). This steady-state cDC renewal is likely controlled at 
the level of the generation of pre-cDCs, their BM exit rate, their 
tissue seeding rate, and the rate of pre-cDC proliferation and dif-
ferentiation into cDC1 and cDC2. There is indirect evidence to 
indicate that these parameters are not immutable and that the 
global generation of cDC (cDCpoiesis) can increase upon loss of 
cDCs in the periphery (13) or in response to infection or tissue 
injury (14–22). Although all these studies suggest that cDC num-
bers in tissues can be regulated by local demand, it is unclear 
whether this requires changes in putative local proliferation of 
pre-cDCs or, alternatively, communication with the BM and re-
cruitment of additional precursors.

Multicolor fate mapping of cell precursors allows for analysis of 
single-color cell clusters, which, in turn, informs on the clonal rela-
tionship of cells in tissues (23). Here, we use this approach to analyze 
the distribution and clonal architecture of cDCs in mice in which in-
dividual CDPs/pre-cDCs are fate-mapped with one of four possible 
fluorophores. We show that peripheral tissues, such as the lung and 
small intestine (SI), contain clones of sister cDCs that arise through 
local proliferation of immigrant pre-cDCs and their progeny. Most of 
these clones consist of a single cDC subtype, consistent with early fate 
specification at the level of the CDP to pre-cDC transition. Upon lung 
infection with influenza A virus, cDC numbers increase through an 
acute influx of pre-cDCs from BM, which dilutes preexisting cDC 
clones. Our findings offer deeper understanding of the organization 
and dynamics of cDCs in tissues and reveal an axis of emergency im-
mune surveillance that could be manipulated to increase immunity in 
vaccination or immunotherapy.
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RESULTS
Pre-cDCs and their progeny retain proliferative capacity in 
peripheral tissues
To analyze the cell cycle status of pre-cDCs and cDCs in tissues, we 
stained cells in the BM, spleen, mesenteric lymph node (mesLN), SI, 
and lung for both DNA content and phosphorylated histone H3 
(phospho-H3). This technique allows us to identify cells in four 
different cell cycle phases, namely, G0/G1, S, G2, and M (Fig. 1A). 
Consistent with their high turnover rate, a large fraction of BM 
CDPs and pre-cDCs was found in S/G2/M phases at any given time 
(Fig. 1B). That contrasted to pre-cDCs and fully differentiated cDCs 
in the spleen, LN, lung, and SI, in which the fraction of S/G2/M cells 
was much smaller, although not negligible, as previously observed 
(Fig. 1, D, F, H, and J) (8, 24, 25). Because the DNA/phospho-H3 

staining does not distinguish cells that are still cycling (G1) from 
resting cells that have exited the cell cycle (G0), we carried out a 
separate analysis for Ki67, which is expressed in the G1, S, G2, and 
M phases but not in G0. As expected, 100% of BM CDPs and 80% of 
BM pre-cDCs were Ki67+, consistent with cell cycle commitment 
(Fig. 1A and fig. S1A). In the spleen and mesLNs, 80 and 60% of 
pre-cDCs were Ki67+, whereas in the lung and SI, this figure was 
around 40% (Fig. 1, E, G, I, and K). Differentiated cDCs in the 
spleen and mesLNs were also found to be Ki67+: 20% of splenic 
cDCs and 40 to 60% of LN cDCs. Similarly, we found that 30 to 40% 
of cDC1 and the two intestinal subtypes of cDC2 [CD103+ CD11b+ 
(double positive) cDC2 and CD103− CD11b+ cDC2] were Ki67+ 
(Fig. 1I and fig. S1B) (5, 26). In the lung, cDC1 and cDC2 stained for 
Ki67 at similar frequencies to cDCs in the SI (Fig. 1K and fig. S1B). 
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experiments. Error bars correspond to variation across mice using SD. Cells are gated as indicated in Materials and Methods.

 by guest on M
arch 20, 2019

http://im
m

unology.sciencem
ag.org/

D
ow

nloaded from
 

http://immunology.sciencemag.org/


Cabeza-Cabrerizo et al., Sci. Immunol. 4, eaaw1941 (2019)     1 March 2019

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

3 of 13

Overall, these data suggest that a substantial fraction of pre-cDCs that 
have entered peripheral tissues and of their cDC progeny remains in 
the G1 phase of the cell cycle and has not therefore become postmitotic.

Clec9aConfetti mice allow for multicolor labeling of cDCs  
in tissues
The above observations suggested the possibility that at least some 
tissue cDCs might be organized in patches of sister cells that arise 
through local cell division. To assess this, we resorted to multicolor 
fate mapping of cDC precursors. We crossed Clec9aCre mice (27) to 
Rosa26Confetti mice (progeny henceforth called Clec9aConfetti; fig. S2A) 
(23). Both CDPs and pre-cDCs express dendritic cell NK lectin 
group receptor-1 (DNGR-1), encoded by the Clec9a gene, and mice 
expressing Cre recombinase under the control of the Clec9a locus 
have been used to trace the cDC lineage in vivo (27). We expected 
that, in Clec9aConfetti mice, cDC precursors would become stochas-
tically labeled with one of four fluorescent proteins [cyan fluorescent 
protein (CFP), green fluorescent protein (GFP), yellow fluorescent 
protein (YFP), and red fluorescent protein (RFP)] and transfer the 
fluorophore to daughter cells, allowing tracing of cDC clones. We 
validated Clec9aConfetti mice by flow cytometric spectral analysis (which 
allows separation of closely related fluorophores, including GFP 
and YFP) of the spleen, mesLN, SI, and lung cell suspensions. In all 
organs, we found labeled cDC1 and cDC2 (fig. S2, B to D). The per-
centage of labeled cells in Clec9aConfetti mice was lower than previously 
observed using Clec9aCre crossed to a Rosa26YFP single fluorophore 
fate reporter strain (fig. S2B) (27), likely due to the complexity of 
the RosaConfetti locus, which reduces the efficiency of Cre-mediated 
recombination (28). This, together with the transience of Cre expres-
sion, leads to incomplete penetrance of the reporting event and causes 
labeling of only a fraction of cDCs, as previously reported (27). In con-
trast to cDCs, the frequency of labeled CD64+ cells, generally considered 
to correspond to monocytes and macrophages (29, 30), was very low 
(fig. S2B), as expected (27), although in the lung, where CD64+ cells 
vastly outnumber CD64− cDCs, they contributed to a larger fraction 
of all labeled cells (fig. S2C). As noted (23), the expression of the four 
fluorescent proteins in the Confetti reporter cassette was unequal, 
with clear underrepresentation of GFP+ cDCs (fig. S2, C and D). cDC1s, 
but not cDC2s, are DNGR-1+ and hence express Cre recombinase after 
differentiation and become preferentially labeled in Clec9a-Cre–based 
reporter mice (27), including RosaConfetti (fig. S2, C and D). This also 
means that cDC1 can continue to recombine the inverted loxP sites of 
the RosaConfetti locus, switching back and forth between expression 
of GFP and YFP or of RFP and CFP. Consistent with that notion, 
GFP+YFP+ or CFP+RFP+ double-positive cells were disproportion-
ately more abundant among cDC1 than cDC2 subsets (fig. S2, C and D). 
Despite these limitations, the flow cytometric spectral analysis demon-
strates that CDP/pre-cDCs in Clec9aConfetti mice can be stochasti-
cally labeled with different fluorophores that are transmitted to 
daughter cells resident in tissues.

Imaging of Clec9aConfetti mice reveals cDC distribution in 
three dimensions
To visualize the spatial arrangement of labeled cDCs and assess pos-
sible clustering by fluorophore, we developed a protocol to fix and 
clarify tissues while preserving the Confetti fluorescent proteins 
(Fig. 2A). The method includes agarose embedding and vibratome 
sectioning, allowing cutting of 300-m sections, a thickness neces-
sary to circumvent the scarcity of labeled cDCs in nonlymphoid 

tissues and to image enough cells for the analysis of clusters 
(Fig. 2A). It is also compatible with antibody (Ab) staining of the 
sections (see below). Large tissue volumes (1020 m by 680 m in 
100 z-steps of 3 m for the SI and 1360 m by 1360 m in 40 z-steps 
of 5 m for the lung) were then imaged by confocal microscopy 
using total spectrum acquisition (lambda mode scanning), followed 
by spectral unmixing to discriminate all fluorophores (Fig. 2A).

Validation of the system was initially carried out using lymphoid 
organs such as the spleen and mesLN. It revealed an intricate net-
work of Confetti+ cells predominantly localized to T cell areas, as 
expected (Fig. 2, B and C). However, the large number and high 
density of labeled cells in these organs precluded analysis of cluster-
ing by fluorescent protein (Fig. 2, B and C). We therefore focused 
on nonlymphoid tissues such as the SI and lung, where Confetti+ 
cells were easily detected but sufficiently sparse to allow cluster 
analysis (Fig. 2, D and E). Visual inspection of images from the SI 
and lung of Clec9aConfetti mice revealed that Confetti+ cells were 
often found in discrete single-color clusters within individual villi or 
around airways, respectively (Fig. 2, D and E, and movies S1 and S2). 
Labeling was largely lost in Clec9aConfetti mice crossed to Flt3l−/− 
mice (fig. S3, A and B, and movies S3 and S4), which lack cDCs but 
not MACROPHAGEs (31, 32), confirming that Confetti+ cells were 
bona fide cDCs. This was true even for the lungs, where a considerable 
number of Confetti+ cells had been found to be CD64+ by flow cytom-
etry (fig. S2D). To clarify the identity of these CD64-expressing cells, 
we carried out a separate flow cytometric analysis of Clec9atdTomato 
mice deficient in Flt3L. As expected, the frequency of Tomato-labeled 
CD64− cells was reduced in Flt3l−/− mice (fig. S3C), consistent with 
a decrease in total cDC numbers (fig. S3D). In contrast, the frequency 
of CD64+ cells, irrespective of CD11c and CD11b expression, was not 
reduced in Flt3l−/− mice, which, again, is as expected (fig S3D). How-
ever, the frequency of Tomato-labeled CD64+ cells was reduced in 
Flt3l−/− mice (fig. S3D), intimating that they represent atypical cDCs 
that express CD64, as previously suggested (27). Nevertheless, to avoid 
ambiguity, CD64+ cells were excluded from further analysis.

ClusterQuant 3D analysis indicates single-color cDC 
clustering in Clec9aConfetti mice
To quantify flurophore-based clustering of cDCs in the SI and lung, 
we developed a three-dimensional (3D) version of the ClusterQuant 
software previously used for analysis of cell clusters in single tissue 
planes (33). Briefly (Fig. 3A), the workflow involves different steps: 
(1) separation of 3D confocal images into individual z planes, corre-
sponding to the optical slices used for image acquisition, (2) manual 
segmentation and annotation of cDCs in each plane, and (3) com-
putation of 3D Voronoi polyhedrons using the x, y, and z cell coor-
dinates. Each polyhedron contains all voxels closer to the centroid 
of that Confetti+ cell than to the centroids of all other cells and is 
used to compute neighbor and proximity relationships in subsequent 
analysis steps (Fig. 3, B and C, and movies S5 and S6). To aid tessel-
lation and generate shapes that approximate cell volumes, in step 
(ii), it is necessary to draw borders along anatomic barriers (crypts 
and airways). We also randomly inserted dummy cells (displayed as 
gray cells) into the spaces around Confetti+ cells, helping to remove 
artificially large Voronoi polyhedrons, avoiding false-positive cluster 
formation and serving as a randomized control for the analysis (fig. S4, 
A, B, and E; see below). Each Voronoi polyhedron was then assigned 
a color based on the fluorescent protein expressed by the annotated 
underlying cell (i.e., green Voronoi for a GFP cell). Double-positive 
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cells were assigned either purple (RFP+ CFP+) or orange (GFP+ YFP+). 
Adjacent Voronoi polyhedrons bearing the same color were considered 
a cluster (i.e., a group of two or more cells of the same color). The 
colors (but not the positions) of the Voronoi polyhedrons, representing 
individual cDCs, were then randomized in a step (4) through a Monte 
Carlo simulation with 10,000 possible realizations. Comparison of 
the original (O) versus simulated (S) images was carried out by ex-
tracting relevant parameters such as number of clusters, cells per 
cluster, and cluster compactness (Fig. 3A) to determine the proba-
bility that the observed clusters could have arisen by chance.

In all cases, the ClusterQuant 3D analysis revealed a pattern of 
single-color cDC clustering in the SI and lung that was not repro-
duced in randomized scenarios (Fig. 4). The difference between O 
and S images was statistically significant regardless of whether data 
were analyzed as number of clusters relative to total cell number, 

fraction of total cells in clusters (Fig. 4, A and B), or number of 
clusters per unit volume of tissue (fig. S4, C and D). This was true 
for both the SI and lung and was observed when images from all 
mice were pooled together (Fig. 4, A and B) or when images were 
grouped per mouse (Fig. 4, C and D). Confirming the validity of the 
3D ClusterQuant algorithm, analysis of the randomly placed dummy 
cells showed that they were not significantly clustered (fig. S4E).

In additional analyses using statistical data binning with 2 testing, 
we examined the size distribution of clusters and normalized them 
to the value expected to be obtained by chance, which was calculated 
from the simulated scenarios. We found that there was a greater pro-
portion of large cDC single-color clusters than expected by chance 
alone (Fig. 4, E and F, and fig. S4, F and G). In some cases, we 
observed very large clusters (>15 cells), which are exceedingly im-
probable in a randomized scenario. However, cDCs were not always 
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in observable clusters and, in 
more than half of the cases, ap-
peared as isolated cells (Fig. 4G). 
We also found that clusters 
in the lung were significantly 
larger than in the SI, indicative 
of tissue differences (Fig. 4, G 
and H). We conclude that at 
least some cDCs in the SI and 
lung and, possibly, other tissues 
of Clec9aConfetti mice, form single- 
color clusters, which represent 
clones of sister cells.

Single-color cDC clusters 
are predominantly 
composed of a single  
cDC subset
We next asked whether cDC 
clones comprise multiple subsets 
(i.e., arise from uncommitted 
pre-cDCs) or a single subset (i.e., 
originate from committed pre-
cDC1s or pre-cDC2s or from 
dividing cDC1 and cDC2s) by 
analyzing cluster composition. 
We used staining with Abs 
against CD11b and CD103 to 
allow discrimination between 
cDC1 and cDC2 and Ab against 
CD64 to exclude CD64+ cells 
(Fig. 5, A to C, and movies S7 
and S8).

The distribution of fluorescent protein expression among cDC 
subsets in tissue sections of Clec9aConfetti mice as assessed by micros-
copy (fig. S5A) was concordant with that observed in cell suspen-
sions analyzed by spectral flow cytometry (fig. S2, C and D), 

cross-validating both experimental approaches. Cell composition 
analysis from ClusterQuant 3D analysis revealed that single-color 
clusters in both the SI and lung often consisted of a single cDC sub-
set (i.e., “pure”) although “mixed” clusters comprising cDC1 and 
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cDC2 could also be observed (Fig. 5D and fig. S5B). Pure clusters 
accounted for 80% of all clusters in the SI and 70% of clusters in the 
lung (Fig. 5D). The probability of a single-color cluster being pure 
by chance was calculated from the cluster size and the proportion 
of cDC1 and cDC2 cells in that tissue and revealed a far greater 
proportion of pure clusters than would be expected in a random 
scenario (Fig. 5, E and F). Together, these data suggest that, during 
homeostasis, tissue cDC clones of sister cells are predominantly 
generated by local proliferation of incoming precommitted cDCs 
and of their differentiated cDC progeny.

Single-color cDC clusters are lost during infection
Next, we asked whether cDC single-color clustering (and, inferen-
tially, cDC clonality) in tissues holds true under inflammatory condi-
tions when an increase in cDC numbers is often observed (16, 18–20). 
Clec9aConfetti mice were intranasally infected with influenza A virus 
(strain X31), which, over the course of a week, caused a large increase 
in lung cDC1 and cDC2 numbers, as assessed by flow cytometry 

(Fig. 6A). This was accompanied by large-scale infiltration of innate 
immune cells into the lungs but did not affect the specificity of the 
genetic labeling of cDCs in Clec9aCre reporter mice (fig. S6, A to C). 
Images of infected lungs that were stained for viral proteins showed 
that the infection was patchy, with viral replication being confined 
to discrete foci (fig. S6A and movie S9), as reported (34). At 7 days 
postinfection (dpi), Confetti+ and CD64+ cells accumulated in 
much greater numbers around virus-containing foci than in unin-
fected regions (Fig. 6, B and C). CD64+ cell infiltration was there-
fore used as a surrogate to discriminate high (infected) and low 
(uninfected) infiltrated areas (Fig. 6C). 3D ClusterQuant analysis 
revealed that the cDC single-color clustering that had been observed 
under steady-state conditions was largely lost from highly infiltrated 
areas after infection, which no longer showed a statistically significant 
difference between O and S scenarios irrespective of whether the 
data were pooled or analyzed by individual mouse (Fig. 6, D and E, 
fig. S7A, and movie S10). Low infiltrated areas retained some clus-
ters of single-color cDC in some of the mice but this did not reach 
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statistical significance when all mice were considered together 
(Fig. 6, F and G, fig. S7B, and movie S11).

We extended the analysis by comparing cluster size distribution 
between uninfected lungs and areas of low or high infiltration in 

infected mice (Fig. 6, H to K). This confirmed that the data fitted a 
random scenario (Fig. 6, H and I), although some low infiltrated 
areas in some mice still displayed statistically significant formation of 
clusters (fig. S8). Despite the latter, overall, there was a slight increase 
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in the frequency of cDCs that were not in a cluster compared with 
the situation in uninfected mice (Fig. 6J). We found statistically 
significant differences at the level of larger clusters, which could be 
preferentially found in lungs from uninfected mice (Fig. 6K). To-
gether, these results show that the single-color clustering of cDCs in 
lung is significantly reduced after influenza A virus challenge, 
not only in areas with active infection but also, to a lesser extent, in 
areas away from infectious foci.

Infection-driven loss of single-color cDC clustering 
correlates with influx of pre-cDCs
The above data suggested that infection-driven increases in local 
cDC numbers were not likely to be a result of increased local clonal 
expansion. Flow cytometric analysis of cell cycle status showed that 
infection led, if anything, to a decrease in the frequency of cDC1 
and cDC2 in S/G2/M cell cycle phases and a reduction in percent 
cells positive for Ki67 (Fig. 7A and fig. S9A). Pre-cDC in the lung 
and pre-cDC and CDP in the BM did not show any major changes 
in Ki67 positivity (fig. S9, A and B), although more of them were 
found to be in S phase at day 7 after infection compared with un-
infected mice (Fig. 7, A and B). Therefore, the increase in cDC 
numbers in the lungs of mice after infection with influenza A virus 
(Fig. 6A) does not seem to be due to an increase in proliferation of 
cDCs or their immediate lung precursors.

To ask whether it could be attributable to changes in the dynamics 
of lung seeding by pre-cDC, mice were examined at different time 
after infection. At day 7 after challenge, influenza virus–infected 
mice had many more pre-cDCs in their lungs than uninfected con-
trols (Fig. 7C). We used markers used to distinguish pre-cDC1s and 
pre-cDC2s (10, 11) (with the caveat that such markers have not 
been validated in the lung) and found that the infection-associated 
increase in lung pre-cDCs predominantly represented uncommitted 
cells (fig. S9C), consistent with the fact that both cDC1 and cDC2 
increased equally (Fig. 6A). In contrast to the lung, there was loss of 
cDC progenitors from BM, which reached their lowest numbers at 
3 to 4 dpi and recovered by day 7 (Fig. 7, D and E). As in the lung, 
there was no major bias in terms of pre-cDC subset distribution in 
the BM (fig. S9D).

These results suggested that high demand for cDCs induced by 
infection is met by rapid mobilization of  cDC progenitors from the BM. 
Consistent with that notion, there was a clear increase in total number 
of pre-cDCs circulating in peripheral blood of mice at 7 dpi, when 
the increase in lung pre-cDCs and cDCs became apparent (Fig. 7F), 
with no differences in pre-cDC1/pre-cDC2 commitment (fig. S9E). 
To extend these data to humans, we carried out an analysis of tran-
scriptome datasets from peripheral blood of patients before or after 
infection with influenza A virus (35) using the CIBERSORT algo-
rithm (36). This revealed a marked increase in the blood frequency 
of DCs, annotated in CIBERSORT as “activated DCs” (Fig. 7, G 
and H), consistent with a demand-driven increase in DCpoiesis. To 
assess whether pre-cDC numbers were also increased in human 
blood, as in mice, we assessed levels of transcripts for SEMA4D, a 
recently identified marker for CDPs (37). SEMA4D transcripts were 
increased after infection (Fig. 7I). Although SEMA4D can also be 
expressed by T cells and B cells, T and B cell markers (CD3E or 
CD79A/B) were either unchanged or decreased in the same datasets 
after influenza virus infection (Fig. 7I). Together, these data suggest 
that, in mice and, possibly, humans, influenza virus infection leads 
to local demand for cDCs that is met not by increased local clonal 

expansion of pre-cDC and their progeny but by communicating 
need to the BM, resulting in an efflux of pre-cDCs into blood and 
influx into lungs.

DISCUSSION
The parameters underlying cDCpoiesis remain poorly understood. 
Here, we use a genetic model coupled to image analysis and 3D 
cluster quantification to analyze how cDC precursors seed tissues at 
the single-cell level in the absence of cell transfer. We reveal that 
pre-cDCs in the steady state enter peripheral tissues and can divide 
locally before differentiating into cDCs, which display residual pro-
liferative capacity. This leads to formation of discrete clones of cDCs 
that remain in close proximity. We find that these sisters are pre-
dominantly composed of either cDC1 or cDC2, possibly providing in 
vivo corroboration for the notion that cDC subset commitment can 
occur at the pre-cDC level (10, 11). Last, we demonstrate that cDC 
generation is an elastic process that responds to external tissue de-
mand by exporting pre-cDCs from the BM at times of need. The rapid 
influx of such pre-cDCs into tissues and reduction in local cell divi-
sion likely lead to accelerated intermingling of clones and correlate 
with loss of single-color clustering in multicolor fate-mapping mice.

Quantification of images from tissues of Clec9aConfetti mice re-
vealed that 45% of cDCs in the lung and 35% of cDCs in the SI are 
in single-color clusters of two or more cells. It is remarkable that 
single-color clusters can be detected at all. Because cDCs are motile, 
especially when activated, it is likely that clustering of clones dilutes 
over time. Motility will additionally cause cDC clones to intermingle, 
and ongoing cDC death will lead to cluster dissolution. In addition, 
the fact that cDC1 can switch fluorescent protein expression be-
cause of continued Cre expression can also break up single-color 
clusters (although, in some cases, this can be accounted for in the 
analysis as the half-life of the proteins is sufficiently long to result in 
double labeling). Last, the use of dummy cells to aid with segmenta-
tion in the analysis may inadvertently lead to artificial separation of 
single-color clusters. For all these reasons, the degree of cDC single- 
color clustering that we observe in tissues is likely to be an underes-
timate of the true extent of tissue cDC clonality, and many of the 
isolated cells in tissues may therefore, in fact, have previously 
been part of a single-color cluster. The issues discussed above 
(e.g., cDC migration) will disproportionately affect large clones, 
causing a bias toward detection of small single-color clusters and 
isolated cells. The finding of some large clones suggests, therefore, 
the existence of tissue niches that allow for greater pre-cDC/cDC 
local proliferation and/or that prolong cDC half-life (25). Such 
niches may be more common in the lung than in the SI as we noted 
a clear tendency for single-color cDC clusters in that organ to 
be larger. Why clonality does not result in observable patches of 
cDC1 versus cDC2 in tissues can be understood from the fact 
that large clones are relatively rare and that we visualize only a frac-
tion of the tissue cDC network because of incomplete penetrance 
of the Cre-mediated recombination event. The superimposition of 
the mosaic pieces composed of cDC1 and cDC2 clones and single 
cells is expected to result in spatial mixing of the subsets, also ex-
plaining why we do not see obvious single-color clusters in regions 
where cDCs are too abundant, such as T cell areas of LNs and 
spleen.

Experiments with cells in vitro, sorted ex vivo, or transferred as 
bulk populations into mice have suggested that individual pre-cDCs 

 by guest on M
arch 20, 2019

http://im
m

unology.sciencem
ag.org/

D
ow

nloaded from
 

http://immunology.sciencemag.org/


Cabeza-Cabrerizo et al., Sci. Immunol. 4, eaaw1941 (2019)     1 March 2019

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

10 of 13

M

A B

N
or

m
al

iz
ed

ex
pr

es
si

on
 in

 b
lo

od

Post

9.5

10.0

10.5

11.0

Pre

SEMA4D
<0.0001

Pre Post
7.0

7.2

7.4

7.6

7.8

8.0

CD79A
n.s.

Pre Post
7.0

7.5

8.0

8.5

9.0

CD3E
<0.0001

Pre Post
7.0

7.5

8.0

8.5

9.0

CD79B
<0.0001

Activated blood DCs

Pre Post
0

5

10

15 <0.0001

N.i.

7 dpi 7 dpi

pre-cDCs cDCs

N.i.

7 dpi

N.i.

7 dpi

pre-cDCsCDPs

H I

G0/G1
S
G2
M

G0/G1
S
G2

C

N.i. 3 dpi 7 dpi
0

2 105

4 105

6 105

8 105

1 106

n.s.

<0.0001

pre-cDCs per lung

N.i. 3 dpi 7 dpi
0

2 104

4 104

6 104

8 104

1 105
CDPs per leg

0.0004

n.s.

D

N.i. 3 dpi 7 dpi
0

2 104

4 104

6 104

8 104

1 105
pre-cDCs per leg

0.0002

0.006

E

N.i. 3 dpi 7 dpi
0

2 104

4 104

6 104

8 104
pre-cDCs/ml blood

n.s.

0.007

F

1009080706050403020100

Pre

Post

Relative mean percent
G

N
eutrophils

M
ast cells

A
ctivated D

C
s

M
onocytes

Activated N
K cells

R
esting N

K cells
T

regs

Activated m
em

ory C
D

4 T cells

R
esting m

em
ory C

D
4 T cells

N
aive C

D
4 T cells

C
D

8 T cells
M

em
ory B cells

N
aive B cells

N.i.

% 

Fig. 7. Influenza A virus infection increases lung cDC numbers by recruiting BM progenitors. (A and B) Percentage of the lung pre-cDCs and cDCs (A) and of the BM 
CDPs and pre-cDCs (B) in G0/G1, S, G2, or M phases of the cell cycle determined as in Fig 1. Data are mean values from six non-infected (top) or six C57BL/6 mice 7 dpi with 
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mice (magenta) at 3 or 7 dpi. Each dot represents one mouse of six per group from one representative experiment. (G) Relative mean percentage of cells from peripheral 
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killer cells. (H) Percentage of activated blood DCs in individual patients from (G). (I) Expression of SEMA4D, CD3E, CD79A, and CD79B in peripheral blood from patients 
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paired t test in a single experiment with six mice per group. Statistics in (H) and (I) used a paired t test.
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can be either precommitted to generate cDC1 or cDC2 or can be 
bipotent and generate either cDC subset (10, 11). Here, we revisited 
this question in Clec9aConfetti mice where the composition of the 
Confetti+ clones is analyzed in an unperturbed state. We show that 
cDC clusters in lung and SI are predominantly pure cDC1 or cDC2 
consistent with the possibility that they arise primarily from com-
mitted pre-cDC1s and pre-cDC2s. We also find that cDC1s and 
cDC2s retain residual capacity to proliferate after differentiation, 
which could contribute to the purity of the cDC clusters observed 
irrespective of pre-cDC commitment. The fact that cDC1s continue 
to express Cre could, in theory, introduce a bias toward detecting 
pure clusters of cDC1 expressing two fluorescent proteins surrounded 
by cDC2 expressing one of the two proteins. However, this was not 
observable in our images and the rarity of doubly labeled cDC1 
events cannot explain the extremely high fraction of pure clusters 
detected. It should be noted that not all clusters are pure and that 
some mixed cDC ones are found in both the SI and lung, possibly 
providing in vivo evidence for the existence of uncommitted pre-
cDCs capable of seeding tissues and giving rise to sister cells of 
different fates.

Infection or inflammation is often accompanied by a local in-
crease in macrophage and cDC numbers, which can be met through 
local proliferation or increased precursor recruitment. Tissue 
macrophages are self-renewing and can proliferate more rapidly in 
response to injury-induced signals and cytokines (38–40). Further-
more, blood monocytes can enter tissues upon demand and differ-
entiate into cells that resemble tissue macrophages (41). Monocytes 
can also differentiate into cells that have cDC features but are dis-
tinct from those that arise from regular cDCpoiesis (42). Therefore, 
increased demand for cDCs in the periphery can only be met 
through increased generation of cDC precursors in the BM or by 
greater mobilization and/or proliferation of pre-cDCs in tissues. 
We show that influenza A virus infection causes an increase in lung 
cDC numbers, which is not accompanied by increased local prolifer-
ation of pre-cDC or their differentiated progeny. Rather, it is ac-
companied by efflux of pre-cDCs from the BM, which increase in 
number and frequency in peripheral blood and enter tissues, leading 
to increased seeding. In Clec9aConfetti mice, this acute influx of pre-
cDCs into the lungs results in dissolution of preexisting single- color 
cDC clusters, a process that might be exacerbated by increased cDC 
mobility leading to increased intermingling of preexisting clones 
and migration to mediastinal LNs. Differently from a previous report 
(20), we did not observe a selective increase in cDC2 in influenza 
virus–infected lungs and, consistent with that observation, pre-cDC 
in the BM or lung did not display any infection-induced changes in 
phenotype suggestive of a bias toward cDC1 or cDC2 commitment 
(10, 11). Whether this relates to the strain of influenza virus, the 
severity of the infection or the fact that the previous study (20) did 
not necessarily discriminate bona fide cDC2 from monocyte-derived 
cells remains to be established. Overall, our findings reveal that in-
fected tissues can communicate to the BM their need for increased 
cDC, resulting in a release of pre-cDCs into blood and transient loss 
of CDPs from their site of origin. By analogy, with the increased 
release of granulocytes into the circulation during infection or in-
flammation (43, 44), the fact that cDC generation responds to de-
mand might aptly be termed “emergency DCpoiesis.” The signals 
that regulate emergency DCpoiesis are likely to constitute useful 
targets for immunotherapeutic approaches to cancer, infectious 
disease, and autoimmunity.

MATERIALS AND METHODS
Mice
Clec9a-Cre, ROSA26-YFP (45), ROSA26-Confetti (23), Flt3l−/− 
(Taconic Biosciences), and C57BL/6J mice were bred at The Francis 
Crick Institute under specific pathogen-free conditions. All geneti-
cally modified mouse lines were backcrossed to C57BL/6J. Six- to 
20-week-old mice were used in all experiments unless otherwise 
specified. All animal experiments were performed in accordance 
with National and Institutional Guidelines for Animal Care.

Infection with influenza virus
Mice were anaesthetized via inhalation of isoflurane. Mice were intra-
nasally infected with 35,000 TCID50 of influenza A X31 (H3N2) in 
30 l of phosphate-buffered saline (PBS). Mice were monitored daily 
for weight loss and signs of infection and euthanized at 1, 3, and 7 dpi.

Flow cytometry
Up to 4 million cells (see the isolation protocol in Supplemen-
tary Methods) were preincubated with blocking anti-CD16/32 in 
fluorescence-activated cell sorting (FACS) buffer for 10 min at 4°C 
and then stained for 20 min at 4°C with staining cocktail in FACS 
buffer in the presence of anti-CD16/32. DAPI (4′,6-diamidino- 2-
phenylindole) was used to exclude dead cells, except for when cells 
were fixed. In the latter case, dead cells were excluded by LIVE/DEAD 
fixable blue or aqua dye (Invitrogen). For Ki67, DNA content 
(FxCycle, Invitrogen) and phospho-H3 staining cells were fixed 
and permeabilized using Foxp3 Fix/Perm buffer set (00-5523-00, 
eBioscience). For DNA content examination, samples were collected 
on a LSR Fortessa flow cytometer (BD Biosciences) or a SP6800 
Spectral Analyzer (Sony) and analyzed using FlowJo 9 or 10 software 
(TreeStar Inc.). Gating strategies are shown in figs. S10 to S12, includ-
ing the discrimination of the four Confetti fluorophores by spectral 
analysis. Abs used for flow cytometry are listed in table S2.

Microscopy
Mice were perfused with 20 ml of PBS and 10 ml of Antigenfix 
(Diapath). One milliliter of melted 2% low–melting point agarose 
(Invitrogen) in PBS was inserted through the trachea. The lungs, 
spleen, and LNs were then removed and fixed overnight in Antigenfix 
at 4°C. The proximal SI (mostly duodenum) was also removed, and 
contents were flushed with ice-cold PBS and Antigenfix and fixed 
for 2 hours at 4°C. SIs were subsequently cut longitudinally, rolled 
into a “Swiss roll,” and fixed overnight in Antigenfix at 4°C. After 
fixation, tissues were transferred to 30% sucrose in PBS for 24 hours 
at 4°C. Lungs, spleen, and SI were embedded in 4% agarose in PBS, 
and 300-m sections were cut using a Leica VT1200S vibratome 
and collected in PBS. LNs were unsectioned and imaged as whole 
mounts. Tissue sections were stained as explained in Supplementary 
Methods. Abs used in microscopy are listed in table S3. Sections were 
mounted on slides in the clearing solution RapiClear 1.47 (SunJin 
Lab) for image acquisition, whereas LNs were clarified instead using 
uDISCO (46) and mounted on a metallic glass-bottom dish. Images 
were acquired on a LSM 880 inverted confocal microscope as ex-
plained in the Supplementary Materials. Images and movies were 
generated after adjusting channels using Imaris software.

Cluster analysis
To analyze the clustering of cells in three dimensions, we used a 
3D version of ClusterQuant 2D (33), as described in detail in 
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Supplementary Methods. For cluster composition, we used a probability- 
based method based on the ratio of cDC1:cDC2 in lung and SI, as 
explained in Supplementary Methods and fig.S5 (C and D).

Human influenza dataset analysis
Human microarray data from influenza A virus–infected cohort 
[Gene Expression Omnibus GSE68310 (35)] were analyzed using 
CIBERSORT (36). For gene expression data, samples were normal-
ized and compared in a paired basis. Baseline was compared with 
first onset of symptoms.

Statistics
Statistical analyses were performed using GraphPad Prism software 
(GraphPad), MATLAB (Mathworks), or RStudio. Statistical test used 
is specified in each figure legend.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/4/33/eaaw1941/DC1
Supplementary Methods
Fig. S1. Staining for Ki67 in cDCs and their progenitors.
Fig. S2. Flow cytometric analysis of Clec9aConfetti organs.
Fig. S3. Analysis of Clec9aCre-based fate-mapping mice on a Flt3l−/− background.
Fig. S4. ClusterQuant 3D analysis of single-color cDC clustering in Clec9aConfetti mice.
Fig. S5. Analysis of Confetti+ cDC subsets.
Fig. S6. Quantification of infected cells and cell infiltration during influenza A virus infection.
Fig. S7. Voronoi diagrams of analyzed high and low infiltrated areas from infected Clec9aConfetti 
mice.
Fig. S8. Cluster size distribution in high and low infiltrated areas of lungs from infected 
Clec9aConfetti mice.
Fig. S9. Quantification of cDC proliferation and pre-cDC composition during influenza A virus 
infection.
Fig. S10. Flow cytometry gating strategy for CDPs.
Fig. S11. Flow cytometry gating strategy for cDC subsets and macrophages.
Fig. S12. Flow cytometry gating strategy for Confetti+ cells in Clec9aConfetti mice.
Table S1. Excel file with raw data used to generate all graphs that have n < 25.
Table S2. Abs used in flow cytometry.
Table S3. Abs used in confocal microscopy.
Movie S1. SI from a Clec9aConfetti mouse.
Movie S2. Lung from a Clec9aConfetti mouse.
Movie S3. SI from a Clec9aConfetti mouse crossed to a Flt3l−/− background.
Movie S4. Lung from a Clec9aConfetti mouse crossed to a Flt3l−/− background.
Movie S5. Representative annotated image of the SI of a Clec9aConfetti mouse.
Movie S6. Representative annotated imaged of the lung of a Clec9aConfetti mouse.
Movie S7. SI from a Clec9aConfetti mouse stained for cDC subsets.
Movie S8. Lung from a Clec9aConfetti mouse stained for cDC subsets.
Movie S9. Image an area of the lung of a Clec9aConfetti 1 dpi with influenza A virus and stained 
for viral proteins.
Movie S10. Representative annotated imaged of a high infiltrated area of the lung of a 
Clec9aConfetti 7 dpi with influenza A virus.
Movie S11. Representative annotated imaged of a low infiltrated area of the lung of a 
Clec9aConfetti 7 dpi with influenza A virus.
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provide insight into cDC dynamics in tissues and how infection can cause rapid changes in cDC population frequencies.
infected tissue, and these cells differentiate into tissue-resident cDCs and dilute preexisting cDC clones. These results 
proliferate as clones of sister cDCs under steady-state conditions. Viral infection causes a rapid influx of cDCs into
multicolor fate mapping in mice to show that precursor cDCs enter tissue, differentiate into a single subtype, and 

. useet alcDCs originate from a common precursor and can be delineated into different subtypes. Cabeza-Cabrerizo 
Conventional dendritic cells (cDCs) are critical to innate immunity and orchestrating adaptive T cell responses.
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