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Abstract

Rapid advances have been made to uncover the mechanisms that regulate dendritic cell (DC) 

development, and in turn, how models of development can be employed to define dendritic cell 

function. Models of DC development have been used to define the unique functions of DC subsets 

during immune responses to distinct pathogens. More recently, models of DC function have 

expanded to include their homeostatic and inflammatory physiology, modes of communication 

with various innate and adaptive immune lineages, and specialized functions across different 

lymphoid organs. New models of DC development call for revisions of previously accepted 

paradigms with respect to the ontogeny of plasmacytoid DC (pDC) and classical DC (cDC) 

subsets. By far, development of the cDC1 subset is best understood, and models have now 

been developed that can separate deficiencies in development from deficiencies in function. 

Such models are lacking for pDCs and cDC2s, limiting the depth of our understanding of their 

unique and essential roles during immune responses. If novel immunotherapies aim to harness the 

functions of human DCs, understanding of DC development will be essential to develop models 

DC function. Here we review emerging models of DC development and function.

1. Introduction

Hematopoiesis is central to models of dendritic cell (DC) development. An early stage of 

fate determination is the divergence of hematopoietic stem cells (HSC) into multipotent 

progenitors (MPPs) restricted to myeloid and lymphoid lineages (Laurenti & Gottgens, 

2018). DCs are widely accepted as constituents of the myeloid lineage and several 

transcription factors have been identified to regulate specification of DC subsets (Murphy et 

al., 2016). High-dimensional, single-cell analyses have permitted precise characterization of 

phenotypic heterogeneity of cellular populations in the bone marrow. For example, what was 

once considered a single progenitor, the common dendritic cell progenitor (CDP) (Naik et 

al., 2007), is now understood to be heterogeneous with discrete fate potentials (Bagadia et 

al., 2019). This enhanced resolution has allowed us to reexamine the mechanisms by which 

known regulators of DC development control fate decisions both spatially and temporally 
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(Bagadia, Huang, Liu, & Murphy, 2019). Here we highlight advances in our understanding 

of DC development and the models currently used to determine their function.

2. Marker-based identification of murine DC progenitors

The markers used to identify multipotent mouse and human DC progenitors have been 

reviewed recently (Anderson, Murphy, & Briseno, 2017; Bagadia, Huang, Liu, & Murphy, 

2019; Murphy et al., 2016). In mice, clonogenic progenitors of cDC subsets were 

identified independently by two groups. In the first, singe cell RNA-Seq was used to 

identify transcriptional heterogeneity within previously defined MDPs, CDPs, and pre-

cDCs (Schlitzer et al., 2015). Differential expression of genes encoding surface markers 

informed analysis of marker heterogeneity by flow cytometry, which revealed novel 

clonogenic progenitors within the previously defined pre-cDC. Progenitors specified to 

the cDC1 and cDC2 subsets were defined as Lin-CD11c+-MHCII−CD135+CD172α−, 

and SiglecH−Ly6C− or SiglecH−Ly6C+, respectively. In the second study, Zbtb46-GFP 

expression marked cells committed to the cDC lineage in the bone marrow, and 

revealed population specified to cDC1 and cDC2 subsets (Grajales-Reyes et al., 

2015). The cDC1-restricted progenitor, referred to as the pre-cDC1, can be identified 

in the bone marrow as Lin−Zbtb46GFP+CD117intCD11c+MHCIIint. Alternatively, the 

Lin−Zbtb46GFP+CD117−CD11c+MHCII− population in the bone marrow is restricted to the 

cDC2 subset, and is referred to as the precDC2. Recently, a progenitor within the CDP was 

identified on the basis of Zbtb46, Id2, and Nfil3 expression (Bagadia, Huang, Liu, Durai, et 

al., 2019). Genetic analysis revealed that, like the pre-cDC1, specification within the CDP is 

dependent on Irf8 and Nfil3 (Bagadia, Huang, Liu, Durai, et al., 2019; Durai et al., 2019). 

Although lacking cDC1s in vivo, a Zbtb46GFP+ progenitor is present within the CDP of 

Id2-deficient bone marrow. These observations suggest that specification to the cDC1 subset 

occurs as early as the CDP.

3. Myeloid and lymphoid origins of DC subsets

Deficiency in PU.1 results in multi-lineage defects during embryonic hematopoiesis and 

results in embryonic lethality (Scott et al., 1997; Scott, Simon, Anastasi, & Singh, 1994). 

However, by ectopically modulating levels of PU.1 expression, it has been shown that high 

levels of PU.1 can drive the divergence of multipotent progenitors (MMPs) to the myeloid 

lineage (DeKoter, Lee, & Singh, 2002). The mechanism by which PU.1 expression levels 

are controlled in MPPs remains an active area of research. Some groups have proposed that 

PU.1 enforces lineage divergences through a mechanism of transcriptional autoactivation, 

which maintains high PU.1 expression (Leddin et al., 2011). Others have provided evidence 

for a feed forward mechanism between the cell cycle length and PU.1 protein levels (Kueh, 

Champhekar, Nutt, Elowitz, & Rothenberg, 2013). However, it is not presently possible to 

control the length of the cell cycle as an independent variable, so its role in fate restriction 

remains unclear. With respect to DC development, PU.1-deficient bone marrow progenitors 

fail to express Flt3 and do not generate mature DC subsets (Anderson et al., 2000; Carotta 

et al., 2010). In addition, PU.1 supports IRF8 function through direct interaction, which 

regulates cDC1 development and pDC function (Anderson et al., 2000; Tailor, Tamura, 

Morse, & Ozato, 2008).
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Early studies of Irf8-deficient mice and human myeloid leukemias with reduced Irf8 
expression revealed its impact on myeloid cell homeostasis (Holtschke et al., 1996; Schmidt 

et al., 1998). It was subsequently shown that Irf8 is necessary for the development of 

cDC1s and pDCs (Aliberti et al., 2003; Schiavoni et al., 2004, 2002). Competitive chimeras 

of Irf8−/− and Irf8+/+ bone marrow revealed that Irf8−/− CDPs and all DC subsets have 

reduced frequencies in vivo but DC2s appear to develop normally in Irf8−/− mice (Becker 

et al., 2012). Deficiency in Runx1 and its binding partner Cbfβ leads to increased numbers 

of granulocyte and monocyte progenitors (GMP), loss of Flt3+ MDPs, development of 

myeloproliferative disorders, and absence of DC populations (Becker et al., 2012; Satpathy 

et al., 2014). Forced expression of Irf8 in Cbfβ-deficient bone marrow in vitro rescued 

defects in DC development, suggesting that the Runx1:Cbfβ axis regulates DC development 

through the induction of Irf8 expression. It has not been established whether these factors act 

directly on the Irf8 locus or influence Irf8 expression indirectly during DC development.

Major subsets of immune cells of the hematopoietic system can be divided conceptually into 

two major lineages—myeloid and lymphoid. This distinction is derived from observations 

that multipotent progenitors (MPP) can give rise to a common lymphoid progenitor 

(CLP) with restriction to the lymphoid lineage and a common myeloid progenitor (CMP) 

with restriction to the myeloid lineage (Akashi, Traver, Miyamoto, & Weissman, 2000; 

Kondo, Weissman, & Akashi, 1997). More recently, subsets of MPPs with developmental 

potentials skewed to lymphoid or myeloid lineages have been identified (Pietras et al., 

2015; Yamamoto et al., 2013). Therefore, the stage at which a myeloid-lymphoid divergence 

occurs remains an active area of investigation.

The ontogeny of pDCs has challenged models of early lymphoid-myeloid divergence. 

They were originally considered to have myeloid origins and be ontogenetically related 

to classical dendritic cells (Cella et al., 1999; Grouard et al., 1997; Olweus et al., 1997). 

Contrary to models that propose a myeloid origin of pDCs, thymocytes cultured in vitro with 

Flt3l give rise to pDCs while also maintaining lymphoid characteristics (Corcoran et al., 

2003; D’Amico & Wu, 2003; Sathe, Vremec, Wu, Corcoran, & Shortman, 2013; Shigematsu 

et al., 2004). IL7r is commonly used to define progenitors restricted to lymphoid lineages. 

Therefore, a mouse model with CRE-recombinase driven by the endogenous Il7r locus and 

loxp-STOP-loxp-YFP-reporter at the Rosa26 locus was generated to study the lymphoid 

origins of immune cells in vivo (Schlenner et al., 2010). Analysis of all major myeloid and 

lymphoid subsets revealed that a majority of pDCs, but not cDCs, in the thymus and spleen 

were marked by YFP expression. It is also widely accepted that pDCs can be derived from 

myeloid-restricted progenitors that do not express IL7r during their development, such as 

MDPs and CDPs (Auffray et al., 2009; Fogg et al., 2006). It has also been reported that 

the Lin−CD117int/loCD135+CD115− fraction of the bone marrow is enriched in progenitors 

of pDCs when compared to CDPs, which are CD115+ (Onai et al., 2013, 2007). However, 

IL7r is the only marker that separates this pDC-enriched population from CLPs (Kondo et 

al., 1997). Near these dimensions of surface marker expression, it was recently reported that 

Lin−CD16/32−B220−Ly6C−IL7r+CD117int/loCD135+Ly6D+SiglecH+ progenitors give rise 

exclusively to pDCs (Rodrigues et al., 2018). Single cell and bulk transcriptome analyses 

revealed differences between pDCs derived from CDPs and CLPs. The former express genes 

conventionally associated with lymphoid and the latter with myeloid lineages. Zbtb46 is 
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expressed by cDCs and can be used to identify progenitors and tissue resident cells that 

belong to the cDC lineage (Anderson et al., 2017; Bagadia, Huang, Liu, Durai, et al., 

2019; Grajales-Reyes et al., 2015; Meredith et al., 2012; Rodrigues et al., 2018; Satpathy 

et al., 2012; Wu et al., 2016). Splenic pDCs that coexpressed Zbtb46 with the pDC marker, 

BST2, were classified as cDC-like pDCs (Rodrigues et al., 2018). A mechanism that can 

explain the differential ontogeny of lymphoid and myeloid pDCs has not been defined. 

However, functions classically ascribed to cDCs were observed for the splenic lymphoid 

subset of pDC (Rodrigues et al., 2018). Pre-cDC2s are transcriptionally similar to the 

proposed lymphoid pDC, including for the expression of the proposed lineage marker, Bst 
(Grajales-Reyes et al., 2015). Until a unique regulator of lymphoid pDC development is 

identified, it will not be possible to genetically identify an in vivo requirement for this 

subset.

4. Mechanisms of dendritic cell specification

The pre-cDC, defined as Lin−CD135+CD11c+MHCII−CD172−CX3CR1-GFP+, was 

originally reported to give rise to cDC1s and cDC2s but not pDCs in mice, and a similar 

population was described in humans (Breton, Lee, Liu, & Nussenzweig, 2015; Breton et al., 

2015, 2016; Liu et al., 2009). However, it is now understood that substantial heterogeneity 

exists within this population. The studies that identified this heterogeneity were able to 

isolate clonogenic cDC progenitors on the basis of CD115, CD117, SiglecH, Ly6C, Zbtb46, 

and CCR9 expression (Breton et al., 2016; Grajales-Reyes et al., 2015; Schlitzer et al., 2011, 

2015; See et al., 2017; Villani et al., 2017).

A mechanistic explanation for the exclusion of pDC potential is the induction of ID2 

to inhibit E2–2, which is necessary for pDC development (Reizis, Bunin, Ghosh, Lewis, 

& Sisirak, 2011). E-proteins, including E2–2/Tcf4, E2A/Tcf3 and HEB/Tcf12 are basic 

helix-loop-helix (HLH) domain-containing transcription factors that activate transcription 

when heterodimerized with other HLH transcription factors, such as MyoD (Lassar et al., 

1989; Murre et al., 1989; Wang & Baker, 2015). ID proteins are HLH domain-containing 

proteins that lack a basic DNA-binding domain. Therefore, ID proteins can heterodimerize 

with bHLH proteins to inhibit E-protein-mediated transcription (Benezra, Davis, Lockshon, 

Turner, & Weintraub, 1990). Independent studies reported that Id2 and Tcf4 are required 

for the development of cDC1s and pDCs, respectively (Cisse et al., 2008; Hacker et al., 

2003). The subsequent identification of the pre-cDC as a progenitor with bipotential for 

cDC1 and cDC2 subsets led to the hypothesis that repression of E2.2 by ID2 is necessary 

for cDC specification (Geissmann et al., 2010; Liu et al., 2009). However, evidence that 

cDC2s develop normally in Id2−/− mice is inconsistent with this model because it would also 

require a dependence on Id2 for cDC2 development.

Tcf4 is expressed by all DC subsets but is expressed most highly in pDCs. A more precise 

analysis of Tcf4 isoform expression by RNA-Seq revealed two isoforms, with the long 

isoform being expressed exclusively by pDCs (Grajkowska et al., 2017). ATAC-Seq of 

pDCs and cDCs revealed that chromatin around the promoter of the Tcf4 is accessible 

in all DC subsets and that specificity of Tcf4 expression is controlled by a 3′ enhancer 

accessible only in pDCs. Deletion of the long-isoform of Tcf4 was not sufficient to ablate 
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pDC development. However, it was proposed that early expression of the long-isoform in the 

CDP could be an event that leads to higher TCF4 expression and commitment to the pDC 

lineage (Grajkowska et al., 2017; Reizis, 2019).

Mounting evidence supports a model of epistasis between ZEB2 and ID2 that controls 

specification of bone marrow progenitors to the pDC and cDC1 subsets, respectively 

(Bagadia, Huang, Liu, & Murphy, 2019). Two independent groups reported that the 

transcription factor, ZEB2, is also required for pDC development (Scott et al., 2018; Wu 

et al., 2016). Although the mechanism by which ZEB2 regulates DC development remains 

an active area of research, both studies provided preliminary evidence of epistasis with ID2. 

They both reported that DC2s deficient in Zeb2 in vivo have an increase in Id2 expression. 

In silico motif analysis of the Id2 promoter identified a putative ZEB2 binding site by 

ChIP-qPCR. It was thus proposed that ZEB2 acts to directly inhibit transcription of Id2 
(Scott et al., 2018; Wu, Briseno, Grajales-Reyes, et al., 2016). However, high throughput 

ChIP-Seq was not conducted and a ZEB2 antibody is not publicly available. Therefore, a 

requirement for ZEB2 in the direct repression of Id2 transcription remains to be established.

A distinct population of pre-cDC1s was recently identified by the expression of Zbtb46 
within the CDP. Results indicated that specification of pre-cDC1s occurs earlier than the 

acquisition of CD11c and MHCII, and before the loss of CD115 expression (Bagadia, 

Huang, Liu, Durai, et al., 2019). Compared to CDPs, this earlier progenitor expressed 

higher levels of transcription factors that regulate cDC1 development, including Nfil3 
and Batf3. Likewise, Zeb2 repression coincided with Id2 induction. Consistent with these 

results, Zbtb46 induction as a marker of specification did not occur in Nfil3−/−. Loss of 

cDC1s in Nfil3−/− mice was rescued in Zeb2−/−Nfil3−/− mice, demonstrating that Nfil3 
is upstream of Zeb2 with respect to cDC1 development, possibly as a repressor of Zeb2 
expression. Similarly, loss of cDC1s in Id2−/− mice could be rescued in Id2−/−Zeb2−/− 

mice, demonstrating that Zeb2 acts downstream of Id2 with respect to cDC1 development, 

possibly as an indirect repressor of Zeb2 expression. However, Id2 was expressed at normal 

levels in Zeb2−/−Nfil3−/− despite a requirement for Nfil3 for cDC1 specification. This 

suggests that Zeb2 acts upstream of Id2, possibly by repressing Id2 expression. This would 

establish a mutually repressive epistasis between Zeb2 and Id2 that could be the basis for 

exclusion of pDC fate. Zeb2 expression does not mark pDC-specified progenitors within the 

CDP and is not required for cDC2 development. Therefore, mutual repression of Zeb2 and 

Id2 is not sufficient to exclude cDC2 specification alone. Together these data suggest that 

pDCs and cDC1s share a common progenitor that diverges from the CDP prior to cDC2 

specification (Bagadia, Huang, Liu, & Murphy, 2019).

Maintenance of Irf8 expression is required for cDC1 specification and survival in peripheral 

tissues (Aliberti et al., 2003; Schiavoni et al., 2004, 2002). Development of pDCs was also 

thought to be dependent on Irf8 (Schiavoni et al., 2002). However, it was recently shown that 

pDCs develop in Irf8−/− mice but have an altered surface phenotype (Sichien et al., 2016). 

Irf8, however, was required for pDC function. It was observed that Irf8−/− pDCs induced 

the expression of Irf4, and it was reported that pDC development could be abrogated in 

Irf8−/−Irf4−/−. Therefore, Irf4 can rescue pDC development, and compensate for loss of Irf8. 
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However, Irf8−/−Irf4−/− mice lack development of all DC lineages, so the mechanism by 

which Irf4 is sufficient to compensate for Irf8 remains unclear (Tamura et al., 2005).

5. Models of cDC1 development inform function

The discovery that Batf3−/− mice lack cDC1s provided a model to demonstrate cDC1 

function. Batf3-deficient mice are susceptible to certain viral infections and rejection of 

immunogenic tumors (Hildner et al., 2008). This model has been used to further demonstrate 

that cDC1s are essential during the acute, innate phase of some infections. For example, 

cDC1s express high levels of Tlr11 (Merad, Sathe, Helft, Miller, & Mortha, 2013), which 

detects a Toxoplasma gondii antigen and induces IL-12 production (Yarovinsky et al., 2005). 

This suggests that cDC1s are poised to respond to Toxoplama gondii infection. Indeed, 

Batf3-dependent DCs were demonstrated to be an early source of IL-12 that is required to 

prevent mortality to infection by this parasite (Mashayekhi et al., 2011). Batf3−/− also helped 

define the shared ontogeny of cDC1 subsets across tissues independent of variable surface 

marker expression (Edelson et al., 2011, 2010).

Interest in cDC1 function continues as they are essential for tumor rejection and mediate 

responses to cancer immunotherapy. Although previous studies revealed the importance 

cDC1 in immunogenic tumor rejection (Hildner et al., 2008), it remained unknown whether 

immunotherapy-mediated rejection of non-immunogenic tumors would also be dependent 

on cDC1s. To that end, it was recently shown using a non-immunogenic sarcoma cell 

line that therapeutic responses to checkpoint blockade (anti-CTLA4 and/or anti-PD-1) are 

abrogated in Batf3−/− mice (Gubin et al., 2014). These results are consistent with reports 

that cDC1s promote rejection after immunotherapy against oncogene-driven tumors (Salmon 

et al., 2016). Tumor infiltration by antigen-specific effector T cells is also dependent on 

cDC1s (Spranger, Dai, Horton, & Gajewski, 2017). Therefore, mounting evidence suggests 

that therapeutic modulation of DC function in vivo could alter the efficacy of cancer 

immunotherapies. However, the genes essential for cDC1-mediated rejection remain elusive, 

hindering the identification of molecular targets for novel immunotherapy (Theisen et al., 

2019).

Cross presentation of tumor antigens to CD8 T cells is a process that has been widely 

studied to identify novel molecular targets of DC1 function. As reviewed recently, the 

molecular mechanisms of cross presentation have largely used models of bone marrow 

or monocyte-derived DCs cultured in GM-CSF or a combination of GM-CSF and IL-4 

(Helft et al., 2015; Theisen & Murphy, 2017). These models are problematic because 

DC development in vivo is not dependent on these cytokines, the in vivo counterparts of 

GM-CSF-derived DCs are not clear, and the cells produced are heterogeneous populations of 

myeloid cells (Edelson et al., 2011; Helft et al., 2015).

Although numerous studies suggest that monocyte derived DCs have essential functions in 

vivo (Greter et al., 2012; King, Kroenke, & Segal, 2010; Nakano et al., 2009; Plantinga 

et al., 2013; Tamoutounour et al., 2013), their existence and ontogenetic relationship to 

cDCs remains an active area of debate (Wu, Briseno, Durai, et al., 2016). With respect 

to development, for example, the ontogeny of cross-presenting monocyte-derived DCs in 
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vitro is distinct from in vivo cDC1s, since their development is Batf3-independent but 

Irf4-dependent (Briseno et al., 2016). Alternatively, DCs derived from in vitro cultures 

of bone marrow supplemented with Flt3l are widely accepted to better recapitulate the 

development and function of in vivo DC subsets (Mayer et al., 2014; Naik et al., 2005). 

Injection of FLT3L, but not GM-CSF or IL-4, into mice selectively expands dendritic cells, 

and this phenomenon also occurs in humans (Maraskovsky et al., 1996; Waskow et al., 

2008). Although FLT3L has the most potent effect on the expansion of DC progenitors in 

vivo and DC development is significantly impaired in Flt3l−/− and Flt3−/− mice, it has been 

observed that residual populations of DCs are present and increase with age (Durai et al., 

2018; Ginhoux et al., 2009; McKenna et al., 2000). Recently it was demonstrated that the 

cytokines SCF and M-CSF can compensate for deficiency in FLT3L signaling and support 

DC development (Durai et al., 2018).

An in-depth review of antigen processing and cross-presentation by cDC1s is beyond the 

scope of this review (Theisen & Murphy, 2017), but a few studies will be noted here to 

illustrate discrepancies in functional studies that use GM-CSF-derived, Flt3l-derived, and in 

vivo DC models. Rab43 is highly expressed in dendritic cells and was recently identified 

as a regulator of antigen cross presentation by cDC1s ex vivo and in FLT3L-derived but 

not GM-CSF-derived DC cultures (Kretzer et al., 2016). Experiments that knocked down of 

Sec22b expression by shRNA in GM-CSF-derived DCs suggested that it is necessary for 

phagosome maturation, antigen degradation, and cross-presentation (Cebrian et al., 2011). 

Recently, two independent studies using Itgax-Cre Sec22bfl/fl mice reported conflicting 

results with respect to Sec22-dependent cDC1 functions. One study reported defects in 

cDC1-mediated CD8 T cell activation and inhibition of tumor growth (Alloatti et al., 2017). 

This was in contrast to another study that reported no defects in antigen presentation by 

standard in vivo methods (Wu et al., 2017). The activity of transcription factors, such as 

CIITA, in vivo and FLT3L cultures has also been shown to be distinct from models that 

have used GM-CSF-derived DCs (Anderson, Grajales-Reyes, et al., 2017). These examples 

highlight the need to revisit the relevance of discoveries made using GM-CSF-derived DCs.

Contemporary models of cDC1 function should use ontogenetically relevant methods of 

generating in vitro counterparts of cDC1s. Such an approach was used recently to screen 

for regulators of antigen cross presentation in cDC1s. Numerous candidate genes were 

identified and screened in vitro by CRISPR-Cas9-mediated target deletion (Theisen et al., 

2018). DCs were generated from FLT3L cultures, and cDC1s were sorted to determine 

the impact of specific genetic mutations on antigen cross presentation to CD8 T cells. 

Wdfy4 was revealed to be required for cross-presentation by cDC1s. In turn, Wdfy4−/− were 

generated and used to demonstrate that Wdfy4 is required for cross presentation by cDC1s 

in vivo. cDC1s developed normally in these mice but failed to reject immunogenic tumors, 

were susceptible to infection with intracellular parasites, and failed to prime CD8 T cells to 

viral infections (Theisen et al., 2018). Wdfy4−/− will be a useful model to dissect defects 

in cross presentation from other cDC1 functions, which to date have been identified using 

models with broad developmental defects.
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6. pDC function is still a black box

Plasmacytoid DCs are major producers of type I interferons during viral infections (Reizis, 

Colonna, Trinchieri, Barrat, & Gilliet, 2011). They are poised to respond to viral antigens 

through the steady state expression of Tlr7 and Tlr9 (Asselin-Paturel & Trinchieri, 2005). 

Ablation of pDC populations revealed that they are required to limit viral burden after 

infection with murine cytomegalovirus, and pDCs enhanced the survival and accumulation 

of virus-specific CD8 T cells during vesicular stomatitis virus infection (Swiecki, Gilfillan, 

Vermi, Wang, & Colonna, 2010). However, the model used to dissect this function has 

effects beyond the pDC lineage (Swiecki et al., 2014). Conventional dendritic cells directly 

infected with virus also have the capacity to produce large amounts of type I interferon 

(Diebold et al., 2003). To our knowledge, no model that impairs pDC development or 

function has demonstrated that this DC subset is absolutely required to survive viral 

infections. However, pDCs remain an important therapeutic target for clinical research 

because they have been implicated in exacerbating a wide range of autoimmune syndromes 

and hypersensitivity reactions in humans and mice (Ganguly, Haak, Sisirak, & Reizis, 2013; 

Reizis, Bunin, et al., 2011; Sisirak et al., 2014).

More recent work has suggested that pDCs can regulate initial stages of naïve CD8 T cell 

priming by cDC1s during viral infections. Using microscopy to locate DC populations and 

lymphocytes in lymph nodes after vaccinia virus infection, it was observed that pDCs co-

localize with CD8 T cells and XCR1+ cDC1s (Brewitz et al., 2017). In Itgax-CRE Ifnarfl/fl 

mice, modest reductions in activated CD8 T cells and reduced expression of canonical 

markers of DC maturation were observed after infection (Brewitz et al., 2017). This result 

was attributed to the pDC-specific production of type I interferons. Whether pDCs are 

an essential source cannot be determined unequivocally until a model of pDC-restricted 

functional or developmental impairment is developed.

7. Models of cDC2 subset-specific identity inform tissue-specific 

functions

The discovery of a cDC2-restricted progenitor in the bone marrow would suggest there is 

a mechanism by which cDC2s diverge from a common progenitor of cDC1s and/or pDCs 

(Grajales-Reyes et al., 2015; Schlitzer et al., 2015). However, no factor has been discovered 

to be required for specification to the cDC2 lineage. Despite this limitation, transcription 

factor deficiencies have revealed defects in the development of tissue-resident and migratory 

cDC2.

All cDC2 subsets express high levels of Irf4 and low levels of Irf8 relative to cDC1s 

(Murphy et al., 2016). Irf4−/− mice have severe reductions in CD11b+ and CD4+ cDC2 

populations in BM cultures and lymphoid organs, so it was initially concluded that cDC2 

development was Irf4-dependent (Suzuki et al., 2004; Tamura et al., 2005). However, the 

inclusion of additional surface markers, such as CD172a (Guilliams et al., 2016), revealed 

that cDC2s develop in Irf4−/− mice albeit with functional impairments (Bajana, Roach, 

Turner, Paul, & Kovats, 2012; Bajana, Turner, Paul, Ainsua-Enrich, & Kovats, 2016). To 

date, numerous studies have used Irf4−/− mice to implicate cDC2s in the regulation of Th17 
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polarization, Th2-mediated allergic responses in the lung, and germinal center reactions 

(Calabro et al., 2016; Krishnaswamy et al., 2017; Persson et al., 2013; Plantinga et al., 2013; 

Schlitzer et al., 2013). These studies are, however, limited by broad immunological defects 

in Irf4−/− mice beyond the cDC2 subset.

To date, two ontogenetically distinct cDC2 subsets have been defined by their specific 

ablation in Itgax-Cre Notch2fl/fl and Klf4fl/fl mice. An analysis of the former revealed that 

a subset of splenic and lymph node cDC2s are required for IL-23-mediated induction 

of IL-22 by type III innate lymphoid cells (Satpathy et al., 2013). IL-22, in turn, is 

required for survival of intestinal infection by Citrobacter (Vivier et al., 2018). IL-23 is 

known to be required for Th17 differentiation, and therefore, Notch2-dependent DC2s 

have also been reported to regulate this process (Lewis et al., 2011; Persson et al., 2013; 

Schlitzer et al., 2013). Analysis of DC populations in Itgax-Cre Klf4fl/fl mice revealed a 

requirement for this transcription factor in the development of lymph node and migratory 

cDC2s (Tussiwand et al., 2015). These mice have deficient type II immune responses, are 

susceptible to Schistosoma mansoni infection, and resistant to house dust mite-induced 

allergic pathology. These results are also consistent with prior studies that have used Irf4−/− 

mice to model cDC2 function (Plantinga et al., 2013). Therefore, the identification and 

functional characterization of Notch2 and Klf4-dependent cDC2s support a model in which 

Irf4-expressing cDC2s are composed of at least two developmental and functional subsets.

For over two decades, dendritic cells have been implicated in the regulation of humoral 

immune responses (Dubois et al., 1997; Krishnaswamy et al., 2017; Ngo, Tang, & Cyster, 

1998). cDC2s dependent on lymphotoxin-β receptor signaling for their development are 

required for IgA production by B-cells in Peyer’s patches (Kabashima et al., 2005; Reboldi 

et al., 2016). Lymphotoxin-β receptor signaling is required for the development of Notch2-

dependent splenic cDC2s (Satpathy et al., 2013). Multiple groups have reported that 

circulating red blood cells (RBCs) are surveyed by cDC2s, which are marked by 33D1 

expression and located in bridging channels of the spleen (Calabro et al., 2016; Yi et al., 

2015). Splenic cDC2s survey autologous RBCs through recognition of CD47 expressed on 

the cell surface by the receptor Sirpα, which prevents cDC2 activation and phagocytosis. 

Therefore, when immunized with xenogenic RBC, cDC2s become activated, process, and 

present RBC antigens (Yi & Cyster, 2013; Yi et al., 2015). Steady state activation of cDC2s 

by CD47-deficient RBCs, xenogenic RBCs, or CD172-deficiency results in reduced DC2 

numbers and impaired antibody production (Hagnerud et al., 2006; Saito et al., 2010; Van et 

al., 2006).

To further dissect the role of cDC2s in humoral immune responses, various models have 

been used to impair cDC2 development or function. Itgax-CRE Irf4fl/fl mice have deficient 

antibody responses after intravenous immunization with xenogenic RBC, and it was thus 

concluded that cDC2s regulate humoral immune responses (Calabro et al., 2016). More 

recently, this effect was attributed to deficient induction of T follicular helper cells and 

germinal center B cells in the spleens of CD11c-CRE Notch2fl/fl mice (Briseno et al., 2018). 

Dendritic cells can also polarize naïve T cell development through the regulation of cytokine 

milieus. cDC2-intrinsic expression of the high affinity IL-2 receptor, CD25, was recently 

demonstrated to regulate local IL-2 availability after RBC immunization (Li, Lu, Yi, & 
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Cyster, 2016). IL-2 is known to inhibit Tfh polarization through the induction of STAT5, 

so it was concluded that cDC2-mediated reduction in local IL-2 concentration promotes 

Tfh differentiation (Ballesteros-Tato et al., 2012; Johnston, Choi, Diamond, Yang, & Crotty, 

2012).

DC-intrinsic expression of chemokines regulates T and B cell migration during the 

initiation of adaptive immune responses (Ngo et al., 1998). cDC1s can regulate lymphocyte 

trafficking through oxysterol metabolism and the expression of chemokines that signal 

through receptors, such as EBI2, expressed on germinal center lymphocytes (Hannedouche 

et al., 2011; Lu, Dang, McDonald, & Cyster, 2017). Chemokine receptor expression is 

also necessary for DC localization during humoral immune responses. CCR7−/− mice have 

severe defects in DC and lymphocyte migration in secondary lymphoid organs (Forster et 

al., 1999), and this model has been used widely to study the immune responses that are 

dependent on DC migration (MartIn-Fontecha et al., 2003; Ohl et al., 2004).

8. Development will continue to inform function and guide translation

Advances in our understanding of DC development continue to expand the tools with which 

we can study DC function. This is most notable for the cDC1 lineage, where numerous 

regulators of development have been identified, and the impacts of their deficiency have 

been delineated ontogenetically. Early work to uncover the specific function of cDC1s 

relied on a genetic model in which cDC1s failed to develop. Mortality after immunological 

challenges identified the immune responses that were dependent on cDC1 function. Until 

recently, mechanistic research of gene function in cDC1s has thus been limited to in vitro 

cell lines and cultured primary cells with no known counterparts in vivo. Understanding 

the development of cDC1s has allowed researchers to develop better methods of generating 

bona fide cDC1 in vitro. As such, in vitro systems of ontogenetically relevant processes can 

now be used to develop genetic models that inhibit discrete functions cDC1s in vivo without 

impacting cDC1 development. Continued research on the development of cDC2s and pDCs 

will likewise provide better genetic tools. Ultimately, to translate discoveries to the clinic, 

understanding DC development will provide the essential tools to dissect DC function, and 

thus novel targets for immunotherapy.

References

Akashi K, Traver D, Miyamoto T, & Weissman IL (2000). A clonogenic common myeloid progenitor 
that gives rise to all myeloid lineages. Nature, 404, 193–197. [PubMed: 10724173] 

Aliberti J, Schulz O, Pennington DJ, Tsujimura H, Sousa RE, Ozato K, et al. (2003). Essential role 
for ICSBP in the in vivo development of murine CD8alpha + dendritic cells. Blood, 101, 305–310. 
[PubMed: 12393690] 

Alloatti A, Rookhuizen DC, Joannas L, Carpier JM, Iborra S, Magalhaes JG, et al. (2017). Critical 
role for Sec22b-dependent antigen cross-presentation in antitumor immunity. The Journal of 
Experimental Medicine, 214, 2231–2241. [PubMed: 28663435] 

Anderson DA III, Grajales-Reyes GE, Satpathy AT, Vasquez Hueichucura CE, Murphy TL, & Murphy 
KM (2017). Revisiting the specificity of the MHC class II transactivator CIITA in classical murine 
dendritic cells in vivo. European Journal of Immunology, 47, 1317–1323. [PubMed: 28608405] 

Anderson DA III, Murphy KM, & Briseno CG (2017). Development, diversity, and function of 
dendritic cells in mouse and human. Cold Spring Harbor Perspectives in Biology, 10, a028613.

Anderson and Murphy Page 10

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Anderson KL, Perkin H, Surh CD, Venturini S, Maki RA, & Torbett BE (2000). Transcription factor 
PU.1 is necessary for development of thymic and myeloid progenitor-derived dendritic cells. The 
Journal of Immunology, 164, 1855–1861. [PubMed: 10657634] 

Asselin-Paturel C, & Trinchieri G (2005). Production of type I interferons: Plasmacytoid dendritic 
cells and beyond. Journal of Experimental Medicine, 202, 461–465. [PubMed: 16103406] 

Auffray C, Fogg DK, Narni-Mancinelli E, Senechal B, Trouillet C, Saederup N, et al. (2009). 
CX3CR1+ CD115+ CD135+ common macrophage/DC precursors and the role of CX3CR1 in 
their response to inflammation. The Journal of Experimental Medicine, 206, 595–606. [PubMed: 
19273628] 

Bagadia P, Huang X, Liu TT, Durai V, Grajales-Reyes GE, Nitschke M, et al. (2019). An Nfil3-Zeb2-
Id2 pathway imposes Irf8 enhancer switching during cDC1 development. Nature Immunology, 20, 
1174–1185. [PubMed: 31406377] 

Bagadia P, Huang X, Liu T, & Murphy KM (2019). Shared transcriptional control of innate lymphoid 
cell and dendritic cell development. Annual Review of Cell and Developmental Biology, 35.

Bajana S, Roach K, Turner S, Paul J, & Kovats S (2012). IRF4 promotes cutaneous dendritic cell 
migration to lymph nodes during homeostasis and inflammation. Journal of Immunology, 189, 
3368–3377.

Bajana S, Turner S, Paul J, Ainsua-Enrich E, & Kovats S (2016). IRF4 and IRF8 act in CD11c+ cells 
to regulate terminal differentiation of lung tissue dendritic cells. The Journal of Immunology, 196, 
1666–1677. [PubMed: 26746189] 

Ballesteros-Tato A, Leon B, Graf BA, Moquin A, Adams PS, Lund FE, et al. (2012). Interleukin-2 
inhibits germinal center formation by limiting T follicular helper cell differentiation. Immunity, 36, 
847–856. [PubMed: 22464171] 

Becker AM, Michael DG, Satpathy AT, Sciammas R, Singh H, & Bhattacharya D (2012). IRF-8 
extinguishes neutrophil production and promotes dendritic cell lineage commitment in both 
myeloid and lymphoid mouse progenitors. Blood, 119, 2003–2012. [PubMed: 22238324] 

Benezra R, Davis RL, Lockshon D, Turner DL, & Weintraub H (1990). The protein Id: A negative 
regulator of helix-loop-helix DNA binding proteins. Cell, 61, 49–59. [PubMed: 2156629] 

Breton G, Lee J, Liu K, & Nussenzweig MC (2015). Defining human dendritic cell progenitors by 
multiparametric flow cytometry. Nature Protocols, 10, 1407–1422. [PubMed: 26292072] 

Breton G, Lee J, Zhou YJ, Schreiber JJ, Keler T, Puhr S, et al. (2015). Circulating precursors of 
human CD1c+ and CD141+ dendritic cells. The Journal of Experimental Medicine, 212, 401–413. 
[PubMed: 25687281] 

Breton G, Zheng S, Valieris R, Tojal da Silva I, Satija R, & Nussenzweig MC (2016). Human dendritic 
cells (DCs) are derived from distinct circulating precursors that are precommitted to become 
CD1c+ or CD141+ DCs. The Journal of Experimental Medicine, 213, 2861–2870. [PubMed: 
27864467] 

Brewitz A, Eickhoff S, Dahling S, Quast T, Bedoui S, Kroczek RA, et al. (2017). CD8+ T cells 
orchestrate pDC-XCR1+ dendritic cell spatial and functional cooperativity to optimize priming. 
Immunity, 46, 205–219. [PubMed: 28190711] 

Briseno CG, Haldar M, Kretzer NM, Wu X, Theisen DJ, KC W, et al. (2016). Distinct transcriptional 
programs control cross-priming in classical and monocyte-derived dendritic cells. Cell Reports, 15, 
2462–2474. [PubMed: 27264183] 

Briseno CG, Satpathy AT, Davidson JT, Ferris ST, Durai V, Bagadia P, et al. (2018). Notch2-dependent 
DC2s mediate splenic germinal center responses. Proceedings of the National Academy of 
Sciences of the United States of America, 115, 10726–10731. [PubMed: 30279176] 

Calabro S, Gallman A, Gowthaman U, Liu D, Chen P, Liu J, et al. (2016). Bridging channel dendritic 
cells induce immunity to transfused red blood cells. The Journal of Experimental Medicine, 213, 
887–896. [PubMed: 27185856] 

Carotta S, Dakic A, D’Amico A, Pang SH, Greig KT, Nutt SL, et al. (2010). The transcription 
factor PU.1 controls dendritic cell development and Flt3 cytokine receptor expression in a dose-
dependent manner. Immunity, 32, 628–641. [PubMed: 20510871] 

Anderson and Murphy Page 11

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cebrian I, Visentin G, Blanchard N, Jouve M, Bobard A, Moita C, et al. (2011). Sec22b regulates 
phagosomal maturation and antigen crosspresentation by dendritic cells. Cell, 147, 1355–1368. 
[PubMed: 22153078] 

Cella M, Jarrossay D, Facchetti F, Alebardi O, Nakajima H, Lanzavecchia A, et al. (1999). 
Plasmacytoid monocytes migrate to inflamed lymph nodes and produce large amounts of type 
I interferon. Nature Medicine, 5, 919–923.

Cisse B, Caton ML, Lehner M, Maeda T, Scheu S, Locksley R, et al. (2008). Transcription factor E2–2 
is an essential and specific regulator of plasmacytoid dendritic cell development. Cell, 135, 37–48. 
[PubMed: 18854153] 

Corcoran L, Ferrero I, Vremec D, Lucas K, Waithman J, O’Keeffe M, et al. (2003). The lymphoid 
past of mouse plasmacytoid cells and thymic dendritic cells. The Journal of Immunology, 170, 
4926–4932. [PubMed: 12734335] 

D’Amico A, & Wu L (2003). The early progenitors of mouse dendritic cells and plasmacytoid 
predendritic cells are within the bone marrow hemopoietic precursors expressing Flt3. The Journal 
of Experimental Medicine, 198, 293–303. [PubMed: 12874262] 

DeKoter RP, Lee HJ, & Singh H (2002). PU.1 regulates expression of the interleukin-7 receptor in 
lymphoid progenitors. Immunity, 16, 297–309. [PubMed: 11869689] 

Diebold SS, Montoya M, Unger H, Alexopoulou L, Roy P, Haswell LE, et al. (2003). Viral infection 
switches non-plasmacytoid dendritic cells into high interferon producers. Nature, 424, 324–328. 
[PubMed: 12819664] 

Dubois B, Vanbervliet B, Fayette J, Massacrier C, Van Kooten C, Briere F, et al. (1997). Dendritic 
cells enhance growth and differentiation of CD40-activated B lymphocytes. The Journal of 
Experimental Medicine, 185, 941–951. [PubMed: 9120400] 

Durai V, Bagadia P, Briseno CG, Theisen DJ, Iwata A, Davidson JT, et al. (2018). Altered 
compensatory cytokine signaling underlies the discrepancy between Flt3(−/−) and Flt3l(−/−) mice. 
The Journal of Experimental Medicine, 215, 1417–1435. [PubMed: 29572360] 

Durai V, Bagadia P, Granja JM, Satpathy AT, Kulkarni DH, Davidson JT, et al. (2019). Cryptic 
activation of an Irf8 enhancer governs cDC1 fate specification. Nature Immunology, 20, 1161–
1173. [PubMed: 31406378] 

Edelson BT, Bradstreet TR, KC W, Hildner K, Herzog JW, Sim J, et al. (2011). Batf3-dependent 
CD11b(low/) peripheral dendritic cells are GM-CSF-independent and are not required for Th cell 
priming after subcutaneous immunization. PLoS One, 6, e25660. [PubMed: 22065991] 

Edelson BT, KC W, Juang R, Kohyama M, Benoit LA, Klekotka PA, et al. (2010). Peripheral CD103+ 
dendritic cells form a unified subset developmentally related to CD8alpha+ conventional dendritic 
cells. Journal of Experimental Medicine, 207, 823–836. [PubMed: 20351058] 

Fogg DK, Sibon C, Miled C, Jung S, Aucouturier P, Littman DR, et al. (2006). A clonogenic bone 
marrow progenitor specific for macrophages and dendritic cells. Science, 311, 83–87. [PubMed: 
16322423] 

Forster R, Schubel A, Breitfeld D, Kremmer E, Renner-Muller I, Wolf E, et al. (1999). CCR7 
coordinates the primary immune response by establishing functional microenvironments in 
secondary lymphoid organs. Cell, 99, 23–33. [PubMed: 10520991] 

Ganguly D, Haak S, Sisirak V, & Reizis B (2013). The role of dendritic cells in autoimmunity. Nature 
Reviews. Immunology, 13, 566–577.

Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, & Ley K (2010). Development of 
monocytes, macrophages, and dendritic cells. Science, 327, 656–661. [PubMed: 20133564] 

Ginhoux F, Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D, et al. (2009). The origin and 
development of nonlymphoid tissue CD103+ DCs. The Journal of Experimental Medicine, 206, 
3115–3130. [PubMed: 20008528] 

Grajales-Reyes GE, Iwata A, Albring J, Wu X, Tussiwand R, KC W, et al. (2015). Batf3 maintains 
autoactivation of Irf8 for commitment of a CD8alpha(+) conventional DC clonogenic progenitor. 
Nature Immunology, 16, 708–717. [PubMed: 26054719] 

Grajkowska LT, Ceribelli M, Lau CM, Warren ME, Tiniakou I, Nakandakari HS, et al. (2017). 
Isoform-specific expression and feedback regulation of E protein TCF4 control dendritic cell 
lineage specification. Immunity, 46, 65–77. [PubMed: 27986456] 

Anderson and Murphy Page 12

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Greter M, Helft J, Chow A, Hashimoto D, Mortha A, Agudo-Cantero J, et al. (2012). GM-CSF 
controls nonlymphoid tissue dendritic cell homeostasis but is dispensable for the differentiation of 
inflammatory dendritic cells. Immunity, 36, 1031–1046. [PubMed: 22749353] 

Grouard G, Rissoan MC, Filgueira L, Durand I, Banchereau J, & Liu YJ (1997). The enigmatic 
plasmacytoid T cells develop into dendritic cells with interleukin (IL)-3 and CD40-ligand. Journal 
of Experimental Medicine, 185, 1101–1111. [PubMed: 9091583] 

Gubin MM, Zhang X, Schuster H, Caron E, Ward JP, Noguchi T, et al. (2014). Checkpoint blockade 
cancer immunotherapy targets tumour-specific mutant antigens. Nature, 515, 577–581. [PubMed: 
25428507] 

Guilliams M, Dutertre CA, Scott CL, McGovern N, Sichien D, Chakarov S, et al. (2016). 
Unsupervised high-dimensional analysis aligns dendritic cells across tissues and species. 
Immunity, 45, 669–684. [PubMed: 27637149] 

Hacker C, Kirsch RD, Ju XS, Hieronymus T, Gust TC, Kuhl C, et al. (2003). Transcriptional profiling 
identifies Id2 function in dendritic cell development. Nature Immunology, 4, 380–386. [PubMed: 
12598895] 

Hagnerud S, Manna PP, Cella M, Stenberg A, Frazier WA, Colonna M, et al. (2006). Deficit of CD47 
results in a defect of marginal zone dendritic cells, blunted immune response to particulate antigen 
and impairment of skin dendritic cell migration. The Journal of Immunology, 176, 5772–5778. 
[PubMed: 16670282] 

Hannedouche S, Zhang J, Yi T, Shen W, Nguyen D, Pereira JP, et al. (2011). Oxysterols direct immune 
cell migration via EBI2. Nature, 475, 524–527. [PubMed: 21796212] 

Helft J, Bottcher J, Chakravarty P, Zelenay S, Huotari J, Schraml BU, et al. (2015). GM-CSF mouse 
bone marrow cultures comprise a heterogeneous population of CD11c(+)MHCII(+) macrophages 
and dendritic cells. Immunity, 42, 1197–1211. [PubMed: 26084029] 

Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H, Kohyama M, et al. (2008). Batf3 
deficiency reveals a critical role for CD8alpha+ dendritic cells in cytotoxic T cell immunity. 
Science, 322, 1097–1100. [PubMed: 19008445] 

Holtschke T, Lohler J, Kanno Y, Fehr T, Giese N, Rosenbauer F, et al. (1996). Immunodeficiency 
and chronic myelogenous leukemia-like syndrome in mice with a targeted mutation of the ICSBP 
gene. Cell, 87, 307–317. [PubMed: 8861914] 

Johnston RJ, Choi YS, Diamond JA, Yang JA, & Crotty S (2012). STAT5 is a potent negative regulator 
of TFH cell differentiation. The Journal of Experimental Medicine, 209, 243–250. [PubMed: 
22271576] 

Kabashima K, Banks TA, Ansel KM, Lu TT, Ware CF, & Cyster JG (2005). Intrinsic lymphotoxin-beta 
receptor requirement for homeostasis of lymphoid tissue dendritic cells. Immunity, 22, 439–450. 
[PubMed: 15845449] 

King IL, Kroenke MA, & Segal BM (2010). GM-CSF-dependent, CD103+ dermal dendritic cells play 
a critical role in Th effector cell differentiation after subcutaneous immunization. The Journal of 
Experimental Medicine, 207, 953–961. [PubMed: 20421390] 

Kondo M, Weissman IL, & Akashi K (1997). Identification of clonogenic common lymphoid 
progenitors in mouse bone marrow. Cell, 91, 661–672. [PubMed: 9393859] 

Kretzer NM, Theisen DJ, Tussiwand R, Briseno CG, Grajales-Reyes GE, Wu X, et al. (2016). RAB43 
facilitates cross-presentation of cell-associated antigens by CD8alpha+ dendritic cells. The Journal 
of Experimental Medicine, 213, 2871–2883. [PubMed: 27899443] 

Krishnaswamy JK, Gowthaman U, Zhang B, Mattsson J, Szeponik L, Liu D, et al. (2017). 
Migratory CD11b(+) conventional dendritic cells induce T follicular helper cell-dependent 
antibody responses. Science Immunology, 2, eaam9169. [PubMed: 29196450] 

Kueh HY, Champhekar A, Nutt SL, Elowitz MB, & Rothenberg EV (2013). Positive feedback between 
PU.1 and the cell cycle controls myeloid differentiation. Science, 341, 670–673. [PubMed: 
23868921] 

Lassar AB, Buskin JN, Lockshon D, Davis RL, Apone S, Hauschka SD, et al. (1989). MyoD is a 
sequence-specific DNA binding protein requiring a region of myc homology to bind to the muscle 
creatine kinase enhancer. Cell, 58, 823–831. [PubMed: 2550138] 

Anderson and Murphy Page 13

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Laurenti E, & Gottgens B (2018). From haematopoietic stem cells to complex differentiation 
landscapes. Nature, 553, 418–426. [PubMed: 29364285] 

Leddin M, Perrod C, Hoogenkamp M, Ghani S, Assi S, Heinz S, et al. (2011). Two distinct auto-
regulatory loops operate at the PU.1 locus in B cells and myeloid cells. Blood, 117, 2827–2838. 
[PubMed: 21239694] 

Lewis KL, Caton ML, Bogunovic M, Greter M, Grajkowska LT, Ng D, et al. (2011). Notch2 receptor 
signaling controls functional differentiation of dendritic cells in the spleen and intestine. Immunity, 
35, 780–791. [PubMed: 22018469] 

Li J, Lu E, Yi T, & Cyster JG (2016). EBI2 augments Tfh cell fate by promoting interaction with 
IL-2-quenching dendritic cells. Nature, 533, 110–114. [PubMed: 27147029] 

Liu K, Victora GD, Schwickert TA, Guermonprez P, Meredith MM, Yao K, et al. (2009). In 
vivo analysis of dendritic cell development and homeostasis. Science, 324, 392–397. [PubMed: 
19286519] 

Lu E, Dang EV, McDonald JG, & Cyster JG (2017). Distinct oxysterol requirements for positioning 
naive and activated dendritic cells in the spleen. Science Immunology, 2, eaal5237. [PubMed: 
28738017] 

Maraskovsky E, Brasel K, Teepe M, Roux ER, Lyman SD, Shortman K, et al. (1996). Dramatic 
increase in the numbers of functionally mature dendritic cells in Flt3 ligand-treated mice: Multiple 
dendritic cell subpopulations identified. The Journal of Experimental Medicine, 184, 1953–1962. 
[PubMed: 8920882] 

MartIn-Fontecha A, Sebastiani S, Höpken UE, Uguccioni M, Lipp M, Lanzavecchia A, et al. (2003). 
Regulation of dendritic cell migration to the draining lymph node: impact on T lymphocyte traffic 
and priming. The Journal of Experimental Medicine, 198, 615–621. [PubMed: 12925677] 

Mashayekhi M, Sandau MM, Dunay IR, Frickel EM, Khan A, Goldszmid RS, et al. (2011). CD8a+ 
dendritic cells are the critical source of Interleukin-12 that controls acute infection by Toxoplasma 
gondii tachyzoites. Immunity, 35, 249–259. [PubMed: 21867928] 

Mayer CT, Ghorbani P, Nandan A, Dudek M, Arnold-Schrauf C, Hesse C, et al. (2014). Selective 
and efficient generation of functional Batf3-dependent CD103+ dendritic cells from mouse bone 
marrow. Blood, 124, 3081–3091. [PubMed: 25100743] 

McKenna HJ, Stocking KL, Miller RE, Brasel K, De Smedt T, Maraskovsky E, et al. (2000). Mice 
lacking flt3 ligand have deficient hematopoiesis affecting hematopoietic progenitor cells, dendritic 
cells, and natural killer cells. Blood, 95, 3489–3497. [PubMed: 10828034] 

Merad M, Sathe P, Helft J, Miller J, & Mortha A (2013). The dendritic cell lineage: Ontogeny and 
function of dendritic cells and their subsets in the steady state and the inflamed setting. Annual 
Review of Immunology, 31, 563–604.

Meredith MM, Liu K, Darrasse-Jeze G, Kamphorst AO, Schreiber HA, Guermonprez P, et al. (2012). 
Expression of the zinc finger transcription factor zDC (Zbtb46, Btbd4) defines the classical 
dendritic cell lineage. Journal of Experimental Medicine, 209, 1153–1165. [PubMed: 22615130] 

Murphy TL, Grajales-Reyes GE, Wu X, Tussiwand R, Briseno CG, Iwata A, et al. (2016). 
Transcriptional control of dendritic cell development. Annual Review of Immunology, 34, 93–119.

Murre C, McCaw PS, Vaessin H, Caudy M, Jan LY, Jan YN, et al. (1989). Interactions between 
heterologous helix-loop-helix proteins generate complexes that bind specifically to a common 
DNA sequence. Cell, 58, 537–544. [PubMed: 2503252] 

Naik SH, Proietto AI, Wilson NS, Dakic A, Schnorrer P, Fuchsberger M, et al. (2005). Cutting edge: 
Generation of splenic CD8+ and CD8− dendritic cell equivalents in Fms-like tyrosine kinase 3 
ligand bone marrow cultures. The Journal of Immunology, 174, 6592–6597. [PubMed: 15905497] 

Naik SH, Sathe P, Park HY, Metcalf D, Proietto AI, Dakic A, et al. (2007). Development of 
plasmacytoid and conventional dendritic cell subtypes from single precursor cells derived in vitro 
and in vivo. Nature Immunology, 8, 1217–1226. [PubMed: 17922015] 

Nakano H, Lin KL, Yanagita M, Charbonneau C, Cook DN, Kakiuchi T, et al. (2009). Blood-derived 
inflammatory dendritic cells in lymph nodes stimulate acute T helper type 1 immune responses. 
Nature Immunology, 10, 394–402. [PubMed: 19252492] 

Anderson and Murphy Page 14

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ngo VN, Tang HL, & Cyster JG (1998). Epstein-Barr virus-induced molecule 1 ligand chemokine is 
expressed by dendritic cells in lymphoid tissues and strongly attracts naive T cells and activated B 
cells. The Journal of Experimental Medicine, 188, 181–191. [PubMed: 9653094] 

Ohl L, Mohaupt M, Czeloth N, Hintzen G, Kiafard Z, Zwirner J, et al. (2004). CCR7 governs skin 
dendritic cell migration under inflammatory and steady-state conditions. Immunity, 21, 279–288. 
[PubMed: 15308107] 

Olweus J, BitMansour A, Warnke R, Thompson PA, Carballido J, Picker LJ, et al. (1997). Dendritic 
cell ontogeny: A human dendritic cell lineage of myeloid origin. Proceedings of the National 
Academy of Sciences of the United States of America, 94, 12551–12556. [PubMed: 9356487] 

Onai N, Kurabayashi K, Hosoi-Amaike M, Toyama-Sorimachi N, Matsushima K, Inaba K, et 
al. (2013). A clonogenic progenitor with prominent plasmacytoid dendritic cell developmental 
potential. Immunity, 38, 943–957. [PubMed: 23623382] 

Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D, & Manz MG (2007). Identification of 
clonogenic common Flt3(+) M-CSFR+ plasmacytoid and conventional dendritic cell progenitors in 
mouse bone marrow. Nature Immunology, 8, 1207–1216. [PubMed: 17922016] 

Persson EK, Uronen-Hansson H, Semmrich M, Rivollier A, Hagerbrand K, Marsal J, et al. (2013). 
IRF4 transcription-factor-dependent CD103(+)CD11b(+) dendritic cells drive mucosal T helper 17 
cell differentiation. Immunity, 38, 958–969. [PubMed: 23664832] 

Pietras EM, Reynaud D, Kang YA, Carlin D, Calero-Nieto FJ, Leavitt AD, et al. (2015). Functionally 
distinct subsets of lineage-biased multipotent progenitors control blood production in normal and 
regenerative conditions. Cell Stem Cell, 17, 35–46. [PubMed: 26095048] 

Plantinga M, Guilliams M, Vanheerswynghels M, Deswarte K, Branco-Madeira F, Toussaint W, et 
al. (2013). Conventional and monocyte-derived CD11b(+) dendritic cells initiate and maintain T 
helper 2 cell-mediated immunity to house dust mite allergen. Immunity, 38, 322–335. [PubMed: 
23352232] 

Reboldi A, Arnon TI, Rodda LB, Atakilit A, Sheppard D, & Cyster JG (2016). IgA production requires 
B cell interaction with subepithelial dendritic cells in Peyer’s patches. Science, 352, aaf4822. 
[PubMed: 27174992] 

Reizis B (2019). Plasmacytoid dendritic cells: Development, regulation, and function. Immunity, 50, 
37–50. [PubMed: 30650380] 

Reizis B, Bunin A, Ghosh HS, Lewis KL, & Sisirak V (2011). Plasmacytoid dendritic cells: Recent 
progress and open questions. Annual Review of Immunology, 29, 163–183.

Reizis B, Colonna M, Trinchieri G, Barrat F, & Gilliet M (2011). Plasmacytoid dendritic cells: 
One-trick ponies or workhorses of the immune system? Nature Reviews. Immunology, 11, 558–
565.

Rodrigues PF, Alberti-Servera L, Eremin A, Grajales-Reyes GE, Ivanek R, & Tussiwand R (2018). 
Distinct progenitor lineages contribute to the heterogeneity of plasmacytoid dendritic cells. Nature 
Immunology, 19, 711–722. [PubMed: 29925996] 

Saito Y, Iwamura H, Kaneko T, Ohnishi H, Murata Y, Okazawa H, et al. (2010). Regulation by SIRPα 
of dendritic cell homeostasis in lymphoid tissues. Blood, 116, 3517–3525. [PubMed: 20682853] 

Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al. (2016). Expansion and 
activation of CD103(+) dendritic cell progenitors at the tumor site enhances tumor responses to 
therapeutic PD-L1 and BRAF inhibition. Immunity, 44, 924–938. [PubMed: 27096321] 

Sathe P, Vremec D, Wu L, Corcoran L, & Shortman K (2013). Convergent differentiation: Myeloid 
and lymphoid pathways to murine plasmacytoid dendritic cells. Blood, 121, 11–19. [PubMed: 
23053574] 

Satpathy AT, Briseno CG, Cai X, Michael DG, Chou C, Hsiung S, et al. (2014). Runx1 and 
Cbfβ regulate the development of Flt3+ dendritic cell progenitors and restrict myeloproliferative 
disorder. Blood, 123, 2968–2977. [PubMed: 24677539] 

Satpathy AT, Briseno CG, Lee JS, Ng D, Manieri NA, KC W, et al. (2013). Notch2-dependent classical 
dendritic cells orchestrate intestinal immunity to attaching- and-effacing bacterial pathogens. 
Nature Immunology, 14, 937–948. [PubMed: 23913046] 

Anderson and Murphy Page 15

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Satpathy AT, KC W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya D, et al. (2012). Zbtb46 
expression distinguishes classical dendritic cells and their committed progenitors from other 
immune lineages. Journal of Experimental Medicine, 209, 1135–1152. [PubMed: 22615127] 

Schiavoni G, Mattei F, Borghi P, Sestili P, Venditti M, Morse HC III, et al. (2004). ICSBP is critically 
involved in the normal development and trafficking of Langerhans cells and dermal dendritic cells. 
Blood, 103, 2221–2228. [PubMed: 14615368] 

Schiavoni G, Mattei F, Sestili P, Borghi P, Venditti M, Morse HC III, et al. (2002). ICSBP is 
essential for the development of mouse type I interferon-producing cells and for the generation and 
activation of CD8alpha(+) dendritic cells. The Journal of Experimental Medicine, 196, 1415–1425. 
[PubMed: 12461077] 

Schlenner SM, Madan V, Busch K, Tietz A, Laufle C, Costa C, et al. (2010). Fate mapping reveals 
separate origins of T cells and myeloid lineages in the thymus 1. Immunity, 32, 426–436. 
[PubMed: 20303297] 

Schlitzer A, Loschko J, Mair K, Vogelmann R, Henkel L, Einwachter H, et al. (2011). Identification of 
CCR9-murine plasmacytoid DC precursors with plasticity to differentiate into conventional DCs. 
Blood, 117, 6562–6570. [PubMed: 21508410] 

Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et al. (2013). IRF4 transcription 
factor-dependent CD11b(+) dendritic cells in human and mouse control mucosal IL-17 cytokine 
responses. Immunity, 38, 970–983. [PubMed: 23706669] 

Schlitzer A, Sivakamasundari V, Chen J, Sumatoh HR, Schreuder J, Lum J, et al. (2015). Identification 
of cDC1- and cDC2-committed DC progenitors reveals early lineage priming at the common DC 
progenitor stage in the bone marrow. Nature Immunology, 16, 718–728. [PubMed: 26054720] 

Schmidt M, Nagel S, Proba J, Thiede C, Ritter M, Waring JF, et al. (1998). Lack of interferon 
consensus sequence binding protein (ICSBP) transcripts in human myeloid leukemias. Blood, 91, 
22–29. [PubMed: 9414265] 

Scott EW, Fisher RC, Olson MC, Kehrli EW, Simon MC, & Singh H (1997). PU.1 functions in 
a cell-autonomous manner to control the differentiation of multipotential lymphoid-myeloid 
progenitors. Immunity, 6, 437–447. [PubMed: 9133423] 

Scott EW, Simon MC, Anastasi J, & Singh H (1994). Requirement of transcription factor Pu.1 in the 
development of multiple hematopoietic lineages. Science, 265, 1573–1577. [PubMed: 8079170] 

Scott CL, T’Jonck W, Martens L, Todorov H, Sichien D, Soen B, et al. (2018). The transcription 
factor ZEB2 is required to maintain the tissue-specific identities of macrophages. Immunity, 49, 
312–325. [PubMed: 30076102] 

See P, Dutertre CA, Chen J, Gunther P, McGovern N, Irac SE, et al. (2017). Mapping the human DC 
lineage through the integration of high-dimensional techniques. Science, 356, 1044.

Shigematsu H, Reizis B, Iwasaki H, Mizuno S, Hu D, Traver D, et al. (2004). Plasmacytoid dendritic 
cells activate lymphoid-specific genetic programs irrespective of their cellular origin. Immunity, 
21, 43–53. [PubMed: 15345219] 

Sichien D, Scott CL, Martens L, Vanderkerken M, Van Gassen S, Plantinga M, et al. (2016). IRF8 
transcription factor controls survival and function of terminally differentiated conventional and 
plasmacytoid dendritic cells, respectively. Immunity, 45, 626–640. [PubMed: 27637148] 

Sisirak V, Ganguly D, Lewis KL, Couillault C, Tanaka L, Bolland S, et al. (2014). Genetic evidence 
for the role of plasmacytoid dendritic cells in systemic lupus erythematosus. The Journal of 
Experimental Medicine, 211, 1969–1976. [PubMed: 25180061] 

Spranger S, Dai D, Horton B, & Gajewski TF (2017). Tumor-residing Batf3 dendritic cells are required 
for effector T cell trafficking and adoptive T cell therapy. Cancer Cell, 31, 711–723. [PubMed: 
28486109] 

Suzuki S, Honma K, Matsuyama T, Suzuki K, Toriyama K, Akitoyo I, et al. (2004). Critical roles of 
interferon regulatory factor 4 in CD11bhighCD8alpha- dendritic cell development. Proceedings 
of the National Academy of Sciences of the United States of America, 101, 8981–8986. 
[PubMed: 15184678] 

Swiecki M, Gilfillan S, Vermi W, Wang Y, & Colonna M (2010). Plasmacytoid dendritic cell ablation 
impacts early interferon responses and antiviral NK and CD8(+) T cell accrual. Immunity, 33, 
955–966. [PubMed: 21130004] 

Anderson and Murphy Page 16

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Swiecki M, Wang Y, Riboldi E, Kim AH, Dzutsev A, Gilfillan S, et al. (2014). Cell depletion in 
mice that express diphtheria toxin receptor under the control of SiglecH encompasses more than 
plasmacytoid dendritic cells. The Journal of Immunology, 192, 4409–4416. [PubMed: 24683186] 

Tailor P, Tamura T, Morse HC, & Ozato K (2008). The BXH2 mutation in IRF8 differentially impairs 
dendritic cell subset development in the mouse. Blood, 111, 1942–1945. [PubMed: 18055870] 

Tamoutounour S, Guilliams M, Montanana SF, Liu H, Terhorst D, Malosse C, et al. (2013). 
Origins and functional specialization of macrophages and of conventional and monocyte-derived 
dendritic cells in mouse skin. Immunity, 39, 925–938. [PubMed: 24184057] 

Tamura T, Tailor P, Yamaoka K, Kong HJ, Tsujimura H, O’Shea JJ, et al. (2005). IFN regulatory 
factor-4 and −8 govern dendritic cell subset development and their functional diversity. The 
Journal of Immunology, 174, 2573–2581. [PubMed: 15728463] 

Theisen DJ, Davidson JT, Briseno CG, Gargaro M, Lauron EJ, Wang Q, et al. (2018). WDFY4 is 
required for cross-presentation in response to viral and tumor antigens. Science, 362, 694–699. 
[PubMed: 30409884] 

Theisen DJ, Ferris ST, Briseno CG, Kretzer N, Iwata A, Murphy KM, et al. (2019). Batf3-dependent 
genes control tumor rejection induced by dendritic cells independently of cross-presentation. 
Cancer Immunology Research, 7, 29–39. [PubMed: 30482745] 

Theisen D, & Murphy K (2017). The role of cDC1s in vivo: CD8 T cell priming through cross-
presentation. F1000Res, 6, 98. [PubMed: 28184299] 

Tussiwand R, Everts B, Grajales-Reyes GE, Kretzer NM, Iwata A, Bagaitkar J, et al. (2015). Klf4 
expression in conventional dendritic cells is required for T helper 2 cell responses. Immunity, 42, 
916–928. [PubMed: 25992862] 

Van VQ, Lesage S, Bouguermouh S, Gautier P, Rubio M, Levesque M, et al. (2006). Expression of the 
self-marker CD47 on dendritic cells governs their trafficking to secondary lymphoid organs. The 
EMBO Journal, 25, 5560–5568. [PubMed: 17093498] 

Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher J, et al. (2017). Single-cell 
RNA-seq reveals new types of human blood dendritic cells, monocytes, and progenitors. Science, 
356, 283.

Vivier E, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. (2018). Innate lymphoid 
cells: 10 years on. Cell, 174, 1054–1066. [PubMed: 30142344] 

Wang LH, & Baker NE (2015). E proteins and ID proteins: Helix-loop-helix partners in development 
and disease. Developmental Cell, 35, 269–280. [PubMed: 26555048] 

Waskow C, Liu K, Darrasse-Jeze G, Guermonprez P, Ginhoux F, Merad M, et al. (2008). The receptor 
tyrosine kinase Flt3 is required for dendritic cell development in peripheral lymphoid tissues. 
Nature Immunology, 9, 676–683. [PubMed: 18469816] 

Wu X, Briseno CG, Durai V, Albring JC, Haldar M, Bagadia P, et al. (2016). Mafb lineage tracing to 
distinguish macrophages from other immune lineages reveals dual identity of Langerhans cells. 
The Journal of Experimental Medicine, 213, 2553–2565. [PubMed: 27810926] 

Wu X, Briseno CG, Grajales-Reyes GE, Haldar M, Iwata A, Kretzer NM, et al. (2016). Transcription 
factor Zeb2 regulates commitment to plasmacytoid dendritic cell and monocyte fate. Proceedings 
of the National Academy of Sciences of the United States of America, 113, 14775–14780. 
[PubMed: 27930303] 

Wu SJ, Niknafs YS, Kim SH, Oravecz-Wilson K, Zajac C, Toubai T, et al. (2017). A critical analysis 
of the role of SNARE protein SEC22B in antigen cross-presentation. Cell Reports, 19, 2645–
2656. [PubMed: 28658614] 

Yamamoto R, Morita Y, Ooehara J, Hamanaka S, Onodera M, Rudolph KL, et al. (2013). 
Clonal analysis unveils self-renewing lineage-restricted progenitors generated directly from 
hematopoietic stem cells. Cell, 154, 1112–1126. [PubMed: 23993099] 

Yarovinsky F, Zhang D, Andersen JF, Bannenberg GL, Serhan CN, Hayden MS, et al. (2005). TLR11 
activation of dendritic cells by a protozoan profilin-like protein. Science, 308, 1626–1629. 
[PubMed: 15860593] 

Yi T, & Cyster JG (2013). EBI2-mediated bridging channel positioning supports splenic dendritic cell 
homeostasis and particulate antigen capture. eLife, 2, e00757. [PubMed: 23682316] 

Anderson and Murphy Page 17

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yi T, Li J, Chen H, Wu J, An J, Xu Y, et al. (2015). Splenic dendritic cells survey red blood cells 
for missing self-CD47 to trigger adaptive immune responses. Immunity, 43, 764–775. [PubMed: 
26453377] 

Anderson and Murphy Page 18

Adv Immunol. Author manuscript; available in PMC 2024 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Marker-based identification of murine DC progenitors
	Myeloid and lymphoid origins of DC subsets
	Mechanisms of dendritic cell specification
	Models of cDC1 development inform function
	pDC function is still a black box
	Models of cDC2 subset-specific identity inform tissue-specific functions
	Development will continue to inform function and guide translation
	References

