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Dendritic cells (DCs) are antigen-sensing and antigen-presenting  
cells that are essential for effective immunity and tolerance. Many 
developmentally and functionally defined subsets of DC have been 
identified1,2 with important and unique roles in the initiation of 
immune responses during infection with pathogens or auto-immunity,  
as well as during vaccination and cancer therapy.

DCs found in steady-state secondary lymphoid tissues, such as the 
spleen and lymph nodes, are called ‘lymphoid-resident DCs’, while 
non–lymphoid-tissue-resident DCs migrating to the lymph nodes 
are called ‘migratory DCs’. Lymphoid-resident DC subsets in the 
spleen that express either the coreceptor CD8α or the coreceptor 
CD4 are defined as conventional DCs (cDCs), to distinguish them 
from plasmacytoid DCs (pDCs)2, characterized by their unique ability 
to produce massive amounts of type I interferons in response to viral 
stimulation. Migratory DC populations can be defined by mutually 
exclusive surface expression of the integrins CD103 (αE) and CD11b 
(αM), although DC populations in the intestinal lamina propria that 
express both of these markers have been reported1,2. Genetic and 
functional studies have revealed that CD8α+ and CD103+ DCs repre-
sent a distinct cDC lineage (cDC1) functionally specialized in antigen 
cross-presentation, polarization into the TH1 subset of helper T cells 
and secretion of interferon-λ in response to stimulation via Toll-
like receptor 3, which emphasizes their crucial role in acting against 
intracellular pathogens. Furthermore, development of the cDC1 sub-
set is dependent on the transcription factors IRF8, Id2 and Batf3.  

The CD4+ and CD11b+ DC subsets represent a separate cDC lin-
eage (cDC2) specialized in the presentation of antigen to CD4+  
T cells and with the unique ability to favor polarization toward TH2 or 
TH17 responses, which emphasizes their importance during immune 
responses to extracellular pathogens1,3.

The development of DC subsets, its transcriptional requirements 
and where and when transcriptional priming of the functional  
specialization of DC subsets occurs are not fully understood.  
DC development depends on the growth factor Flt3L (‘fms-like tyro-
sine kinase 3 ligand’) and its receptor Flt3 (CD135)4, expressed on a 
continuum of Flt3+ DC precursors that gradually differentiate in the 
BM. The macrophage DC progenitor (MDP)5, which give rise to both 
monocytes and DCs, is thought to differentiate into the common DC 
progenitors (CDP), which has lost monocyte- and/or macrophage-
differentiation potential and gives rise only to cells belonging to the 
DC lineage, including the cDC1 and cDC2 lineages and pDCs6–8. 
CDPs differentiate into pre-DCs, which give rise mainly to the cDC1 
and cDC2 lineages after they migrate out of the BM into the blood and 
seed lymphoid and non-lymphoid tissues such as the spleen, lymph 
nodes and lungs9,10.

Published studies have indicated that the pre-DC population might 
be heterogeneous6. In vitro clonal analysis of CDP potential has sug-
gested that lineage priming toward the cDC1 and cDC2 subsets starts 
to emerge at this stage6, through the use of differential expression  
of heat-stable antigen (CD24) to identify cDC1- and cDC2-biased 
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Mouse conventional dendritic cells (cDCs) can be classified into two functionally distinct lineages: the CD8+ (CD103+)  
cDC1 lineage, and the CD11b+ cDC2 lineage. cDCs arise from a cascade of bone marrow (BM) DC-committed progenitor 
cells that include the common DC progenitors (CDPs) and pre-DCs, which exit the BM and seed peripheral tissues before 
differentiating locally into mature cDCs. Where and when commitment to the cDC1 or cDC2 lineage occurs remains poorly 
understood. Here we found that transcriptional signatures of the cDC1 and cDC2 lineages became evident at the single-cell 
level from the CDP stage. We also identified Siglec-H and Ly6C as lineage markers that distinguished pre-DC subpopulations 
committed to the cDC1 lineage (Siglec-H−Ly6C− pre-DCs) or cDC2 lineage (Siglec-H−Ly6C+ pre-DCs). Our results indicate that 
commitment to the cDC1 or cDC2 lineage occurs in the BM and not in the periphery.
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pre-DCs in the spleen6. However, the extent to which the priming of 
cDC subsets is defined in a cell-intrinsic way in the BM precursors 
or is conferred in the tissue microenvironment following exit from 
the BM has remained unknown. Heterogeneity of progenitor subsets 
has been described for CDPs, among which two subsets can be iden-
tified on the basis of differential expression of the receptor CSF-1R 
for the cytokine CSF-1 (‘colony-stimulating factor 1’)6,7,11. CSF-1R+ 
CDPs give rise mainly to the cDC1 and cDC2 subsets, while CSF-1R−  
CDPs give rise mainly to pDCs11. In addition, a fraction of BM pre-
DCs express the marker Siglec-H together with the cDC-lineage 
transcription factor ZBTB46, and this expression correlates with  
the potential to give rise to all cDC subsets but not pDCs12. Together 
these observations suggest that the heterogeneity of DC progenitors  
may be underappreciated and such heterogeneity might reflect  
intrinsic priming toward the generation of specific DC subsets 
early during differentiation, in BM progenitors and before exposure  
to peripheral tissues.

To define the extent and nature of cellular heterogeneity of BM 
DC precursors, we performed single-cell mRNA sequencing of Lin− 
CD11c−MHCII−CD135+CSF-1R+CD117hi MDPs, Lin−CD11c−MHC 
II−CD135+CSF-1R+CD117int CDPs and Lin−CD11c+MHCII−CD135+ 
CD172α− pre-DCs. Such technology enables global and unbiased 
identification of the gene-expression signature of individual cells and 
has the potential to reveal the transcriptomic basis for the diversifica-
tion of DC subsets within DC precursor populations. This approach, 
combined with traditional techniques, including bulk transcriptomics 
and flow cytometry, revealed that the transcriptional priming of either 
the cDC1 lineage or the cDC2 lineage was already imprinted at the 
CDP stage, which established that commitment to these lineages was 
defined in the BM and not in peripheral tissues. Furthermore, this 
analysis allowed us to identify previously unknown transcriptional 
programs that control the transition among MDPs, CDPs and pre-
DCs and to discover a previously unrecognized link between pro-
liferation and differentiation during the differentiation of MDPs to 
CDPs and CDPs to the pre-DC stage, which sheds light on the role  
of cell-cycle control and specific transcription factors during the 
development of DC lineages.

RESULTS
The transcriptional continuum of DC development
We isolated mouse BM DC progenitors, including 59 Lin−CD11c− 
MHCII−CD135+CSF-1R+CD117hi MDPs, 96 Lin−CD11c−MHCII− 
CD135+CSF-1R+CD117int CDPs and 96 Lin−CD11c+MHCII−CD135+ 
CD172α− pre-DCs, by flow cytometry (workflow and quality con-
trol, Supplementary Fig. 1) and assessed the single-cell transcrip-
tome by microfluidic single-cell mRNA sequencing (quantification of 
expressed genes detected in individual cells, Supplementary Table 1;  
sequencing-depth comparison, Supplementary Fig. 2a,b). Because 
CSF-1R+ CDPs have been described as ‘preferentially’ developing into 
cDCs6,7,11, we focused our analysis on this population. Subsequently, 
we used analysis of variance (ANOVA) and hierarchical clustering to 
identify differences among single MDPs, CDPs and pre-DCs in their 
transcriptomes to identify molecules involved in the differentiation of 
MDPs into CDPs and of CDPs into pre-DCs (hierarchical clustering 
based on all expressed genes, Supplementary Fig. 2c). Unsupervised 
single-cell hierarchical clustering of single MDP, CDP and pre-DC 
transcriptomes based on genes selected by ANOVA showed that 27% 
of single MDPs clustered with CDPs and that 28% of CDPs clustered 
with pre-DCs (Supplementary Fig. 3a). Such significant overlap in 
gene-expression profiles revealed transcriptional similarity between 

MDPs that clustered near CDPs and CDPs that clustered near pre-DCs. 
This indicated that although progenitor populations retained expres-
sion of surface markers at the protein level associated with the respec-
tive specific progenitor stages, individual cells within the MDP, CDP or 
pre-DC pool had already shifted transcriptionally toward the next step 
in differentiation. These observations highlighted the heterogeneity 
of each progenitor populations defined on the basis of the expression 
of a limited panel of surface markers and supported the concept that 
a developmental continuum applies for DC differentiation.

To identify those cells with a gene-expression profile intermedi-
ate between that of two contiguous progenitor stages, we developed 
the NBOR algorithm (‘neighborhood-based ordering of single cells’). 
This algorithm can objectively determine the position of a given cell 
in a developmental continuum and calculate the similarity of each 
single cell’s gene-expression profile to a defined gene set of a par-
ticular cell population (landmark) and then order each cell accord-
ing to such similarity score into a spatial continuum around those 
landmarks (Supplementary Fig. 3b). We used NBOR to generate an 
unsupervised visualization of the single-cell mRNA profiles of all 
MDPs, CDPs and pre-DCs sequenced (Supplementary Fig. 3a,b) into 
a linear developmental order from the most undifferentiated (MDP) 
stage to most differentiated (pre-DC) stage (Fig. 1a). This analysis 
enabled visualization of gene expression in the sorted DC progenitors 
and identified five distinct clusters of genes whose expression was 
regulated differentially during DC maturation (full list of expressed 
genes, Supplementary Table 2; pathway-enrichment analysis with 
IPA software (Ingenuity Pathway Analysis) and the KEGG database  
(Kyoto Encyclopedia of Genes and Genomes), Supplementary Table 3).  
Two distinct gene clusters (1 and 2) marked the maturation of pre-
cursors from MDP to pre-DC. Cluster 1 comprised genes whose 
expression was increased during maturation from MDP to pre-DC 
precursors, including those encoding products involved in pathways 
of cellular development, cellular movement and antigen presenta-
tion (Fig. 1a,b, Supplementary Fig. 3a and Supplementary Tables 2  
and 3). In contrast, the genes in cluster 2 underwent decreased 
expression during maturation and included genes encoding products 
linked to cell death and survival, DNA recombination and amino acid 
metabolism (Fig. 1a,b, Supplementary Fig. 3a and Supplementary 
Tables 2 and 3). Cluster 3 included genes whose expression was 
upregulated during periods of transition from one progenitor stage 
to the next and included several genes encoding products involved in  
cell cycle (Fig. 1a,b, Supplementary Fig. 3a and Supplementary 
Tables 2 and 3), which showed that cells proliferated during  
differentiation into more restricted progenitors. Cluster 4 included 
genes whose expression was increased upon transition from CDP 
to pre-DC and consisted of genes encoding products involved  
in free-radical scavenging, and genes such as Ly6d and Siglech  
(Fig. 1a, Supplementary Fig. 3a and Supplementary Tables 2  
and 3). Genes in this cluster were predicted by IPA to be regulated  
by the transcription factor NF-κB, which mediates multiple aspects 
of cell survival and maturation13. The genes in cluster 5 had high 
expression in more-mature pre-DCs; among these were genes encod-
ing products involved in the major histocompatibility complex class II  
(MHCII) presentation pathway, and these genes were predicted by 
the pathway-enrichment analysis described above (IPA and KEGG) 
to be regulated by the transcriptional coactivator CIITA, which con-
trols this presentation pathway14 (Fig. 1a,b, Supplementary Fig. 3a 
and Supplementary Tables 2 and 3). Together these data identified 
the transcriptional pathways that regulated the differentiation of  
DC progenitors at the single-cell level.
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Considerable heterogeneity in the DC precursor compartment
To identify putative DC subset–primed progenitor cells within the 
pool of individual DC precursors, we compared the transcriptomic 
signatures of each MDP, CDP and pre-DC with signatures specific for 
total DCs, macrophages and the cDC1 and cDC2 subsets obtained 
from the Immunological Genome Project15,16 or from our own tran-
scriptomic database, by connectivity map (CMap) analysis, which is 

an extension of the gene-set–enrichment analysis algorithm17 (analy-
sis workflow, Supplementary Fig. 4; gene signatures, Supplementary 
Tables 4–7). The CMap analysis generates scores (as scaled dimen-
sionless quantities) that indicate the degree of ‘closeness’ of one  
cell subset to a defined signature gene set. This analysis revealed that 
transcripts characteristic of the cDC lineage were already present  
in the transcriptomes of some single MDPs, CDPs or pre-DCs,  
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Figure 1 The transcriptional  
landscape of DC development.  
(a) Expression of the 87 genes  
(rows) with the greatest difference  
in expression in each single  
MDP, CDP and pre-DC (columns)  
relative to that in other MDPs,  
CDPs and pre-DCs, defined by  
data-analysis software (ANOVA  
followed by multiple-test correction  
by the Benjamini-Hochberg method),  
followed by analysis across each  
single MDP, CDP and pre-DC with  
the NBOR algorithm, to identify  
five clusters of genes encoding  
products in various pathways  
(far right). Left margin, hierarchical  
clustering; bottom, quantification  
of genes expressed in each cell  
(key, bottom right; RPKM (reads per  
kilobase of exon model per million  
mapped reads) of >1 for each);  
right margin, select gene symbols.  
(b) Expression of genes in  
clusters 1–5 (key; defined at  
right in a) across all single MDPs,  
CDPs and pre-DCs. (c,d) CMap  
analysis of single MDPs, CDPs  
and pre-DCs showing their enrichment for DC or macrophage (MΦ) gene sets (c) and splenic cDC1 or cDC2 gene sets (d)  
(gene sets, Supplementary Tables 4–7): a positive or negative score indicates connectivity to the corresponding gene set; a score of ‘0’ (dotted line) 
indicates no commitment. Each symbol represents an individual cell (median values); thickening along horizontal axis indicates clustering of data.  
(e) Alignment of each single MDP, CDP and pre-DC found to show enrichment (as in c,d) for the splenic cDC1 gene set or cDC2 gene set (key),  
to the NBOR-generated DC-development continuum; each small vertical line in the plot indicates a single cell; CMap permutation P value, <0.05).  
Data are from one experiment with 1,000 permutations (c,d).

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



nature immunology	 VOLUME 16 NUMBER 7 JULY 2015 721

A rt i c l e s

as judged by their closeness to a general DC lineage–specific  
signature. Such cDC ‘imprinting’ began at the MDP stage and  
gradually increased towards the pre-DC stage, at which point 95.8% 
of all pre-DCs sequenced showed closeness to the cDC signature, 
by CMap analysis (Fig. 1c). As expected, a decreasing frequency of 
DC progenitors along the DC-differentiation pathway (MDPs, 16.9%; 
CDPs, 3.1%; pre-DCs, 0%) aligned with the macrophage signature,  
in the CMap analysis (Fig. 1c), since CDPs and pre-DCs do not exhibit 
the potential to develop into macrophages18.

While analyzing the closeness to cDC1- and cDC2-specific gene 
sets by CMap in single transcriptomes of MDPs, CDPs and pre-DCs, 
we found that the cDC2-lineage gene-set signature (CD4+ DC and 

CD11b+ DC subsets) was first detectable in individual CDPs (3.1% 
of all CDPs) and increased in the pre-DC cell pool (34% of all pre-
DCs), whereas a transcriptomic signature closer to the cDC1-lineage  
gene set, in particular CD8α+ DC specific gene sets, was reliably 
detectable only at the pre-DC stage (6.25% of all pre-DCs) (Fig. 1d). 
We then identified MDPs, CDPs and pre-DCs whose transcriptomes 
showed closeness to either cDC1-specific gene sets or cDC2-specific  
gene sets, as revealed by CMap, in the developmental continuum  
generated by NBOR analysis (Fig. 1a). This analysis revealed a  
progressive clustering of cDC1 lineage– or cDC2 lineage–primed  
cells mostly during the pre-DC stage of maturation (Fig. 1e).  
These results indicated that individual cells within the DC precursor 
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Figure 2 Heterogeneity in the pre-DC compartment is detectable at the mRNA level. (a) Expression of ANOVA-selected genes in single pre-DCs found to 
show enrichment (as in Fig. 1c,d) for the splenic cDC1 or cDC2 gene set or neither (color bars at top). Left margin, hierarchical clustering; red arrows 
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population exhibited transcriptional priming 
toward the cDC1 and cDC2 lineages at the 
CDP and early pre-DC stage.

We then sought to determine whether 
those cDC1- and cDC2-primed pre-DCs 
could be identified on the basis of detectable differences in the 
expression of membrane proteins encoded by genes that were differ-
entially expressed in cDC1- or cDC2-primed pre-DCs or non– 
lineage-primed pre-DCs. We began by identifying genes with significantly  
different (P < 0.05) expression in one pre-DC population relative to 
their expression in another pre-DC population that were identified 
by CMap as being transcriptionally primed to differentiate into the 
cDC1 or cDC2 subset or were not found to be primed to either of 
those subsets (Fig. 2a and Supplementary Table 8; analysis workflow, 
Supplementary Fig. 4). We found that the mRNA of several genes 
encoding surface markers, such as Siglech, Ly6d, Cd24a, Ccr2 and 
Ly6c2, were expressed differentially by cells identified by CMap to be 
primed to either the cDC1 lineage or the cDC2 lineage or to be not 
primed at all (Fig. 2a and Supplementary Table 8; analysis workflow, 
Supplementary Fig. 4). In particular, we found high expression of 
Siglech and Ly6d in pre-DCs identified by CMap analysis as being not 
primed for either DC lineage or primed for the cDC2 lineage (Fig. 2),  
in agreement with published reports that Siglec-H marks a subset of 
pre-DCs that gives rise to both the cDC1 lineage and the cDC2 line-
age12,19 and that depletion of Siglec-H+ cells in a Siglec-H–DTR mouse 
model results in loss of both the cDC1 lineage and the cDC2 line-
age12. In addition, Ccr2 was expressed by all cDC1-primed pre-DCs 
and showed bimodal expression in cDC2-primed and non–subset- 
primed pre-DCs identified by CMap (Fig. 2). All cDC1-primed pre-
DCs expressed Cd24a, while the cDC2-primed pre-DCs had no Cd24a 
expression, and non–lineage-primed pre-DCs showed heterogeneous 
Cd24a expression (Fig. 2). This was in agreement with data suggesting 
that CD24 expression on splenic pre-DCs discriminates pre-DCs with 
cDC1 potential from those with cDC2 potential6. Finally, Ly6c2 had 
no expression in cDC1-primed pre-DCs, and we detected bimodal 
Ly6c2 expression in cDC2-primed pre-DCs and non–lineage-primed 
pre-DCs (Fig. 2). These results suggested that Siglech represents  
a marker for non–subset-primed pre-DCs, Cd24a and Ccr2 may  
represent markers for commitment to the cDC1 lineage, and Ly6c2 
might be a marker for cDC2 subsets.

Heterogeneous expression of Siglec-H and Ly6C by pre-DCs
Next we used flow cytometry to examine expression of the surface 
markers CCR2, Ly6D, CD24, Ly6C and Siglec-H on the surface  
of Lin−CD11c+MHCII−CD135+CD172α− pre-DCs from BM, blood 
and spleen. We used Siglec-H as a marker for non–subset-primed  

pre-DCs, as suggested by CMap analysis and as described before12. Each 
marker combination resolved pre-DCs into distinct subpopulations 
and showed that the heterogeneity of BM pre-DCs was evident at both 
the mRNA level and the protein level. CCR2 was expressed exclusively 
on the Siglec-H− fraction of the BM pre-DCs and splenic pre-DCs, 
whereas ~30% of blood pre-DCs expressed CCR2 (Fig. 3). Conversely, 
Ly6D was expressed only on the Siglec-H+ fraction of BM and splenic 
pre-DCs, whereas we detected no Ly6D expression on blood pre-DCs 
(Fig. 3). We detected intermediate expression of CD24 on the Siglec-
H+ fraction of BM pre-DCs (Fig. 3). The Siglec-H− fraction of BM 
and splenic pre-DCs showed bimodal distribution of CD24 expres-
sion, and we detected no CD24 expression on blood pre-DCs (Fig. 3).  
The expression of Siglec-H and Ly6C on pre-DCs from all tested  
tissues segregated these cells into four distinct subpopulations  
(Siglec-H+Ly6C−, Siglec-H+Ly6C+, Siglec-H−Ly6C+ and Siglec-
H−Ly6C−), with resolution superior to that of any other marker 
combinations (Fig. 3 and Supplementary Fig. 5a). This observa-
tion suggested the existence of intermediate-phenotype populations 
within the BM Siglec-H+ pre-DC fraction. All four BM pre-DC subsets 
defined by expression of Siglec-H and Ly6C (as described above) had 
similar morphology (Supplementary Fig. 5b). However, as assessed 
through the use of mice with transgenic expression of green fluorescent  
protein to report the expression of the transcription factors noted 
below, the four pre-DC subsets described above had very different 
expression of the DC-associated transcription factors ZBTB46 and 
Id2 and the chemokine receptor CX3CR1. Expression of ZBTB46, 
which marks DC precursor cells with definite commitment to give 
rise to the cDC1 or cDC2 subset but not pDCs, was highest in Siglec-
H−Ly6C+ and Siglec-H−Ly6C− pre-DCs (Supplementary Fig. 5c). In 
accordance with the published observation that ZBTB46+ pre-DCs 
give rise only to the cDC1 and cDC2 subsets20, not pDCs, we classified 
progenitor cells expressing ZBTB46 as potentially primed to develop 
into either the cDC1 lineage or the cDC2 lineage but not the pDC 
lineage. Expression of Id2, which has been shown to be a major devel-
opmental regulator of the cDC1 lineage10, was restricted largely to  
Siglec-H−Ly6C− pre-DCs (Supplementary Fig. 5c), which suggested 
that these cells might be dedicated precursors of the cDC1 subset, as 
suggested by the CMap analysis (Fig. 1d). These observations supported 
the notion that expression of Siglec-H and Ly6C distinguished pre-
DC subpopulations committed to the cDC1 lineage (Siglec-H−Ly6C−  
pre-DCs) or the cDC2 lineage (Siglec-H−Ly6C+ pre-DCs).
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Figure 3 BM, blood and splenic pre-DCs 
have heterogeneous surface protein profiles. 
Expression of the surface proteins CCR2,  
Ly6D, CD24, Ly6C and Siglec-H (encoded  
by genes identified in Fig. 2) on pre-DC  
populations isolated from the BM, blood  
and spleen, analyzed by flow cytometry. 
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representative of three independent experiments 
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Siglec-H+ pre-DCs differentiate into Siglec-H− pre-DCs
Flow cytometry analyzing the expression of Siglec-H and Ly6C on 
pre-DCs from the BM, blood and spleen18 showed that the majority 
of blood or spleen pre-DCs were either Siglec-H−Ly6C+ or Siglec-
H−Ly6C− (Fig. 3 and Supplementary Fig. 5d), which suggested that 
Siglec-H+ pre-DCs differentiated into Siglec-H− pre-DCs before 
exiting the BM. We next assessed the relationships among all four 
pre-DC subsets in an in vitro DC-differentiation protocol. We 
sorted each sorted pre-DC subset from the BM of CD45.2+ mice and  
differentiated these individually in vitro by culture for 3 d together 
with Flt3L-stimulated CD45.1+ BM cells. Siglec-H+Ly6C− and  
Siglec-H+Ly6C+ pre-DCs gave rise to all pre-DC subsets and gave rise 
predominantly to Siglec-H−Ly6C− pre-DCs (24%) and Siglec-H−Ly6C+ 
pre-DCs (27%), respectively (Supplementary Fig. 5e). Notably, 
Siglec-H−Ly6C− and Siglec-H−Ly6C+ pre-DCs did not give rise to 
substantial populations of Siglec-H+Ly6C− and Siglec-H+Ly6C+ pre-
DC subsets (Supplementary Fig. 5e). Cumulative analysis suggested 
that the number of Siglec-H+ pre-DCs generated by Siglec-H− pre-
DCs was lower than the number of Siglec-H− pre-DCs generated by 
Siglec-H+ pre-DCs (Supplementary Fig. 5e). These results indicated 
that Siglec-H+Ly6C− and Siglec-H+Ly6C+ BM pre-DCs developed into 
Siglec-H−Ly6C− and Siglec-H−Ly6C+ pre-DCs, which suggested their 
position developmentally upstream of Siglec-H− pre-DCs.

Subset-specific transcriptome imprinting of pre-DCs
To further understand the developmental continuity of the pre-DC 
subsets defined by expression of Siglec-H and Ly6C, we used a DC 
progenitor co-culture system (similar to that used above) to assess 
the kinetics of their development from upstream progenitors (CDPs). 
We cultured Flt3L-stimulated CD45.1+ BM-derived DCs with sorted 
CD45.2+Lin−CD11c−MHCII−CD135+CSF-1R+CD117int CDPs and 
analyzed the Siglec-H and Ly6C phenotype of their progeny by flow 
cytometry 2 d and 4 d later. The CD45.2+CD11c+B220−MHCII− 
fraction of cultures at day 2 contained all four pre-DC populations, 

but by day 4, approximately 90% of CDP progeny were Siglec-H−, 
with Siglec-H−Ly6C− pre-DCs and Siglec-H−Ly6C+ pre-DCs repre-
senting 49% and 33% of the pre-DCs, respectively (Fig. 4a). These 
results suggested that Siglec-H−Ly6C− pre-DCs and Siglec-H−Ly6C+ 
pre-DCs represented the most differentiated subsets downstream of 
the Siglec-H+Ly6C− and Siglec-H+Ly6C+ pre-DC subsets within the 
pre-DC population.

We also sought to determine whether CDPs could generate all those 
pre-DC subsets in vivo. We isolated Lin−CD11c−MHCII−CD135+CSF-
1R+CD117int CDPs from CD45.2+ donor mice and injected the cells 
intra-femorally into unirradiated CD45.1+ host mice, then analyzed 
their progeny among BM CD45.2+CD11c+B220−MHCII− cells at 2 d 
after transfer. We detected Siglec-H+Ly6C− (12%), Siglec-H+Ly6C+ 
(11%), Siglec-H−Ly6C− (58%) and Siglec-H−Ly6C+ (20%) pre-DC sub-
sets in the BM of the recipient mice 2 d after transfer (Fig. 4b), which 
suggested that CDPs were able to give rise to all four pre-DC subsets.

To gain further insight into the developmental relationships among 
these various DC progenitors in the BM, we performed gene-expression  
analysis of total CDPs, total pre-DCs and the pre-DC subsets 
defined by expression of Siglec-H and Ly6C. Hierarchical cluster-
ing of these subpopulations revealed that CDPs clustered together 
with Siglec-H+Ly6C− pre-DCs and Siglec-H+Ly6C+ pre-DCs  
(Fig. 4c), which supported the hypothesis that these subsets were 
less mature than Siglec-H−Ly6C− pre-DCs and Siglec-H−Ly6C+  
pre-DCs. Conversely, Siglec-H−Ly6C+ pre-DCs and Siglec-H−Ly6C− 
pre-DCs clustered more closely with total pre-DCs than with CDPs 
(Fig. 4c), which indicated that these subsets were more advanced in 
their maturation. We next investigated the expression of specific genes 
commonly associated with general DC development and DC sub-
set identity. Siglec-H−Ly6C+ and Siglec-H−Ly6C− pre-DCs had high 
expression of genes associated with a mature DC phenotype, such 
as Zbtb46 and Tbx21 (Fig. 4d). Genes encoding products known to 
have a role in cDC development, such as Flt3, Stat2 and Stat3 (ref. 15),  
had similar expression across all four pre-DC subsets (Fig. 4d).  
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Figure 4 Pre-DC subsets arise from CDPs and show subset-specific transcriptome  
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DAPI−CD45.2+CD11c+B220−MHCII−CD172α− pre-DCs (gate colors and numbers as  
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hierarchical clustering. (e) Frequency of proliferating cells among BM pre-DC subsets (key), as determined  
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Irf4, which encodes a major regulator of the 
cDC2 lineage21,22, had high expression in 
Siglec-H−Ly6C+ pre-DCs, whereas cDC1 
lineage–specific transcripts, including Id2, 
Batf3, Notch4 and Ifi205, had their most abundant expression in 
Siglec-H−Ly6C− pre-DCs10,15 (Fig. 4d). Both Siglec-H+Ly6C− pre-
DCs and Siglec-H+Ly6C+ pre-DCs had much higher expression of 
the pDC-associated transcripts Tcf4 and Spib23 than that of Siglec-
H−Ly6C+ pre-DCs or Siglec-H−Ly6C− pre-DCs (Fig. 4d), which indi-
cated that these pre-DCs might have retained some pDC potential.

Because DC progenitors have been shown to decrease their prolif-
eration as they become more differentiated toward the pre-DC stage18, 
we assessed the proliferation of Siglec-H+Ly6C−, Siglec-H+Ly6C+, 
Siglec-H−Ly6C− and Siglec-H−Ly6C+ pre-DCs in vivo in the BM, blood 
and spleen of Fucci reporter mice (‘fluorescent ubiquitination–based  
cell-cycle indicator’), in which the green-emitting fluorescent  
protein Azami Green labels the protein geminin, whose expression 
is associated with cells in the S, G2 and M phases of the cell cycle24. 
Siglec-H+Ly6C− pre-DCs and Siglec-H+Ly6C+ pre-DCs proliferated 
considerably more than Siglec-H−Ly6C+ pre-DCs or Siglec-H−Ly6C− 
pre-DCs did (Fig. 4e and Supplementary Fig. 6a), which indicated 
that Siglec-H+Ly6C− pre-DCs and Siglec-H+Ly6C+ pre-DCs were 

less differentiated than Siglec-H−Ly6C+ pre-DCs or Siglec-H−Ly6C− 
pre-DCs were. Together these data indicated that Siglec-H+Ly6C+ 
pre-DCs and Siglec-H+Ly6C− pre-DCs were non–subset-primed 
cells, Siglec-H+Ly6C− pre-DCs were probably cDC1 subset–primed  
cells and Siglec-H−Ly6C+ pre-DCs were primed toward the  
cDC2 lineage.

Identification of dedicated DC subset–specific progenitors
To assess the developmental potential of Siglec-H+Ly6C−, Siglec-
H+Ly6C+, Siglec-H−Ly6C− and Siglec-H−Ly6C+ pre-DCs individually, 
we purified those subsets from CD45.2+ BM by flow cytometry and 
added them into individual Flt3L-stimulated CD45.1+ BM cultures, 
then analyzed their progeny 3 d and 6 d later. Because CD8α and 
CD11b are not reliably expressed by in vitro BM-derived DC cultures5, 
we identified cDC1 cells here as CD24+CD172α− and identified cDC2 
cells as CD24CD172α+ by gating on CD45.2+CD11c+MHCII+B220− 
cells in the total DC population. We found that Siglec-H+Ly6C+  
pre-DCs and Siglec-H+Ly6C− pre-DCs gave rise efficiently to cDC1 
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Figure 5 Identification of DC subset–specific 
progenitors. (a) Flow cytometry analyzing the 
expression of CD24 and CD172α on the progeny 
of CD45.2+ pre-DC subsets (defined by  
Siglec-H and Ly6C (above plots) as in Fig. 4)  
added to cultures of CD45.1+ BM at day 2  
of in vitro stimulation with Flt3L, followed  
by incubation for 3 d or 6 d; gated on DAPI− 
CD45.2+CD11c+MHCII+B220− DCs. Numbers 
adjacent to outlined areas indicate  
percent CD24+CD172α− cells (top left) or  
CD24hi–loCD172α+ cells (bottom right).  
(b) Flow cytometry of donor pre-DCs (defined  
by Siglec-H and Ly6C (left margin) as in Fig. 4)  
obtained from the spleen of non-irradiated 
CD45.1+ host mice 3 d after transfer (into 
the femurs of the recipient mice) of pre-DC 
subsets isolated from the BM of CD45.2+ donor 
mice (gating above plots). Numbers adjacent 
to outlined areas (left half) indicate percent 
Siglec-Hhi–loB220− cells (left) or Siglec-
Hhi–loB220+ cells (right) (far left column), 
MHCII+CD11c+ cells (middle column), or 
CD8α+CD11b− cells (top left) or CD8α−CD11b+ 
cells (bottom right) (right column). Right, 
expression of Esam (left) and DEC205 (right) 
on cDC1 and cDC2 cells (key). (c) Frequency 
of donor-derived CD11c+B220+Siglec-H+ pDCs 
and CD11c+B220−Siglec-H−MHCII+ cDCs in the 
spleen of host mice as in b at 3 d after transfer, 
presented as CD11c+MHCII+ cells among  
donor-derived CD45.2+ cells. (d) Contribution  
of CD45.2+ pre-DCs (defined by Siglec-H and 
Ly6C (horizontal axis) as in Fig. 4) in the spleen 
of host mice (as in c) to splenic cDC1 or cDC2 
cells in the CD11c+MHCII+Siglec-H−B220−  
population also in the spleen. Data are 
representative of three independent experiments 
with two replicates per condition in each (a), 
four independent experiments with one replicate 
per condition in each (b) or two independent 
experiments with three replicates per  
condition in each (c,d; mean and s.e.m.).
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and cDC2 cells on days 3 and 6 of culture 
(Fig. 5a). Siglec-H−Ly6C− pre-DCs gave rise 
predominantly to cDC1 cells, whereas Siglec-
H−Ly6C+ pre-DCs gave rise ‘preferentially’ to 
cDC2 cells (Fig. 5a). We also sought to deter-
mine whether any of the four pre-DC subsets 
was able to generate pDCs in vitro. Siglec-
H+Ly6C+ pre-DCs and Siglec-H+Ly6C− 
pre-DCs produced CD45.2+CD11c+B220+ 
pDC progeny by days 3 and 6 of culture 
(Supplementary Fig. 6b). In contrast, by 
day 3, Siglec-H−Ly6C− pre-DCs gave rise 
to few pDCs, and although the proportion 
of pDCs in the culture had increased by 
day 6, it remained considerably lower than 
that in Siglec-H+Ly6C− or Siglec-H+Ly6C+ 
pre-DC cultures (Supplementary Fig. 6b). 
We did not detect pDCs in Siglec-H−Ly6C+ 
pre-DC cultures on either day 3 or day 6 
(Supplementary Fig. 6b).

We next investigated the developmental potential of each of 
the four pre-DC subsets defined by their expression of Siglec-H 
and Ly6C through the use of an in vitro clonal development assay.  
We purified Siglec-H+Ly6C−, Siglec-H+Ly6C+, Siglec-H−Ly6C−  
and Siglec-H−Ly6C+ pre-DCs by flow cytometry and cultured  
single pre-DCs for 6 d on an OP9 stromal feeder layer in condi-
tioned medium from BM cultures stimulated for 9 d with Flt3L.  
All Siglec-H+Ly6C− or Siglec-H+Ly6C+ cells gave rise to cDCs, 
and 29% of Siglec-H+Ly6C− pre-DC clones and 11% of Siglec-
H+Ly6C+ pre-DC clones also generated pDCs (Supplementary 
Fig. 6c). However, none of the Siglec-H+Ly6C− or Siglec-H+Ly6C+ 
single cells had exclusive pDC potential. Most Siglec-H+Ly6C− 
pre-DC clones produced both cDC1 cells and cDC2 cells (54%), 
while Siglec-H+Ly6C+ pre-DCs clones gave rise to either cDC1 
cells (68%), cDC2 cells (11%) or both subsets (20%). In line with  
their limited proliferative capacity, the single Siglec-H−Ly6C− 

or Siglec-H−Ly6C+ pre-DCs did not produce sufficient progeny  
for detection within the 6-day culture period.

To confirm the observations reported above, we sorted each of 
those four pre-DC subsets from the BM of CD45.2+ adult mice, 
injected each individually into the femurs of non-irradiated CD45.1+ 
mice, and assessed the phenotypes of their progeny in the spleen 
of recipient mice 3 d and 5 d later. All pre-DC subsets gave rise to 
CD11c+MHCII+ cDCs, while only Siglec-H+Ly6C− pre-DCs gave 
rise to Siglec-H+B220+ pDCs (Fig. 5b,c and Supplementary Fig. 6d).  
Siglec-H+Ly6C+ pre-DCs gave rise to both CD8α+DEC205+ cDC1 
cells and CD11b+Esam+ cDC2 cells, Siglec-H−Ly6C+ pre-DCs gave 
rise only to CD11b+Esam+ cDC2 cells, and the Siglec-H−Ly6C−  
pre-DC population gave rise only to CD8α+DEC205+ cDC1 cells  
(Fig. 5b,d and Supplementary Fig. 6d).

In addition, we did a similar experiment investigating the progeny  
of Siglec-H−Ly6C+CD24− pre-DCs and Siglec-H−Ly6C−CD24+  
pre-DCs, as we had found that Cd24a was expressed by all  
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cDC1-primed pre-DCs (Fig. 2), and published data suggest that CD24 
expression on splenic pre-DCs can be used to discriminate pre-DCs 
with cDC1 potential from those with cDC2 potential6. We assessed 
the phenotypes of their progeny in the spleen of recipient mice 3 d 
after transfer. At this time point, Siglec-H−Ly6C+CD24− pre-DCs 
produced only cDC2 cells, whereas Siglec-H−Ly6C−CD24+ pre-DCs  
produced only cDC1 cells (data not shown). Together these data 
identified Siglec-H−Ly6C+CD24− pre-DCs as cDC2 subset–specific 
precursors, Siglec-H−Ly6C−CD24+ pre-DCs as cDC1 subset–specific 
precursors and Siglec-H+Ly6C− pre-DCs as progenitors that retained 
pDC-differentiation potential in vivo (Supplementary Fig. 6e).

DC subset priming at the CDP stage
We next sought to determine at what stage during the differentia-
tion of DC progenitors in the BM did the transcriptomic signatures 
of subset-specific pre-DCs become evident. By CMap analysis, we 
compared the transcriptomes of single MDPs, CDPs and pre-DCs 
with signature gene sets of Siglec-H+Ly6C−, Siglec-H+Ly6C+, Siglec-
H−Ly6C+ or Siglec-H−Ly6C− pre-DCs. This analysis revealed that the 
majority of single MDPs (95%) and CDPs (89%) displayed a transcrip-
tomic signature similar to that of Siglec-H+Ly6C− pre-DCs, whereas 
pre-DCs had a transcriptomic signature shared by Siglec-H+Ly6C− 
pre-DCs (25%) and Siglec-H+Ly6C+ pre-DCs (28%) (Fig. 6a,  
Supplementary Fig. 6e and Supplementary Tables 9–12), which 
indicated that Siglec-H+Ly6C− pre-DCs were ‘between’ CDPs and 
Siglec-H+Ly6C+ pre-DCs. Furthermore, this analysis indicated that 
individual CDPs expressed a substantial number of genes specific 
for cDC2 lineage–primed pre-DCs, while we detected expression 
of genes associated with cDC1-lineage priming only in pre-DCs 
(Fig. 6a, Supplementary Fig. 6e and Supplementary Tables 9–12). 
Through use of the χ2 test with P values representing the significance 
of the distribution of CMap-identified cell types versus a null distri-
bution, we observed a significant correlation between the expres-
sion of Ly6c2 and Siglech mRNA (P = 7.07 × 10−10) and Cd24a and 
Siglech mRNA (P = 2.39 × 10−3) in pre-DCs (Fig. 6c,d), which indi-
cated that Ly6C, CD24 and Siglec-H could be used as markers, not 
only at the protein level but also at the transcriptomic level, for the  
identification of cDC2-primed, cDC1-primed or non-primed pre-DC 
subsets, respectively. Correlating results obtained by CMap analysis 
(Figs. 1d and 6b) showed that pre-DCs with a transcriptome closer to 
cDC1 lineage–specific genes or cDC2 lineage–specific genes (Fig. 1d) 
overlapped cell populations enriched for Siglec-H−Ly6C− pre-DCs 
(cDC1 lineage–primed pre-DCs) or Siglec-H−Ly6C+ pre-DCs (cDC2 
lineage–primed pre-DCs) (Fig. 6b), which showed that cDC1- or 
cDC2-lineage priming happened in the transition phase from CDP 
to pre-DC (Fig. 6e).

Finally, we clustered gene-expression data for genes expressed by 
all single MDPs, CDPs and pre-DC progenitors by Isomap (‘isometric 
feature mapping’)25, a nonlinear dimensionality reduction algorithm. 
Overlaying Isomap-generated clustering with the information on the 
priming of pre-DC to the cDC1 lineage or cDC2 lineage or to nei-
ther of these two lineages, as obtained by CMap analysis (Fig. 1b), 
allowed us to visualize the emergence of the transcriptional signature 
of cDC1- or cDC2-lineage priming. Tightly clustered MDPs gave rise 
to the CDP population, which further differentiated into pre-DCs 
that were not primed for the cDC1 or cDC2 lineage (Fig. 6f). These 
pre-DCs further differentiated into either cDC1 lineage–primed  
pre-DCs or cDC2 lineage–primed pre-DCs (Fig. 6f). Isomap analysis  
provided visualization of the complex transcriptional landscape 
starting from MDPs to cDC1 lineage– or cDC2 lineage–primed  
pre-DCs. This suggested that DC development is not a synchronized 

linear event but is instead a continuous emergence of dedicated  
precursor cells, in which commitment is acquired via several stages 
of maturation.

DISCUSSION
Here, single-cell mRNA sequencing enabled analysis of the develop-
mental progression of individual cells in the BM toward the cDC1 and 
cDC2 subsets. By single-cell mRNA-sequencing analysis, traditional 
transcriptomics and flow cytometry, we identified Siglec-H+Ly6C−, 
Siglec-H+Ly6C+, Siglec-H−Ly6C− and Siglec-H−Ly6C+ pre-DC sub-
sets within the BM pre-DC population. Siglec-H+Ly6C− pre-DCs 
were developmentally close to late CDPs and retained the potential  
to differentiate into pDCs in vivo up until their differentiation  
into Siglec-H+Ly6C+ pre-DCs, which gave rise exclusively to cDCs. 
Siglec-H+Ly6C+ pre-DCs differentiated into either Siglec-H−Ly6C+ 
pre-DCs that were primed toward the cDC2 lineage or Siglec-H−Ly6C−  
pre-DCs that were primed toward the cDC1 lineage. We also  
identified CD24 as a marker for dedicated cDC1 precursors in the 
BM and the spleen but not in the blood.

Published work has shown that imprinting of the DC lineage is 
observed at the level of early hematopoietic progenitors, such as the 
lymphoid-primed multipotent progenitor26. Our observations here 
allowed more detailed mapping of the developmental continuum of 
DCs: DC lineage–primed lymphoid-primed multipotent progenitors 
differentiated into MDPs, which had no monocyte or macrophage 
potential and in turn differentiated into CDPs and subsequently into 
pre-DCs. The transition from CDP to pre-DC marked the appearance 
of transcriptional signatures characteristic of the cDC1 and cDC2 
subsets. Such ‘primed’ progenitors subsequently gave rise to cDC1- 
and cDC2-specific pre-DCs in the BM, which would then emigrate 
to peripheral tissues.

Published studies have shown that single CDPs cultured in vitro 
are biased to develop ‘preferentially’ into the cDC1 or cDC2 sub-
set or both subsets of cDCs, which suggests that CDPs and pre-DCs 
might be heterogeneous6. We found significant heterogeneity in DC 
precursors in vivo and found that these could be defined by both a 
characteristic transcriptomic signature and a distinct pattern of cell-
surface markers. These observations should allow better understand-
ing of the molecular events that underlie the process of the priming of 
progenitors toward the cDC1 and cDC2 subsets, and revealed distinct 
patterns of gene expression and identified molecular switches that 
drive DC subset differentiation. However, it remains unclear whether 
the transcriptional programs that regulate priming of the cDC1 and 
cDC2 subsets of BM pre-DCs also operate in CDPs. In addition, the 
particular cell-intrinsic or BM niche–extrinsic signals that drive sub-
set priming of DC progenitors remain to be identified. Genome-wide 
chromatin mapping of MDPs or CDPs, as has been done for hemato-
poietic progenitor cells27 such as hematopoietic stem cells, may help 
elucidate how cDC1- or cDC2-subset identity is enforced in pre-DCs. 
Finally, our data have revealed the intimate connection between pro-
liferation and differentiation in DC progenitors, as the induction of 
genes encoding cell cycle–associated products always preceded sub-
stantial changes in expression of gene clusters encoding products that 
drive the differentiation of DC progenitors. Such temporal coupling 
would suggest that the remodeling of chromatin during the cell cycle 
facilitates differentiation, and/or that transcriptional regulation of 
the cell-cycle machinery and cell differentiation are coupled28,29. To 
what extent proliferation and differentiation are interrelated in during  
DC differentiation remains to be investigated.

The identification of BM-resident DC subset–specific precursors 
should allow better assessment of the role of the microenvironment in 

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



nature immunology	 VOLUME 16 NUMBER 7 JULY 2015 727

A rt i c l e s

peripheral tissues on DC differentiation on various functional subsets. 
We propose that a central transcriptomic subset–specific program is 
imprinted in DC precursors at the CDP stage, which confers a core 
subset identity regardless of the final tissue destination, while periph-
eral tissue–dependent programming is added to that to ensure site-
specific functionality and adaptation. The transcriptional regulators 
Id2, Batf3 and NFIL3 are examples of such central programming, as 
their loss affects all cDC1 subsets throughout the body10,30,31. How 
such central imprinting is regulated remains to be investigated. The 
maturation of hematopoietic stem cells depends on multiple layers  
of regulation that integrate environmental signals from the BM,  
the activation status of bystander cells in the niche, and the local 
cytokine milieu, as well as inflammatory signals received from the 
periphery32–37. Similar regulatory mechanisms may prime subset 
identity in pre-DCs.

Such a multifactorial model of signal integration in DC differentia-
tion could explain the dependence of the versatile cDC2 population 
on tissue-specific transcription factors such as Notch2, Relb or IRF4 
(refs. 21,22,38,39), while their essential cDC2-specific functions seem 
to have been already programmed in the BM. The cDC2 transcrip-
tional requirements differ according to the tissue location of DCs. 
Spleen Esam+ cDC2 cells are dependent on Notch2, Relb and the 
receptor for lymphotoxin-β for their maintenance and proliferation 
but are not dependent on IRF4 (refs. 21,38–41), and CD103+ cDC2 
cells in the small intestinal lamina propria are dependent on Notch2,  
IRF4 and lymphotoxin-β receptor21,22,38; in contrast, lung cDC2 
cells are independent of Notch2 (A.S. and F.G., data not shown) and 
Relb (data not shown) but do require IRF4 (refs. 21,22,38,39,41) for 
their survival. Similarly, the Epstein-Barr virus–induced G protein– 
coupled receptor EBI2 is crucial for the homeostasis and the correct  
localization of cDC2 cells in the spleen but not in lymph nodes  
or non-lymphoid tissues. However, EBI2 is not required for early 
development of DCs, as DC precursors, including MDPs, CDPs and 
pre-DCs, are present in normal (wild-type) numbers in the BM and 
spleen of mice lacking this receptor42,43. This further illustrates the 
interaction between transcriptomic imprinting of DC subset identity 
in the BM and functional imprinting in peripheral organs. Such data 
show that although all cDC2 cells originate from the same lineage of 
dedicated precursors and emerge from the BM with central cDC2 
programming, tissue-specific factors add another layer of imprint-
ing in the periphery42. This dual layer of transcriptional imprinting 
is biologically relevant, as it simultaneously equips cells of the cDC1 
or cDC2 lineage with their essential lineage-specific functions and 
allows the opportunity for the tissue site and/or context to fine-tune 
transcriptional control of phenotype, localization, proliferation and 
DC function.

Collectively, we have provided evidence that a central trans-
criptional program for DC subset development emerged in BM DC 
progenitors as early as the pre-DC stage, for the cDC1 lineage, and the 
CDP state, for the cDC2 lineage, which established that identity of the 
cDC1 lineage versus that of the cDC2 lineage was imprinted before 
pre-DCs left the BM. Further work should investigate the effect of 
peripheral programming by each tissue on the final maturation, local-
ization and functional specialization of DC subsets in the periphery.  
Better understanding of the origins and the mechanisms that ensure 
DC subset differentiation, identity and homeostasis has the potential 
to improve intervention and therapeutic strategies.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. GEO: single-cell mRNA sequencing and microarray 
data, GSE60783.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Mice. C57BL/6 (CD45.2+) mice were from the Biological Resource Center, 
Agency for Science, Technology and Research, Singapore. Congenic C57BL/6 
(CD45.1+), CX3CR1-GFP and UBC-GFP mice were from the Jackson Laboratory. 
Fucci-492 mice24 were from the Riken BioResource Center (Ibaraki, Japan). 
ZBTB46-GFP BM was provided by K. Murphy. Id2-GFP BM was provided by 
G. Belz. All mice were bred and maintained in the Singapore Immunology 
Network animal facility before use at 7–10 weeks of age. Only healthy male 
mice were used in this study. All experiments and procedures were approved 
by the Institutional Animal Care and Use Committee of the Biological Resource 
Center (Agency for Science, Technology and Research, Singapore) in accordance 
with the guidelines of the Agri-Food and Veterinary Authority and the National 
Advisory Committee for Laboratory Animal Research of Singapore.

Preparation of cell suspensions. Organs were digested for 30 min in Hank’s 
balanced salt solution HBSS contaiing 10% FBS and collagenase type IV  
(0.2 mg/ml; working activity of 770 U/mg) (Sigma). BM was flushed from 
the femur and tibia of one leg and was used without any digestion. For  
sorting, BM cell suspensions underwent preenrichment for CD135+ cells 
with biotin–anti-CD135 (A2F10; eBioscience) and anti-biotin microbeads 
(Miltenyi) and were separated on an AutoMacs (Miltenyi).

Flow cytometry and sorting. Multi-parameter analyses of labeled cell suspen-
sions were performed on an LSR II (Becton Dickinson) and data were analyzed 
with FlowJo software (TreeStar). A FACSAria II (Becton Dickinson) was used 
for flow cytometry. Fluorochrome- or biotin-conjugated monoclonal antibodies 
(mAbs) to the following were used: mouse IA/IE (M5/114.15.2) and CD172α 
(P84) (both from BD Biosciences); and CD11c (N418), CD45 (30F11), CD45.1 
(A20), CD45.2 (104), CD115 (AFS98), Gr-1 (RB6-8C5), Ly6C (HK1.4), Siglec-H 
(440c), B220 (RA3-6B2), CD135 (A2F10), CD8α (53-6.7) and CD11b (M1/70) 
(all from eBioscience). The streptavidin–phycoerythrin–cyanine 7 conjugate 
(25-4317-82) was from eBioscience.

In vivo proliferation assay. The proliferation of individual BM pre-DC subsets 
was investigated with the Fucci (‘fluorescent ubiquitination–based cell-cycle 
indicator‘) transgenic mouse model in which the green-emitting fluorescent 
protein Azami Green is fused to geminin, a ubiquitination oscillator whose 
expression is regulated by cell-cycle-dependent proteolysis, which results in 
the fluorescence of cells in S, G2 and M phases and their identification by 
flow cytometry24.

In vitro development assay for DC progenitor populations. Flt3L-stimulated  
BM cultures were generated by seeding of 4.5 × 106 CD45.1+ BM cells into 
six-well plates in RPMI medium supplemented with l-glutamine (Life 
Technologies), penicillin-streptomycin (Life Technologies), non-essential 
amino acids (Life Technologies), 10% FCS (Serana) and β-mercaptoethanol 
(Sigma-Aldrich). For the induction of DC development 100 ng of mouse Flt3L 
was added after cells were seeded. After 2 d, 5 × 103 sorted CD45.2+ CDPs 
or pre-DCs from different subsets were added to individual wells and their 
CD45.2+ progeny were phenotypically assessed by flow cytometry 2, 3 or 6 d 
after that ‘spike-in’.

Single-cell clonal assay of pre-DC subsets. Irradiated OP9 stromal feeder cells 
(3 × 103) were cultured for 24 h in supernatants obtained from BM-derived 
DC cultures at day 8 of stimulation with Flt3L, followed by the addition of 
single green florescent protein–positive (GFP+) cells (isolated from UBC-GFP 
mice) from different BM pre-DC subsets. Co-cultures were maintained for 6 d, 
after which the GFP+ progeny of the single pre-DCs were analyzed for surface 
molecule expression patterns by flow cytometry.

Intra-femoral transfer of DC precursors. 1 × 104 to 5 × 104 CD45.2+ BM 
DC precursors (CDPs or the four pre-DC subsets) suspended in PBS were 
transferred into the femurs of CD45.1+ mice via am insulin syringe with a 
short needle (Becton Dickinson). At 2, 3 or 5 d after cell transfer, BM and 
spleen were collected and the resulting cell suspensions were analyzed by flow 
cytometry to establish the phenotype of the CD45.2+ progeny of the trans-
ferred cell populations.

Scanning electron microscopy. For imaging by scanning electron micros-
copy, sorted cells were allowed to adhere for 15 min at room temperature to 
glass coverslips pretreated with poly-l-lysine (Sigma), then were fixed for 1 h  
at room temperature in 2.5% glutaraldehyde and 0.1 M phosphate buffer  
(pH 7.4) and were washed twice in PBS. After fixation for 1 h at room tem-
perature with 1% osmium tetroxide (Ted Pella), cells were washed in deionized 
water and dehydrated with a graded series of ethanol immersions from 25% 
to 100%, and were dried to the critical point (CPD 030; Bal-Tec). The glass 
coverslip was then laid on adhesive film on a scanning electron microscope 
sample holder and was firmly touched with an adhesive sample holder. The 
surface on which the cells were deposited, as well as the adhesive surface, were  
both coated with 5 nm of gold in a high-vacuum sputtering device (SCD005 
sputter coater; Bal-Tec). The coated samples were examined with a field  
emission scanning electron microscope (JSM-6701F; JEOL) at an acceleration 
voltage of 8 kV with the in-lens secondary electron detector.

Microarray. Total cellular RNA was extracted with a mirVana miRNA isola-
tion kit (Ambion) and was prepared for microarray (Illumina Mouse WG6) 
according to the manufacturer’s instructions (Illumina). Microarray data were 
processed by quantile normalization. Hierarchical clustering of samples was 
achieved with Pearson’s correlation and the complete agglomeration method. 
Comparison of one subset with the rest was carried out with the Limma soft-
ware package44 to derive signature genes for each of the four pre-DC subsets. 
Similarly, Limma was used to select genes that were up- or downregulated in 
the CD4+ DC subset by comparison of microarray data of thespleen CD4+ DC 
subset with that of the spleen CD8α+ DC subset (in-house microarray data).

Single-cell capture and library preparation for RNA sequencing. Cell popu-
lations isolated by flow cytomtery (MDPs, CDPs and pre-DCs) were diluted 
to a final concentration range of 250–400 cells per µl and were loaded onto C1  
integrated fluidic circuits IFC (5- to 10-µm chip) for cell lysis, reverse 
transcription with oligo (dT) primers and amplification of cDNA on a C1 
Single-cell Auto Prep System according to the mRNA-seq protocol of the man-
ufacturer (Fluidigm). Array control RNA spikes were used (1, 4 and 7) (PN 
AM1781) as instructed in the mRNA-sequencing protocol of the manufacturer 
(Ambion). The amount of cDNA generated from single cells was quantified 
with a Quant-iT PicoGreen dsDNA Assay Kit (PN P11496; Life Technologies), 
and quality was checked with High Sensitivity DNA Reagents (PN 5067-4626) 
according to the manufacturer’s instructions (Agilent Technologies). Only cells 
with high-quality cDNA were processed for subsequent library preparation.  
A Nextera_XT Kit (PN FC-131-1096; Illumina) with dual indices (PN FC-131-1002;  
Illumina) was used for the preparation of single-cell multiplexed libraries, 
which were sequenced as 51-bp single-end reads on the Illumina HiSeq 2000 
platform. ‘Reads’ were mapped to the reference genome mm9 (NCBI assembly 
of the mouse genome).

Single-cell mRNA-sequencing data analysis. ‘Reads’ were mapped against the 
mm9 reference genome with the STAR alignment program with ‘intronMotif ’ 
option, and the reference genome was generated with UCSC known gene anno-
tation and the ‘–sjdbOverhang 50’ option. The number of reads mapped to 
each UCSC known gene was quantified by htseq-count and was normalized by 
calculation of the RPKM value (reads per kilobase of exon model per million 
mapped reads)45–52. Genes with an RPKM value of 0 in all cells were discarded. 
RPKM values less than 1 were considered background, and log2 RPKM was 
set to 0 as a conservative background cutoff50,51. Positive RPKM values then 
underwent log2 transformation. Outlier cells were identified and visualized 
with the Singular Analysis Toolset with default parameters: 14 cells (1 MDP, 
8 CDPs and 5 pre-DCs) of the 251 total cells (59 MDPs, 96 CDPs and 96 pre-
DCs) were identified as outliers and were excluded from downstream analysis 
(quality control, Supplementary Fig. 1b–g). The entire data set was clustered 
with all expressed genes and the ANOVA function in the Singular Toolset was  
used for the identification of genes differentially expressed in MDP, CDP and 
pre-DC populations. 87 genes had significantly different expression in MDPs, 
CDPs and pre-DCs, with P values of <0.05. Hierarchical clustering of the  
87 differentially expressed genes and 237 non-outlier cells was performed by the  
Euclidean distance and ward agglomeration method. Multiple-test correction 
was done by the Benjamini-Hochberg method for multiple-testing correction.  
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On the basis of the hierarchical clustering, genes were grouped into five major 
clusters; the median log2 RPKM values per gene cluster were calculated for 
each cell, and curves smoothed by the lowess (‘locally weighted scatterplot 
smoothing’) method were plotted to connect the cells in developmental 
order as determined by NBOR. Genes encoding products involved in bio-
logical functions, pathways and gene ontology that showed enrichment in 
gene clusters 1–5 were identified with IPA software and the KEGG database, 
and statistical robustness was tested with the standard hypergeometric test 
(results in Supplementary Table 3). Gene cluster 3, associated with cell cycle 
or proliferation, was excluded in nonlinear dimensionality reduction carried 
out via Isomap (‘isometric mapping’) with the Euclidean distance option25. 
Three nearest neighbors were used for approximation of the geodesic distances 
between cells for construction of the Isomap plot. The nearest neighbors were 
indicated by lines connecting cells in the Isomap plot. Expressed genes detected 
in each cell were quantified by counting of genes with RPKM values >1.  
Student’s t-test was used for comparison of the number of genes detected in 
MDPs versus that detected in CDPs, and in CDPs versus pre-DCs. Unless 
otherwise noted, all analyses were performed with software of the R project 
for statistical computing, version 2.15.2 (Bioconductor).

Reordering of single cells from unsupervised clustering into the order of 
DC development with a neighborhood-based ordering strategy. We per-
formed hierarchical clustering of differentially expressed genes from all single 
cell transcriptomes (Supplementary Table 2) and cells by Euclidean distance 
and the Ward agglomeration method53. Cells clustered into five main groups: 
four corresponding to MDPs, CDPs and two pre-DC clusters; and one com-
prising a mixture of MDPs, CDPs and pre-DCs. The average expression per 
gene for each of the first four clusters (MDP, CDP, pre-DC 1 and pre-DC 2) was 
calculated from all of the single cells in the respective clusters. These averages 
represent canonical cell states for MDPs, CDPs and pre-DCs (1 and 2), and are 
called ‘landmarks’ here (Supplementary Fig. 3). For each individual cell, we 
calculated the Euclidean distance to each landmark; the two landmarks nearest 
a single cell were thus called the ‘nearest-neighbor pair’ for that cell. To reorder 
single cells in the order of DC development, we placed the four landmarks 
MDP, CDP, pre-DC 1 and pre-DC 2 in a linear order and then allocated each 
single cell a place between its nearest-neighbor pair of landmarks. We decided 
the exact position of each single cell between the landmark pair on the basis of 
their Euclidean distances to the landmarks. By this reordering of single cells, 
we generated a heat map (Fig. 1a) to show the progression of gene expression 
along the DC development continuum from MDP to pre-DC.

CMap analysis. CMap analysis is an extension of the gene-set–enrichment 
analysis algorithm (provided by the Broad Institute) in which ‘enrichment’ of 
a gene set (signature genes) in another gene set can be measured. CMap scores 
are scaled dimensionless quantities that indicate the degree of enrichment 
or ‘closeness’ of one assessed cell subset to another17. cDC and macrophage 
signature genes were identified from the literature15,16 and our own transcrip-
tomic data and were used as signature genes for the respective populations for 
CMap analysis of each single cell17. The ‘enrichment’ of gene sets was tested 
with 1,000 permutations. Cells whose gene-expression profile was significantly 
correlated with those of signature genes were selected by a P value of <0.05 
after 1,000 permutations. CMap scores were scaled to a range –1 to 1. Cells 
with positive CMap score are correlated with cDCs; cells with negative CMap 
scores are correlated with macrophages (Fig. 1c). Similarly, signature genes of 
cDC2 and cDC1 subsets were used to identify DC subset–primed cells at the 
MDP, CDP and pre-DC stages (Fig. 1d) Signatures genes of Siglec-H−Ly6C+, 
Siglec-H−Ly6C−, Siglec-H+Ly6C+ and Siglec-H+Ly6C− pre-DC were derived 
from microarray data (Fig. 3) and were used for CMap analysis (Fig. 5a,b). 
Detailed gene lists of signatures are in Supplementary Tables 4–7 and 9–12.
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