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Abstract 31 

Dendritic cells (DC) are currently classified as conventional DCs (cDCs) and 32 

plasmacytoid DCs (pDCs). Through a combination of single-cell transcriptomic 33 

analysis, mass cytometry, in vivo fate-mapping and in vitro clonal assays, here 34 

we show that, at the single-cell level, the priming of mouse hematopoietic 35 

progenitor cells towards the pDC lineage occurs at the common lymphoid 36 

progenitor (CLP) stage, indicative of early divergence of the pDC and cDC 37 

lineages. We found the transcriptional signature of a pre-pDC stage, defined 38 

here, in the IL-7Rα+ CLP and CD115- CDP (previously classified as common 39 

DC progenitor cell) populations and identified Ly6D, IL-7Rα, CD81 and CD2 as 40 

key markers of pDC differentiation, which distinguish pre-pDCs from pre-cDCs. 41 

pDCs developed in the bone marrow from a Ly6DhiCD2hi lymphoid progenitor 42 

cell and differentiated independently of the myeloid cDC lineage. 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 
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Introduction 51 
 52 
Dendritic cells (DCs) are key players in the regulation of immune response, and 53 

were originally defined based on phenotypes, functions and growth factor 54 

dependence, subdividing them in different lineages and subpopulations1. 55 

Conventional DCs (cDCs) and plasmacytoid DCs (pDCs) were shown to be 56 

Fms Related Tyrosine Kinase 3 (Flt3)-dependent cells that arise from 57 

CD135+CD115+CD117int common dendritic cell progenitors (CDPs), while 58 

Langerhans cells (LCs) and monocyte-derived DCs arise independently of Flt3 59 

and DC-ontogenic pathways2, 3, 4. Hence, DCs are currently composed of cDCs 60 

and pDCs. 61 

 62 

cDCs and pDCs exhibit distinct phenotypes, gene expression profiles, 63 

morphology and functions. CD11c+MHCII+ cDCs can be further divided into 64 

CD8+CD103+CD24+CD11b- cDC1 and CD8-CD11b+CD172α+ cDC25; while 65 

CD11cintCD11b-SiglecH+B220+mPDCA-1+ pDCs express MHCII, CD86, Sca-1, 66 

Ly6C and CCR9 in an activation and/or subset-specific manner5, 6, 7, 8. 67 

Functionally, cDCs prime and polarize naïve T cells, while pDCs produce large 68 

amounts of type I interferon (IFN-I) and pro-inflammatory cytokines in response 69 

to pathogens6, 8, 9, 10.  70 

 71 

Given such functional differences between pDCs and cDCs, it is questionable 72 

whether they belong to the same cell lineage. Studies in mice indicated a 73 

shared ontogeny pathway from Lin-Flt3+c-KitloCD115+ CDPs11. However, the 74 

murine CDP pool is heterogeneous, comprised of CD115+ and CD115- CDPs, 75 

exhibiting strong commitment to cDCs or pDCs, respectively12. Moreover, pDCs 76 
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were also derived in vitro from lymphoid-primed multipotent progenitors 77 

(LMPPs), common lymphoid progenitors (CLPs) or CDPs13, 14, 15, 16, highlighting 78 

multiple differentiation pathways and controversy regarding pDC ontogeny. 79 

Reports of IGH gene-rearrangement and expression of B cell-transcription 80 

factors17 in pDCs suggested a lymphoid origin, while another study described 81 

pDC differentiation from estrogen-resistant myeloid progenitors18, although 82 

without fully excluding a lymphoid contribution. Recent evidence pointed 83 

towards a predominant lymphoid origin for pDCs, identifying CLPs as common 84 

pDC and B cell progenitors, with expression of CD3419 or Ly6D segregated in 85 

the B cell or pDC lineage19, 20. A minor fraction of pDC-like cells were reported 86 

to still arise from myeloid progenitors20. Additionally, conventionally-isolated 87 

human blood CD123+ pDCs were shown to include DC precursors responsible 88 

for the DC-like features of activated pDCs21. 89 

 90 

Thus, current evidence still fails to fully establish whether pDCs are truly related 91 

to cDCs or whether pDC-committed progenitors might “contaminate” cDC 92 

precursor populations and vice versa. Here, we combined single-cell mRNA 93 

sequencing with in vivo fate mapping and in vitro single-cell clonal assays to 94 

investigate mouse pDC ontogeny, identifying Ly6D+IL-95 

7Rα+Flt3+SiglecH+CD2intCD81intCD115- pre-pDCs, differentiating from IL-96 

7Rα+Ly6D+ CLP-like progenitors. We propose that pDCs represent a distinct 97 

family of innate IFN-I-producing lymphoid cells, distinct from the cDC lineage. 98 

 99 

 100 

 101 
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Results 102 

SiglecH+Ly6C- pre-DCs are mostly pDC-primed cells  103 

In the BM, expression of SiglecH and Ly6C distinguishes four pre-DC subsets: 104 

Ly6C+/-SiglecH+ pre-DCs with potential for cDC and pDC differentiation, Ly6C-105 

SiglecH- pre-DCs committed to the cDC1 lineage and Ly6C+SiglecH- pre-DCs 106 

committed to the cDC2 lineage22. To investigate the existence of a distinct pre-107 

pDC lineage-primed progenitor cell within these subsets, especially in the 108 

SiglecH+ fraction, we isolated BM cells from wild-type C57BL/6 mice, sorted 109 

single SiglecH-Ly6C- (cDC1-primed, 70 cells), SiglecH-Ly6C+ (cDC2-primed, 68 110 

cells), SiglecH+Ly6C- and SiglecH+Ly6C+ (cDC- and pDC-potential, 70 and 45 111 

cells respectively) Lin-CD11c+MHCII-Flt3+CD172αlo pre-DCs (the same 112 

markers were used to identify blood and BM pre-DC populations hereafter 113 

unless stated otherwise) (Fig. 1a) and analyzed their transcriptomes by 114 

microfluidic single-cell mRNA sequencing (scRNA-seq) (Supplementary Fig. 115 

1a-e and Supplementary Table 1). We then compared the transcriptomic 116 

signatures of each pre-DC population to mature cDC and pDC signatures 117 

derived from a published transcriptomic database22 using connectivity map 118 

(CMap) analysis23 (Fig. 1b, Supplementary Fig. 1f and Supplementary Table 119 

2). We also included scRNA-seq data from BM pDCs (pDC-signature enriched, 120 

27 cells)22, BM total pre-DCs (DC-signature enriched, 96 cells) and blood pre-121 

DCs (cDC-signature enriched, 16 cells)22 into the analyses as controls. CMap 122 

revealed that most SiglecH+Ly6C- (53/70 cells) and some SiglecH+Ly6C+ pre-123 

DCs (16/45 cells) were enriched for pDC gene signatures, while most SiglecH-124 

Ly6C+/- pre-DCs (99/138 cells) and blood pre-DCs (9/16 cells) were enriched 125 

for cDC gene signatures (Fig. 1b,c), suggesting definite priming towards the 126 
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cDC lineage in the latter subsets, while SiglecH+Ly6C+/- pre-DCs likely include 127 

distinct pDC-progenitors. Cluster analysis of these single-cell datasets using 128 

the UMAP algorithm (which organizes cells in meaningful clusters preserving 129 

cellular continuums24) grouped SiglecH+Ly6C- pre-DCs with BM pDCs; 130 

SiglecH+Ly6C+ with Ly6C+SiglecH- pre-DCs, and Ly6C-SiglecH- pre-DCs 131 

distinct, reflecting for the latter their specific cDC1-priming (Fig. 1d), as shown 132 

previously22. Analyses of all differentially expressed genes (DEGs) between 133 

single pDCs, BM and blood pre-DCs revealed distinct gene clusters for each 134 

populations (Fig. 1e), with the specific expression of Id2 in Ly6C-SiglecH- pre-135 

DCs, and Siglech, Tcf4, Bst2 in SiglecH+Ly6C- pre-DCs, indicating their cDC- 136 

versus pDC-lineage commitment, respectively (Fig. 1e). To identify 137 

developmental relationships based on transcriptional similarities, we applied 138 

the Mpath algorithm25 that resolved the different subsets into three distinct 139 

branches:  a cDC1-primed, a cDC2-primed and another branch that mapped 140 

SiglecH+ pre-DCs close to pDCs (Fig. 1f, Supplementary Fig. 1g), indicating 141 

a developmental bias of SiglecH- pre-DCs versus SiglecH+ pre-DCs towards 142 

the cDC or pDC lineage, respectively. Next, we compared the DEGs between 143 

pDC-committed SiglecH+Ly6C- pre-DCs and cDC-committed SiglecH-Ly6C+ 144 

pre-DCs when projected on a BM bulk pre-DC microarray dataset22 and found 145 

Id2, Irf4 and Batf330 expressed in cDC-committed SiglecH-Ly6C+ pre-DCs, 146 

while SiglecH+Ly6C- pDC-primed pre-DCs expressed Tcf4 (encoding E2-2), a 147 

transcription factor essential for pDC development26, 27, Spib, Tlr7 and 148 

Siglech28, 29 (Fig. 1g). Ly6d and Il-7r were top DEGs of SiglecH+Ly6C- pDC-149 

primed cells (Fig. 1g). Flow cytometry analysis showed that SiglecH-Ly6C+/- 150 

pre-DCs did not express Ly6D or IL-7Rα protein, while SiglecH+Ly6C+/- pre-DCs 151 
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expressed Ly6D, but not IL-7Rα, and pDCs expressed both proteins (Fig. 1h). 152 

These results reveal additional heterogeneity within the murine pre-DC 153 

population, with the SiglecH+Ly6C- subset containing mostly pDC-primed cells. 154 

 155 

CD115- CDPs are pDC-committed progenitors 156 

Hypothesizing that SiglecH+Ly6C- cells were pDC precursors (pre-pDC), we 157 

next analyzed the transcriptional profiles of upstream progenitors. Because 158 

CD115- CDPs preferentially give rise to pDCs, while CD115+ CDPs 159 

preferentially give rise to cDCs12, we investigated the possibility of pre-pDC or 160 

pre-cDC commitment in these populations. We sorted Lin-CD11c-MHCII-161 

Flt3+cKitintCD115+ CDPs and Lin-CD11c-MHCII-Flt3+cKitintCD115- CDPs (Same 162 

strategy used to identify these populations thereafter unless stated otherwise) 163 

from the BM of wild-type C57BL/6 mice (Supplementary Fig. 2a-e and 164 

Supplementary Table 1) and performed scRNA-seq on both subsets. Applying 165 

pre-pDC-primed and pre-cDC-primed gene signatures derived from the CMap 166 

analysis of SiglecH+Ly6C- pDC-primed- and Ly6C+SiglecH- cDC-primed pre-167 

DCs (Supplementary Table 3) to the scRNA-seq data from CD115+ and 168 

CD115- CDPs, and subsequent CMap and principal-component analysis, 169 

revealed independent clustering of CD115+ CDPs and CD115- CDPs based on 170 

their pDC- vs. cDC-priming (Fig. 2a).  CD115+ CDPs expressed pre-cDC 171 

signature genes (23/96 cells), whereas most CD115- CDPs expressed pre-pDC 172 

but not pre-cDC signature genes (53/55 cells) (Fig. 2b). CMap analysis using 173 

mature pDC- and cDC-signatures22, yielded similar results (Supplementary 174 

Fig. 2f). These results indicated that CDPs can be divided into pre-cDC-primed 175 

CD115+ CDPs and solely pre-pDC-primed CD115- CDPs. 176 
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 177 

Ly6D+CD115- CDPs are pDC-committed progenitors 178 

We then asked whether pre-pDC-primed and pre-cDC-primed CDPs could be 179 

identified by surface molecules other than CD115. Comparing pre-pDC-primed 180 

CD115- CDPs (53 cells) and pre-cDC-primed CD115+ CDPs (23 cells) identified 181 

before, we identified Ly6d, Cd69, Flt3, Il7r and Cd81 as surface marker DEGs 182 

specific of pre-pDC-primed CD115- CDPs, while Ccr2 and Ly6c were specific 183 

for pre-cDC-primed CD115+ CDPs (Fig. 2c,d). Genes encoding the 184 

chemokines and cytokines Ccl3, Ccl4, Il12α and the transcription factors 185 

Tsc22d1 and Tcf4 were expressed at higher level in pre-pDC-primed CD115- 186 

CDPs when compared to pre-cDC-primed CD115+ CDPs (Fig. 2 e,f). Flow 187 

cytometry revealed that Ly6D was exclusively expressed on pre-pDC-primed 188 

CD115- CDPs, while CD81 was expressed on both CDP subsets (Fig. 2g). We 189 

then divided both CDP populations into four subsets based on expression of 190 

Ly6D and CD81 (Fig. 2g) and assessed the expression of SiglecH, IL-7Rα and 191 

Ly6C on each subset. Expression of SiglecH was restricted to Ly6D+CD115- 192 

CDPs, IL-7Rα was expressed on all CD115- CDPs, and Ly6C was expressed 193 

only on Ly6D-CD115+ CDPs (Fig. 2h), agreeing with previous suggestions that 194 

Ly6C indicates cDC priming22. Surface marker expression was relatively stable 195 

throughout maturation: SiglecH-Ly6C+ pre-DCs did not express Ly6D or IL-7Rα, 196 

fully differentiated CD11chiMHCII+ cDCs were Ly6CloSiglecH-Ly6D-IL-7Rα-197 

CD81hi (Fig. 2i), SiglecH+Ly6C- pre-DCs expressed Ly6D and were IL-198 

7RαloCD81lo, and CD11b-B220+ pDCs were also Ly6C+/-Ly6D+SiglecH+ (Fig. 199 

2i). These data suggested that CD115- CDPs contained IL-200 
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7Rα+Ly6D+CD81intLy6C+/-SiglecH+ pre-pDC-primed or pDC-primed 201 

progenitors.  202 

 203 

Thus, we sorted Ly6D+CD81-CD115-, Ly6D+CD81+CD115-, Ly6D-CD81-204 

CD115-, Ly6D-CD81-CD115- and CD115+ CDPs and cultured them with the 205 

ligand of Flt3 (Flt3L), to induce DC differentiation.  At day 7, CD115+ CDPs 206 

exclusively gave rise to CD11c+CD11b+B220- cDCs (the same markers were 207 

used to identify in vitro cultured cDCs hereafter unless stated otherwise) but 208 

not to CD11b-B220+ pDCs (Supplementary Fig. 2g). In contrast, all CD115- 209 

CDP subsets differentiated into pDCs, while only 5% of all CD115- CDPs 210 

differentiated into cDCs (Fig. 2j, Supplementary Fig. 2h). Ly6D+CD81-CD115- 211 

CDPs were the most potent (45% pDCs) (Fig. 2k, Supplementary Fig. 2h). 212 

These results indicated that Ly6D+CD81+IL7R+CD115- CDPs were committed 213 

to the pDC lineage, whereas CD115+ CDPs were committed towards the cDC 214 

lineage and lacked pDC potential. 215 

 216 

While pDCs are abundant in the BM, BM Ly6D+/-CD81+/-CD115- CDPs 217 

represent less than 0.1% of BM cells (Fig. 2k, Supplementary Fig. 2j-k). Thus, 218 

we analyzed the proliferative capacity of Ly6D+/-CD81+/-SiglecH+/-CD115- 219 

CDPs using Fucci-474 reporter mice, in which cells undergoing the S, G2 or M 220 

phase of the cell cycle are labeled by expression of Azami-green (see 221 

Methods). 10% of BM Ly6D+CD115- CDPs in adult Fucci-474 mice expressed 222 

Azami-green in steady state indicating these cells were proliferating as 223 

expected from progenitors (Fig. 2l). Up to 30% of progenitor cells that were IL-224 

7Rα+ or SiglecH+, but B220- were Azami+ (Fig. 2m), indicating they were highly 225 
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proliferative. Upstream progenitors of CDPs, e.g. Lin-226 

cKit+CD16/32intCD34+Sca-1+CD127– LMPPs (the same markers were used to 227 

identify LMPPs throughout all experiments hereafter) were highly proliferative, 228 

whereas CD11cintCD11b-SiglecH+B220+ pDCs did not proliferate 229 

(Supplementary Fig. 2l). All cell populations analyzed here were viable and 230 

had little or no apoptotic signals in steady-state, as assessed by Annexin V 231 

staining (Fig. 2m, Supplementary Fig. 2 j-n). Altogether, these results 232 

indicated that CD115- CDPs contained highly proliferative 233 

Ly6D+CD81+IL7R+CD115- cells that are committed to the pDC lineage with no 234 

cDC potential. 235 

 236 

Lymphoid precursors contain early pDC-primed progenitors 237 

Hematopoietic stem cells (HSCs) differentiate into LMPPs, which give rise to 238 

the lymphoid lineage, through CLPs, or the myeloid lineage through CMPs. 239 

CMPs develop into granulocyte-macrophage progenitors (GMPs), 240 

macrophage-DC progenitors (MDPs), CDPs, and finally pre-DCs8, 15. DC 241 

lineage imprinting occurs early at the LMPP stage13. Thus, we sorted LMPPs, 242 

Lin-cKitloCD127+CD34+Sca-1loFlt3+Thy-1- CLPs, Lin-cKit+CD16/32hiCD34+Sca-243 

1- GMPs and Lin-CD11c-MHCII-Flt3+cKit+CD115+ MDPs (the same markers for 244 

BM CLPs, GMPs and MDPs were used throughout all experiments unless 245 

stated otherwise) from the BM of wild-type C57BL/6 mice, performed scRNA-246 

seq (Supplementary Fig. 3a-e and Supplementary Table 1) and applied the 247 

DEG signatures from pre-pDC-primed SiglecH+Ly6C- pre-DCs and pre-cDC-248 

primed SiglecH-Ly6C+ pre-DCs to the LMPP, CLP, GMP, MDP, CDP, pre-DC 249 

and pDC single-cell datasets. CMap analyses showed that some LMPPs lowly 250 
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expressed pre-pDC- (42 cells) or pre-cDC- (1 cell) signature genes, while the 251 

rest was yet unprimed (Fig. 3a-c). GMPs and MDPs predominantly expressed 252 

pre-cDC-, but not pre-pDC, signature genes (Fig. 3a-c) confirming their myeloid 253 

fate. The majority of CLPs (60%) were pre-pDC-primed cells expressing genes 254 

for pre-pDC differentiation, while 40% of CLPs were unprimed (Fig. 3a-c), 255 

suggesting that pDC priming occurs at the CLP level.  256 

 257 

Establishing potential relationships between these early progenitors, we 258 

applied the NBOR (neighborhood-based ordering of single cells) algorithm22 to 259 

the pre-pDC-primed LMPP, CLP, CDP, pre-pDC and pDC single-cell 260 

transcriptome data. After exclusion of cell-cycle genes, NBOR indicated a close 261 

relationship of gene signatures of LMPPs, CLPs, CDPs, pre-pDCs and pDCs 262 

(Fig. 3d), with six DEG clusters associated with differentiation into pre-pDC-263 

primed cells: clusters 1, 4 and 5 (e.g. cellular development and growth, immune 264 

cell trafficking and cellular function) were up-regulated from the CDP to pDC 265 

stage indicative of the late progenitor differentiation (Fig. 3d,e), while clusters 266 

3 (cellular function, development), 6 (cellular development, morphology) and 2 267 

(cell signaling, function and survival) decreased in expression from LMPP to 268 

pDC-differentiation Fig. 3d,e).  269 

 270 

Next we determined the progenitor stage at which Cd81 and Ly6d started to be 271 

expressed. Ly6d was expressed in CLPs, but undetectable in LMPPs and 272 

myeloid-primed progenitor cells (GMPs, MDPs, CMPs), while Cd81 was 273 

expressed in all (Fig. 3f). Flow cytometry analyses revealed that Ly6D was 274 

expressed on some CLPs, pre-DCs and all CD11cintCD11b-SiglecH+ pDCs (the 275 
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same markers were used to identify tissue pDCs hereafter unless stated 276 

otherwise), whereas CD81 was expressed on all populations analyzed  (Fig. 277 

3g). Pre-DCs expressed either Ly6D or CD81, but were rarely Ly6D+CD81+, 278 

with Ly6D expression restricted to SiglecH+Ly6C+/- pre-DCs (Supplementary 279 

Fig. 3f). Ly6D+ CLPs were SiglecHint and CD81int, whereas Ly6D- CLPs were 280 

SiglecH- (Fig. 3h). These observations suggested that Ly6D+CD81int 281 

expression can distinguish pDC- from Ly6D-CD81int cDC progenitors. Thus, 282 

while LMPPs were not fully lineage-committed, some CLPs exhibited gene and 283 

surface protein patterns similar to pDC-primed CD115- CDPs and pDCs, 284 

possibly representing the earliest pDC progenitors.  285 

 286 

Expression of Ly6D, IL-7Rα and Sca-1 marks early pDC-progenitors 287 

We then analyzed BM by CyTOF and visualized the data using UMAP24, 30 to 288 

identify additional markers and differentiation relationships of pDC-committed 289 

progenitors in the BM. UMAP identified several clusters of polymorphonuclear 290 

leukocytes (PMNs), myeloid and lymphoid cells within the CD45+ BM fraction 291 

(Fig. 4a, Supplementary Fig. 4a). Next, we extracted hematopoietic 292 

progenitors (e.g. LMPPs, CMPs, CLPs, CDPs, pre-DCs), cDCs and pDCs from 293 

this first UMAP analysis and re-ran UMAP on only these cells. We then overlaid 294 

classically-gated progenitors, cDCs and pDCs onto the unbiased UMAP 295 

clusters mapping cDC and pDC differentiation paths. The UMAP-suggested 296 

pDC pathway indicated LMPPs clustered with CD115- CDPs  and close to 297 

CLPs, which in turn were in close proximity to Ly6D+CD81intIL-7Rα+SiglecH+ 298 

pre-pDCs/pDCs (Fig. 4b), indicating that the surface marker profile commonly 299 

used to distinguish CLPs and CD115- CDPs was highly overlapping, preventing 300 
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their clear separation (Fig. 4a,b). Some cells within the CLP cluster expressed 301 

SiglecH and BST2 (Fig. 4b,c), indicating that this cluster was a mixture of 302 

classic CLPs and pre-pDCs. To identify the phenotypical continuum of pDC 303 

differentiation, we mapped all 31 surface markers onto the extracted clusters 304 

and identified Ly6D, IL-7Rα and Sca-1 as pre-pDC-/pDC-pathway specific 305 

markers (Fig. 4b). CD86 was upregulated from LMPPs to pre-pDCs, while 306 

CCR9, CD8α, MHCII, PDL-1, B220 and BST2 expression was restricted to fully-307 

differentiated pDCs (Fig. 4b).  308 

In humans, CD2 expression was reported to distinguish pDC subsets31, 32, while 309 

in hCD2-iCre+/-R26-stop-EYFP+/- reporter mice, in which every cell expressing 310 

Cd2 will be irreversibly labeled with YFP, CD2 was expressed by all splenic 311 

pDCs33. UMAP revealed that CD2 was increasingly expressed from the LMPP 312 

to pDC stages (Fig. 4b,c). Trajectory analysis of marker progression during 313 

pDC development confirmed that IL-7Rα predominantly marked early Ly6D+ 314 

pre-pDCs within CLPs, while Ly6D, CD2, SiglecH, B220 and BST2 expression 315 

increased during pDC differentiation (Fig. 4c). cDC1 and cDC2 differentiated 316 

from LMPPs through CD115+ CDPs, marked by the upregulation of CD11c, 317 

MHCII, CD11b or CD8, but not Ly6D, CD2 or SiglecH (Fig. 4d). Thus, UMAP 318 

identified cDC- or pDC specific differentiation pathways from LMPPs, indicating 319 

that pDCs differentiated from a CD115- CLP-like pre-pDC progenitor, 320 

characterized by the expression of Ly6D, IL-7Rα, Sca-1 and CD2. 321 

 322 

CD115- CDPs and Ly6D+ CLPs give rise to pDCs in vitro 323 

To compare the developmental potential of CD115- CDPs, CD115+ CDPs and 324 

CLPs, and their corresponding identified pDC-primed fractions, we cultured 325 
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index-sorted (recording their Ly6D, IL-7Rα, CD81, CD117, CD135 and/or 326 

CD11c, MHCII, CD115, CD90, Sca-1 or SiglecH expression profile for 327 

subsequent analysis) single CD115- CDPs, CD115+ CDPs and CLPs from the 328 

BM of wild-type C57BL/6 mice on irradiated OP9 stromal cells in 96-well plates 329 

for 5 - 7 days with Flt3L. On day 5, most of the single CD115+ CDPs seeded 330 

(40% of clones) had differentiated into cDCs, while most of the single CD115- 331 

CDPs seeded became pDCs (30% of clones) (Fig. 5a). tSNE analysis34 of the 332 

indexed markers followed by plotting the pDC vs. cDC progeny of each clone 333 

onto the tSNE plot identified two major clusters: cluster 1, comprised mostly of 334 

pDC-primed CD115- CDPs (14 pDC-primed clones), and cluster 2, comprised 335 

mostly of cDC-primed CD115+ CDPs (19 cDC-primed clones) (Fig. 5b). 336 

Surface marker analysis indicated that Ly6DhiFlt3+IL-7Rα+CD81intCD115- 337 

CDPs gave rise to pDCs, whereas Ly6D-Flt3+IL-7Rα-CD81+CD115+ CDPs gave 338 

rise to cDCs (Fig. 5c). More Ly6D+CD115- CDP clones (9) than Ly6D-CD115- 339 

CDP clones (5) differentiated into pDCs (Supplementary Fig. 5a). Most CLP 340 

clones differentiated into pDCs, few into cDCs (112 and 15 clones respectively; 341 

day 7) (Fig. 5d, Supplementary Fig. 5b). tSNE analysis, overlaying the pDC 342 

or cDC progeny information, revealed two distinct clusters of CLPs: cluster 1, a 343 

dominant pDC cluster (72 pDC-primed clones), and cluster 2, containing clones 344 

that gave rise to pDCs and cDCs (38 pDC- and 11 cDC-primed clones) (Fig. 345 

5e). Surface marker analyses revealed that cluster 2 comprised of CD81hi 346 

CLPs, and cluster 1 comprised of Ly6D+Flt3+IL-7Rα+SiglecH+ cells (Fig. 5f). 347 

Thus, while cDCs developed from Ly6D-Flt3+IL-7Rα-CD81+CD115+ CDPs, 348 

pDCs developed from Ly6DhiFlt3+IL-7Rα+CD81intCD115-SiglecH+ BM 349 

progenitors. 350 
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 351 

Ly6D+ lymphoid progenitors give rise to pDCs in vivo 352 

Next, we sorted various progenitors (Supplementary Table 4) from the BM of 353 

CD45.2+ mice, and performed adoptive transfer into non-irradiated CD45.1+ 354 

mice to assess their progeny in blood, spleen, BM or thymus 3, 7 and 14 days 355 

later. LMPPs showed multi-lineage potential, yielding cDCs, pDCs (BM, 356 

spleen), and lymphocytes (e.g. thymus CD3+ T cells, spleen CD49b+ NK cells) 357 

on all days analyzed (Fig. 5g,h and Supplementary Fig. 5c-f), whereas 358 

transferred GMPs and CMPs differentiated into CD11b+Ly6Ghi neutrophils 359 

(mostly in blood) (Supplementary Fig. 5e). CD115+ CDPs differentiated into 360 

cDCs in the BM and spleen (day 3 to 14); Ly6D+ CLPs, Ly6D+CD115- CDPs, 361 

Ly6D+ pre-pDCs and Ly6D+ pre-cDCs, preferentially differentiated into pDCs 362 

(day 3 to 7) (Fig. 5g,h and  Supplementary Fig. 5c). Ly6D- CLPs, Ly6D-363 

CD115- CDPs and Ly6D- pre-pDCs gave rise to CD49b+ NK cells, Ly6D- CLPs 364 

to CD3+ T cells, but not to Lin-CD90+ ILCs  (spleen and thymus, day 7) in our 365 

analyses (Supplementary Fig. 5d). Ly6D+ CLPs  also differentiated into CD19+ 366 

B cells, while Ly6D+CD115- CDPs, Ly6D+ pre-pDCs and Ly6D+ pre-cDCs 367 

predominantly gave rise to pDCs in the spleen (day 7) (Supplementary Fig. 368 

5f). These data indicated that Ly6D+CD115- CDPs and Ly6D+ pre-pDCs were 369 

pDC-committed progenitors in vivo. 370 

 371 

Expression of CD2 distinguishes pDC- from cDC progenitors 372 

As CD2, a lymphoid lineage marker33, was expressed on pre-pDCs and pDCs 373 

(Fig. 4b-d), we used the hCD2-iCre+/-R26-stop-EYFP+/- fate reporter mice 374 

(hereafter named hCD2CreRosaYFP) in which cells that have expressed hCD2 375 
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become YFP+, hypothesizing that CD2 expression might trace the pDC lineage. 376 

In the BM, 4-5% of LMPPs, 33% of CD115- CDPs, 45% of CLPs, 75% of 377 

SiglecH+Ly6C- pDC-primed pre-DCs and 98% of pDCs. Importantly only 3% of 378 

CD115+ CDPs and 7% of cDCs were YFP+ (Fig. 6a), indicating that CD2/YFP 379 

labeled mostly SiglecH+IL-7Rα+CD115- pDC-primed progenitors. Although 380 

such hCD2 fate-mapping likely rules out a myeloid heritage of pDCs, since 381 

myeloid progenitors were not labeled, we cannot formally exclude that 382 

unlabeled progenitors not characterized here, might contribute to the pDC pool.  383 

 384 

Next, we analyzed YFP expression of CD115- CDP, CD115+ CDP and CLP 385 

subpopulations, defined before, in the BM of hCD2CreRosaYFP mice. 386 

Approximately 60% of Ly6D+CD81- CD115- CDPs were YFP+ (14% of CD115+ 387 

CDPs), 70% of Ly6D+CD81+ CD115- CDPs were YFP+ (17% of CD115+ CDP), 388 

compared to ~15% of Ly6D-CD81+/- CD115- CDPs YFP+ cells (Fig. 6b,c).  389 

Accordingly, 15% of Ly6D+ CLPs but only 5% of Ly6D- CLPs were YFP+ (Fig. 390 

6d,e), suggesting that the co-expression of CD2 and Ly6D might correlate with 391 

a pDC fate.  Thus, we applied UMAP to multicolor flow cytometry data of the 392 

BM of hCD2CreRosaYFP mice, analyzing the CD2/YFP continuum among 393 

clusters of BM progenitors, cDCs and pDCs (Fig. 6f). We identified pDCs, 394 

CD115- CDPs, CLPs, cDCs and pre-DCs, but no LMPPs, MDPs, or CMPs 395 

within the YFP+ clusters (Fig. 6f), indicating that YFP expression faithfully 396 

mapped the differentiation continuum from CLPs to pDCs. Furthermore, Lin-397 

Flt3+B220+CD43+CD93+CXCR4+IL-7Rα+CD117loCD24loYFP+ pre-pro-B cells 398 

mapped close to CLPs, overlapping with Ly6D+ pre-pDCs (Fig. 6f), suggesting 399 
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that the pre-pro-B cell fraction may contain pre-pDCs, due to shared surface 400 

markers on both subsets.  401 

 402 

PDCs and B cells share a common Ly6D+ progenitor 403 

Analysing the putative shared heritage between pDCs and B cells, we found 404 

the pre-pDC signature genes Ly6d, Tsc22d1 and Siglech expressed in both, 405 

wild-type BM pre-pro B cells and CLPs (Fig. 6g; Supplementary Fig. 6a-e and 406 

Supplementary Table 1). However, Ccl4, Il12a and Cd27 were exclusively 407 

expressed in pre-pDC-primed CLPs, while Irf8, Cd74 or Cd72 were exclusively 408 

expressed in pre-pDC-primed pre-pro B cells (Fig. 6g). Almost 97% of pre-pro 409 

B cells were enriched for pre-pDC signature genes (Fig. 6h), expressed Ly6d, 410 

but not Cd81 (Fig. 6i), indicative of the co-expression of a lymphoid gene core 411 

network in pre-pDCs and pre-pro B cells, likely reflecting a common origin from 412 

CLPs. Flow cytometry analyses revealed Ly6D to be up-regulated during 413 

differentiation from CLPs to SiglecH+ pre-pDCs to pDCs, and from CLPs to pre-414 

pro B cells to B cells, whereas CD81, required for the expression of the BCR 415 

co-receptor CD1935, 36, was only up-regulated during later B cell differentiation 416 

(Fig. 6j). PDCs were previously reported to express Rag117, however, we found 417 

CLPs and pre-pro B cells, but not pDCs, to express Rag1 mRNA 418 

(Supplementary Fig. 6f). Altogether, this data suggested a shared Ly6D+ CLP 419 

origin for pDCs and B cells, in agreement with a recent report19.  420 

 421 

BM trajectory analyses reveal lymphoid differentiation of pDCs 422 

Profiling of over 60,385 wild-type mouse BM cells using MARS-seq37 has 423 

provided an unbiased hematopoietic reference map (HMap hereafter)38. 424 
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Analysing this HMap, we found myeloid development trajectories consisted of 425 

8,395 cells over 36 clusters (Fig. 7a, Supplementary Fig. 7a). Projecting our 426 

own scRNA-seq LMPP-, CLP-, CD115- CDP-, CD115+ CDP-, MDP-, GMP-, 427 

cMoP-, pre-DCs-, and pDC population signatures onto HMap, identified 428 

multiple clusters based on their transcriptional signatures, with enrichment of 429 

Siglech, Bst2 and Ly6d in the pDC cluster (Fig. 7b). Overlaying pre-pDC and 430 

pre-cDC gene signatures onto HMap separated pre-pDC- and pre-cDC-primed 431 

BM progenitor cells (Fig. 7c). PDC-signatures overlapped with a differentiation 432 

pathway along LMPPs (cluster 1), CLPs, CD115- CDPs towards pDCs (cluster 433 

7); cDC-signatures overlapped with a differentiation pathway along LMPPs 434 

(cluster 1), MDPs, CD115+ CDPs towards cDCs (cluster 8) (Fig. 7d). Applying 435 

Slingshot39, which aligns cells from a set start- to a set end-cluster along 436 

differentiation trajectories, to the HMap identified distinct differentiation paths 437 

from LMPPs: to monocytes, to pDCs or to cDCs (Fig. 7e). Pseudo-time analysis 438 

identified the transcriptional modules of several genes along LMPP to pDC 439 

differentiation paths: Cd81, Il12a, Tcf4, Spib, Il7r, Ly6d or Siglech 440 

(Supplementary Fig. 7b), confirming these as pDC-lineage specific genes, in 441 

agreement with our results. Projection of sorted single LMPPs, CLPs, CD115- 442 

CDPs, CD115+ CDPs, MDPs, pre-DCs and pDCs onto this LMPP to pDC 443 

trajectory corroborated these transcriptional modules, indicating the enrichment 444 

of Ly6d and Il7r in pre-pDCs and the constant upregulation of Tcf4, Bst2, Spib 445 

and Siglech along the pDC trajectory (Fig. 7f). Thus, mapping our own single-446 

cell data sets onto HMap confirmed differentiation of pDCs from LMPPs to 447 

Ly6D+ CLP-like cells (historically categorized as CD115- CDPs, which we re-448 
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name pro-pDCs), to Ly6D+IL7R+Flt3+SiglecH+CD81intCD115- pre-pDCs 449 

(Supplementary Fig. 7c,d). 450 

 451 

 452 

Discussion 453 

Here, using scRNA-seq, mass and flow cytometry we showed that pDCs 454 

developed from Ly6D+CD81+ lymphoid but not myeloid progenitors. 455 

Differentiation of early pDC-committed precursors towards pDCs was marked 456 

by continuous expression of Ly6D, CD2, SiglecH and BST2. 457 

 458 

In vitro studies reported pDC emergence from diverse DC precursors, including 459 

MDPs39, CD115+ CDPs14, 40 and pre-DCs22. Conversely, murine and human 460 

pDCs were reported to convert into cDCs upon stimulation, suggesting they 461 

were a type of DC precursor28, 41, 42. Our data suggested rather that any 462 

apparent potential of cDCs in pDC cultures, or of pDCs in cDC cultures resulted 463 

from contaminating cDC- or pDC precursors present in these cultures as we 464 

detected pDC-primed Ly6D+ pDC progenitors in every conventionally-defined 465 

cDC progenitor population. SiglecH+ pre-DCs, although previously shown to 466 

produce pDCs and cDCs22, were highly primed with pDC- and pre-pDC gene 467 

signatures; highlighting that conventionally-defined pre-DCs contained a 468 

distinct sub-population of SiglecH+ pre-pDCs. Here,  single-cell analysis 469 

allowed the identification of pre-pDCs as 470 

SiglecH+Ly6D+CD2+IL7R+CD81intCD115- cells, facilitating future separation of 471 

pre-pDC- and pre-cDC-primed progenitors,  472 

 473 
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Apparently-contradictory evidence was reported for both a myeloid14, 39, 40 and 474 

lymphoid17, 43 origin of pDCs, with priming occurring as early as the LMPP 475 

stage13. However, the earliest pDC-priming we detected was at the CLP stage, 476 

a progenitor for T-, B-, NK cell and ILC lineages44, with a significant proportion 477 

of CLPs expressing pre-pDC transcriptional signatures. We identified that 478 

Ly6D+ CLPs had strong pDC potential, in line with the continuous expression 479 

of Ly6D from pre-pDCs to pDCs.  480 

 481 

Consistent with reports that Ly6D+ CLPs are B cell-committed progenitors45, 482 

our UMAP cluster analysis indicated an overlap of surface markers expressed 483 

on pre-pro-B cells and pre-pDCs. We found that both lineages were separated 484 

by the upregulation of SiglecH on pre-pDCs or of CD81 during B cell 485 

differentiation. The close developmental relationship between pDCs and B 486 

cells, and therefore the presence of undetected B cell progenitors within the 487 

pDC population, might provide an explanation for reports of Rag1 expression 488 

and IgH rearrangement in pDCs and pDC progenitors17. Previously, Rag1hi 489 

CLPs have been defined as B cell-committed progenitors and Rag1lo CLPs as 490 

pDC-committed progenitors19, 46, 47. We confirmed expression of Rag1 in CLPs 491 

and pre-pro B cells, but not in BM pDCs. As such, while all CLPs express Rag 492 

genes, pDC-committed CLPs down-regulated Rag1, suggesting that 493 

expression of Rag1 in pDCs might be a corollary of their lymphoid origin.   494 

 495 

Two differentiation pathways for pDCs were recently described20: a major, CLP-496 

derived pathway, consistent with our observations that pDCs differentiated from 497 

an IL-7Rα+Ly6D+ lymphoid progenitor, and a minor, CDP-derived myeloid 498 
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differentiation pathway20. In this study lymphoid-derived and myeloid-derived 499 

pDCs possessed different functional properties, including antigen-presentation 500 

for the latter, a classic cDC feature. Here, we showed that pDCs solely 501 

differentiated from lymphoid progenitors and that previously-shown myeloid 502 

contribution to the pDC pool is likely due to contamination of myeloid 503 

progenitors with pre-pDCs due to a lack of full resolution in previously used flow 504 

cytometry gating strategies. Additionally, we analyzed a wide range of early 505 

(LMPPs), intermediate (CMPs, CDPs), and late (pre-cDC, pre-pDC) 506 

progenitors, mature pDCs and cDCs providing comprehensive insights into 507 

pDC ontogeny and progenitor-lineage commitment, adding further evidence for 508 

the lymphoid origin of pDCs.  509 

 510 

We propose that pDCs arise from an IL-7Rα+Ly6D+CD115- CLP-like stage, 511 

phenotypically similar and in a transcriptional continuum with the historically-512 

defined CD115- CDPs, characterized by upregulation of SiglecH and BST2 513 

during differentiation, that we name pro-pDCs. Additionally, as there is no 514 

“common DC precursor” giving rise to pDCs and cDCs, we propose that CDP 515 

should stand for “conventional DC precursor”. In addition, similarly to ILCs, 516 

pDCs are dependent on Flt3-Flt3L48, provoking the idea that pDCs could be a 517 

subset of innate, IFN-I-producing lymphoid cells. If that would be the case, a 518 

change of designation from pDCs to pILCs might be in order.  519 

 520 

 521 

 522 

 523 
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 524 

 525 

 526 

 527 

Contact for Reagent and Resource Sharing 528 

Further information and requests for reagents may be directed to and will be 529 

fulfilled by Lead Contact Florent Ginhoux (Florent_Ginhoux@Immunol.a-star-530 

edu.sg). 531 
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 552 

Methods 553 

Mice 554 

C57BL/6 mice (CD45.1 and CD45.2) were from the Biological Resource 555 

Center, Agency for Science, Technology and Research, Singapore. The 556 

fluorescent ubiquitination-based cell cycle indicator (Fucci-492) mice were from 557 

the Riken BioResource Center (Ibaraki, Japan). hCD2-iCre mice were from the 558 

Jackson Laboratory. Rosa-LSL-YFP mice were provided by Jean-Pierre 559 

Abastado, Singapore Immunology Network, Singapore. All mice were bred and 560 

maintained in the Singapore Immunology Network animal facility before use at 561 

7-12 weeks of age. All experiments and procedures were approved by the 562 

Institutional Animal Care and Use Committee of the Biological Resource Center 563 

(Agency for Science, Technology and Research, Singapore) in accordance with 564 

the guidelines of the Agri-Food and Veterinary Authority and the National 565 

Advisory Committee for Laboratory Animal Research of Singapore (ICUAC No. 566 

151071).  567 

 568 

Tissue Preparation and Data Analysis for Flow Cytometry and Cell Sorting 569 

Bone marrow (BM) cells were isolated from mouse femurs and tibias by flushing 570 

using a 25-gauge needle with PBS containing 2 mM EDTA and 0.5 % bovine 571 

serum albumin (BSA). Blood was collected from the facial vein directly into PBS 572 

+ 10 mM EDTA, spleen and thymus were harvest and stored in PBS on ice till 573 
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further use. Spleen and thymus were transferred into RPMI containing DNaseI 574 

and collagenase, disrupted using tweezers, and digested for 30 min at 37 °C. 575 

Digest was stopped by adding PBS + 10 mM EDTA and cell suspensions were 576 

transferred into a fresh tube over a 70 μm nylon mesh sieve. Red blood cells 577 

then were lysed using RBC lysis buffer (eBioscienceTM), and single-cell 578 

suspensions were passed through a 70 μm nylon mesh sieve before further 579 

use. Cells were then used for flow cytometry analysis or for sorting of specific 580 

progenitor populations. Antibodies for flow cytometry were purchased from BD, 581 

Biolegend, or eBioscience (for details see Supplementary Table 4). For multi-582 

parameter analysis or cell sorting, non-specific antibody binding was prevented 583 

by pre-incubating cells with either purified anti-CD16/32 (Fc-block, clone 2.4G2, 584 

BD Biosciences) or n-rat and n-mouse serum (both from Sigma). BM-progenitor 585 

and myeloid cells were identified by labelling with fluorochrome- or biotin-586 

conjugated monoclonal antibodies (mAbs) to mouse CD11b (M1/70), CD11c 587 

(N418), CD16/32 (93), CD34 (SA376A4), CD45 (30F11), CD45.1 (A20), 588 

CD45.2 (104), CD69 (HI.2F3), CD81 (EAT2), CD90.1/Thy-1 (OX-7), CD115 589 

(AFS98), CD117 (2B8; ACK2), CD127 (SB/199; A7R34), CD135 (A2F10), 590 

CD172α (P84), B220 (RA3-6B2), F4/80 (DM8), I-A/I-E (M5/114.15.2), mPDCA-591 

1/CD317/BST-2 (eBio97), Ly6C (HK1.4), Ly6D (49-H4), Sca-1/Ly6A/E (D7), 592 

and Siglec-H (440c; 551), together with exclusion lineage markers CD3e (145-593 

2C11), CD19 (1D3), CD49b (DX5), and Ly6G (1A8) for mature myeloid cells, 594 

and CD11b (M1/70), and  B220 (RA3-6B2) for progenitor cells. Biotinylated 595 

primary antibodies were detected using either streptavidin-PE-Cy7 (25-4317-596 

82), streptavidin-eFluor650NC (95-4317-42), or streptavidin-eFluor780 (47-597 

4317) (eBioscience). DAPI staining was used to allow identification of cell 598 
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doublets and dead cells, after which LMPP were identified as Lin-c-599 

Kit+CD16/32intCD34+Sca-1+CD127-, CMP as Lin-c-Kit+CD16/32intCD34+Sca-1-600 

CD127-, GMP as Lin-c-Kit+CD16/32hiCD34+Sca-1-, CLP as Lin-c-Kit 601 

loCD127+CD34+Sca-1loFlt3+Thy-1-, MDP as Lin-CD11c-MHCII-Flt3+c-602 

Kit+CD115+, CDP as Lin-CD11c-MHCII-Flt3+c-KitintCD115+ or Lin-CD11c-MHCII-603 

Flt3+c-KitintCD115-, pre-DC as Lin-CD11c+MHCII-Flt3+CD172αlo that were either 604 

SiglecH+/- or Ly6C+/-, pre-pDCs as Lin-CD11c-MHCII-Flt3+c-KitintCD115-605 

Ly6D+CD81+SiglecH+IL7Rα+, pre-pro B cells as Lin-606 

Flt3+B220+CD43+CD93+CXCR4+IL7R+CD117loCD24lo, cDC as Lin-607 

CD11c+MHCII+B220-SiglecH- cells, and BM pDC as LIN-CD11b-608 

CD11cintSiglecH+B220+mPDCA-1+ cells. Annexin V staining was performed 609 

following the manufacturer’s instructions (BD Bioscience). Flow cytometry 610 

acquisition was performed on a 5-laser BD LSR II (BD) or a BD FACSymphony 611 

using FACSDiva software, and data subsequently analyzed with FlowJo 612 

software (Tree Star). Sorting of BM progenitor subsets was performed using a 613 

BD ARIAII (BD). 614 

 615 

Mass Cytometry by Time Of Flight (CyTOF) 616 

Purified and fluorochrome- or biotin-conjugated antibodies were obtained from 617 

BD Biosciences, Biolegend and eBioscience. Antibodies were conjugated using 618 

MAXPAR® DN3 antibody labeling kits (Fluidigm) according to manufacturer’s 619 

instructions. BM cells were seeded into a 96-well round bottom plate at a 620 

density of 5-6 × 106 cells per well and their viability assessed by staining with 621 

100 μL of 50 μM of cisplatin (Sigma-Aldrich) for 5 minutes at 4 °C. Cells were 622 

washed with staining buffer (4 % FBS, 0.05 % sodium azide in 1X PBS) and 623 
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incubated with anti-CD34-APC, anti-Ly6D-FITC, anti-CD81-PE and anti-Flt3-624 

biotin (mouse panel) in a 50 μL reaction volume for 30 minutes at 4 °C. Cells 625 

were then labelled with 50 μL of metal isotope-conjugated surface antibodies 626 

for 30 minutes (see KR Table) on ice before washing twice with staining buffer, 627 

once with PBS, and then fixing in 2 % paraformaldehyde (PFA) (Electron 628 

Microscopy Sciences) in PBS at 4 °C overnight. Following this, cells were 629 

pelleted and re-suspended in 200 μL 1X permeabilization buffer (Biolegend) 630 

and allowed to stand for 5 minutes on ice. Cells were then washed once with 631 

PBS and incubated with cellular barcodes on ice for 30 minutes as previously 632 

described49, followed by one wash with permeabilisation buffer, and suspension 633 

in staining buffer for 10 minutes on ice. Cellular DNA was labeled at room 634 

temperature with 250 nM iridium intercalator (Fluidigm) in 2 % PFA/PBS for 20 635 

minutes. Subsequently, cells were washed twice with staining buffer and prior 636 

to acquisition, washed twice with water, before final re-suspension in water. 637 

Cells were pooled from all samples, enumerated, filtered and diluted to a final 638 

concentration of 0.6 × 106 cells/mL. Mass-tag barcoding was used so that all 639 

samples could be acquired simultaneously. EQ Four Element Calibration 640 

Beads (Fluidigm) were added to the pooled samples at a final concentration of 641 

1 % prior to acquisition. Samples were acquired on a CyTOF2 (Fluidigm) 642 

equipped with a Super Sampler fluidic system (Victorian Airship & Scientific 643 

Apparatus LLC) at an event rate of < 500 events per second. After mass 644 

cytometry acquisition, data were exported in flow-cytometry (FCS) file format, 645 

normalized, and events with parameters having zero values were randomized 646 

using a uniform distribution of values between minus-one and zero. Each 647 

sample containing a unique combination of two metal barcodes was de-648 
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convoluted by Boolean gating using FlowJo software (Tree Star). 649 

Subsequently, manual gating was used to exclude residual beads, debris and 650 

dead cells. BM CD45+ cells were gated using Flowjo, and exported as FCS 651 

files.  652 

In vitro development assay for CDP populations 653 

Isolated BM cells were enriched for CD135+ cells, and CDP populations were 654 

sorted. 2 - 4 × 105 sorted CDP were seeded into 24-well plates (or 5 × 103 – 1 655 

× 104 seeded into 96-well plates) and cultured in complete RPMI 1640 medium 656 

supplemented with 10 % FCS, 0.5 % β-mercaptoethanol (Sigma-Aldrich), and 657 

5 % penicillin-streptomycin (Life Technologies). For the induction of DC 658 

development 100 ng/ml of recombinant human Flt3-L was added after cells 659 

were seeded. Progeny were phenotypically assessed by flow cytometry on day 660 

7 of culture. 661 

 662 

Single-cell clonal assay of pre-pDC subsets 663 

Irradiated OP9 stromal feeder cells were seeded into 96-well plates at a density 664 

of 2 - 3 × 103 cells/well. Single CLPs or single CD115- CDPs or single CD115+ 665 

CDPs were directly sorted onto the OP9 feeder cell layer in each well and cells 666 

were co-cultured for 5 or 7 days in complete RPMI 1640 supplemented with 10 667 

% FCS, 0.5 % β-mercaptoethanol (Sigma-Aldrich), 5 % penicillin-streptomycin 668 

(Life Technologies) and 100 ng/ml of recombinant human Flt3L. Progeny of the 669 

single pre-pDCs were analyzed for surface molecule expression patterns by 670 

flow cytometry using a MACSQuant Analyser. 671 

 672 

Intravenous transfer of BM progenitors 673 
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1 x 104 to 3 x 105 CD45.2+ BM progenitors (LMPPs, CMPs, GMPs, Ly6D- CLPs, 674 

Ly6D+ CLPs, CD115+ CDPs, Ly6D-CD115- CDPs, Ly6D+CD115- CDPs, Ly6D+ 675 

pre-DCs, Ly6D- pre-pDCs or Ly6D+ pre-pDCs) suspended in PBS were 676 

transferred intravenously (retro-orbital) into CD45.1+ mice. At 3, 7 or 14 days 677 

after cell transfer blood, BM, spleen and thymus were collected and analyzed 678 

by flow cytometry to establish the phenotype of the CD45.2+ progeny of the 679 

transferred progenitor populations.  680 

 681 

Single-cell capture and library preparation for RNA sequencing 682 

Cell populations isolated by flow cytometry (CLPs, GMPs, and pre-pro-B cells) 683 

were diluted to a final concentration range of –270 - 300 cells per μl and were 684 

loaded onto C1 integrated fluidic circuits IFC (5- to 10-μm chip) for cell lysis, 685 

reverse transcription with oligo (dT) primers and amplification of cDNA on a C1 686 

Single-cell Auto Prep System according to the mRNA-seq protocol of the 687 

manufacturer (Fluidigm). Array control RNA spikes were used (1, 4, and 7) (PN 688 

AM1781; Ambion) as instructed in the mRNA-sequencing protocol of the 689 

manufacturer (Fluidigm). The amount of cDNA generated from single cells was 690 

quantified with a Quant-iT PicoGreen dsDNA Assay Kit (PN P11496; Life 691 

Technologies), and quality was checked with DNA High Sensitivity Reagent Kit 692 

(PN CLS760672; Perkin Elmer) on the Perkin Elmer Labchip GX (Perkin Elmer) 693 

Only cells with high-quality cDNA were processed for subsequent library 694 

preparation. A Nextera_XT Kit (PN FC-131-1096; Illumina) with dual indices 695 

(PN FC-131-1002; Illumina) was used for preparation of single-cell multiplexed 696 

libraries, which were sequenced as 51-bp single-end reads on the Illumina 697 
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HiSeq 2000 platform. ‘Reads’ were mapped to the referene genome mm9 698 

(NCBI assembly on the mouse genome). 699 

 700 

 701 

 702 

Single-cell mRNA-sequencing data analysis 703 

Raw reads were aligned to the mouse reference genome GRCm38 from 704 

GENCODE using RSEM program version 1.2.19 with default parameters. Gene 705 

expression values in transcripts per million (TPM) were calculated using the 706 

RSEM program and the mouse GENCODE annotation version 4. Downstream 707 

PCA, tSNE, clustering and differential expression analyses were performed 708 

using Seurat R package on TPM values. The Uniform Manifold Approximation 709 

and Projection (UMAP)24 dimension reduction method was used to aggregate 710 

cells into subpopulations while retaining the relationship between 711 

subpopulations. Developmental trajectories were defined using the Mpath 712 

algorithm25, which constructs multibranching cell lineages and reorders 713 

individual cells along the branches. In the analysis of the Smart-seq2 single-714 

cell transcriptomic data, we first calculated the centroid and used it as a 715 

landmark to represent a canonical cell population; subsequently, for each 716 

single-cell, Mpath calculated its Euclidean distance to all the landmarks, and 717 

identified the two nearest landmarks. Each individual cell was thus assigned to 718 

the neighborhood of its two nearest landmarks. For every pair of landmarks, 719 

Mpath then counted the number of cells that were assigned to the 720 

neighborhood, and used the determined cell counts to estimate the possibility 721 

of the transition between landmarks to be true. A high cell count implied a high 722 
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possibility that the transition was valid. Mpath then constructed a weighted 723 

neighbourhood network whereby nodes represented landmarks, edges 724 

represented a putative transition between landmarks, and numbers allocated 725 

to the edges represented the cell-count support for the transition. Given that 726 

single-cell transcriptomic data tend to be noisy, edges with low cell-count 727 

support were considered likely artefacts. Mpath therefore removed the edges 728 

with low cell count support. n represents cell count on the edge, and –n 729 

represents the distance between nodes. By applying a minimum spanning tree 730 

algorithm, Mpath finds the shortest path that connects all nodes with the 731 

minimum sum of distance. Mpath was then used to project the individual cells 732 

onto the edge connecting its two nearest landmarks, and assigned a pseudo-733 

time based on the projection position. 734 

 735 

NBOR analysis 736 

We first identify pDC primed progenitor cells via CMap analysis using 737 

SiglecH+Ly6C- pre-DC (pre-pDC) versus Ly6C+SiglecH- pre-DC (pre-cDC) 738 

DEGs. Subsequently we identified cell cycle genes by Gene Ontology term 739 

GO:0007049 and excluded them. The expression of non-cell-cycle genes of 740 

pDC-primed progenitor cells were then subject to NBOR analysis22. NBOR 741 

analysis uses the centroid of pDC primed progenitor cells at each stage of 742 

LMPP, CLP, CDP and pre-DC as developmental landmarks. Based on the 743 

distance of individual cells to landmarks, NBOR re-orders the cells along the 744 

path connecting two consecutive landmarks and the re-ordering represent a 745 

pseudo time of pDC priming and development. NBOR then identified genes that 746 

changed expression profile along the pseudo time and grouped these genes 747 
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into clusters. Pathways significantly enriched by genes from each cluster were 748 

identified by using Ingenuity Pathway Analysis (IPA) software 749 

 750 

CMap analysis 751 

CMap analysis is an extension of the gene-set–enrichment analysis algorithm 752 

(provided by the Broad Institute) in which 'enrichment' of a gene set (signature 753 

genes) in another gene set can be measured. CMap scores are scaled 754 

dimensionless quantities that indicate the degree of enrichment or 'closeness' 755 

of one assessed cell subset to another. cDC and pDC signature genes22 were 756 

used as signature genes for the respective populations for CMap analysis of 757 

each single cell. The 'enrichment' of gene sets was tested with 1,000 758 

permutations. Cells whose gene-expression profile was significantly correlated 759 

with those of signature genes were selected by a P value of <0.05 after 1,000 760 

permutations. CMap scores were scaled to a range –1 to 1. Cells with positive 761 

CMap score are correlated with pDCs; cells with negative CMap scores are 762 

correlated with cDCs. Similarly, signature genes of pDC-primed SiglecH+Ly6C- 763 

or cDC-primed Ly6C+ SiglecH- pre-DC subsets were used to identify pDC and 764 

cDC subset–primed cells at the CDP stage and signature genes of pDC-primed 765 

CD115- CDP and cDC-primed CD115+ CDP were used to identify pDC and 766 

cDC subset–primed cells at early hematopoietic progenitor stages.  767 

 768 

Myeloid reference map 769 

Construction of the myeloid progenitors reference models was done by the 770 

MetaCell package as previously described. The Metacell pipeline was used to 771 

derive informative genes and compute cell-to-cell similarity, to compute K-nn 772 

graph covers and derive distribution of RNA in cohesive groups of cells (or 773 



 
 

32 

meta-cells), and to derive strongly separated clusters using bootstrap analysis 774 

and computation of graph covers on resampled data. The myeloid progenitor 775 

dataset was extracted from cells sorted from three sorting strategies enriching 776 

for cKit and depleting different groups of lineage markers. Cells were filtered for 777 

high expression of gene sets of the following excluded non-myeloid lineages: 778 

ILC (Ccl5), Megakaryocytes (Pf4), erythrocytes (Car1 and Hba-a2), basophils 779 

(Prss34) and Eosinophils (Prg2), and B cells (Vpreb1). This resulted in filtering 780 

4,886 cells and retaining 11,960 cells for further analysis. The myeloid dataset 781 

was analyzed by MetaCell with bootstrap. Clusters featuring high mean levels 782 

of excluded lineage genes were further removed from the dataset (Prss34, 783 

Prg2, Mcpt8, Vpreb1, Vpreb3, Car1, Mt2, Klf1, Ccl5, Pf4, Apoe and Cd79b), 784 

providing additional filtering and retaining for analysis a total of 36 clusters and 785 

8,395 cells. 786 

 787 

Projection of sorted cells 788 

To project the 835 cells sorted from different progenitor gates onto the myeloid 789 

reference model, we extracted for each new cell the 50 reference cells with top 790 

Pearson correlation over the normalized gene features defined for the 791 

reference model. The distribution of cluster memberships over these K-792 

neighbors was used to associate the new cell with a reference meta-cell (by 793 

majority voting) and to project the cell in 2D by weighted average of the linked 794 

reference clusters’ mapped x and y coordinates.  795 

 796 

Slingshot analysis 797 
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To infer trajectories and align cells along developmental pseudotime, we used 798 

the published package Slingshot50. In short, Slingshot is a tool that uses pre-799 

existing clusters to infer lineage hierarchies (based on minimal spanning tree, 800 

MST) and align cells in each cluster on a pseudotime trajectory. We applied 801 

Slingshot on the reference myeloid model. We chose a set of differential genes 802 

between the clusters (FDR corrected chi-square test, q < 10-3, fold change > 803 

2). We performed PCA on the log transformed UMI, normalized to cell size. We 804 

ran Slingshot on the 10 top principal components, with LMPP (cluster 1.1) as 805 

starting clusters. Slingshot identified 10 different trajectories toward different 806 

subsets of neutrophils, monocytes, CLP, pDC and cDC. To align 835 sorted 807 

cells along the pDC trajectory, we extracted the reference cells that belong to 808 

that trajectory. We extracted for each new cell the K (K=50) reference cells with 809 

top Pearson correlation over the normalized gene features defined for the 810 

reference model. We filtered out all cells with more than 40% K-nearest 811 

neighbors outside the LMPP->pDC trajectory. For each new cell, we assigned 812 

a pseudo-time value as the median pseudo-time value of its K-nearest 813 

neighbors. 814 

 815 

Quantification and Statistical Analysis 816 

Statistical analyses were done using Prism software (Graphpad). Student’s t 817 

test or one-way analysis of variance (ANOVA) with Bonferroni correction were 818 

performed, or Mann-Whitney test, or as indicated in the corresponding figure 819 

legends. P values < 0.05 were considered as statistically significant. 820 

 821 

Reporting Summary 822 
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Further information on research design is available in the Life Sciences 823 

Reporting Summary linked to this article. 824 

 825 

Data Availability 826 

The data that support the findings of this study are available from the 827 

corresponding author upon request. 828 

 829 

 830 

 831 

 832 

 833 

 834 

  835 
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Figure legends 836 

Fig. 1  pre-DC heterogeneity reveals distinct pDC and cDC progenitors. 837 

a Flow cytometry analysis of SiglecH and Ly6C protein expression on the pre-838 

DC population in steady state wild-type mouse BM. Data are representative of 839 

three independent experiments with three mice. b CMap analysis of single 840 

blood pre-DCs, BM pre-DC subsets identified by the expression of SiglecH 841 

and/or Ly6C and pDCs showing their enrichment for pDC or cDC gene sets. 842 

CMap permutation P value <0.05. (c) Number of single cells enriched for pDC 843 

or cDC gene sets within the pre-DC populations and pDCs from b. d UMAP 844 

analysis and e heatmap showing DEGs (upregulated, logFC 0.05) between: 845 

blood pre-DCs, SiglecH-Ly6C-, SiglecH-Ly6C+, SiglecH+Ly6C+, SiglecH+Ly6C- 846 

pre-DCs and pDCs. (f) Mpath analysis of the DEG derived from single cell blood 847 

pre-DCs, BM pre-DC subsets and pDCs. g Comparison of DEGs expressed 848 

between bulk populations of pDC-primed SiglecH+Ly6C- pre-DCs versus 849 

Ly6C+SiglecH- pre-DCs (color bars on the right). Highlighted are top genes 850 

associated with pDC or cDC gene sets. a-g Data are representative for one 851 

experiment with 96 single BM pre-DCs, 16 single blood pre-DCs, 70 single 852 

SiglecH-Ly6C-, 68 single SiglecH-Ly6C+, 70 single SiglecH+Ly6C-, and 45 single 853 

SiglecH+Ly6C+ pre-DCs and 26 single pDCs. (h) Flow cytometry analysis of 854 

protein expression of genes enriched in pDC-primed SiglecH+Ly6C- pre-DCs. 855 

Depicted is the expression of Ly6D and IL-7Rα on all four BM pre-DC subsets 856 

and BM pDCs. Data are representative of three independent experiments with 857 

three mice per group.  858 

 859 

 860 
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Fig. 2 CD115- CDPs are highly primed for pre-pDCs. 861 

a CMap and PC analysis of single BM pre-pDC-primed CD115- CDPs and pre-862 

cDC-primed CD115+ CDPs showing their enrichment for pre-pDC or pre-cDC 863 

gene sets. CMap permutation P value <0.05. b Percentage of single CD115- 864 

CDPs and CD115+ CDPs enriched for pre-pDC- or pre-cDC signature genes. c 865 

Heatmap depicting the expression of pre-pDC-primed DEGs from CD115- 866 

CDPs and pre-cDC-primed DEGs from CD115+ CDPs.d-f mRNA expression 867 

levels of d cell-surface protein-encoding, e chemokine and cytokine, and f 868 

transcription factor genes selected by ANOVA in c in pre-pDC-primed CD115- 869 

CDPs or pre-cDC-primed CD115+ CDPs presented as ‘violin’ plots (height, 870 

gene expression; width, abundance of cells expressing the gene). d-f Asterisks 871 

denote statistical significance **** P < 0.0001, ANOVA followed by multiple-test 872 

correction by the Benjamini-Hochberg method. a-f Data are representative for 873 

one experiment with 96 single BM CD115+ CDPs and 58 single CD115- CDPs. 874 

g Flow cytometry analysis of CD115- and CD115+ CDP populations and their 875 

expression of the surface proteins Ly6D and CD81. Data are representative of 876 

three independent experiments with three mice h Expression of the surface 877 

proteins SiglecH, IL7R, and Ly6C on Ly6D+CD81,-, Ly6D+CD81+, Ly6D-CD81+, 878 

and Ly6D-CD81- CD115- CDPs. Data are representative of three independent 879 

experiments with three mice. i Expression of the surface proteins Ly6C, Ly6D, 880 

CD81, IL7R, and SiglecH, as identified by DEG analyses, on pre-pDC-primed 881 

and pre-cDC primed pre-DCs in comparison with pDCs and cDCs. Data are 882 

representative of three independent experiments with three mice. j 883 

Quantification of the cDC and pDC progeny of cultured Ly6D+/-CD81+/- CDP 884 

populations on day 7 of culture with rh-Flt3L. Mean ± s.e.m. Asterisks denote 885 
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statistical significance * P < 0.05, ** P < 0.01, *** P <0 .001, **** P < 0.0001, 886 

unpaired, two-tailed t-test. Data are representative of three independent 887 

experiments with one replicate per condition (k) Absolute numbers of indicated 888 

CD115- CDP and Ly6D+IL-7Rα+CD81intSiglecH+/-CD115- CDP populations in 889 

the BM.  l Percentage of proliferating cells among CD115- CDP and Ly6D+IL-890 

7Rα+CD81intSiglecH+/-CD115- CDP populations in the BM.  k,l Data are 891 

representative of three independent experiments with three mice.  m  892 

Percentage of apoptotic cells among CD115- CDP and Ly6D+IL-893 

7Rα+CD81intSiglecH+/-CD115- CDP populations in the BM.. Data are 894 

representative of three independent experiments with 5, 5 and 2 mice. 895 

 896 

Fig. 3 Heterogeneity among early progenitors reveals early priming for 897 

pre-cDC versus pre-pDC differentiation. 898 

a CMap analysis of single BM LMPPs, GMPs, CLPs, MDPs, CD115+ CDPs, 899 

CD115- CDPs, pre-DCs and pre-DC subsets and pDCs, showing their 900 

enrichment for pre-pDC or pre-cDC gene sets (as identified in Fig.2). CMap 901 

permutation P value <0.05. b Number and c percentage of single cells enriched 902 

for pre-pDC or pre-cDC gene sets among the early BM progenitor compartment 903 

as identified in a. d Expression of pre-pDC-primed genes with the greatest 904 

difference in expression in each single LMPP, CLP, CDP, pre-DC, and pDC 905 

followed by analysis with the NBOR algorithm, to identify six clusters (left 906 

margin) of genes encoding products in various pathways (on the right). e 907 

Expression of genes in clusters 1-6 (key; defined at right in d across all single 908 

LMPPs, CLPs, CDPs, pre-DCs, and pDCs. f mRNA Expression of Ly6d and 909 

Cd81 in LMPPs, GMPs, CLPs, MDPs, CD115+ CDPs, CD115- CDPs, SiglecH-910 
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Ly6C-, SiglecH-Ly6C+, SiglecH+Ly6C+, SiglecH+Ly6C- pre-DCs and pDCs 911 

presented as ‘violin’ plots (height, gene expression; width, abundance of cells 912 

expressing the gene). a-f Data are representative for one experiment with 63 913 

single LMPPs, 51 single GMPs, 48 single CLPs, 59 single MDPs, 96 single 914 

CD115+ CDPs, 58 single CD115- CDPs, 96 single BM pre-DCs, 16 single blood 915 

pre-DCs 70 single SiglecH-Ly6C-, 68 single SiglecH-Ly6C+, 70 single 916 

SiglecH+Ly6C-, and 45 single SiglecH+Ly6C+ pre-DCs and 26 single pDCs. g 917 

Flow cytometry analysis of  Ly6D and CD81 protein expression on BM LMPPs, 918 

GMPs, CLPs, MDPs, pre-DCs, pDCs, and cDCs. h Flow cytometry analysis 919 

expression of the surface molecules Ly6C, Ly6D, CD81, CD127, and SiglecH 920 

on Ly6D+ (green line) or Ly6D- CLPs (blue line) in comparison to CMPs (violet 921 

line) and LMPPs (yellow line). g,h Data are representative of three independent 922 

experiments with three mice. 923 

 924 

Fig. 4 Ly6D expression defines early lymphoid pDC progenitors. 925 

CyTOF data of BM cells analyzed using the UMAP algorithm. Vicinity of cell 926 

clusters is indicative of their cellular relationship. a UMAP plot showing the 927 

overall BM CD45+ cell compartment, with indication of the region containing 928 

hematopoietic progenitors (LMPP, MDP, CDP, CLP, GMP, pre-DCs), pDCs, 929 

and cDCs that was extracted for analyses in b. b Subsequent UMAP run on the 930 

extracted region and mapping of manually gated hematopoietic progenitors, 931 

pDCs, and cDCs onto the UMAP profile (key on right margin). c UMAP plots of 932 

the extracted region from b showing relative expression of selected markers. 933 

c,e Indication of pDC (yellow to red arrow) and cDC (yellow to green/blue 934 

arrows) differentiation pathways and trajectory analysis of indicated markers 935 
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during c pDC differentiation and d cDC differentiation. The full marker 936 

expression profile for a is shown in Supplementary Fig. 4a. a-d Data are 937 

representative for one CyTOF run with 5 mice. 938 

 939 

Fig. 5 Ly6D+ CD115- CDPs and Ly6D+ CLPs are early pDC-committed 940 

progenitors. 941 

a-c Analyses of the progeny of index-sorted single CD115- CDPs and single 942 

CD115+ CDPs upon co-culture with OP9 stromal cells for 5 days with rh-Flt3L. 943 

a Pie charts showing the distribution of pDC- and cDC-progeny among CD115- 944 

and CD115+ CDP clones and the portion of clones that did not give rise to pDC 945 

or cDCs, or were bipotent (48 single CDPs per group). b tSNE cluster analyses 946 

of clonal progeny of CD115- and cD115+ CDPs and count of CD115- or CD115+ 947 

CDP clones in each cluster identified by tSNE that gave rise to pDCs or cDCs 948 

exclusively. c tSNE plots of the index-sorted single CD115- and CD115+ CDPs 949 

showing the relative expression of selected markers on each sorted single cell 950 

prior to culture. a-c Data are representative of one experiment with 48 single 951 

cells per group. d-f Analyses of the progeny of index-sorted single CLPs upon 952 

co-culture with OP9 stromal cells for 7 days with rh-Flt3L. d Pie charts showing 953 

the distribution of pDC- and cDC-progeny for all CLP clones (127 single CLPs) 954 

e tSNE cluster analyses of clonal progeny of CLPs identifies two distinct 955 

clusters and count of CLP clones in each cluster that gave rise to pDCs or cDCs 956 

exclusively. d-f Data are representative of three experiment with a total of 127 957 

single CLPs. f tSNE plots of the index-sorted single CLPs showing the relative 958 

expression of selected markers on each sorted single cell prior to culture. g 959 

Percentage of pDC or cDC progeny from transferred sorted CD45.2+ BM 960 
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progenitors in BM and spleen on day 3 post transfer. Data are representative 961 

of three experiments with one or two mice per group each. Mean ± s.e.m. * P 962 

<0.05, ** P <0.01, *** P <0.001, **** P <0.0001, Mann-Whitney test, two-tailed. 963 

h Percentage of pDC or cDC progeny from transferred sorted CD45.2+ BM 964 

progenitors in BM and spleen on day 7 post transfer. Data are representative 965 

of three or six experiments with one mouse per group each. Mean ± s.e.m. * P 966 

<0.05, ** P <0.01, *** P <0.001, **** P <0.0001, Mann-Whitney test, two-sided. 967 

 968 

Fig. 6 CD2 expression identifies pDC-committed progenitors. 969 

Flow cytometry analyses of BM cells of hCD2cre:RosaYFP mice. a Labeling of 970 

CD2-YFP in LMPPs, CD115+ CDPs, CD115- CDPs, CLPs, pre-DCs, pre-DC 971 

subsets, pDCs and cDCs as measured by flow cytometry. b Comparison of 972 

CD2-YFP expression between the Ly6D+CD81-, Ly6D+CD81+, Ly6D-CD81+, 973 

and Ly6D-CD81- populations of CD115- and CD115+ CDPs and c quantification 974 

of CD2-YFP expression by the indicated CDP populations. Mean ± s.e.m. d 975 

Expression of CD2-YFP by Ly6D+CD81-, Ly6D+CD81+, Ly6D-CD81+, and Ly6D-976 

CD81- CLPs and e quantification of CD2-YFP expression by the indicated CLP 977 

populations. Mean ± s.e.m.  a-e Data are representative of three independent 978 

experiments with three mice. f UMAP plot of flow cytometry data for the overall 979 

BM CD45+ cell compartment from hCD2cre:RosaYFP mice, with indication of 980 

the region containing hematopoietic progenitors (LMPP, MDP, CDP, CLP, 981 

CMP, pre-DC, pre-pro B cells), pDCs, and cDCs (plot on the left). UMAP plot 982 

of the extracted region upon subsequent UMAP run and relative expression of 983 

CD2-YFP on the extracted region (plots on the right). UMAP plots of the 984 

extracted CD2-YFP positive cells showing relative expression of selected 985 
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markers and overlay of indicated progenitor subsets and pDCs, and cDCs (right 986 

margin). Data are representative for one experiment with 5 mice. g VENN 987 

diagram comparing pre-pDC-primed DEGs in pre-pro B cells and CLPs. h 988 

Percentage of single pre-pro-B cells enriched for pre-pDC gene set. i mRNA 989 

expression of Ly6d and Cd81 in pre-pro B cells presented as ‘violin’ plots 990 

(height, gene expression; width, abundance of cells expressing the gene). g-I 991 

Data are representative for one experiment with 48 single CLPs, 26 single 992 

pDCs and 26 single pre-pro B cells  j Expression of surface proteins Ly6D and 993 

CD81 on pDC- and B cell-progenitors and pDCs, and B cells. Data are 994 

representative of three independent experiments with three mice. 995 

 996 

Fig. 7 Unbiased reconstruction of bone marrow progenitors supports pDC 997 

differentiation. 998 

 a A 2D representation of the reference models constructed from 8,395 bone 999 

marrow myeloid progenitors grouped into meta-cells37. b 835 cells sorted from 1000 

various progenitor populations were mapped onto the reference model; top 1001 

panel shows a heatmap of the top differentially expressed genes, bottom panel 1002 

shows the clustering for each single cell with the heatmap. c A 2D projection of 1003 

835 sorted cells onto the reference model and identifies unprimed cells (white 1004 

dots), pre-pDC-primed cells  (red dots) or pre-cDC-primed cells (blue dots). d 1005 

Projection of specified sorted progenitor populations onto the reference model. 1006 

e Inference of differentiation trajectories from LMPPs (cluster 1.1) to 1007 

differentiated progeny: monocytes (left panel), pDC (center) or cDC (right 1008 

panel) by Slingshot. f 835 sorted cells were projected onto the differentiation 1009 

axis from LMPPs to pDCs by kNN similarities. Top panel shows the expression 1010 
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of important lineage markers on the projected sorted cells, bottom panel shows 1011 

the clustering of each single cell. Data are representative of one experiment 1012 

with 8,395 bone marrow myeloid progenitors and 63 single LMPPs, 51 single 1013 

GMPs, 48 single CLPs, 59 single MDPs, 96 single CD115+ CDPs, 58 single 1014 

CD115- CDPs, 96 single BM pre-DCs, 16 single blood pre-DCs 70 single 1015 

SiglecH-Ly6C-, 68 single SiglecH-Ly6C+, 70 single SiglecH+Ly6C-, and 45 single 1016 

SiglecH+Ly6C+ pre-DCs and 26 single pDCs. 1017 

 1018 

 1019 

 1020 

Supplementary Table 1. Number of genes detected in individual cells 1021 

 1022 

Supplementary Table 2. pDC and cDC gene signatures used for cMap 1023 

 1024 

Supplementary Table 3. pre-pDC and pre-cDC gene signatures used for 1025 

cMap 1026 
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Supplementary Table 4. Sorted cell populations 1028 
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