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Supplementary Materials and Methods 
 
Validation of down sampling threshold for normalization of MARS-seq single cell 
transcriptome data 

High variance in terms of quality of single-cell transcriptomes is expected in a 
single-cell RNA sequencing experiment due to the low quantity of RNA input material. 
This caveat necessitates stringent quality control in order to avoid a bias introduced by 
low quality single-cell transcriptomes. In single-cell transcriptomics it is, therefore, 
common practice to remove low quality transcriptomes to ensure an unbiased and 
biologically meaningful analysis (71, 72). Different strategies have been used to filter out 
low quality cells, including an empirically determined cutoff for cell filtering (71), a 
down sampling strategy to normalize and filter low quality cells (15), and various 
filtering cutoffs from 600 UMIs/cell or 400 UMIs/cells (15), <500 molecule counts per 
cell (73) and<200 UMIs/cell (74). To the best of our knowledge, a mathematically 
determined cut-off was not reported in any of these studies. As these previous studies 
were performed on murine cells, and quality filters in single-cell data have to be 
established within the respective dataset, we had to adapt the filtering strategy to human 
cells. To determine the quality threshold for our dataset, several diagnostics were used to 
estimate the optimal cutoff for down sampling of molecule counts. Firstly, we visualized 
the cumulative distribution of molecule counts, where cells on the x-axis were ordered by 
decreasing UMI count (fig. S1c). Here, we noted that in a certain region there was a 
period of strong decline in the number of molecule counts per cell. This region 
corresponded to a range of molecule counts between 400 and 1200 UMIs per cell. The 
next metric used to judge an objective threshold (fig. S1d) was the molecule count 
distribution of all cells. We found that many of the cell barcodes had <650 molecule 
counts: these cell barcodes most likely represented the background signal of our MARS-
seq data set. The number of cell barcodes with a certain number of molecules decreases 
with increasing molecule count per cell; through this visualization, we identified natural 
breakpoints in the distribution that could be used as an objective threshold for filtering 
and normalization, as these breakpoints mark a change in the data structure and quality, 
and indicate the transition from background to signal, or from low-quality transcriptomes 
to high-quality transcriptomes. Here, three notable points were identified (fig. S1d), 
which corresponded to molecule counts of 650 (blue), 1,050 (red) and 1,700 (green) per 
cell. To objectively determine which of these points represented a shift in data quality 
from low to high quality transcriptomes, we asked where in the graph a turning point 
could be identified (fig. S1d). In the density plot (fig. S1d, top panel), the three lines 
(blue, red, green) are the breakpoints where the slope of the density function (1st 
derivative of density, fig. S1d, middle panel) has a sudden change. On the blue line, the 
downward slope (1st derivative) changes from being very steep to less steep, so that the 
2nd derivative is the highest at this point. Similarly, on the red line, the downward slope 
changes from less steep to more steep, so the 2nd derivative is the lowest. Based on these 
observations, the three turning points were identified by the 2nd derivative (fig. S1d, 
bottom panel). When a cutoff of 650 was applied, the number of molecule counts per cell 
was too low and the three DC populations – plasmacytoid DC (pDC) and conventional 
DC (cDC) subsets cDC1 and cDC2, could not be distinguished by principal component 
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analysis (PCA; fig. S1e). When a cutoff of 1,700 was applied, the number of cells 
retained was too low. Therefore, the 1,050 cutoff was an optimal tradeoff between the 
number of cells analyzed (cells retained after filtering by down sampling normalization) 
and the number of molecule counts in a cell (gene expression information that remains 
after discarding molecule counts by down sampling). 

To ensure data reproducibility, stability and independence of the chosen molecule 
cutoff, we simulated our initial analyses using cutoffs of 650, 1,050, 1,700 and 2,350 
molecule counts (fig. S1e). All four chosen simulation values exhibited the same general 
data topology if the data were dimensionally-reduced using PCA, thus proving that the 
biological data structure was robust and independent of filtering thresholds. In addition, 
we correlated the influence of the filtering threshold on the gene loadings within the first 
two principal components. Principal component 1 (PC1) of the dataset down-sampled to 
1,050 molecule counts was highly correlated with PC1 of the datasets down-sampled to 
either 650 or 1,700 molecule counts (Pearson = 0.996 and 0.999, respectively). The same 
was true for PC2 (Pearson = 0.960 and 0.925, respectively). These results indicated that 
the chosen filtering cutoff of 1,050 was representative and objectively-derived. 

The MARS-seq data obtained in this study were generated by two independent 
experiments (run1 and run2), which were combined for further data analysis. After 
normalization, the correlation between the average molecule count of all genes in run1 vs 
run2 was assessed (fig. S1f, which shows the high correlation between the average 
molecular counts in both runs (r=0.994)). When assessing for a batch effect, it is 
important to ensure that runs do not determine the clustering itself. We therefore plotted 
the t-distributed stochastic neighbor embedding (tSNE) values (fig. S1g) (cells of run1 
and run2 in equal proportions) together with their density estimates. This analysis showed 
that the general distribution and, therefore, the clustering was not governed by the run, 
which is in line with the observation that our clustering identified biologically reasonable 
groups that clearly corresponded to the three DC populations (pDC, cDC1 and cDC2) 
(Fig. 1A). Consequently, the observed clusters were not explained by the variance 
between the runs, but by biology. 

We next compared the frequencies of cell types, as determined by the clustering, 
within the two runs (fig. S1h). This showed that the ratio between the cells in different 
clusters was comparable between the two runs. Of note, the ratio does not need to be 
identical in both runs (73). In addition, this analysis showed that no cluster dominated a 
single run. Due to the fact that we are taking relatively small samples from a large total 
population, the frequencies of cell types are expected to show natural variation between 
runs, which could explain slight shifts in cellular frequencies.   
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Fig. S1. a. Gating strategy for FACS of single cells from total Lin–HLA-DR+CD135+ 

cells. b. Workflow of the MARS-seq single cell data analysis. c. Association between 

molecule counts and cells. Cell IDs were sorted from highest to lowest number of unique 
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molecular identifier (UMI) or molecule counts. The data are presented on a log10 axis. 

The three colored lines correspond to molecule counts of 650 (blue), 1,050 (red) and 

1,700 (green) per cell. The grey area indicates the range of molecule counts from 400 to 

1,200 UMIs per cell. Cells with <1,050 molecules were removed from the analysis 

(n=1,786 cells). A total of 710 high-quality cells were used for further downstream 

analyses. d. Density plot (top panel) representing the distribution of cells with a certain 

number of molecules, and the first (middle panel) and second derivative (bottom panel) 

of the density function. The three colored lines correspond to molecule counts of 650 

(blue), 1,050 (red) and 1,700 (green) per cell. e. Principal component analysis (PCA) 

after simulation at different normalization thresholds. Points were colored according to 

the different runs. f. Correlation plot of average expression of genes in run2 (y-axis) 

versus average expression of genes in run1 (x-axis). The data are presented on a log10 

axis. The Pearson correlation coefficient was 0.99. g. t-distributed stochastic neighbor 

embedding (tSNE) analysis of the 710 single cells, colored by run association, showed an 

even distribution of the cells within the tSNE plot. Lines represent a linear fit of the 

points. The distributions of the points along the tSNE component 1 and component 2 

were represented as density plots on the top or right panel, respectively. h. Frequency of 

cells in the five determined clusters for run1 and run2. i. Mean-variability plot showed 

average expression and dispersion for each gene. This analysis was used to determine 

highly variable gene expression (labeled by gene symbol). The 36 highly variable genes 

were used to perform a dimensionality reduction of the single-cell data by PCA. j. The 

highest gene loadings in the first and second principal component (PC1 and PC2) from 

the PCA of 710 high quality cells are shown.   
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Fig. S2. a. Relative expression of signature genes of pDC (TCF4), cDC1 (CADM1) and 

cDC2 (CD1D) in Mpath clusters defined in Fig. 1C. b. Weighted neighborhood network 

of the Mpath analysis shown in Fig. 1C. c. Analysis of MARS-seq data using the 

Wishbone  algorithm. In the 2D-t-distributed stochastic neighbor embedding (tSNE) plot 

(upper panels) and in the 3D-Diffusion Map (lower panels) (See Fig. 1, A and F, 

respectively), cells were colored according to the values of the Wishbone trajectory (left 

panels) or the values of the Wishbone branches (right panels). Line chart (top right panel) 

of expression of signature genes along Wishbone trajectory. X-axis represents pseudo-
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time of Wishbone trajectory. Solid line represents backbone trajectory, dotted lines 

represent separate trajectories along the two branches. Heat maps (bottom right panels) of 

expression of signature genes along Wishbone trajectory on the two branches. 
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Fig. S3. a. Gating strategy of CD45+Lin(CD7/CD14/CD15/CD16/CD19/CD34)–HLA-

DR+ blood mononuclear cells from CyTOF analysis for downstream t-distributed 

stochastic neighbor embedding (tSNE) as shown in Fig. 1, E to G. The name of the 
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excluded population(s) is indicated in each corresponding 2D-plot. b. tSNE plots of the 

CyTOF data from Fig. 1, H to J showing the expression level of cDC2-, cDC1- and pDC- 

specific markers. c. Unsupervised phenograph clustering identified 10 clusters that were 

overlaid onto the tSNE1/2 plot of the CyTOF data from Fig. 1, H and I. 
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Fig. S4. a. Gating of flow cytometry data to identify the Lin–HLA-DR+ cell population 

displayed in Fig. 2A (blood data displayed). b. Classical contour plots of CyTOF data 

from Fig. 1 showing the same gating strategy as applied in the flow cytometry analyses 

shown in Fig. 2A. c. Flow cytometry data showing the relative expression of CD33, 

CX3CR1, CD2, CD141, CD11c, CD135, CD1c and CADM1 by pre-DC, pDC, cDC1 and 

cDC2 defined in Fig. 2A in the blood (upper panels) and spleen (lower panels). d. Ring 

graphical representation of the proportion of pre-DC, cDC1 and cDC2 among total Lin–
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CD34–HLA-DR+CD33+ cDC defined in Fig. 2A in the spleen (left) and blood (right). e. 

Representative electron micrographs showing morphological characteristics of a pre-DC. 

f. Histograms of the mean relative numbers of CD123+CD172α- cells, Clec9A+CADM1+ 

cDC1 or CD172α+CD1c+ cDC2 from the in vitro differentiation assays as described in 

Fig. 2F (n=4). Error bars represent mean ± SEM. 
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Fig. S5. Gating strategy for the fluorescence-activated cell sorting of DC subsets and pre-

DC used in the in vitro differentiation assays (Fig. 2F). a. Pre-sorted data and b-d. post-

sorted re-analysis of b. pre-DC, c. cDC1, d. cDC2, and e. pDC.   
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Fig. S6. a-c. Comparison of a. the gating strategy from Breton et al. (9) pre-DC are 

shown in green) and b. the gating strategy used in Fig. 2A and fig. S4a (pre-DC displayed 

in purple) to define pre-DC. The relative numbers of pre-DC defined using the two gating 

strategies among live CD45+ peripheral blood mononuclear cells are indicated in the dot 
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plots. c. Graphical representation of the median relative numbers of pre-DC defined using 

the two gating strategies among live CD45+ blood mononuclear cells (n=4). The median 

percentages of CD45+ values are indicated. P-values were calculated using the Mann-

Whitney test. d. Histogram showing the expression of CD117 by DC subsets and pre-DC 

determined by flow cytometry. e-f. Identification of pre-DC (purple gate), cDC1 (red 

gate) and cDC2 (beige gate) among Lin–HLA-DR+ e. ILT3+ILT1– cells (10) or 

ILT3+ILT1+ (cDC), and f. CD4+CD11c– cells (11) or CD4intCD11c+ cDC. . 
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Fig. S7. pDC, pre-DC, cDC1 and cDC2 isolated by fluorescence-activated cell sorting 

were stimulated in vitro with LPS, LPS+IFNg (L+I), Flagellin (Flag), polyI:C (pI:C), 

CL097 (CL) or CpG ODN2216 (CpG), and the soluble mediators (as indicated above 

each histogram) in the culture supernatants were quantified by Luminex Multiplex Assay 

(n=2). 
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Fig. S8. Identification of CD33+CX3CR1+ pre-DC among Lin-HLA-DR+CD303+CD2+ 

cells (34). 
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Fig. S9. Gating strategy for the fluorescence-activated cell sorting analysis of peripheral 

blood mononuclear cells from control subjects (Ctrl, n=11) and patients with Pitt-

Hopkins Syndrome (PHS; n=4). pDC (circled in blue) and pre-DC (circled in purple) 

were defined among Lin-HLA-DR+CD45RA+CD123+ cells.  
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Fig. S10. a. Gating strategy for FACS of Lin-HLA-DR+CD33+CD45RA+CD1clo/-

CD2+CADM1lo/-CD123+ pre-DC analyzed by C1 single cell mRNA sequencing 

(scmRNAseq). b. Quality control (removing low-quality cells and minimally-expressed 

genes below the limits of accurate detection; low-quality cells that were identified using 

SINGuLAR toolbox; minimally-expressed genes with transcripts per million (TPM) 

values ≥1 in <95% of the cells) and c. work flow of the C1 scmRNAseq analyses shown 

in Fig. 3A-B. Error bars represent the maximum, third quartile, median, first quartile and 

minimum.  
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Fig. S11. Relative expression levels of signature genes of cDC1 (BTLA, THBD and, 

LY75) and cDC2 (CD2, SIRPA and ITGAX) in Mpath clusters defined in Fig. 3B.  



 
 

20 
 

 

Fig. S12. a. Expression level of markers in the 3D-Principal Component Analysis (PCA) 

plots from Fig. 3, C and D are shown. b. Sequential gating strategy of flow cytometry 

data starting from Live CD45+Lin(CD3/14/16/19/20)-CD34–HLA-DR+ peripheral blood 

mononuclear cells defining CD33–CD123+CD303+ pDC, CD33+CD45RA– differentiated 

cDC (CADM1+ cDC1, CD1c+ cDC2), and CD33+CD45RA+ cells (comprising 

CD123+CD45RA+ pre-DC and CD123loCD45RA+ intermediate cells). c. Proportion of 

CD45+ mononuclear cells in spleen (n=3) (left) and peripheral blood (n=6) (right) of the 

above-mentioned pre-DC subsets. d. Histograms of the mean proportion of 

CD303+CD172α– cells, Clec9A+CADM1+ cDC1 or CD1c+CD11c+ cDC2 obtained in the 

in vitro differentiation assays as described in Fig. 3H (n=3). Error bars represent mean ± 

SEM. 
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Fig. S13. Gating strategy for sorting of pre-DC subsets used in the in vitro differentiation 

assays (Fig. 3G). a. Pre-sorted data and b-d. post-sorted re-analysis of b. early pre-DC, c. 

pre-cDC1, and d. pre-cDC2 are shown.   
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Fig. S14. a. Expression level in terms of mean fluorescence intensity (MFI) of the side 

scatter area (SSC-A) indicating cellular granularity of blood pre-DC and DC subsets from 

five individual human donors (n=5) Error bars represent mean ± SEM.. b-c. Flow 

cytometry data showing the relative expression of b. CD45RA, CD169, CD11c, CD123, 

CD33, FceRI, CD2, Clec9A, CD319, CD141, BTLA, CD327, CD26, CD1c, CD304 or of 

c. IRF4 and IRF8 by pDC, early pre-DC, pre-cDC2, cDC2, pre-cDC1 and cDC1 defined 

in Fig. 3G and in fig. S12b.   
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Fig. S15. 2D-plots showing combinations of Principal Component Analysis components 

1, 2 or 3 (PC1-3) using differentially-expressed genes from the microarray analysis of 

Fig. 4. 
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Fig. S16. Heat maps of relative expression levels of all differentially-expressed genes, 

with magnifications of the specific genes in early pre-DC (boxed yellow region) and pre-

cDC1 (boxed green region) from the microarray analysis of Fig. 4.   
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Fig. S17. Venn diagram showing genes common between the lists of cDC1 DEGs (the 

union of DEGs from comparing pre-cDC1 vs early pre-DC and cDC1 vs pre-cDC1) and 

cDC2 DEGs (the union of DEGs from comparing pre-cDC2 vs early pre-DC and cDC2 

vs pre-cDC2). These 62 genes were then plotted in Fig. 4E with the log2 fold-change 

values (versus early pre-DC).   
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Fig. S18. a-b. Ingenuity Pathway analysis (IPA) based on genes that were differentially-

expressed between a. cDC and early pre-DC or b. pDC and early pre-DC. Only the DC 
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biology-related pathways were shown, and all displayed pathways were significantly 

enriched (P<0.05, right-tailed Fischer’s Exact Test). The heights of the bars correspond to 

the activation z-scores of the pathways. Enriched pathways predicted to be more 

activated in early pre-DC pathways are shown in pink and enriched pathways predicted to 

be more activated in cDC or pDC are shown in orange and blue, respectively. IPA 

predicts pathway activation/inhibition based on the correlation between what is known 

about the pathways in the literature (the Ingenuity Knowledge Base) and the directional 

expression observed in the user's data. Please refer to IPA Upstream Regulator Analysis 

Whitepaper and IPA Downstream Effectors Analysis Whitepaper for full description of 

the activation z-score calculation. c. Gene Ontology (GO) enrichment analysis of 

differentially-expressed genes (DEGs) in early pre-DC and pDC indicating biological 

processes that were significantly enriched (Benjamini-Hochberg adjusted p value < 0.05) 

with genes expressed more abundantly in early pre-DC as compared to pDC. Note that no 

biological process was significantly enriched with genes expressed more abundantly in 

pDC as compared to early pre-DC. 
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Fig. S19. a. Normalized abundance of all TLR mRNA in DC and pre-DC subsets 

obtained from the microarray analysis of Fig. 4. b. Polarization of naïve CD4+ T cells 

into IFNg+IL-17A- Th1 cells, IL-4+ Th2 cells, IL17A+IFNg– Th17 cells and IL-22+IFNg-

IL-17A– Th22 cells after 6 days of culture in a mixed lymphocyte reaction with allogenic 

pre-DC and DC subsets (n=3). Error bars represent mean ± SEM. 
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Fig. S20. a. isoMAP1-2 plot of bone marrow (BM) 

Lin(CD3/CD7/CD14/CD15/CD19/CD34)-CD123hi cells (upper panel) and graphics of the 

binned median expression of defining markers along the phenotypic progression of cells 
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defined by the isoMAP1 dimension (lower panels) are shown. b. Expression level of 

selected markers in the isoMAP1-2-3 3D-plots (Fig. 6C, lower left panel) corresponding 

to cells within the pre-DC phenograph clusters (#1 and #2) of the blood Lin-CD123+ cells 

isoMAP analysis. c. Expression level of selected markers in the isoMAP1-2 plots (Fig. 

6C, upper left panel) corresponding to cells within the pre-DC phenograph clusters (#3 

and #4) of the BM Lin-CD123hi cells isoMAP analysis. d. pDC defined in BM Lin-

CD123hi (green: phenograph clusters #3 and #4) or blood Lin-CD123+ (red: phenograph 

cluster #7) cells of Fig. 6A and 6B, respectively, were exported and analyzed using the 

isoMAP method and subdivided into clusters using the phenograph algorithm. BM and 

blood concatenated (black) and overlaid BM (green) and blood (red) isoMAP1/3 plots are 

shown (left panels). Expression level of CD2 in BM (left) and blood (right) pDC in the 

isoMAP1/3 plot. e. Expression level of selected markers in the BM and blood 

concatenated isoMAP1/3 plot of Fig. 6C (right panels). 
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Fig. S21. Schematic representation of the expression of major pre-DC, cDC1 and cDC2 

markers as pre-DC differentiate towards cDC.  
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Fig. S22. Schematic representation of the expression of major pre-DC, cDC1 and cDC2 

markers as pre-DC differentiate towards cDC. 
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Supplementary Tables S1-S16 are provided online as a separate file: 

Table S1. Number of detected genes per cell in the total DC MARS-seq experiment 

 

Table S2. DC subsets signature genes derived from Gene Expression Omnibus data 

series GSE35457 and used for  MARS-seq and C1 data analyses 

 

Table S3. List of anti-human antibodies used for mass cytometry (CyTOF) 

 

Table S4. Number of expressed genes detected per cell in the pre-DC C1 scmRNAseq 

experiment 

 

Table S5. Lists of genes identified from the microarray DEG analysis comparisons along 

the lineage progression from early pre-DC to mature cDC, for cDC1 and cDC2 

respectively, and the list of the 62 common genes 

 

Table S6. List of anti-human antibodies used for flow cytometry 
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