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Plasmacytoid dendritic cells (pDCs) are major producers of type linterferon

(IFN-I), animportant antiviral cytokine, and activity of these cells must be
tightly controlled to prevent harmful inflammation and autoimmunity.
Evidence exists that one regulatory mechanismis a fate-switching

process from an IFN-I-secreting pDC to a professional antigen-presenting
conventional dendritic cell (cDC) that lacks IFN-I-secreting capacity.
However, this differentiation process is controversial owing to limitations
intracking the fate of individual cells over time. Here we use single-cell
omics and functional experiments to show that activated human pDCs can
lose theiridentity as IFN-I-secreting cells and acquire the transcriptional,
epigenetic and functional features of cDCs. This pDC fate-switching process
is promoted by tumor necrosis factor but blocked by IFN-1. Importantly,
itoccursinvivo during human skininflammatory diseases and injury, and
physiologically in elderly people. This work identifies the pDC-to-cDC
reprogramming trajectory and unveils a mechanistic framework for
harnessing it therapeutically.

Effective host defense against diverse threatsrelies on the generation
of highly specialized immune cell lineages. Two closely related den-
dritic cell (DC) lineages collaborate to initiate immune responses'”’.
Plasmacytoid DCs (pDCs) are secretory cells with a superior capacity
to respond to viruses by quickly producing type linterferon (IFN-I),
a key antiviral cytokine with detrimental effects when dysregulated.
Conventional DCs (cDCs), comprising cDCls and cDC2s, specialize
in priming antigen-specific T cells. DC lineage commitment can be
tracked to the hematopoietic stem cell’” and occurs through a series
of changes that progressively restrict pDC and cDC fates via the expres-
sion of lineage-defining transcription factors (TFs)* Although lineage

commitmentis generally regarded asirreversible, afew observations
suggest that pDCs canacquire antigen-presenting functions on activa-
tion. Yet, whether pDCs can fully lose their identity and acquire all the
features of cDCs by rewiring their transcriptional regulation remains
highly debated®’. Understanding the extent and regulation of pDC
plasticity could unlock new strategies to modulate immune responses
during viral infections and IFN-I-driven diseases.

Hints that pDCs acquire antigen-presenting functions date back
to the late 1990s, when CD40L-stimulated—but not resting—human
pDCswere shown to activate allogeneic lymphocytes®'°. Mouse pDCs
were similarly observed to gain antigen-presenting capacity after
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Fig.1| Conversion of pDCs into icDC2s on activation. a-d, snMultiome-seq of
freshlyisolated panDCs and pDCs (Extended Data Figs.1and 2a,b). a, Uniform
Manifold Approximation and Projection (UMAP) of integrated panDC and

pDC (left) or pDC-only (right) snRNA-seq. b, Signature score for DC subsets on
integrated panDC and pDC UMAP (Supplementary Table 1). ¢, Expression of
selected genes across DC subsets in panDC (gray) and pDC (blue) snRNA-seq.

d, Chromatin accessibility signature score for integrated panDC (gray) and
pDC (blue) snATAC-seq. e-j, snMultiome-seq of pDCs cultured for 4 d with

CD40L (Extended Data Fig. 2c-g). e, UMAP of gene expression (left), chromatin
accessibility (middle) and their integrated weighted nearest neighbor (WNN)
profiles (right), colored by unsupervised clustering on WNN. f, Signature score
for clusters C1-C3 (Supplementary Table 2) projected onto panDC snRNA-seq.
g-h, Heatmap (g) and violin plots (h) of selected genes from clusters C1-C3.

i, Barycentric plot showing relative gene expression.j, WNN UMAP with trajectory
and pseudotime calculated by Monocle3 and Slingshot. Prog, progenitors.

activation™ ', These findings, however, were later scrutinized by the
realization that original pDC preparations were contaminated with
DC precursors or transitional DCs (tDCs)—a population with mixed
pDC or cDC2 features and the natural capacity to differentiate into
antigen-presenting cDC2s>*"'8, Most studies of pDC plasticity relied
on population-level methods that could not resolve individual cell
fate orin vivo models that may not distinguish fate changes from new
hematopoiesis'®". Asaresult, akey question remains: can specialized
IFN-I-secreting pDCs lose their identity, rewire their transcriptional
program and fully adopt the features of antigen-presenting cDCs? If
so, what cues regulate this transition?

Here we use single-cell omics to dissect the pDC-to-cDC transi-
tion with high resolution, identifying tumor necrosis factor (TNF) as
an important trigger and IFN-I as a brake. We also show that human
pDC fate switching occurs in vivo during inflammatory skin diseases,
traumatic wounding and physiological aging.

Results

Plasmacytoid DCs convertinto cDC2s on activation

We hypothesized that single-cellmultiomics would allow usto track the
fate ofindividual pDCs during activation. To establish areference frame-
work, we first generated apanDC map capturing the transcriptome and
chromatinlandscape of all major human blood DC populations. For this
reference map, we excluded inflammatory DC3s—given their similarity

tomonocytes—by purifying CD14™ cells (Extended Data Fig.1a-c). Unsu-
pervised clustering resolved pDC, cDC2 and c¢DCl clusters using two
public datasets™", with frequencies mirroring those observed by flow
cytometry (Extended Data Fig. 1d-g and Supplementary Table 1). As
expected, the cDC2 cluster of the panDC dataset aligned with cDC2s,
but not DC3s using a public dataset® (Extended Data Fig. 1h). We also
identified asmall population of cells aligning with CD100" DC precur-
sors, previously described in ref. 14 (Extended Data Fig. 1i). Finally,
our map captured a population of tDCs that, as previously reported®,
aligned with AXL" DCs (ASDCs)™* and some definitions of pre-cDCs"
(Extended DataFig. 1i). Thus, our panDC single-nucleus (sn)Multiome
sequencing approach resolves human blood DC heterogeneity and
provides a high-resolution framework to track pDC fate transitions.

We next generated an snMultiome dataset of sorted pDCs and
integrated it with the panDC dataset to assess whether our pDC
preparations contained putative contamination with other DCs
(Fig.1aand Extended DataFig. 2a,b). Sorted pDCs were assigned only
tothe pDC cluster of the panDC dataset and expressed higher levels of
pDC-associated genes (VRP1, TCF4and PTPRS; Fig.1a-c).Sorted pDCs
shared achromatin accessibility signature with pDCs from the panDC
dataset, but not with tDCs, cDC2s and ¢DCls (Fig. 1d). Thus, our pDC
preparations lack contamination with other DCs.

Wethen queried the fate of activated pDCs. To replicate conditions
suggested to promote fate switching®’, we stimulated sorted pDCs
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with CD40L, alwaysin the presence of the survival cytokine interleukin
(IL)-3 (Extended Data Fig. 2c). Approximately 50% of live pDCs were
recovered at days 2 and 4 and ~35% at day 6 (Extended Data Fig. 2d).
snMultiome-seq of live pDCs sorted from day 4 cultures resolved four
clusters of cells with distinct gene expression and chromatin profiles
(Fig. 1e). Cluster C4, identified as proliferating cells (Extended Data
Fig. 2e), was excluded from further analysis because it likely reflects
a cell-cycling state rather than a distinct functional population. The
identity of other clusters was inferred by aligning their transcriptomic
signature with our panDC dataset (Fig. 1f). Only cluster Cl aligned with
pDCs, whereas clusters C2 and C3 aligned with cDCs. All clusters had
someassociationwithtDCs, accordingto their transitional pDC-to-cDC2
genesignature'* ", Clexpressed higher levels of pDC genes (TCF4.and
GZMB; Fig.1g,h). C3 expressed higher levels of cDC2 transcripts (SIRPA,
IRF4 and ZBTB46) and DC maturation genes (LAMP3, CCR7 and FSCNI).
None of the clusters expressed cDC1 genes (CLEC9A, CADM1 and CLNK;
Fig.1h and Extended Data Fig. 2f). C2 expressed some ¢cDC2 (CLECIOA,
MRC1 and CLEC7A) and tDC (AXL, IL1B and SIO0A10 (ref. 14)) genes,
suggesting that it represents an intermediate pDC-to-cDC2 cell stage.
To explore cluster similarities, we analyzed gene expression on a bar-
ycentric plot (Fig. 1i). Clusters C1and C2 shared the expression of pDC
genes (/RF8and PTPRS), whereas clusters C2 and C3 shared expression
of some cDC2 genes (/LI3RA1, HLA-DRA and CIITA). To infer a temporal
relationship between the clusters, we performed trajectory analysis
(Fig. 1j and Extended Data Fig. 2g). Monocle3 and Slingshot predicted
cluster C2 in the middle of the trajectory between clusters Cl and C3,
emphasizing their transitional features.

Altogether, our data show that pDC activation results in the
emergence of three clusters, that is, C1 which associates with pDCs,
anintermediate C2 that resembles tDCs and C3 which resembles cDC2s
or mature DCs. For simplicity, we refer to these pDC-derived cells as
induced tDCs (itDCs) and induced cDC2s (icDC2s).

The icDC2s are astable endpoint of pDC differentiation

To develop a gating strategy for sorting pDCs, itDCs and icDC2s,
we screened surface markers by mass cytometry (CyTOF), enabling
analysis of >45 proteins at the single-cell resolution. The pDCs, itDCs
and icDC2s were identified unbiasedly using Scaffold, which assigns
identity based on phenotypic similarities to areference map (Fig. 2a).
Marker enrichment modelingidentified CD11cand CD33 as the optimal
combination to discriminate pDCs, itDCs and icDC2s, which was cor-
roborated by flow cytometry over time (Fig. 2b-d). The pDCfrequencies
declined, icDC2sincreased and itDCs remained relatively stable across
the culture period (Extended Data Fig. 3a).

To link CD11c/CD33 expression with snMultiome transcriptional
signatures (clusters C1-C3), we used a plate-based cellular indexing
approach coupled withSMART-seq2 (Fig. 2e). We analyzed day 2 cultures,
hypothesizing that they would capture awider spectrum of itDCs transi-
tioning from pDCs to icDC2s. Freshly isolated pDCs and tDCs were also

analyzed to rule out contamination. Unsupervised analysisidentified six
clusters consistent across two donors (Fig. 2f and Extended Data Fig. 3b).
Clusters C4 and C5corresponded tofreshlyisolated pDCs and tDCs based
onindexsorting. The remaining four clusters corresponded to the day 2
cultures, including one cluster of proliferating cells that was not analyzed
further (Extended Data Fig. 3c). Cluster C1-C3 identity was assigned by
aligning to the panDC signature. Cluster C1was pDCs, whereas clusters
C2and C3wereenrichedintDCand cDC2signatures (Fig. 2g), matching
our snMultiome analysis. Indeed, SMART-seq2 clusters C1-C3 showed
strong correlation with snMultiome clusters C1-C3 (Fig. 2h and Sup-
plementary Table 2). Cluster Clexpressed pDC genes, C2 expressed tDC
and cDC2genes and C3 expressed cDC2 or maturation genes (Fig. 2i and
Supplementary Table 3). Correlation between SMART-seq2 clusters and
index sorting showed that CD11c or CD33 protein expression identified
pDCs, itDCs and icDC2s with >65% accuracy (Fig. 2j). Accordingly, flow
cytometry confirmed differential expression of several genes at the
protein level (Fig. 2k and Extended Data Fig. 3d). Thus, pDCs, itDCs and
icDC2s canbe reliably identified by CD11c or CD33 expression.

The high correlation between SMART-seq2 (day 2) and snMulti-
ome (day 4) profiles indicated that pDCs, itDCs and icDC2s represent
transcriptionally distinct states. To assess the stability and direction-
ality of these states, we sorted each population from day 2 or day 4
cultures and re-cultured them for 2-4 d before reassessing identity
(Fig. 21,m and Extended Data Fig. 4a—c). The icDC2s preserved their
phenotype, consistent with a stable, terminally differentiated state.
A small fraction of pDCs (-30%) transitioned into itDCs or icDC2s,
but most retained their identity. In contrast, ~50% of itDCs became
icDC2s, whereas reversion to pDCs was rare, supporting a unidirec-
tional trajectory. This directionality persisted without CD40L (Fig.2m
and Extended Data Fig. 4d,e), suggesting that the process is not read-
ily reversible. To rule out survival bias, we assessed apoptosis. Day 1
icDC2s showed slightly elevated—but modest—apoptosis, likely due to
the challenges in quantifying rare icDC2s at this time point (Extended
DataFig. 4f).In contrast, day 2 and day 4 icDC2s showed no significant
apoptosis, supporting their stability.

Previous studies describe limited proliferation as anintermediate
step in fate switching®. To test this, we tracked: (1) cellular state; (2)
Ki67 expression; and (3) CellTrace Violet (CTV) dilution asareadout of
cell division (Fig. 2n). At day 2, -40% of the cells were itDCs or icDC2s,
butKi67" or CTV'¥ cells were rare, suggesting that proliferationis not
required for fate switching. By day 4, ~60% of the cells were itDCs or
icDC2s. Few pDCs or icDC2s expressed Ki67, whereas ~45% of itDCs
wereKi67". CTV'®*itDCs increased from 50% at day 4 to 90% by day 6,
indicating active proliferation. Accordingly, trajectory analysis linked
itDCs (C2) with proliferating cells (C4) (Fig. 1j). Although few icDC2s
expressed Ki67, 50-90% were CTV'" at days 4-6, consistent with red-
erivation fromitDCs. Notably, only one to two cell divisions occurred
by day 4 (Fig. 20), distinguishing pDCs, itDCs and icDC2s from highly
proliferative progenitors™.

Fig.2| TheicDC2s are a stable endpoint of pDC differentiation. a, Scaffold map
of CyTOF data from pDCs cultured 6 d with CD40L (one of three donors, three
experimental). b, Marker enrichment modeling scores for cells falling within
pDC, tDC and cDC2 clusters from a. ¢, CyTOF gating strategy for pDCs, itDCs and
icDC2sbased on CD33 and CD11c.d, Flow cytometry expression of CD33 and
CD11cin pDCs cultured with CD40L for 0, 2, 4, or 6 d. The middle and bottom
plots show staining controls (five donors, five experimental). e, SMART-seq2
experimental setup: pDCs from two blood donors cultured 2 d with CD40L and
single-cell sorted (scFACS) as pDCs, itDCs or icDC2s (gating in d). Fresh pDCs
and tDCs were also scFACS and sequenced. f, SMART-seq2 UMAP colored by
unsupervised clustering. g,h, Signature scores of panDC snMultiome-seq
populations (g) and day 4 culture clusters C1-C3 (h) projected onto SMART-seq2
clusters. i, Heatmap of top 100 DEGs between SMART-seq2 clusters C1-C3.

Jj. Correlation between sorted cell types and SMART-seq2 clusters C1-C3.

k, Flow cytometry protein expression in day 4 cultures with numbers indicating

geometric mean fluorescence intensity (gMFI) or percentage of positive cells
(10f9(BDCA2),10f4 (BDCA4),10f 5 (LILRA4, CD62L),10f 7 (CD172a, CLEC10A)
and1of14 (HLA-DR) donors; 4-14 experimental; Extended Data Fig. 3d). 1, FACS
purification strategy (day 4; left); CD33 and CD11c profiles post-sort (day 4) and
after re-culture with CD4O0L (right, day 6) (one of five donors, five experimental).
m, Asinl, but percentage of pDCs, itDCs and icDC2s after re-culturing with
CD4O0L (n=5donors, 5 experimental) or medium (IL-3) alone (n =4 donors,

4 experimental) (mean +s.d.; Extended Data Fig. 4a-e). n, Pie charts of pDC, itDC
andicDC2 frequencies over time (top), with Ki67* (middle) and CTV'* (bottom)
fractions (n =3 donors, 3 experimental). 0, Asin n, but representative CTV
histogram for adonor. p, Single-cell differentiation assay: sorted CTV-labeled
pDCs were plated at1-5,000 cells per well with CFSE-labeled filler (F) pDCs and
cultured for 4 d. The bar graphs show the percentage of pDCs, itDCs and icDC2s
among CTV’ cells; the numbers on top indicate recovered cells (n = 4 donors,

4 experimental).
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We next investigated whether individual pDCs could generate
itDCs and icDC2s using a clonal differentiation assay. We cultured 1,
10,100, 1,000 or 5,000 CTV-labeled pDCs with 5,000 (carboxyfluo-
rescein succinimidyl ester) CFSE-labeled ‘filler’ pDCs from the same
donor. After 4 d, we assessed the fate of CTV* cells by flow cytometry
(Fig. 2p and Extended Data Fig. 4g). Single pDCs gave rise to itDCs
and icDC2s in multiple wells, confirming their intrinsic differentia-
tion capacity (Fig. 2p). Wells seeded with 1-10 pDCs showed greater
output variability, underscoring limited proliferation and intrinsic
cell-to-cell variability.

Together, these results show that individual pDCs intrinsically
generate icDC2s viaa proliferative itDC intermediate. Transcriptomic
and protein expression (CD5*, CD163 and CD14") indicate thaticDC2s
most closely resemble cDC2s, not DC3s, suggesting a conserved dif-
ferentiation path shared with tDCs (Extended Data Fig. 4h,i)".

The pDCs convert into functional cDCs

The pDC round-to-ovoid morphology is adapted for cytokine secre-
tion, whereas the cDC dendritic morphology increases surface contact
with T cells?*. The icDC2s lost the pDC round morphology and instead
displayed a stellate morphology with pseudopods and dendrites,
resembling freshly isolated cDC2s (Fig. 3a). Quantification confirmed
decreased circularity and increased areaindex inicDC2s compared with
pDCs (Fig.3b and Extended DataFig. 5a). The itDCs showed intermedi-
ate morphology. These findings indicate that fate switching includes
acquisition of cDC-like morphology.

Gene ontology (GO) analysis revealed enrichment for ‘response to
IFN-I’and ‘regulation of secretory pathway’ genes in pDCs, including
IRF7and MYD88expression, which drive IFN-Isecretion downstream of
toll-like receptors (TLRs)* (Fig. 3¢,d). Accordingly, day 4-sorted pDCs,
but noticDC2s, secreted IFNa in response to the TLR9 agonist CpG-A
(Fig. 3e) (lowitDCyield precluded testing).

The cDC2s excel at activating CD4" T cells through major histo-
compatibility complex class Il (MHC-II)-mediated antigen presentation.
Similarly, icDC2s showed enrichment of ‘MHC protein complex’ and
‘antigen assembly’ pathways (Fig. 3c). The icDC2s upregulated CIITA,
the master MHC-lIregulator, correlating with increased HLA-DR gene
and protein expression (Figs. 2k and 3d and Extended Data Figs. 3d
and 5b). CIITA induction was accompanied by increased chromatin
accessibility at promoter | and predicted enhancers (Extended Data
Fig. 6a),aknown cDC hallmark®*?. In addition, icDC2s downregulated
MARCH]I (Fig. 3d), a ligase that promotes MHC-Il internalization and
degradation, suggesting stabilization of peptide-MHC-Il complexes at
the membrane—another hallmark of cDCs***. MARCHI downregulation
may occur post-transcriptionally?” and was accompanied by reduced
chromatin accessibility at predicted enhancers (Extended Data
Fig.6b). TheicDC2s expressed higher levels of CD86—consistent with
MARCH1 downregulation®**—as well as CD80 and CD40, costimulatory
molecules that synergize with MHC-1I-T cell receptor (TCR) signaling
(Fig.3fand Extended DataFig.3d). Altogether,icDC2s upregulate the
gene programs and surface molecules required for effective antigen
presentation.

We next analyzed antigen capture, the first stepin MHC-1l antigen
presentation. Day 4-culture cells were incubated with fluorescently
labeled live or apoptotic autologous peripheral blood mononuclear
cells (PBMCs), xenogeneic mouse splenocytes or Staphylococcus
aureus. Controls included cytochalasin D treatment and 4 °C incu-
bation to block actin polymerization and intracellular movement.
Minimal capture was observed in these controls or with live autolo-
gous cells, which controlled for the active recognition of dying or
foreign particulate antigens (Extended Data Fig. 5c-e). In the other
cases, icDC2s captured particulate antigen more efficiently than pDCs,
resembling cDC2s (Fig. 3g,h and Extended Data Figs. 5c-e and 6c¢,d).
The itDCs showed intermediate capacity. We also evaluated antigen
processing using DQ-ovalbumin (DQ-OVA), a fluorogenic substrate for

lysosomal proteases. The itDCs and icDC2s processed antigen more
efficiently than pDCs, again resembling freshly isolated cells (Fig. 3g
and Extended Data Figs. 5fand 6d).

To test antigen presentation, we measured the ability of icDC2s
to activate autologous naive CD4" T cells using xenogeneic cells as
antigen (Fig. 3i,j and Extended Data Fig. 5g,h). After antigen loading,
sorted pDCs andicDC2s were cocultured with autologous naive T cells
(itDCs were excluded due to low yield). Antigen-loaded icDC2s were
superior to pDCs at inducing naive T cell proliferation and activation
and closely resembled freshly isolated cDC2s (Fig. 3k), confirming
robust antigen-presenting function.

The cDC2s trafficto T cell-richlymphoid areas via CCR7-dependent
migration®. TheicDC2s expressed higher levels of CCR7gene and pro-
tein than the pDCs (Fig. 3| and Extended Data Fig. 3d). In chemotaxis
assays toward CCR7 ligands CCL19 or CCL21, icDC2s had superior
migration compared with pDCs (Fig. 3m). Conversely, pDCs migrated
more efficiently toward CCL2,a CCR2ligand associated with lymphoid
organ homing®.

Collectively, pDCs undergo functional reprogramming to acquire
the hallmarks of cDC2s.

Fate switching of pDCsiis triggered by TNF

Only day 4 pDCs retained TF activity seen in freshly isolated pDCs,
whereas itDCs and icDC2s shared TF activity with tDCs and cDC2s
(Fig. 4a and Extended Data Fig. 7a). Specifically, TCF4 and RUNX2—
two pDC lineage-defining TFs****—were active in pDCs but silenced
initDCs and icDC2s (Fig. 4b). In contrast, icDC2s gained IRF4 activ-
ity, acDC2-associated TF', whereas itDCs exhibited KLF4 activity, like
tDCs''®, These data indicate that fate switching involves silencing of
pDC TFs and acquisition of cDC2-defining programs.

TCF4promotes pDC lineage-restricted genes while repressing cDC
lineage genes™. Its activity declined during conversion, correlating
with decreased TCF4 protein and upregulation of /D2, aknown TCF4
antagonist®** (Fig. 4c—e and Extended Data Fig. 7b). TCF4-activated
genes were enriched in cultured pDCs, whereas TCF4-repressed genes
were upregulated in itDCs and icDC2s™* (Fig. 4f,g and Extended Data
Fig.7c).Notably, itDCs also showed activity for pioneer TFs CEBPA and
SPI1 (Fig. 4c), which open compacted chromatin® and likely enable
access to cDC2 programs. SPI1 regulates pDC versus cDC identity”’;
accordingly, SPI1-repressed genes were enriched in pDCs, whereas
SPI1-activated genes were enriched inicDC2s, including cDC-specific
genes (Fig. 4h,iand Extended Data Fig. 7d).

Although no tDC or precursor contamination was detected
(Fig. 1e), only a fraction of pDCs converted, suggesting that extrinsic
cues or cell-to-cell variations influence fate. Gene set enrichment
analysis (GSEA) revealed that pDCs expressed ‘IFNa response’ genes
(for example, ISG20, MX1 and OAS1), whereas icDC2s expressed
‘TNF signaling via NF-kB’ genes (for example, TNFAIP2, TNFAIP3 and
TRAFI) (Fig. 4j,k). The icDC2s showed enhanced NF-kB (nuclear fac-
tor k-light-chain-enhancer of activated B cells) activity (Fig. 4l and
Extended Data Fig. 7e), implicated in cDC2 development®. These
patterns suggested that TNF and IFN-I-cytokines with known
antagonism*—may regulate pDC fate. Indeed, TNF alone induced fate
switching, whereas IFNa blocked CD40L- and TNF-induced conversion
in a dose-dependent manner (Fig. 4m and Extended Data Fig. 8a),
demonstrating opposingroles.

We further examined TNF’srolein fate switching. CD40L stimula-
tiontriggered TNF secretion, peaking at days1-2 and declining by day
4 (Fig. 4n and Extended Data Fig. 8b). IL-8, a TNF-driven cytokine*’,
mirrored TNF. Blocking TNF receptor 1(TNFR1) or 2 (TNFR2) impaired
CD40L-drivenicDC2 generation at days 2 and 4, with stronger effects
from TNFR1blockade (Fig. 40 and Extended DataFig. 8c). We next asked
whether TNF promotes fate switching by downregulating TCF4 (ref.
41). Both TNF and CD40L reduced TCF4 expression in cultured pDCs
(Fig. 4p), correlating with decreased IRF8 (IFN regulatory factor 8),
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Fig. 3| Conversion of pDCs into functional cDCs. a, Cytology (scale, 10 pm)

and scanning electron microscopy (scale, 1 um) of freshly isolated and day 6
culture cells, FACS purified (n =10f 2 donors; 2 experimental). b, Circularity
index of freshly isolated pDCs (n = 25 cells) and cDC2s (n = 32 cells) and day
6-culture pDCs (n =43 cells), itDCs (n =26 cells) and icDC2s (n = 21 cells). Each
dotrepresents asingle cell (one of two donors). ¢, GSEA of GO pathways between
SMART-seq2 clusters Cland C3.d, Expression of selected genes fromc. e, IFNa
secretion measured after 24-h re-stimulation of pDCs and icDC2s (FACS purified
atday 4) with CpG-A, normalized to the cell number per condition (n =5 donors,
Sexperimental). f, Flow cytometry protein expression in day 4 cultures

(gMFI; one of six (CD80, CD40) and one of seven (CD86) donors; six to seven
experimental; Extended Data Fig. 3d). g, Uptake of apoptotic autologous (n=5
donors, 5 experimental), apoptotic xenogeneic (n =5 donors, 5 experimental),

S. aureus (n =6 donors, 6 experimental) and processing of DQ-OVA (n =5 donors,
Sexperimental) by day 4 cultures relative to 4 °C controls (Extended Data
Fig.5c-f).h, Asing, but using freshly isolated DCs (n = 4 donors, 4 experimental;

Extended DataFig. 6d). i, Experimental setup for autologous naive T cell priming
(left) and arepresentative plot (right).j, Percentage of CFSE® CD4" T cells and
CD25'CD4" T cells fromi (n = 5 donors, 5 experimental). k, As inj, but using
freshlyisolated DC subsets (n = 3 donors, 3 experimental; Extended Data Fig. 6¢).
1, Flow cytometry protein expression in day 4 cultures (n =13 donors,

13 experimental; Extended Data Fig. 3d). m, Migration of day 4 cultures

in transwell assay with CCL2, CCL19 + CCL21 or medium alone (IL-3). Left,
experimental setup. Middle, percentage of total cells that migrated (receiver) or
remained (insert). Right, migrating relative to total cells for each subset (n =6
donors, 6 experimental). Statistical tests show mean + s.d. throughout.:
Kruskal-Wallis test with Dunn’s test (b); two-sided, paired Student’s ¢-test

(e,h,j, CD25"; k, CD25"); paired one-way analysis of variance (ANOVA) with Tukey’s
test (g,j, CFSE™", k; %CFSE"", 1); and mixed-effects model with the Geisser—
Greenhouse correction and Tukey’s multiple-comparison test (m). Ag, antigen;
NES, normalized enrichment score; GSEA, Gene Set Enrichment Analysis; GO,
Gene Ontology.
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a TCF4-regulated TF?"**. TNFR1 or -2 blockade abrogated TCF4 and
IRF8 downregulation, confirming a TNF-TCF4 regulatory axis (Fig.4p).
We also tested whether TNF boosts CD40L responsiveness. Although
CD40 was barely detectable in freshly isolated pDCs, it was rapidly
upregulated by CD40L stimulation (Extended DataFig.8d). TNFR1or -2
blockade reduced CD40 induction (Extended Data Fig. 8e), suggesting
that TNF promotes a feedforward loop enhancing pDC responsive-
ness. Altogether, these data position TNF as a central regulator of the
pDC-to-icDC2 switch by downregulating TCF4 and dismantling the
pDCgene program.

Next, we asked whether insufficient TNF signaling limits con-
version to only a fraction of pDCs. Conversion plateaued at ~25%
on day 2, regardless of TNF dose (Fig. 4q) and rose to ~35-40% by
day 4 (Fig. 4r)—likely reflecting a single cell division (Fig. 20). This
plateau was not due to TNF exhaustion or TNF-mediated cell death,
because additional TNF had no effect and cell recovery remained
unchanged (Fig. 4r and Extended DataFig. 8f). Instead, only ~10-30%
of pDCs expressed TNFR1 and ~-60-80% expressed TNFR2, sug-
gesting that variation in receptor abundance limits conversion
(Extended Data Fig. 8g). Indeed, interindividual variationin TNFR1
(but not TNFR2) expression correlated with icDC2s frequencies
across donors (Fig. 4s).

IFN-I was undetectable by ELISA in CD40L-stimulated cultures
and blocking IFN-I signaling had no effect on icDC2 frequency
(Extended DataFig. 8h), indicating that CD40L does notinduce IFN-I1.
IFN-stimulated gene expression in cultured pDCs likely reflects prior
invivo exposure, because these genes were detected infreshlyisolated
cells (Extended Data Fig. 8i). We next tested how, exogenously, IFN-I
blocks fate switching. Addition of IFN-ItoicDC2s did not reverse their
fate, emphasizing the stability of this population and suggesting that
IFN-I acts upstream of fate commitment (Fig. 4t and Extended Data
Fig.4d). Although exogenousIFN-IreducedIL-8 (ref.40), it did not sup-
press TNF secretion (Extended Data Fig. 8j). Instead, it downregulated
TNFR1 or TNFR2 (Fig. 4u), limiting pDC access to the fate-switching
cue. Consistently, IFN-I prevented TNF-induced TCF4 downregulation
(Fig. 4v), explaining reduced icDC2 frequencies.

Together, our findings support amodelin which CD40L-induced
TNF drives pDC fate switching by downregulating TCF4, whereas IFN-I
counteracts this transition by blocking TNF signaling, preserving TCF4
andreinforcing the pDC program (Fig. 4w). These results suggest that
fate switching may not occurin IFN-I-richenvironments. Accordingly,
previously described pDC states induced by viralmimics and marked by
CD80 and PD-L1expression® did not align with pDCs, itDCs oricDC2s
(Extended Data Fig. 8k), suggesting that these markers may reflect
early activation rather than anidentity shift.

Fate switching of pDCs occurs during wounding

We assessed whether pDC-derived icDC2s aligned with pDCs in vivo
or, instead, resembled cDCs. We focused on skin, a tissue devoid of
pDCs at steady state but known to recruit them during inflammatory
diseases'”. We analyzed myeloid cell clusters from a publicly available
cellularindexing of transcriptomes and epitopes by sequencing (CITE-
seq) dataset of healthy and inflamed human skin*’ (Extended Data
Fig.9a-c). Unbiased transcriptomic analysis identified a distinct pDC
cluster in patients with psoriasis, atopic dermatitis and other rashes,
but not in healthy skin (Extended Data Fig. 9d). This cluster aligned
with pDCs from our panDC dataset and day 4 cultures and expressed
canonical pDC genes (for example, TCF4, IL3RA and SELL) (Extended
Data Fig. 9¢,f). In contrast, the icDC2 gene signature mapped to cells
expressing cDC2 and maturation markers (Extended Data Fig. 9e,f),
confirming thaticDC2s lose pDC identity and cluster with cDC2s in
unbiased analyses.

As icDC2 and cDC2 signatures are largely indistinguishable,
we next leveraged a different skin model to evaluate whether
TNF-triggered pDC fate switching occursin vivo. Skin suction blisters,
amodel of traumatic wounding, areinfiltrated by CD123" pDCsand a
distinct CD123™ DC population of unclear origin**. Although CD123™
DCs share features with pDCs—including BDCA2 expression—they
also exhibit hallmark cDC functions: antigen presentation, T cell
activation and lymph node migration. We hypothesized that CD123™™
DCs may represent the in vivo counterpart of pDC-derived icDC2s. We
aligned the transcriptomes of CD123" pDCs and CD123™ DCs from
blisters** with our day 2-culture signatures. CD123" pDCs aligned
withday 2 pDCs and expressed hallmark genes (TCF4, IRF7, CCR2 and
TLR?) (Fig. 5a,b and Supplementary Table 4). In contrast, CD123™™
DCs aligned with itDCs and icDC2s and expressed /D2, CCR7, LAMP3,
FSCNI and SIRPA. Like icDC2s, CD123™ DCs were enriched for the
‘TNF signaling via NF-kB’ pathway (Fig. 5a-c). Although GSEA did not
reveal global enrichment of the IFNa pathway (Extended Data Fig. 9g),
CD123" pDCs expressed several IFN-I-related genes, including TLR7,
MYDS8S, IRF7 and MX1 (Fig. 5¢). Notably, CD123" pDCs and CD123"
DCs also aligned with freshly isolated pDCs and ¢cDC2s, respectively
(Extended Data Fig. 9h). Together, these data support the model that
CD123™DCsarise from pDCsinvivo, although we cannot completely
rule out the contribution of circulating cDC2s.

We next examined how these signatures changed when blisters
were challenged with house dust mite (HDM), a model of sterile skin
inflammation**. CD123"™ DCs maintained alignment with itDCs and
icDC2sinbothsaline-and HDM-treated blisters (Fig. 5d). In contrast,
a subgroup of CD123" pDCs shifted toward an icDC2-like profile,
suggesting intermediate states. Toresolve this, we stratified CD123"

Fig. 4 | Fate switching of pDCs is triggered by TNF and blocked by IFN-I.

a, Venn diagrams showing overlap of active TFs between freshly isolated DCs and
day 4 cultures, analyzed by snMultiome-seq (Extended Data Fig. 7a).

b, TF activity score from a. The dot size corresponds to average chromVAR motif
accessibility and gene expression scores. ¢, Motif accessibility score onto the
UMAP of Fig. 1e.d, Motif accessibility score against pseudotime for clusters
C1-C3 (snMultiome-seq). e, ID2 expression on day 2 cultures (SMART-seq2).
f,g, Signature score of TCF4-regulated genes (f) and heatmap of selected
TCF4-regulated genes (g), by SMART-seq2 (Extended Data Fig. 7c). h,i, Signature
score (h) and heatmap (i) of SPI1-regulated genes (SMART-seq2) (Extended Data
Fig.7d).j, GSEA of selected pathways between pDCs and icDC2s (SMART-seq?2).
k, Expression of selected genes fromj. I, Motif accessibility score versus
pseudotime for clusters C1-C3 on snMultiome-seq (Extended Data Fig. 7e).

m, Percentage of icDC2s in day 2 cultures with indicated cytokines (n =7 donors,
7 experimental). n, TNF and IL-8 secretion in day 2 cultures (n =11 donors, 11
experimental). 0, Percentage of icDC2 in day 2 cultures with CD40L plus control
antibodies (n = 6, 6 experimental), anti-TNFR1 and TNFR2 antibodies (n =6
donors, 6 experimental), anti-TNFR1antibodies (n = 4 donors, 4 experimental)
and anti-TNFR2 antibodies (n = 4 donors, 4 experimental). p, Percentage

TCF4" and IRF8" cellsin day 2 cultures (n =3 donors, 3 experimental), with
representative flow cytometry plot (one of three donors). q, Percentage
icDC2sin day 2 cultures with increasing TNF concentrations (2,20,200 and
2,000 ng ml™) (n=4 donors, 4 experimental). r, Percentage of icDC2 in day

4 cultures withincreasing TNF concentrations (200 0r2,000 ngml %, n=7
donors, 7 experimental; left) and with a second TNF dose added at day 2 (200 or
2,000 ng ml™, respectively; n = 5 donors, 5 experimental; right). s, Correlation
between TNFRI1 (n =8 donors, 8 experimental) or TNFR2 (n =5 donors,
Sexperimental) expression and icDC2 frequencies in day 2 cultures. t,

Day 4-sorted pDCs (n =4 donors, 4 experimental), itDCs (n = 3 donors,

3 experimental) and icDC2s (n = 4 donors, 4 experimental) re-cultured with IFNa
for 2 additional days (analyzed on day 6).u, TNFR1" (n = 6 donors, 6 experimental)
and TNFR2" (n =5donors, 5 experimental) cellsin day 2 cultures, with or without
IFNa. v, Percentage TCF4" and IRF8" cells in day 4 cultures (n = 4 donors,

4 experimental). w, Schematic of proposed TNF or IFN-I regulation of pDC fate.
Statistical tests give the mean +s.d. throughout and are as follows: two-sided,
Wilcoxon’s matched-pairs sign-rank test (m: groups 5-6; n); two-sided, paired
Student’s t-test (o,u,v); paired one-way ANOVA with Tukey’s test (m: groups 1-4,
p.r); paired one-way ANOVA with Dunnett’s test (q); and Pearson’s correlation (s).
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pDCs—originally sorted asahomogeneous CD123"BDCA2* pDC popu-
lation—into ‘high’, ‘intermediate’ and ‘low’ pDC signature subgroups
(Extended Data Fig. 9i). The low pDC subgroup aligned with icDC2s
and showed loss of pDC-defining genes alongside upregulation of
icDC2 genes, similar to CD123™ DCs (Fig. 5e,f). They also expressed

reduced /L3RA (encoding CD123), demonstrating that transcriptional
downregulation precedes protein loss. Moreover, this subgroup
was enriched for TCF4-repressed, SPI1-activated and ‘TNF signal-
ing via NF-kB’ pathway genes, at levels comparable to CD123™ DCs
(Fig.5e-g).
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Fig. 5| Fate switching of pDCs occurs during wounding. Analysis of a public
SMART-seq2 dataset of CD123" pDCs (blue) and CD123™ DCs (orange) isolated
from human skin blister fluid. Blisters were challenged with saline or HDM.

a, Signature score of day 2-culture pDCs, itDCs and icDC2s (SMART-seq2) and
the ‘TNF signaling via NF-kB’ MSigDB gene set projected onto the saline blister
dataset. b,c, Expression of selected genes from a depicted as a heatmap (b) or
violin plots (c).d, Asin a, but signature scores onto the HDM-challenged blister
dataset. e, Within the HDM blisters, CD123" pDCs were splitinto ‘high’,‘middle’
and ‘low’ groups based on the panDC-pDC signature score (Extended Data

Fig. 9i). Signature score of day 2-culture pDCs, itDCs and icDC2s (SMART-seq2)
and the ‘TNF signaling via NF-kB’ MSigDB gene set. f, Expression of selected
genes frome. g, Signature score of TCF4-regulated or SPI1-regulated cDC genes
projected onto the HDM-challenged blister dataset. h, Correlation between the
day 2-culture icDC2 transcriptional signature and the pDC or ‘TNF signaling via
NF-kB’ signatures in saline and HDM blisters (Pearson’s correlation).

i, Pseudotime trajectory analysis (Monocle3): expression of indicated gene
signatures along pseudotime (saline and HDM datasets combined). HDM, house
dust mite.

These datasuggest anin vivo pDC-to-icDC2 conversion trajectory,
progressing through transcriptional intermediates (high, intermediate
andlow). These states become more prominent during HDM-induced
inflammation. Correlation analysis confirmed that loss of the pDC
program was tightly associated with acquisition of the icDC2 gene
signature and ‘TNF signaling via NF-kB’ pathway upregulation (Fig. 5h).
Consistently, pseudotime trajectory analysis predicted a transition
from CD123" to CD123™ cells, supporting the presence of an in vivo
differentiation continuum (Fig. 5i).

Altogether, these findings show that pDCs infiltrate sites of trau-
maticskininjury and undergo a transcriptional fate switching in vivo,
mirroring the TNF-driven transition to icDC2s observed in vitro.

Loss of identity of pDCs during aging

We next asked whether pDC fate switching occurs physiologically in
healthy individuals. Aging is associated with elevated systemic TNF
levels®, reduced pDC numbers and impaired IFN-I production*®™5,
We hypothesized that these changes reflect aloss of pDC identity and
acquisition of cDC2-like features. To test this, we performed bulk RNA
sequencing (RNA-seq) and assay for transposase-accessible chromatin
with sequencing (ATAC-seq) on purified pDCs from adult and elderly
healthy donors (Extended Data Fig. 10a). Bulk profiling was chosen to
detect subtle transcriptional and epigenetic changes between pheno-
typically similar cells. Strikingly, adult pDCs aligned with cultured pDCs,
whereas elderly pDCs more closely resembledicDC2s (Fig. 6a). Pathway
analysis revealed enrichment of IFNa response’ genes in adult pDCs

and ‘TNF signaling via NF-kB’ onesin elderly pDCs (Fig. 6b), consistent
with increased NF-kB TF activity (Fig. 6¢c and Extended Data Fig.10b).

To evaluate these changes at the single-cell level, we performed
CyTOF on an independent cohort. DC subsets were identified using
unsupervised clustering and our established gating strategy (Fig. 6d-f
and Extended Data Fig. 10c). Both adult and elderly pDCs clustered
within the canonical pDC gate (Fig. 6g). However, direct comparison
revealed that elderly pDCs expressed slightly lower levels of pDC mark-
ersand higherlevels of cDC2-associated proteins (Fig. 6g,h). Notably,
elderly pDCs exhibited reduced IRF8 expression (Fig. 6h), a TF regu-
lated by TCF4 (refs. 21,33). Although CyTOF did not reveal differences
in TCF4—likely due to batch effects—we quantified both TCF4 and
IRF8intwo separate donor cohorts by flow cytometry, which enabled
directsignal comparison. These analyses confirmed reduced TCF4 and
IRF8 expression in elderly pDCs (Fig. 6i and Extended Data Fig. 10d).
As previously reported*¢, we also observed a significant reduction in
pDC numbersinelderly donors (Fig. 6j).

Finally, we assessed the capacity of adult and elderly pDCs to
undergo fate switching in response to CD40L. A higher proportion
of elderly pDCs acquired an icDC2 phenotype in day 4 cultures and
showed enhanced particulate antigen capture (Fig. 6k,1) (low elderly
pDCyield precluded additional functional analyses).

Together, these findings demonstrate that pDCs from elderly
individuals progressively lose lineage-defining features and become
more prone to acquiring cDC2-like characteristics, supporting the
physiological relevance of pDC fate switching during aging.
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Fig. 6 | Loss of pDCidentity during aging. a-c, Bulk RNA-seq and ATAC-seq were
performed on sorted pDCs from six adult (age 24-30 years) and six elderly (age
73-89 years) donors (Extended Data Fig. 10a). a, Signature score of day 2 SMART-
seq2 clusters projected onto bulk RNA-seq of adult and elderly donors. b, GSEA
of the top two pathways differentially active between adult and elderly pDCs

and heatmap of selected genes. ¢, Motif accessibility score of NF-kB1 computed
from bulk ATAC-seq (Extended Data Fig.10b). d-h, Circulating pDCs from adult
(n=6donors, age 25-41years) and elderly (n = 6 donors, age 62-78 years) donors
analyzed by CyTOF. d, UMAP of DC populations clustered by FlowSOM. e, UMAPs
colored by relative protein expression (ArcSin). f, Bubble plot of key protein
markers distinguishing clusters ind. g, UMAPs highlighting pDCs (top), CD123
(middle) or human leukocyte antigen (HLA)-DR (bottom) expressionin adult and
elderly donors. h, Bubble plot of protein expression in pDCs from adult or elderly
donors (tDCs plotted as controls). i, Geometric MFl of TCF4 and IRF8 in pDCs
from adult (n = 6 donors) and elderly (n =9 donors; 1cohort out of 2; Extended

DataFig.10d) donors, by flow cytometry. j, Circulating pDCs from adult (n = 10
donors, 10 experimental) and elderly (n =18 donors, 18 experimental) donors

by flow cytometry. kI, FACS-purified pDCs from adult (age 27-40 years;
n=2lexperimental) and elderly (age >75 years; n =4 experimental) donors
cultured with CD40L for 4 d. k, Percentage of icDC2s from adult (n =9 donors,

9 experimental) and elderly (n =4 donors, 4 experimental) donors. 1, Uptake of
live xenogeneic cells (n = 6 adult donors in 6 experimental and 4 elderly donorsin
4 experimental), apoptotic xenogeneic cells (n = 5adult donors in 5 experimental
and 4 elderly donors in 4 experimental), S. aureus (n = 6 adult donors in

6 experimental and 4 elderly donors in 4 experimental) and processing of DQ-
OVA (n=5adultdonorsin 5 experimental and 4 elderly donors in 4 experimental)
inday 4 cultures relative to controls. The statistical tests show mean + s.d.
throughout; two-sided, unpaired Student’s t-test (i,j k,I). t-SNE, ¢-distributed
stochastic neighbor embedding.

Discussion

We demonstrated that fully differentiated pDCs can undergo fate
switching on activation, rewiring their transcriptional programs to
acquire cDC2-like identity and function. Stringent purification and
single-cellmultiomic profiling ruled out contamination by tDC or cDC
precursors. Instead, TNF initiated a reprogramming process that erases
pDCidentity—a phenomenon observed in vivo during inflammation,
wounding and aging.

Therelationship between pDCs and cDCs has long been debated,
with recent controversy centered on pDC ontogeny and proposals
to reclassify pDCs as innate lymphocytes®’. Our findings support
retaining their classification as DCs. We show that pDCs naturally
remodel their chromatin to become icDC2s, acquiring the migratory

and T cell-priming functions characteristic of cDC2s. Ininflamed skin,
pDC-derived icDC2s align transcriptionally with cDC2s—not pDCs—
a pattern also observed during wounding and aging. This capacity
to undergo fate switching highlights the developmental proximity
between pDCs and cDCs>”.

Previous observations suggested that TNF and IFN-Iregulate pDC
function. TNF induces antigen-presenting pDCs***** thataccumulate
in the TNF-rich synovium of patients with rheumatoid arthritis*.
Conversely, TNF blockade triggers IFN-l overexpression in pDCs and
lupus-like symptoms®**’, Our findings provide a mechanistic frame-
work for these observations by identifying a fate decision bifurcation
based on cytokine sensing. TNF promotes fate switching by down-
regulating TCF4, whereas IFN-1 blocks it by suppressing TNFR1 or
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-2 and sustaining TCF4 expression. These observations raise a key
question: can pDCs convertintoicDC2s during viral infections, where
IFN-lis abundant? Based on our data, we propose that the balance and
timing between IFN-1and TNF may be critical variables enabling this
process. Notably, although pDCs gain some cDC-like traits during
viral infection, they often retain core pDC identity'*—likely due to
sustained IFN-Isignaling.

Compared with previous studies of pDC plasticity?’, our work
presents a distinct conceptual framework for understanding pDC
fate switching. We employed stringent pDC purification and clonal
single-cell assays, ensuring that observed transitions were lineage
intrinsic. In contrast to short-termactivation (24-48 h), we performed
longitudinal single-cell multiomics across 2-6 d, revealing adynamic
trajectory frompDCsto cDC2-like cells viaaproliferativeintermediate.
Notably, fate switching was minimal at 24 h and previously reported
activation markers (CD80 and PD-L1 (ref. 20)) did not map to pDCs,
itDCs or icDC2s (Extended Data Fig. 8k). Rather than supporting a
diversification model*°, our data demonstrate a unidirectional dif-
ferentiation programinvolving transcriptional and chromatin remod-
eling. We show that icDC2s acquire bona fide antigen presentation
capacity—including antigen uptake, processing and autologous naive
T cell activation—functional assays that go beyond surrogate readouts
like mixed leukocyte reactions, which reflect MHC-II expression, but
notantigen uptake or processing. Importantly, we identified TNF-IFN-I
crosstalk that governs fate switching, providing mechanistic insight
into how pDCsintegrate environmental cues. In sum, although previ-
ous studies focused on early transcriptional responses and poten-
tial diversification during viral infection®’, we defined a distinct,
cytokine-driven, fate-switching program that culminates in stable
acquisition of cDC2-like identity and function.

Loss-of-function mouse models show that DCs can change their
fate on TF perturbation'?. TCF4 is required for pDC development®
and its deletion in mature pDCs leads to identity loss and acquisi-
tion of ¢DC traits®. SPI1 is necessary for DC development®® and its
expression in committed cDCs maintains identity while silencing
the pDC program®’. Thus, DC identity can be re-specified through
manipulation of key TFs. However, it remains unclear under which
physiological conditions fate switching occurs. Here we have shown
that pDC reprogramming can occur physiologically, without genetic
perturbation—through cytokine exposure. Fate switching progresses
in a stepwise manner, through a proliferative itDC state, consistent
with observations that dividing cells are more permissive to epigenetic
changes®. The itDCs exhibit activity of pioneer TFs, for example,
C/EBPa (CCAAT/enhancer-binding protein o)), which may destabilize
pDClineage commitment and synergize with other cDC-specific TFs,
amechanism previously described in B cell-to-macrophage transdif-
ferentiation®. Among C/EBPa-regulated TFs is SPI1 (refs. 53,54), a
nonclassic pioneer TF. C/EBPa and SPI1 may cooperate to establish
enhancers that facilitate the NF-kB-mediated response to TNF*. In
sum, C/EBPa, SPI1, TCF4 and NF-kB form atranscriptional network that
may orchestrate pDC-to-icDC2 fate switching. Dissecting this regula-
tory circuitry will be essential for understanding how pDCidentity is
maintained or rewired in different contexts.

Our alignment with in vivo datasets confirms the physiological
relevance of pDC fate switching. In skin suction blister samples*,
CD123™ DCs align transcriptionally with icDC2s, whereas CD123"
pDCs showed intermediate states, delineating the conversion trajec-
tory. Notably, TNF sensing appeared critical for the conversion of
infiltrating pDCs during sterile skin inflammation. This observation
calls for a re-evaluation of TNF-driven skin diseases where activated
DCs have been described. Importantly, we also show that pDC fate
switching occurs during healthy aging: pDCs from elderly donors
express lower levels of TCF4 and IRF8 and convert more readily into
functionalicDC2s, linkingimmune aging to the physiological erosion
of pDCidentity.

Altogether, our findings reveal that pDCs are not fixed, but versa-
tile, capable of switching identity in response to environmental cues.
This plasticity is governed by a tunable transcriptional network inte-
grating TNF and IFN-Isignals. The growing repository of pDC-specific,
lineage-tracing mouse models*® will be invaluable for dissecting these
mechanisms in mouse models and for testing therapeutic strategies
that harness pDC fate switching in disease.
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Methods

Human PBMCs

De-identified blood (collected using EDTA-coated tubes; BD Bio-
sciences) and buffy coats from healthy adults (age 20-40 years) and
elderly donors (age >65 years; Supplementary Table 6) were obtained
throughlocal lab-led blood donation efforts following Stanford Univer-
sity and University of California San Diego (UCSD) guidelines, or from
the Stanford Blood Center. Donors provided informed consent under
protocols approved by the institutional review boards of Stanford
University and UCSD and did not receive compensation. The number
of human donors is indicated in each figure legend. When provided,
information on donor age and sex is reported in Methods (sections:
‘snMultiome-seq sample preparation’, ‘'SMART-seq2 dataset genera-
tion’ and ‘Bulk RNA-seq and ATAC-seq dataset generation’) or in the
supporting data (Supplementary Table 6). Samples were not selected
based on sex, age (beyond the range described above), race or other
individual characteristics. Blood was processed within 2 h of procure-
ment. PBMCs were isolated by density gradient centrifugation using
Ficoll-Paque PLUS (GE Healthcare), according to the manufacturer’s
instructions. Unless otherwise specified in the figure legends, cells
were used immediately for experimentation.

DCisolation

DCswereisolated from fresh PBMCs by negative magnetic enrichment
followed by FACS sorting. PBMCs were treated with human y-globulin
(Invitrogen) for 15 min onice to block nonspecific binding, thenincu-
bated with antibodies against CD3, CD19, CD335 and CD66b, followed
by anti-mouse magnetic Dynabeads (Thermo Fisher Scientific), as
described”’. PanDCs and pDCs were enriched from PBMCs using the
EasySep Human PanDC or Plasmacytoid DC Isolation Kits (STEMCELL
Technologies) according to the manufacturer’s instructions. For FACS
purification, enriched cells were stained with an antibody cocktail for
30 minoniceandsorted using FACSAriall or Fusion (BD Biosciences).

Invitro culture of pDCs

Sorted pDCs, 10,000, were cultured in 96-well U-bottomed plates
in 200 pl of R10 complete medium (Roswell Park Memorial Institute
(RPMI) medium (Corning) with10% heat-inactivated fetal bovine serum
(FBS; Gibco), 2 mM L-glutamine, 100 IU ml™ of penicillin, 100 pg mI™
of streptomycin, 10 mM Hepes, 1 mM sodium pyruvate, 1X MEM
Non-Essential Amino Acids (all Corning) and 55 tM 2-mercaptoethanol
(Gibco)) at 37 °C. All cultures contained 10 ng ml™ of recombinant
human IL-3 (R&D Systems; carrier free) for pDC survival. Activation
stimuli included 100-200 ng ml™ of CD40L (R&D Systems; carrier
free),2-2,000 ng mI™ of TNF (BioLegend; carrier free), 10-1,000 U mi™
of IFNa (PBL Assay Science) or 5 pg ml™ of CpG-A (Invivogen, cat. no.
ODN 2216). For IFN-I blockade, 1,000 ng mI™ of BISR (R&D Systems)
was added. For TNF blockade, pDCs were pre-incubated for 1 h with
10 pg ml™ of anti-TNFR1(R&D Systems, clone 16805), anti-TNFR2 (R&D
Systems, clone 22210) or isotype control before CD40L stimulation.
Secreted TNF and IL-8 were measured in day 1, 2 or 4 supernatants
by cytometric bead array Human Enhanced Sensitivity kit (BD Bio-
sciences). For IFN-1detection, sorted DCs were cultured with 150 pl of
R10 complete medium + IL-3 + 5 pg ml™ of CpG-A for 24 h. Supernatants
were frozen at —80 °C and analyzed with VeriKine Human IFN Alpha
Multi-Subtype ELISA Kit (PBL Assay Science).

Flow cytometry

Antibodies for flow cytometry were purchased from BioLegend, R&D
Systems, BD Biosciences and Thermo Fisher Scientific (Supplementary
Table5). Cellswereincubated with humany-globulinfor15 minoniceto
block nonspecificbinding, thenstained for 20 min at 4 °C with surface
markers diluted in FACS buffer (2 mM EDTA and 2% donor equine serum
in phosphate-buffered saline (PBS)). CCR2 and CCR7 were stained
separately at 37 °C for 45 min in PBS. Cells were acquired on a 5-laser

LSRFortessa X-20 (BD Biosciences) using FACS Diva software (v.8.01)
oraCytek Aurora (Cytek) using Cytek SpectroFlo (v.3.3.0). Compensa-
tion was set up using beads (BD Biosciences) and dead cells excluded
by DAPlor LIVE/DEAD Fixable Blue (Thermo Fisher Scientific) staining.
For Ki67, TCF4 and IRFS, cells were surface stained, fixed with Foxp3
Fix/Perm Buffer (Thermo Fisher Scientific) for 1 h and intracellularly
stained for 45 min in 1x Permwash buffer (Thermo Fisher Scientific).
Positive gates were defined using anisotype and fluorescent minus one
controls. For proliferation assays, PBMCs were labeled with2.5 utM CTV
(Thermo Fisher Scientific) for 10 min at 37 °C before enrichment and
sorting. Apoptosis was measured with Apotracker Green (BioLegend).
Datawere analyzed using FlowJo software (Tree Star) and plotted using
GraphPad Prism 10 (GraphPad Software).

Single-cell differentiation

Half of the enriched pDCs were labeled with1.7 nM CFSE (Sigma-Aldrich)
and half with 2.5 uM CellTrace Violet (CTV, Thermo Fisher Scientific)
for 10 min at 37 °C. Carboxyfluorescein succinimidyl ester (CFSE)-
labeled pDCs (‘filler’ cells) were plated at 5,000 cells per wellin 96-well
plates. CTV-labeled pDCs were stained with antibodies for 30 min on
ice and FACS purified into wells at 1, 10,100, 1,000 or 5,000 cells per
well. Conversion was assessed on CFSE*CTV™ (filler) and CFSE"CTV*
(experimental) cells after 4 d of culture (Extended Data Fig. 4g).

CyTOF

CyTOF was performed as previously described™'**-", Fresh PBMCs
and day 6-culture pDCs were pooled with mouse splenocytes (‘cell
bed’), stained with 0.25 mM cisplatin (Fluidigim), surface stained with
heavy-metal-labeled antibodies, fixed with Foxp3 Fix/Perm Buffer
(Thermo Fisher Scientific) and stained intracellularly. Cells were incu-
bated overnight with 2% paraformaldehyde (Electron) in PBS with
125 nMiridium intercalator (Fluidigm), washed, filtered and acquiredin
aCyTOF2 (Fluidigm) at the Shared FACS Facility at Stanford University.
Flow cytometry standard files were normalized using the Premessa
R package. A reference map of PBMC pDCs, tDCs, ¢cDCls and cDC2s
(gated in FlowJo) was generated using Scaffold (v.0.1) (https://github.
com/nolanlab/scaffold)®®. Cells clustering within pDC, itDC or icDC2
nodes were input into marker enrichment modeling analysis®, using
arcsinh transformation (cofactor = 15). Heatmaps were generated
with GraphPad Prism 10. For the aging dataset, PBMCs were thawed in
batchesand CD45barcoded to allow simultaneous processing of adult,
elderly andinternal standard samples (for batch correction). Normal-
ized flow cytometry standard files were gated (Extended Data Fig.10c),
followed by UMAP and FlowSOM analyses in FlowJo. Protein expression
heatmaps (arcsinh transformed) were visualized in Morpheus (Broad
Institute) and other data visualization was done using CYT (SightOf)
with MATLAB (MathWorks).

Antigen uptake and processing

Freshlyisolated DCs (enriched with EasySep Human PanDCkit) or day
4-culture cells were assessed for uptake of live or apoptotic autologous
cells, xenogeneic cells and bacteria. For autologous uptake, PBMCs
were labeled with 2 uM PKH26 (Sigma-Aldrich) at 20 x 10° cells mlI™*
for 5 min at room temperature. Apoptosis was induced by 60 Gy of
X-rayirradiation. For xenogeneic uptake, C57BL/6 mouse splenocytes
were labeled with PKH26 and apoptosed by osmotic shock: hypertonic
medium (0.5 M sucrose (Sigma-Aldrich), 10% w/v poly(ethylene glycol)
1000 (Alfa Aesar) and 10 mM Hepes (Corning) in RPMI medium) for
10 min at 37 °C, followed by hypotonic medium (40% endotoxin-free
water (Cytiva) and 60% RPMI medium) for 2 min at 37 °C. For bacte-
ria uptake, cells were incubated with 50-100 pg ml™ of pHrodo Red
S. aureus (Thermo Fisher Scientific). In all cases, DCs were incubated
with particulate antigen for 3 h at 37 °C and uptake measured by flow
cytometry as %PKH26" or pHrodo" cells. For antigen processing, DCs
were incubated with 0.05-0.50 pg ml™ of DQ-OVA (Invitrogen) for
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3 hat 37 °C. Negative controls included pretreatment with 5 pg ml™
of cytochalasin D (Sigma-Aldrich) for 30 min at 37 °C, followed by 3 h
incubationat4 °C.

T cell priming

For naive T cell preparation, frozen PBMCs were thawed, washed twice
withPBS, labeled with1.7 nM CFSE or 2.5 pM CTV at 37 °C for 10 minand
washed withR10 medium. CD3*CD45RA'CD45RO naive T cellswereiso-
lated (>98%) using EasySep Human Naive Pan T cell isolation Kit (STEM-
CELL Technologies) per the manufacturer’sinstructions (Extended Data
Fig. 5h). Day 4-culture DCs were incubated + apoptotic mouse spleno-
cytesfor3-18 h(1DCto 300 splenocytes) and FACS purified (Extended
Data Fig. 5g). Sorted pDCs and icDC2s were cocultured with CFSE- or
CTV-labeled autologous naive T cells (1:20 ratio) for 6 d in the presence
of IL-3. For homeostatic proliferation controls, T cells were cultured
aloneinIL-3.Forassays using freshlyisolated DCs, PBMCs enriched from
DCs were FACS purified (Extended Data Fig. 6¢) and cocultured with
CFSE-labeled autologous naive T cells (1:20) for 6 d in the presence of
IL-3 and apoptotic mouse splenocytes (1DC to 300 splenocytes).

Migration assay

Day 4-culture cells were harvested, counted and plated in the upper well
of 5-pm pore size, 96-well transwells (Corning) with IL-3 (10 ng mI™).
Lower wells contained IL-3 alone (control), IL-3 + 50 ng mI™ of CCL2 or
50 ng ml™ of CCL19 and CCL21 (all chemokines from Thermo Fisher
Scientific). Cells were incubated for 3 h at 37 °C, then harvested from
the upper and lower wells, stained and counted using CountBright
beads by flow cytometry. Migration was calculated as the percentage
of each cell state migrating relative to the total cell number.

Cytology and scanning electron microscopy

Fresh DC subsets and day 6-culture cells were FACS purified for cyto-
logy and scanning electron microscopy analysis. For cytology, sorted
cells were cytospun onto poly(lysine)-coated glass slides (Shandon
Polysine, Thermo Fisher Scientific) and stained using the Three-Step
Stain Set (Thermo Fisher Scientific) per the manufacturer’s instruc-
tions. Images were acquired with aBZ-X800 microscope (Keyence) at
x60 and cell size and circularity were quantified using ImageJ (National
Institutes of Health (NIH)). For scanning electron microscopy, sorted
cells were fixed overnight at 4 °C in Karnovsky’s fixative (2% glutaral-
dehyde and 4% paraformaldehyde in 0.1 Msodium cacodylate, pH 7.4
buffer (allfrom EMS)), washed 3x and treated with 1% osmium tetroxide
(EMS) for 1 h at room temperature. Cells were washed, dehydrated
through graded ethanol (50%, 70%, 95% and 100%, 2x), and resus-
pended in hexamethyldisilazane (EMS). Air-dried cells were mounted
onto poly(lysine)-coated 12-mm coverslips, sputter coated with 4-nm
goldat10°usingalLeica ACE600 and imaged with a Zeiss Sigma FESEM
at3 kV at the Stanford Cell Sciences Imaging Facility.

snMultiome-seq sample preparation

snMultiome-seqwas performed on freshly isolated DCs (1male donor,
age 32 years), pDCs (1 male donor, age 32 years) and day 4-culture pDCs
(I male donor, age 29 years) (Extended Data Figs. 1a and 2a,c). Nuclei
wereisolated from FACS-sorted cells using the 10x Genomics protocol
(no.CG000365) adapted for low input. Briefly, 100,000 cells were lysed
with chilled multiome lysis buffer (10 mM Tris-HCI, pH 7.4 (TEKnova),
10 mM NaCl (Thermo Fisher Scientific), 3 mM MgCl, (Sigma-Adrich),
0.1% Tween-20 (Roche), 0.1% IGEPAL (Sigma-Aldrich), 0.01% digitonin
(Promega), 1% bovine serum albumin (BSA) (Sigma-Aldrich), 1 mM
dithiothreitol (Thermo Fisher Scientific) and 1 U ul™ of RNase inhibitor
(Sigma-Aldrich) in nuclease-free water) for 3 min on ice. Nuclei were
washed twice with multiome wash buffer (identical but without IGEPAL
and digitonin) and resuspended in multiome nuclei buffer (1x nuclei
(10x Genomics), 1 mM dithiothreitol and 1U pl™ of RNase inhibitor
prepared in nuclease-free water).

snMultiome-seq library preparation and data analysis
Single-cell libraries were prepared at the Stanford Genomics Core using
the Chromium Next GEM Single Cell Multiome ATAC + Gene Expression
kit (10x Genomics) and sequenced onanllluminaNovaSeq 6000. Data
were processed with Cell Ranger ARC (v.2.0.0 and v.2.0.2) using the
GRCh38reference genome. Downstream analyses were done with Seu-
rat(v.5.0.2) and Signac (v.1.12.9004). snRNA-seq data were normalized
(‘LogNormalize’, scale factor 10,000) and scaled (‘ScaleData’) before
calculating the UMAP. snATAC-seq data were peak called with MACS2
(v.2.2.9.1), filtered to remove nonstandard chromosomes and black-
list regions, normalized with RunTFIDF, reduced by RunSVD (latent
semantic indexing) and visualized by UMAP. The weighted nearest
neighbor (WNN) graphs were constructed using FindMultiModalNeigh-
bors. PanDC and pDC snRNA-seq datasets were batch corrected with
IntegrateLayers (Harmnoylntegration method) in Seurat (Fig. 1a-c).
snATAC-seq datasets were integrated with FindIntegrationAnchors
and IntegrateEmbeddings in Signac (Fig. 1d). Cells with abnormal
RNA-seq or ATAC-seq quality control scores were excluded during
quality control.

SMART-seq2 dataset generation

Freshly isolated pDCs, tDCs and day 2-culture cells from two donors
(I male donor, age 36 years and 1 female donor, age 28 years) were
profiled using SMART-seq2, which performs better for detecting
low-expression genes®. Mononuclear phagocytes were enriched from
PBMCs using antibodies against CD3,CD19, CD335and CD66b, followed
by anti-mouse magnetic Dynabeads (Thermo Fisher Scientific). Cells
were stained and single-cell sorted into 96-well plates as pDCs (DAPI"C
D3°CD19°CD20°CD335 CD66b CD14 CD16 HLA-DR'CD123*AXL CD33"
BDCA4'CD11c") and tDCs (DAPI"CD3 CD19°CD20°CD335 CD66b CD14
"CD16 HLA-DR'CD123"AXL"CD33").Sorted pDCs from the same donor
were cultured for 2 d and sorted as pDCs (DAPI"THLA-DR*CD33°CD11c"),
itDCs (DAPI'HLA-DR'CD33*CD11¢") andicDC2s (DAPI'HLA-DR*CD11c")
(Fig. 2e). Reverse transcription, complementary DNA synthesis and
amplification were performed using the Takara Smart-Seq Single Cell
Kit. The cDNA was cleaned with Ampure XP beads (Beckman Coulter)
and quantified with Quant-iT PicoGreen dsDNA Assay (Thermo Fisher
Scientific). Libraries were prepared using the Illumina Nextera XT DNA
Library Prep and Unique Dual Index Kits (Illumina) and sequenced
paired end (75 bp) on a Hi-seq4000 (lllumina). Reads were aligned to
the UCSC hgl9 transcriptome using STAR and gene counts were deter-
mined using featureCounts. A total of 383 cells from healthy donors
were sequenced; after quality control filtering, 377 high-quality cells
remained. Datawere normalized and scaled (‘LogNormalize’, scale fac-
tor10,000; ‘ScaleData’) using Seurat (v.5.0.1) before UMAP generation.

Bulk RNA-seq and ATAC-seq dataset generation

The pDCswere enriched from freshly isolated PBMCs (Extended Data
Fig.10a). Then, 10,000 pDCs from 6 adult (age 24-30 years) and 6
elderly (age 73-89 years) donors were sorted directly into QlAzol lysis
buffer (QIAGEN) and frozen at —-80 °C for RNA-seq. RNA extraction
and library preparation were performed by the Stanford Functional
Genomics Core. For ATAC-seq, 10,000 pDCs were sorted into R10
and DNA was extracted and libraries prepared using the Omni-ATAC
protocol at the Stanford Functional Genomic Core. DNA was stored
at—20 °C after transposition until all the samples had been collected.
Amplification and quantitative PCR were performed simultaneously
across samples. Library quality was assessed by Bioanalyzer. The 24
samples were barcoded, pooled and sequenced on a NovaSeq 6000
at the Stanford Functional Genomics Core.

DEG analysis

For single-cell sequencing datasets, differentially expressed genes
(DEGs) between clusters were identified using Wilcoxon’s rank-sum
test in Seurat’s FindMarkers function. DEGs (P < 0.05, min.pct = 0.25,

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02234-3

log,(fold-change) (log,(FC)) > 0) from the panDC dataset were used
to generate transcriptional signatures for each DC subset (Supple-
mentary Table 1). DEGs (P < 0.05, min.pct = 0.25, log,(FC) >1) from
clusters C1-C3inthe day 4 snMultiome-seq dataset were used to define
cellular states (pDCs, itDCs and icDCs; Supplementary Table 2). Addi-
tional signatures were derived from published datasets (Extended Data
Figs.1g-i, 4h and 7c,d): accession nos. GSE94820 (ref. 14), GSE35457
(Supplementary Table 2)", GSE132566 (Supplementary Table 2 and
Fig. 6; CD5'CD163” ¢DC2 versus CD14 CD163" DC3)*, GSE75650
(ref.35) (TCF4silencing) and GSE121446 (ref.37) (Spil”"). Murine genes
were converted to human orthologs using g:Profiler®’. Gene signa-
ture scores were calculated with AddModuleScore or AddModuleS-
core_UCell functions in Seurat. Triwise (v.0.99.5) was used to analyze
gene expression changes during pDC conversion (Fig. 1i). Normalized
gene expression was used to calculate barycentric coordinates with
transformBarcyentric and datawere plotted onahexagonal polygon®.
Cell cycle scores were calculated using CellCycleScoring with Seurat
using default S and G2/M phase genes (Extended Data Figs. 2e and 3c).

Differentially open chromatin regions and TF activity

For single-cell datasets, differentially accessible chromatin regions
between DC subsets were identified using FindMarkers (Signac)
(P<0.05, min.pct =0.1,log,(FC) > 0). These regions were used to com-
pute chromatin accessibility scores with AddModuleScore (Seurat;
Fig. 1d). ClITA enhancers were visualized based on peak-gene link-
ages (LinkPeaks default settings; Signac). MARCHI enhancers were
selected based on the GeneHancer database (v.4.4)°* and overlap-
ping open peaks. Motif accessibility was computed using chromVAR
(v.1.22.1) with the UCSC hg38 genome (BSgenome.Hsapiens.UCSC.
hg38) and the JASPAR2020 motif collection via RunChromVAR (Sig-
nac). Presto (Wilcoxon’s rank-sum test) was used to rank TF activity
by integrating gene expression and motif accessibility, with activ-
ity ranked by the average Presto area-under-the-curve statistic. TF
activity signatures were created by filtering TFs with average area
under the curve >0.6 for: (1) each DC subset in the panDC dataset and
(2) pDCs, itDCs and icDC2s in the day 4-culture dataset (Extended
DataFig.7a).

Pseudotemporal trajectory analysis

Monocle3 (v.2.28.0) and Slingshot (v.2.8.0) were used to study pseu-
dotemporaltrajectoriesinthe day 4-culture snMultiome-seq dataset.
Processed expression data and WNN UMAP coordinates from Seurat
were loaded into Slingshot or Monocle3. For Slingshot, trajectories
were learned using getLineages, assigning cluster C1 (pDCs) as the
starting point. For Monocle3, trajectories were learned using learn_
graph and pseudotime assigned with order_cells, setting cluster C1
as the root. To study motif accessibility over pseudotime (Fig. 5i),
Monocle3 output wasimported into Seurat, and trends were visualized
using FeatureScatter and ggplot2 with geom_smooth(method =‘In’,
formula =y~ splines::ns(x, df = 3)).

GSEA

DEGs were identified from the day 2-culture SMART-seq2 dataset by
comparing cluster C1 (pDCs) versus C3 (icDC2s) using Seurat’s Find-
Markers function (min.pct = 0, logfc.threshold = 0) to extract all genes.
Genes were ranked by log,(FC) and analyzed with GSEA Pre-ranked
(GSEAVv.4.2.3) using 1,000 permutations. GO, Hallmark and canonical
pathways from MSigDB were used as input gene sets. For the aging bulk
RNA-seqdataset, DEGs between adult and elderly pDCs were identified
using DESeq2, ranked by log,(FC) and analyzed with GSEA Pre-ranked
for Hallmark and canonical pathways. To compare transcriptional
changes in DC subsets with aging, a separate GSEA Pre-ranked analy-
sis was performed using the adult versus elderly DEG list, with day 2
SMART-seq2 DC transcriptional signatures (Supplementary Table 2)
used asinput gene sets.

Bulk RNA-seq and ATAC-seq

For bulk RNA-seq analysis, reads were aligned to hgl9 using STAR on
Stanford’s Sherlock computing cluster, and counts were generated
with featureCounts. Differential gene expression was performed using
DESeq2. For bulk ATAC-seq analysis, reads were quality controlled,
trimmed, aligned, filtered and normalized using nfatac (https://nf-co.
re/atacseq/2.1.2) on Sherlock. Reads were aligned to hgl19 and narrow
peak calling and consensus peak generation were performed with
nfatac. Differential peak analysis was conducted with DESeq2 and TF
activity was inferred using ChromVAR (https://greenleaflab.github.
io/chromVAR/).

Transcriptomics of skin inflammation and skin wounding
Publicly available CITE-seq (EGAS00001005271)** (Extended Data
Fig. 9) and SMART-seq2 (E-MTAB-8498)** (Fig. 5) datasets were
downloaded and analyzed in R using Seurat. Pre-processed data
from EGAS00001005271 were downloaded (https://explore.data.
humancellatlas.org/projects/5bd01deb-0Olee-4611-8efd-cfOec-
5f56ac4/project-matrices) and subsetted to include myeloid cell
clusters based on HLA-DRA* and MS4A1” gene expression (Extended
DataFig. 9a). Donor skin conditions included healthy controls and
those with atopic dermatitis, psoriasis vulgaris, bullous pemphi-
goid, lichen planus and indeterminate rashes. Gene signatures
from panDC and SMART-seq?2 day 2-culture datasets were scored
using Seurat’s AddModuleScore function. The E-MTAB-8498 dataset
was downloaded (https://explore.data.humancellatlas.org/
projects/67a3de09-45b9-49c3-a068-ff4665daa50e/
project-metadata) and converted into a Seurat object. Quality con-
trol and data preprocessing followed the original publications.
Datawere normalized (‘LogNormalize’, scale factor 10,000), scaled
(‘ScaleData’) and UMAPs generated. The dataset was subsetted to
BDCA2"pDCs and gene signatures analyzed using AddModuleScore.
Gene sets for ‘IFNa response” and ‘TNF signaling via NF-kB” were
downloaded from MSigDB (v.2024.1.Hs). Pearson’s correlations
(Fig. 5h) were calculated using Seurat’s FeatureScatter. Monocle3
was used to reconstruct pseudotemporal trajectories in the skin
blister dataset.

Statistical analysis

Blood samples were randomly allocated across experiments. Statisti-
cal details, including n value, number of experiments, P values and
the type of statistical tests used for each experiment can be found
in the figure legends. No technical replicates were used; in all cases,
each data point represents a distinct donor (biological replicate). In
experiments where a paired experimental design was used (that is,
cells from the same donor were subjected to different conditions),
this is visually indicated in the figures by lines connecting paired
data points. No statistical methods were used to predetermine sam-
ple sizes, but the sample sizes were consistent with those used in
previous publications''¢*?%_Statistical analyses were performed
with three or more biological replicates using GraphPad Prism 10
(GraphPad Software) or R (v.4.3.1). Data distribution was assessed
using the Shapiro-Wilk normality test. Data collection and analysis
were not performed blind to the conditions of the experiments and
no datapoints were excluded. For single-cell RNA-seq, pre-established
exclusion criteria—low number of unique genes, abnormally high read
count or high mitochondrial gene content—were applied. All graphs
with error bars show mean * or + s.d. values. Violin plots, UMAPs and
heatmaps were generated in R (v.4.3.1) using Seurat (v.5.0.2), Signac
(v.1.12.9004), ggplot2 (v.3.5.0) and viridis (v.0.6.5) packages or with
GraphPad Prism 10 (GraphPad Software).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Datageneratedin this study have been deposited in the National Center
for Biotechnology Information’s Genome Expression Omnibus under
the followingaccessionnos.: GSE267100 (GRCh38reference genome),
GSE267099 (GRCh38), GSE267174 (GRCh38), GSE266889 (hgl9),
GSE269411 (hgl19) and GSE279911 (hgl9). Publicly available CITE-seq
data (EGAS00001005271)** were download from https://explore.
data.humancellatlas.org/projects/5bd0ldeb-0lee-4611-8efd-cfOec-
5f56ac4/project-matrices. Publicly available SMART-seq2 data
(E-MTAB-8498)** were downloaded from https://explore.data.human-
cellatlas.org/projects/67a3de09-45b9-49c3-a068-ff4665daa50e/
project-metadata. All other datageneratedin this study areincluded
in the Article and Supplementary Information. Source data are pro-
vided with this paper.

Code availability

This study did not generate unique codes.
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Extended Data Fig. 1| Generation of aPanDC snMultiome-seq dataset of
human dendritic cells. a, Experimental design for generating panDC and sorted
pDC snMultiome-seq datasets. DCs were magnetically enriched from fresh
PBMCs, followed by FACS purification and nucleiisolation. snRNA-seq

and snATAC-seq libraries were generated from nuclei and sequenced.

b, PanDC purification strategy. Magnetically enriched DCs were stained and
FACS-purified. Lineage-positive cells (CD3*, CD19*, CD20*, CD335*, CD66b"),
CD14" and CD16" were excluded from live singlets, as were HLA-DR” and CD337/
CD123 cells. Representative plots before (top) and after (bottom) sorting are
shown. c-d, Sorted panDCs were analyzed by flow cytometry to determine

the frequency of each DC subset: pDCs (CD123°AXL"), tDCs (CD123°AXL"),
¢DC2s(CD123 CD11c*'BDCA3"), cDCls (CD123"BDCA3") and “other” cells
(CD123°CD11c"BDCA3"). Flow cytometry plots (c) and corresponding

quantification (d) are shown. Previously described CD100" progenitors' are
contained within the “other” population (HLA-DR*CD11¢"CD123"). e, UMAP of
panDCs based on snRNA-seq (left), snATAC-seq (middle), and their integrated
profiles using weighted nearest neighbor (WNN) analysis (right). Clusters are
colored by unsupervised WNN clustering. f, Bar graph showing the percentage
of DC subset within clusters from (e). g, Violin plots showing DC subset gene
signature scores based on two publicly available datasets™', calculated

using Seurat AddModuleScore function. h, DC2 (CD163 CD5 cells) and DC3
(CD163'CD14" cells) gene signatures® were applied to the cDC2 cluster of panDC
dataset using the AddModuleScore_UCell function. i, Signature score of AXL*
DCs and progenitor populations™* applied to the panDC dataset using the
AddModuleScore function. Graphicsin a created using BioRender.com.
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Extended Data Fig. 2| Generation of asnMultiome-seq dataset of human pDCs
before and after CD40L stimulation. a, As in Extended Data Fig. 1a, but showing
the purification of pDCs from the same donor at a different time point. Briefly,
pDCs were magnetically enriched from PBMCs, stained and purified by FACS.

b, pDC purification strategy. Lineage-positive cells (CD3*, CD19*, CD20*, CD335",
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donorsin7exp.; paired one-way ANOVA with Tukey’s multiple comparison test).
e, WNN UMAP of day-4 culture snMultiome-seq dataset with cells colored by
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Extended Data Fig. 3| Flow cytometry analysis of CD40L stimulated pDCs.

a, Purified pDCs were cultured with CD40L (alwaysin the presence of IL-3), and
the percentage of pDCs, itDCs and icDC2s was analyzed at day 2 (n =11donors,
11exp.), day 4 (n =14 donors, 14 exp.) and day 6 (n = 6 donors, 6 exp.) (mean+SD;
unpaired two-way ANOVA with Tukey’s multiple comparison test). b, Percentage
of cellsin each SMART-seq2 cluster, colored by blood donor. ¢, UMAP of the
SMART-seq2 dataset, colored by cell cycle phase according to Seurat analysis.

d, Violin plots of selected gene expression in SMART-seq2. Bar graphs show

protein expression in day-4 culture pDCs, itDCs and icDC2s. Data are shown as
percentage of positive cells or gMFI relative to pDCs for the following markers:
CD45RA, CD123 (n =8 donors, 8 exp.); BDCA2 (n =9 donors, 9 exp.); BDCA4
(n=4donors, 4 exp.); HLA-DR (n =14 donors, 14 exp.); CD205, CD172a, CLEC10A,
CD86 (n=7donors, 7 exp.); CD80, CD40 (n =6 donors, 6 exp.); and percentages
of LILRA4* and CD62L"* cells (n = 5donors, 5 exp.). (mean+SD; paired one-way
ANOVA with Tukey’s multiple comparisons test).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | pDC fate during culture. a-c, FACS-purified pDCs were
stimulated with CD40L for 2 days, and then sorted into pDCs, itDCs and icDC2s
and re-cultured with CD40L for an additional 2-4 days. a, Experimental set up.
b, CD33 and CD11c expression at day 2 (top), day 4 (middle) and day 6 (bottom)
for one representative donor. ¢, Quantification of (b) at day 4 (n = 4 donors,

4 exp.) and day 6 (n =3 donors, 3 exp.) (mean+SD).d, Experimental set up:
FACS-purified pDCs were stimulated with CD40L for 4 days, sorted into pDCs,
itDCs and icDC2s, and re-cultured for 2 more days with either CD40L, IFN«, or
control media (all conditions contain IL-3; Fig. 2m, Fig. 4t). e, CD33 and CD11c
expression at day 4 (top) and day 6 (bottom) (1donor out of 4). f, Pie charts
showing distribution of pDCs, itDCs and icDC2s (top), and the percentage of
apoptotic cells within each population, measured by Apotracker Green staining

(bottom; mean+SD; unpaired two-way ANOVA with Tukey’s multiple comparison
test), following CD40L stimulation. Data were collected by flow cytometry at
day1(n=_8donors,8exp.),day2 (n=8donors,8exp.),and day 4 (n =5 donors,
5exp.).g, CTV-labelled pDCs were FACS-purified at 1,10,100,1,000 or 5,000
cells/well onto a CFSE-labelled pDCs “filler” bed, and cultured for 4 days with
CD4O0L. Representative flow cytometry plots from1of 4 donors (Fig. 2p). h, cDC2
(CD163°CD5"* cells) and DC3 (CD163"CD14" cells) gene signature* was applied to
the icDC2 cluster from day-4 snMultiome-seq (C3in Fig. 1e) or day-2 SMART-seq
2 (cluster C3in Fig. 2f) datasets using Seurat AddModuleScore_UCell function.

i, Flow cytometry expression of cDC2 marker (CD5) and DC3 markers (CD14 and
CD163) in day-4 cultures (mean+SD; n = 4 donors, 4 exp.; paired one-way ANOVA
with Tukey’s multiple comparisons test).
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Extended DataFig. 5|icDC2 are functional cDCs. a, Cell area of freshly isolated
pDCs (n=28cells) and cDC2 (n = 22 cells), and day-6 culture pDCs (n =43 cells),
itDCs (n =26 cells) and icDC2s (n =21 cells) from Fig. 3a. Each dot represents
asingle cell (10f2 donors; mean+SD; Kruskal-Wallis test with Dunn’s multiple
comparisons). b, Heatmap of selected genes from the MHClI-related pathways
showninFig.3c. c-e, Purified pDCs were cultured with CD40L (in the presence of
IL-3) for 4 days, thenincubated for 3 h at 37 °C with various fluorescently labelled
particulate antigens. As negative control, cells were treated with Cytochalasin

D andincubated with antigens at 4 °C. Antigen uptake was measured by flow
cytometry. Representative histograms (single donor), heatmaps, and bar graphs
(relative to 4 °C control) are shown (paired two-way ANOVA with Tukey’s multiple
comparisons test). ¢, Uptake of PKH-labelled autologous cells, apoptotic

apoptotic (1:30 and 1:300, n = 5donors, 5exp.) and live (1:30,n =2, 2 exp.;

1:300, n =4 donors, 4 exp.).d, Uptake of PKH-labelled xenogeneic cells (mouse
splenocytes), apoptotic (1:30, n =3 donorsin3 exp.;1:300,n=5in 5 exp.) and live
(1:30,n=3 donorsin3 exp.; 1:300, n = 6 donorsin 6 exp.). e, Uptake of pHrodo-
labeled S. aureus, 50 pg/ml (n=5donors, 5 exp.) and or 100 pg/ml (n = 6 donors,
6 exp.).f, Cells were incubated with DQ-OVA for 3 h to assess antigen processing
(n=5donors, 5exp.). Representative histogram, heatmap (mean), and bar graphs
(relative to 4 °C control) are shown (paired two-way ANOVA with Tukey’s multiple
comparisons test). g, Day-4 culture cells were loaded with apoptotic xenogeneic
splenocytes for 3-18 hours. pDCs and icDC2s were stained and FACS-purified
using the indicated gating strategy. h, Naive T cells were enriched to >98%.
Representative plots before (top) and after (bottom) enrichment are shown.
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Extended Data Fig. 6 | Epigenetic analysis and antigen presentation capacity
of fresh DCs. a, Epigenetic track showing chromatin accessibility at C//TA locus
and peak-to-gene links. Promoter 1is highlighted in grey; putative enhancers are
highlighted in purple. b, Epigenetic tracks showing chromatin accessibility at
the MARCH1 locus. Putative enhancers overlapping open peaks are highlighted
ingrey. ¢, Purification strategy for DC subsets. DCs were magnetically enriched
from PBMCs, stained, and FACS-purified. Lineage-positive cells (CD3*, CD19",
CD20%,CD335",CD66b*, CD14", CD16") were excluded from live singlets.

Cells were gated as follows: pDCs (HLA-DR*CD123'BDCA1"AXL CD11c"); tDCs

(HLA-DR'CD123"BDCA1"AXL"); cDC2s (HLA-DR*CD123'BDCA3 CD11c*'BDCAL");
and c¢DCls (HLA-DR'CD123'BDCA3*CD11c’BDCAL’). Representative plots before
(top) and after sorting (bottom) are shown (see also Fig. 3k). d, Magnetically
enriched DCs were incubated with the indicated fluorescently labelled antigens
for 3 hat 37°C. Uptake of xenogeneic live cells (n =3 donors, 3 exp.) and S. aureus
(100 pg/ml; n =4 donors, 4 exp.), or processing of DQ-OVA (n = 3 donors, 3 exp.)
were measured by flow cytometry and reported as percentage relative to

4°C controls (mean+SD; paired one-way ANOVA with Tukey’s multiple
comparisons test).
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gene expression) were calculated in the panDC (left) and day-4 culture (right) analyzed in Fig. 4i. e, Scatter plots showing motif accessibility vs pseudotime
snMultiome-seq datasets. TFs with an activity score >0.6 are shown.
b, Percentage TCF4" cells in day-4 cultures (n =4 donors, 4 exp.;

for theindicated TFs across clusters C1-C3 in the day-4 culture snMultiome-seq
dataset (Fig. 41).
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Extended Data Fig. 8| IFN-1blocks pDC fate switching. a, Percentage of icDC2s
and cell recovery after 2-days of culture with control media alone (IL-3) or
increasing concentration of IFNa (10,100,1000 U/ml) (n =4 donors,

4 exp.; paired one-way ANOVA with Dunnett’s multiple comparisons test).

b, TNF secretionin cultures stimulated with CD40L, measured in supernatant by
cytometric bead array (CBA) atday1(n=5donors, 5exp.),day 2 (n=11donors,
11exp.) and day 4 (n =4 donors, 4 exp.) (mean+SD; two-sided Kruskal-Wallis test
with Dunn’s multiple comparisons test). ¢, Percentage of icDC2s in day-4 cultures
with CD40L and either TNFR1/2 blocking antibodies or isotype controls (all
conditions contained IL-3) (n = 5donors, 5 exp.; two-sided paired t test).

d. Percentage of CD40" cells before (day O; n =3 donors, 3 exp.) or after 1day
(n=4donors, 4 exp.),2days (n=5donors, 5exp.),and 4 days (n =3 donors,

3 exp.) culture with CD40L (mean+SD; unpaired one-way ANOVA with Tukey’s
multiple comparisons test). e, Percentage of CD40" cells after 4 days culture with
CD40L and either TNFR1/2 blocking antibodies or isotype controls (all conditions
contained IL-3). Representative flow cytometry plots and quantification shown
(n=4donors, 4 exp.; two-sided paired t test). f, Cell recovery after pDC culture

withincreasing TNF concentrations (2,20, 200,2000 ng/ml) (all with IL-3),
measured at day 2 (left; n =4 donors, 4 exp.), day-4 (middle; n =7 donors,

7 exp.), or day-4 with asecond TNF dose (200, 2000 ng/ml) added on day 2

(right; n = 5donors, 5 exp.) (paired one-way ANOVA with Tukey or Dunnett’s
multiple comparison test; see Fig. 4q-r). g, Percentage of TNFR1" and TNFR2*
cellsinfreshlyisolated pDCs (n =3 donors, 3 exp.; meantSD). h, Percentage of
icDC2in day-4 cultures under indicated conditions (all with IL-3) (n =3 donors,

3 exp.; paired one-way ANOVA with Tukey’s multiple comparisons test). i, The
fresh pDC cluster in the SMART-seq2 dataset (pDC cluster in Fig. 2f) was split onto
‘High’ and ‘Low’ groups based on IFNa response signature (MSigDB). Violin plots
show expression of selected IFN-stimulated genes.j, TNF and IL-8 secretion in
day-2 cultures, measured in supernatant by CBA (n = 8 donors, 8 exp.; two-sided
Wilcoxon matched-pairs signed rank test or paired t test). k, Flow cytometry plots
of PDL1and CD80 expression on pDCs, itDCs and icDC2s from day-4 cultures
(CD40L) (left), and after 1-day re-stimulation with medium (IL-3) or CpG-A

(1of4 donorsin4 exp.).
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Extended DataFig. 9 | pDC fate-switching during skininflammation. a-f, CITE-
seq analysis of healthy and inflamed human skin samples from a public dataset*.
a, RNA UMAP of myeloid cell clusters (subsetted based on positive HLA-DR* and
MS4AT gene expression). ‘HSP-myeloid’ denotes a myeloid cell cluster with high
heat-shock protein expression, ‘LC’ denotes Langerhans cells. ‘cDC2act’ denotes
anactivated cDC2 cluster. b-c, Expression of key critical transcriptional (b) or
protein (c) markers distinguishing cellular clustersin (a). d, RNA UMAPs from
(a), showing cellular distribution in: healthy controls, all inflamed lesions (atopic
dermatitis, psoriasis vulgaris, bullous pemphigoid, lichen planus and patients
with clinicopathologically indeterminate rash), atopic dermatitis alone, and
psoriasis vulgaris alone. Numbers of donors is indicated in brackets.
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shownin (e).g, pDC conversion was analyzed in human skin blisters challenged
with saline or house dust mite (HDM)**. Shown is the “IFNa response” signature
MSigDB score in CD123" pDCs (blue) and CD123™ DCs (orange) from saline and
HDM blisters (Fig. 5a-d). h, Gene signature score of DC subsets from the panDC
snMultiome dataset projected onto the saline-treated blister dataset. i, Within
the HDM-treated blister dataset, CD123" cells were stratified onto ‘High’,‘Middle’
and ‘Low’ groups based on panDC-pDC signature score.
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Extended Data Fig. 10 | pDC gating strategy in adult and elderly donors.

a, pDCs were magnetically enriched from PBMCs of adult and elderly donors,
stained, and purified by FACS. Cells were gated as BDCA4"'AXL"CD11c".
Representative flow cytometry plots are shown before (left panels) and after
sorting (right panels). b, Motif accessibility scores of selected TFs computed
from bulk ATAC-seq of pDCs from adult and elderly donors (Fig. 6¢). ¢, CyTOF

gating strategy used for the experiments shown in Fig. 6d-h).d, gMFl of TCF4
and IRF8inadult (n = 6 donors) and elderly (n = 8 donors) donors. PBMCs were
cryopreserved, and cells from all donorsin this cohort were stained and analyzed
together in asingle flow cytometry run (mean+SD; two-sided unpaired t test; one
of twoindependent cohorts—see also Fig. 6i for the second cohort).
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genome); GSE267174 (GRCh38 reference genome); GSE266889 (hg19 reference genome), GSE269411 (hg19 reference genome); and GSE279911 (hg19 reference
genome). Publicly available CITE-seq (EGAS00001005271) was download from (https://explore.data.humancellatlas.org/projects/5bd01deb-01lee-4611-8efd-
cfOec5f56acd/project-matrices). Publicly available SMART-seq2 (E-MTAB-8498) dataset was downloaded from (https://explore.data.humancellatlas.org/
projects/67a3de09-45b9-49¢3-a068-ff4665daa50e/project-metadata). Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender When provided, information on donor age and sex is reported in the Methods (see below) or in the supporting data
(Supplementary Table 6). Samples were not selected based on sex, age (beyond the range described above), race, or other
individual characteristics.

Reporting on race, ethnicity, or  This manuscript did not consider race and ethnicity during data analyses.
other socially relevant
groupings

Population characteristics Healthy donors (buffy coats and blood drawn) between 20-40 and over 65 years old, without signs of infection for at least 2
weeks.

Recruitment De-identified blood (collected using EDTA-coated tubes; BD Biosciences) and buffy coats from healthy adults (20—40 years)
and elderly donors (>65 years; Supplementary Table 6) were obtained through local lab-led blood donation efforts following
Stanford University and UCSD guidelines, or from the Stanford Blood Center. Donors provided informed consent under
protocols approved by the Institutional Review Boards (IRBs) of Stanford University and UC San Diego, and did not receive
compensation.

Ethics oversight De-identified blood and buffy coats were obtained following Stanford University and UCSD guidelines. Donors provided
informed consent under protocols approved by the Institutional Review Boards (IRBs) of Stanford University and UC San
Diego.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculations were performed, but sample sizes are similar to those reported in previous calculations (Leylek, et al. Cell Reports
2019; 2020; Alculumbre et al., Nat. Immunol 2018; Palucka et al., PNAS, 2005; Alcantara-Hernandez et al., Immunity 2017).

Data exclusions  No data were excluded. For sequencing data, pre-established criteria for single-cell exclusion, i.e., low number of unique genes, abnormally
high read count, and high mitochondrial gene content, was used.

Replication All assays were repeated at least twice with multiple blood donors. All attempts of replication were successful.

Randomization Blood samples were randomly allocated across experiments.

Blinding Investigators were not blinded because no assay where it would be necessary was performed. We performed quantitative measurements and
unbiased computational analyzes.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI D ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology IZI D MRI-based neuroimaging
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Antibodies

Antibodies used Species reactivity Target Color Clone Catolog number Company Identifier Dilution
Anti-human AXL (clone 108724) AF488 R&D Systems Cat# FAB154G; RRID: AB_2714170; 1:50
Anti-human AXL (clone DS7HAXL) PE-Cy7 Thermo Fisher Cat# 25-1087-42; RRID:AB_2723959; 1:100
Anti-human BDCA1 (clone L161) APC-Cy7 Biolegend Cat# 331520; RRID:AB_10644008; 1:100
Anti-human BDCA2 (clone 201A) FITC Biolegend Cat# 354208; RRID:AB_2561364; 1:50
Anti-human BDCA3 (clone M80) BV785 Biolegend Cat# 344116; RRID:AB_2572194; 1:100
Anti-human BDCA4 (clone 12C2) PerCPCy5.5 Biolegend Cat# 354510; RRID:AB_2561558; 1:100
Anti-human BDCA4 (clone 12C2) APC Biolegend Cat# 354506; RRID:AB_11219600; 1:400
Anti-human BDCA4 (clone 12C2) BV510 Biolegend Cat# 354515; RRID:AB_25630741:200
Anti-human BDCA4 (clone M80) BV785 Biolegend Cat# 344116; RRID:AB_2572194; 1:100
Anti-human CCR2 (clone KO36C2) APC Biolegend Cat# 357207; RRID:AB_2562239; 1:50
Anti-human CCR7 (clone GO43H7) PE-Cy7 Biolegend Cat# 353226; RRID:AB_11125576; 1:50
Anti-human CD11c (clone Bul5) Alexa700 Biolegend Cat# 337220; RRID:AB_2561502; 1:200
Anti-human CD123 (clone 7G3) BUV395 BD Biosciences Cat# 564195; RRID:AB_2714171; 1:100
Anti-human CD123 (clone 6H6) FITC Biolegend Cat# 306014; RRID:AB_2124259; 1:200
Anti-human CD123 (clone 6H6) PE Biolegend Cat# 306006; RRID:AB_314580; 1:400
Anti-human CD123 (clone 6H6) PE-Cy7 Biolegend Cat# 306009; RRID:AB_493576; 1:200
Anti-human CD123 (clone 6H6) PE/Dazzle 594 Biolegend Cat# 306034; RRID:AB_2566450; 1:200
Anti-human CD14 (clone M5E2) BV650 Biolegend Cat# 301836; RRID:AB_11204241; 1:100
Anti-human CD14 (clone M5E2) BV785 Biolegend Cat# 301840; RRID:AB_2563425; 1:200
Anti-human CD16 (clone 3G8) BV650 Biolegend Cat# 302042; RRID:AB_11125578; 1:200
Anti-human CD19 (clone HIB19) PerCP Cy5.5 Biolegend Cat# 302230; RRID:AB_2275547; 1:200
Anti-human CD19 (clone HIB19) PB Biolegend Cat# 302232; RRID: AB_2073118; 1:50
Anti-human CD20 (clone 2H7) PerCP Cy5.5 Biolegend Cat# 302326; RRID:AB_893285; 1:200
Anti-human CD20 (clone 2H7) PB Biolegend Cat# 302328; RRID AB_1595435; 1:200
Anti-human CD25 (clone BC96) PE Biolgend Cat# 302606; RRID:AB_314275; 1:200
Anti-human CD3 (clone UCTH1) PECy7 Biolegend Cat# 300419; RRID:AB_439781; 1:200
Anti-human CD3 (clone UCTH1) PerCP Cy5.5 Biolegend Cat# 300430; RRID:AB_893299; 1:200
Anti-human CD3 (clone UCTH1) PB Biolegend Cat # 300431; RRID: AB_1595437; 1:100
Anti-human CD33 (clone WM53) BV650 Biolegend Cat# 303430; RRID:AB_2650933; 1:25
Anti-human CD33 (clone WM53) PE Biolegend Cat# 303403; RRID:AB_314348; 1:100
Anti-human CD33 (clone WM53) PE-Cy7 Biolegend Cat# 303433; RRID:AB_2734264; 1:100
Anti-human CD335 (NKp46) (clone 9 E2) PerCP Cy5.5 Biolegend Cat# 331920; RRID:AB_2561665; 1:50
Anti-human CD335 (NKp46) (clone 9 E2) PB Biolegend Cat# 331912; RRID: AB_2149280; 1:200
Anti-human CD40 (clone 5C3) BV421 Biolegend Cat# 334331; RRID:AB_AB_2564210; 1:50
Anti-human CD40 (clone 5C3) PE Biolegend Cat# 334308; RRID:AB_1186038; 1:50
Anti-human CD45 (clone HI30) PE Biolegend Cat# 304008; RRID:AB_2564156; 1:50
Anti-human CD45RA (clone HI100) BV 605 Biolegend Cat# 304134; RRID:AB_2563814; 1:400
Anti-human CD45RA (clone HI100) BV785 Biolegend Cat# 304139; RRID:AB_2563816; 1:100
Anti-human CD45RO (clone UCHL1) BV711 Biolegend Cat# 304235; RRID:AB_2562107; 1:25
Anti-human CD62L (clone DREG-56 ) APCCy7 biolegend Cat# 304813; RRID:AB_493583; 1:100
Anti-human CD66B (clone G10F5) PerCP Cy5.5 Biolegend Cat# 305108; RRID:AB_2077856; 1:50
Anti-human CD66B (clone G10F5) PB Biolegend Cat# 305112; RRID: AB_2563294; 1:200
Anti-human CDS8 (clone RPA-T8) APCCy7 Biolegend Cat# 301016; RRID:AB_314133; 1:200
Anti-human CD80 (clone 2D10) BV421 Biolegend Cat# 305222; RRID:AB_2564407; 1:50
Anti-human LILRA4 (CD85g) (clone 17G10.2) Alexa647 biolegend Cat# 326410; RRID:AB_2265747; 1:25
Anti-human CD86 (clone 2331, FUN-1) BUV737 BD Biosciences Cat# 564428; RRID:AB_2738804; 1:50
Anti-human CLEC10A (clone H037G3) APC Biolegend Cat# 354705; RRID:AB_11218803; 1:50
Anti-human CELC10A (clone H037G3) PE Biolegend Cat# 354703; RRID:AB_11219202; 1:50
Anti-human DEC205 (clone 3G9) Alexa647 Obtained from Celldex Therapeutics, and labeled in-house; 1:2000
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Anti-human HLA-DR (clone L243) APC Biolegend Cat# 307610; RRID:AB_314687; 1:100

Anti-human HLA-DR (clone L243) BV605 Biolegend Cat# 307640; RRID:AB_11219187; 1:100

Anti-human IFNAR1 (clone 85228) PE Thermo Fisher Cat# MA5-23630; RRID:AB_2609327; 1:50
Anti-human IFNAR2 (clone 122) FITC Thermo Fisher Cat# MA5-40953; RRID:AB_2898714; 1:50
Anti-human IFNAR2 (clone 122) APC Thermo Fisher Cat# MA5-40952; RRID:AB_2898713; 1:50
Anti-human IRF8 (clone V3GYWCH) PerCP-eFluor710 Thermo Fisher Cat#46-9852-82; RRID:AB_2573904; 1:400
Anti-human Ki67 (clone Ki-67) PerCP Cy5.5 Biolegend Cat# 350520; RRID:AB_2562295; 1:50

Anti-human SIRPa (CD172a) (clone SESAS) PerCP Cy5.5 Biolegend Cat# 323811; RRID:AB_11219000; 1:100
Anti-human/mouse TCF4 (clone NCI-R159-6) Alexa647; Abcam Cat# ab246763; RRID:AB_2714172; 1:2000
Anti-human TNFR2 (clone 3G7A02) PE-Cy7 Biolegend Cat # 358411; RRID: AB_2564396; 1:50

Anti-human TNFR1 (clone W15099A) APC Biolegend Cat # 369905; RRID: AB_2650764 ; 1:50

Anti-mouse CD45 (clone 30-F11) BV785 Biolegend Cat# 103149; RRID:AB_2564590; 1:400

Anti-mouse CD45 (clone 30-F11) FITC Biolegend Cat# 103108; RRID:AB_312972; 1:200

Anti-mouse CD45 (clone 30-F11) PE Biolegend Cat# 103106; RRID:AB_312971; 1:800

All antibodies used were commercially available, well-validated clones routinely quality-controlled by their respective manufacturers.
Prior to experimental use, each antibody was titrated to determine the optimal staining concentration under our specific assay
conditions, including the different flow cytometry platforms used. Validation in our hands included confirming expected positive and
negative populations based on well-characterized expression patterns. When used for the first time, fluorescence-minus-one (FMO)
and isotype controls were included to define gating boundaries. Technical specifications and validation details for each antibody
clone are available on the vendors’ websites by referencing the catalog numbers listed above.

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. -
Describe-any-atithentication-proceduresfor-each-seed-stock-used-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

g All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation from buffy coats or blood of
healthy donors using Ficoll-Paque PLUS (GE Healthcare), following manufacture instructions. Dendritic cells were isolated
from fresh PBMCs by negative magnetic-bead enrichment followed by FACS-sorting. To enrich all mononuclear phagocytes,
PBMCs were treated with human gamma-globulin (Invitrogen) for 15 minutes on ice to block non-specific binding and
incubated with antibodies against CD3, CD19, CD335 and CD66b, followed by anti-mouse magnetic Dynabeads
(ThermoFisher). Alternatively, PanDCs and pDCs were enriched using the EasySep Human PanDC pre-enrichment kit or
EasySep Human Plasmacytoid DC Isolation Kit (STEMCELL), following manufacture instructions. For FACS purification,
enriched cells were stained with antibody cocktail for 30 minutes on ice and sorted using FACSAria Il or FACSAria Fuision (BD
Biosciences). For naive T cell preparation, frozen PBMCs were thawed, washed twice with PBS, incubated with 1.7 nM CFSE
(Sigma-Aldrich) or 2.5 uM CellTrace Violet (ThermoFisher) at 37C in a water bath for 10 min, following by washing with R10
complete media. CD3+CD45RA+CD45RO- naive T cells were isolated to >98% using EasySep Human Naive Pan T cell isolation
Kit (STEMCELL) according to manufacturer’s instructions.

For in vitro culture, 10,000 sorted pDCs were cultured in 96-well U-bottom plates in 200ul R10 complete media [RPMI
(Corning) with 10% heat-inactivated FBS (GIBCO), 2mM L-glutamine, 1001U/mL Penicillin, 100ug/mL Streptomycin, 10mM
HEPES, 1mM Sodium Pyruvate, 1X MEM Nonessential Amino Acids (all Corning), and 55uM 2-Mercaptoethanol (GIBCO)] at
37C. All cultures contained 10ng/mL recombinant human IL-3 (R&D Systems; carrier-free) for pDC survival. Activation stimuli
included 100-200ng/mL CD40L (R&D Systems; carrier-free), 2-2000ng/mL TNF (Biolegend; carrier-free), 10-1000U/mL IFNa
(PBL Assay Science), or Sug/mL CpG-A (ODN 2216, Invivogen). For IFN-I blockade, 1000ng/mL B18R (R&D) was added. For TNF
blockade, pDCs were pre-incubated for 1 h with 10ug/mL anti-TNFR1 (clone 16805, R&D), anti-TNFR2 (clone 22210, R&D), or
isotype control before CD40L stimulation. Secreted TNF and IL-8 were measured in day-1, 2 or 4 supernatants by Cytometric
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Instrument

Software

Cell population abundance

Gating strategy

Bead Array (CBA) Human Enhanced Sensitivity kit (BD Biosciences). For IFN-I detection, sorted DCs were cultured with 150ul
R10 + IL-3 + Sug/mL CpG-A for 24 h. Supernatants were frozen at -80C and analyzed with VeriKine Human IFN Alpha Multi-
Subtype ELISA Kit (PBL Assay Science).

For flow cytometry, cells were then stained for 20 minutes at 4C with a cocktail of Abs against surface markers diluted in
FACS buffer (2mM EDTA, 2% Donor equine serum in PBS), except the chemokine receptors CCR2 and CCR7 that were stained
at 37C for 45 minutes in PBS. For Ki67, TCF4 and IRF8 staining, cells were stained with LIVE/DEAD Fixable Blue (ThermoFisher)
in PBS for detection of dead cells, stained for surface markers, then fixed using Foxp3 Transcription Factor Fix/Perm Buffer
(ThermofFisher) for 1 hr and stained intracellularly for 45 minutes in 1X Permwash buffer (ThermoFisher).

For CyTOF, fresh PBMCs and day-6 cultured pDCs were pooled with mouse splenocytes (“cell bed”), stained with 0.25mM
cisplatin (Fluidigim), surface-stained with heavy-metal-labeled antibodies, fixed with Foxp3 Fix/Perm Buffer (ThermoFisher),
and stained intracellularly. Cells were incubated overnight with 2% paraformaldehyde (Electron) in PBS with 125nM Iridium
intercalator (Fluidigm), washed, filtered, and acquired in a CyTOF2 (Fluidigm) at the Shared FACS Facility at Stanford
University.

For multiome sequencing data, DCs were sorted as live cells before nuclei isolation. Nuclei were extracted following the
demonstrated protocol CGO00365 adapted for low cell input nuclei from 10X Genomics. In brief, 100,000 FACS-sorted cells
were washed with 0.04% BSA and treated with chilled multiome lysis buffer (10 mM Tris-HCl pH 7.4 (TEKnova), 10mM NacCl
(Fisher Scientific), 3 mM MgCl2 (Sigma Adrich), 0.1% Tween-20 (Roche), 0.1% IGEPAL CA-630 (Sigma Aldrich), 0.01% Digitonin
(Promega), 1% BSA (Sigma Aldrich), 1 mM DTT (ThermoFisher), 1 U/ul RNase inhibitor (Sigma Aldrich) prepared in nuclease-
free water (Cytiva)) on ice for 3 min to obtain nuclei. The isolated nuclei were washed twice with multiome wash buffer (10
mM Tris-HCl pH 7.4, 10mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 1% BSA, 1 mM DTT, 1 U/ul RNase inhibitor prepared in
nuclease-free water), and then resuspended with chilled multiome nuclei buffer (1X Nuclei Buffer (20X) (10X Genomics), 1
mM DTT, 1 U/ul RNase inhibitor prepared in nuclease free water). Immediately after nuclei preparation, single-cell libraries
were prepared at the Genomics core facility of Stanford University using Chromium Next GEM Single-Cell Multiome ATAC +
Gene Expression kit (10X Genomics), and following the manufacturer’s protocol. Libraries were sequenced on an Illumina
NovaSeq instrument.

For SMARTseq?2 data, cells were single cell FACS-sorted into lysis buffer. The Takara Smart-Seq Single Cell kit was used for
reverse transcription, cDNA synthesis and amplification (Takara). For bulk sequencing, cells were sorted into lysis buffer for
RNAseq or into media for ATACseq. RNA/DNA extraction and library preparation was performed at Stanford Functional
Genomic Core.

For bulk RNA-seq, 10,000 pDCs from six adult (24-30 years) and six elderly (73-89 years) donors were sorted directly into
Qiazol lysis buffer (Qiagen) and frozen at -80C for RNA sequencing. RNA extraction and library preparation were performed
by the Stanford Functional Genomics Core. For ATAC-seq, 10,000 pDCs were sorted into R10, and DNA was extracted and
libraries prepared using the Omni-ATAC protocol at the Stanford Functional Genomic Core. DNA was stored at -20C after
transposition until all samples were collected. Amplification and gPCR were performed simultaneously across samples.
Library quality was assessed by Bioanalyzer. The 24 samples were barcoded, pooled and sequenced on a NovaSeq 6000 at
the Stanford Functional Genomics Core.

Samples were analyzed on an LSR Fortessa X20 (BD Biosciences) or CYTEK Aurora (CYTEK). Sorting was performed on
FACSAria Il or Fusion (BD Biosciences).

Data collection was performed with BD FACSDiva software (v8.01) or SpectroFlo software (v3.3.0). Data analysis was
performed with FlowJo software v10.10.0 (Tree Star, Inc).

From each donor, approximately 50,000-100,000 cells were sorted from 50 mL of blood. Cell sorting gating strategies are
shown in Extended Data Fig.1b, Extended Data Fig.2b, Extended Data Fig.5g, Extended Data Fig.6c, Extended Data Fig.10a.,
and Fig.2l Representative purification data is shown in Extended Data Fig.1b, Extended Data Fig.2b, Extended Data Fig.4b,
Extended Data Fig.4e, Extended Data Fig.5h, Extended Data Fig.6¢c, Extended Data Fig.10a, and Fig.2l. Purity was >95% as
determined by flow cytometry of postsort populations.

Gating strategies for the analysis of DCs and other immune cells are shown in Extended Data Fig.1c, Extended Data Fig.4b,
Extended Data Fig.4e, Extended Data Fig.4g, Extended Data Fig.5g-h, Extended Data Fig.6¢c, Extended Data Fig.8k, Extended
Data Fig.10a, Extended Data Fig.10c, and Fig. 2¢, Fig. 2d, Fig.2l, Fig.3i. Briefly, cells were gated on FSC/SSC, singlets, and live,
prior to gate each population of interest. Positive gates were determined after titrating antibodies, using FMO or an isotype
control antibody.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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