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Plasmacytoid dendritic cells (pDCs) produce type I interferon (IFN-I) and are traditionally defined as being BDCA-2+CD123+.
pDCs are not readily detectable in healthy human skin, but have been suggested to accumulate in wounds. Here, we describe a
CD1a-bearing BDCA-2+CD123int DC subset that rapidly infiltrates human skin wounds and comprises a major DC population.
Using single-cell RNA sequencing, we show that these cells are largely activated DCs acquiring features compatible with
lymph node homing and antigen presentation, but unexpectedly express both BDCA-2 and CD123, potentially mimicking pDCs.
Furthermore, a third BDCA-2–expressing population, Axl+Siglec-6+ DCs (ASDC), was also found to infiltrate human skin
during wounding. These data demonstrate early skin infiltration of a previously unrecognized CD123intBDCA-2+CD1a+ DC
subset during acute sterile inflammation, and prompt a re-evaluation of previously ascribed pDC involvement in skin disease.

Introduction
Skin barrier compromise can serve as a portal of entry for microorganisms to the underlying tissue, or results in the initiation
of inflammatory skin disorders, such as atopic dermatitis.
Sensing and restoring skin tissue integrity involves crosstalk
between epithelial cells, stromal cells, and hematopoietic cells
that are responsible for clearing apoptotic/necrotic cell debris
and protecting the host against microbial invasion (Martin, 1997;
Singer and Clark, 1999; Wilgus, 2008). Furthermore, through
secretory mediators, such as cytokines and growth factors, immune cells also support re-epithelialization, angiogenesis,
and scar formation during the course of the wound-healing
process (Eming et al., 2014; Greaves et al., 2013). Dysregulation of immune responses contributes to delayed or improper wound repair and the prolongation or exacerbation
of skin inflammatory diseases (Guo and Dipietro, 2010;
Segre, 2006); hence, understanding the underlying mechanisms of skin wound sensing and repair is of therapeutic
relevance.
Plasmacytoid dendritic cells (pDCs), a BDCA-2–expressing
dendritic cell (DC) subset, are generally not found in healthy

human skin (Wollenberg et al., 2002). However, they have been
reported to infiltrate skin during viral infection (Donaghy
et al., 2009; Gerlini et al., 2006), inflammatory diseases
(Nestle et al., 2005; Wollenberg et al., 2002), or skin injuries
(Gregorio et al., 2010). When skin is damaged, keratinocytes at
the wound edge express increased levels of cathelicidins, contributing to the inhibition of pathogen growth (Dorschner et al.,
2001). Cathelicidins can form complexes with DNAs and RNAs
released from the dying cells, which then serve as TLR7 and
TLR9 agonists to be captured by skin-infiltrated pDCs (Ganguly
et al., 2009; Lande et al., 2007), leading to secretion of robust
quantities of type I interferon (IFN-I; Gilliet et al., 2008; Reizis
et al., 2011). In mouse models, IFN-I can activate T cells to produce several effector cytokines, such as IL-17A and IL-22, that
help modulate the function of human keratinocytes to promote
the restoration of skin barrier function and microbial defense
(Avitabile et al., 2015; Boniface et al., 2005; Wolk et al., 2004).
The impairment of IFN-I signaling contributes to delayed reepithelization of skin wounds (Gregorio et al., 2010; Nestle
et al., 2005).
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Results
CD1a-positive, BDCA-2–expressing DCs accumulated near skin
wound sites
pDCs are normally characterized as CD123+BDCA-2+ hematopoietic cells and have been observed to accumulate in skin
wounds, but are rarely observed in normal skin. Indeed, we
confirmed that healthy human skin had undetectable levels of
pDCs (Fig. 1 A). Meanwhile, broad populations of cDCs and
monocytes, defined as CD11c+HLA-DR+, were present in
healthy skin (Fig. 1 A). To investigate the distribution of DC
populations infiltrating into skin wounds, baseline fullthickness punch biopsies were performed on the flank of
healthy donors to create skin wounds. This was followed by
larger biopsies to encompass the original wounds, taken 1–4 d
later, and the frozen tissue sections were generated. In prewound skin, there were no BDCA-2+ cells, while CD1a was
observed in the epidermis associated with LCs (Fig. 1 B). Unexpectedly, an accumulation of BDCA-2+CD1a+CD1c+ cells was
detected in the dermis along the wound margin as early as 1 d
after wounding and sustained up to 48 h (Fig. 1, B and C). The
results provided architectural and longitudinal evidence that,
in human skin wounds, BDCA-2+ DCs can unexpectedly be
found expressing CD1a, which hitherto has been shown to be
largely restricted to cDC subsets, LCs, innate lymphoid cells,
and thymocytes.
Chen et al.
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Distinct subsets of BDCA-2–expressing DCs rapidly infiltrate
skin wounds
Human skin suction blisters were used as a complementary
in vivo human skin traumatic wound model (Jarrett et al., 2016;
Salimi et al., 2013). Skin suction blisters represent a specific
form of wounding associated with dermo-epidermal separation,
and cells harvested from the blisters do not require processing or
prolonged enzymatic treatments required by conventional skin
biopsies; therefore, while being labor intensive, this technique
does offer the ability to capture tissue cells directly ex vivo. In
contrast to healthy skin, detectable levels of BDCA-2+ DCs and
CD11c+HLA-DR+ cells were found in the skin blister fluid (Fig. 1,
D and E). On further analysis of the skin-infiltrating BDCA-2+ DC
population, two distinct subsets were revealed: CD123hiCD1a−
and CD123intCD1a+ populations, of which the latter vastly
predominated (Fig. 1 F). As an unexpected heterogeneity was
observed within skin BDCA-2+ DCs, their gene expression profiles and the functional consequences were the primary target of
subsequent single-cell studies.
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While T cells recognizing peptides have been well studied,
it is becoming increasingly clear that T cells can also recognize
nonpeptide antigens, for example, lipids and lipopeptides
presented by MHC-like molecules, including CD1a (Bourgeois
et al., 2015; de Jong et al., 2010; Jarrett et al., 2016; Moody
et al., 2004). CD1a is able to present endogenous skin lipid
antigens, such as squalene, wax esters, lysophospholipids, and
fatty acids (de Jong et al., 2014), which are enriched in the
epidermis, as well as exogenous lipid ligands from pollen
(Agea et al., 2005), plant sap (Kim et al., 2016), and bacteria
(Peña-Cruz et al., 2003). CD1a is abundantly expressed by
human Langerhans cells (LCs) and thymocytes and is inducible by subsets of human DCs and innate lymphoid cells. It
plays a role in the regulation of T cell–mediated inflammatory
responses in skin disease (Hardman et al., 2017; Jarrett et al.,
2016; Subramaniam et al., 2016). Furthermore, CD1a blockade
led to the alleviation of psoriatic and dermatitis skin inflammation in a transgenic murine model, suggesting therapeutic
relevance (Kim et al., 2016).
Despite the circumstantial evidence supporting the existence
of BDCA-2–expressing pDCs and contribution to human skin
integrity, the transcriptomic analysis of this population remains
lacking in humans. Here, we use human skin challenge systems
to present the discovery of a CD1a-expressing BDCA-2+ subpopulation with conventional DC (cDC)–activating properties,
yet absent broad pDC signature transcription profiles. These
data prompt re-evaluation of the role previously ascribed to
pDCs in the skin, and could represent a potential therapeutic
target in promoting wound repair or alleviating inflammatory
skin disease.

Single-cell RNA profiling of skin-infiltrating BDCA-2+ DCs in
sterile skin wounds
By using single-cell RNA sequencing (scRNA-seq), we were able
to further investigate the nature of the BDCA-2+ cells isolated
from the skin suction blisters, and to investigate their niche
roles in sterile skin inflammation.
Blood- and skin blister–derived cDCs/monocytes, BDCA2+CD123hi DCs, and BDCA-2+CD123int DCs were isolated by FACS
based on surface marker expression, followed by scRNA-seq and
RNA expression quantification (Fig. 2 A). Unbiased dimensionality reduction of the scRNA-seq data with t-distributed stochastic neighbor embedding (t-SNE) showed three distinct
clusters (Fig. 2 B). We identified differentially expressed DCrelated genes after comparing gene expression profiles between each subset, with the relevant top cDC/monocyte and pDC
signature genes shown in Fig. 2 C. While BDCA-2+CD123hi DCs
expressed pDC gene profiles, skin BDCA-2+CD123int DCs formed
a distinct cluster that lacked cDC and pDC signature genes, but
had an increased expression of genes associated with DC activation; hence, they are termed “activated DCs” hereafter. 10
blood cells were clustered with activated DCs; however, they
expressed cDC/monocyte signature genes and showed low
CD123 and BDCA-2 expression (Fig. 2 C), and were therefore not
included in the subsequent analysis.
Transcription factor 4 (TCF4) is essential for pDC development and phenotype maintenance, and the alteration of the
balance between TCF4 and its inhibitor ID2 expression leads to
the up-regulation of cDC-related genes. In addition, losing TCF4
expression results in the reduction of several genes related to
the development, survival, and activation of pDCs and their
progenitors (Cisse et al., 2008; Ghosh et al., 2010; Robbins et al.,
2008), including SPIB (Karrich et al., 2012; Schotte et al., 2004),
BCL11A (Ippolito et al., 2014), and IRF8 (Esashi et al., 2008).
Here, we noted that the TCF4 expression level was low in skin
activated DCs, coinciding with reduced levels of SPIB, BCL11A,
and IRF8, compared with skin BDCA-2+CD123hi DCs, while the
ID2 level was high (Fig. 2 D). Meanwhile, IRF4, which is highly
Journal of Experimental Medicine
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expressed in certain cDC subsets (Naik et al., 2015) and pDCs,
remained at a high level in skin activated DCs (Fig. 2 D).
In terms of genes relating to DC functions, runt related transcription factor 2 (RUNX2) and its downstream signaling molecule
IRF7, which are key regulators of IFN-I production (Chopin et al.,
2016; Sawai et al., 2013), were both decreased, while costimulatory
marker genes were elevated in skin activated DCs (Fig. 2 D). Notably, skin activated DCs expressed very high levels of CCL22, a
chemoattractant for C-C chemokine receptor type 4 (CCR4)–
expressing cells that facilitates migration into the skin (Elhussein
Mohamed et al., 2016; Katou et al., 2001; Kusumoto et al., 2007;
Layseca-Espinosa et al., 2013). CCR7 directs the lymph node
homing of DCs and was one of the most significantly up-regulated
transcripts in skin activated DCs (Fig. 2 D). Collectively, these data
supported the idea that skin wound BDCA-2+CD123int DCs, expressing markers previously ascribed to pDCs, had “activated DC”
functionality to present antigens, migrate to lymph nodes, and
recruit T cells. Skin BDCA-2+CD123hi DCs, on the other hand, were
functionally more closely related to their blood ancestry cells and
were most likely to represent bona fide pDCs.
Chen et al.
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Figure 1. CD1a-positive BDCA-2+ DCs can be
found in the skin suction blisters and near
skin wound. (A) Mononuclear cells isolated
from normal skin were analyzed for DC subsets
by flow cytometry. One representative result is
shown of three independent experiments; n = 4.
(B and C) Immunohistology of skin biopsies
collected at day 0 to day 4 after bilateral skin
wounds on the flank from healthy volunteers.
The results of day 1 after wounding are shown
(B). DAPI (gray), CD1a+ (blue), BDCA-2+ or CD1c+
(red), and CD1a+BDCA-2+ cells (purple). Dashed
white lines represent the edge of the wound.
One representative result is shown of three independent analyses. Time-course frequency of
CD1a+BDCA-2+ DC per biopsy is shown (C). Each
dot represents a biopsy. (D and E) Mononuclear
cells isolated from skin suction blisters were
analyzed for monocyte and DC subsets by flow
cytometry. Percentages of BDCA-2+ DC and
CD11c+HLA-DR+ cDCs/monocytes in the skin
biopsies or blisters. (F) Expression of CD123 and
CD1a by BDCA-2+ cells. Percentages of CD1a+
DCs and CD1a− DCs in the blisters. One representative blister result is shown of four independent experiments; each dot represents a
donor. One to two blisters per challenge condition were created per upper arm of each donor.
Scale bars, 100 µm. Lines represent the mean +
SEM. *, P < 0.05; **, P < 0.01; Student’s t test or
one-way ANOVA.

Transcriptomic analysis of skin BDCA-2+ DCs in skin
inflammatory conditions
Skin barrier disruption can serve as an onset of inflammatory skin
disorders. House dust mite (HDM) is a common environmental
allergen, and cutaneous HDM exposure has been shown to associate
with the pathology of atopic dermatitis (Norris et al., 1988). Skin
suction blisters provided an accessible tool to investigate human
sterile skin inflammation after HDM skin challenge. Comparing the
scRNA-seq dataset of saline- and HDM-challenged skin, we observed four clusters comprising cDCs/monocytes, pDCs, and activated DCs, Axl+Siglec-6+ DCs (ASDCs; Fig. 3 A). ASDCs represent a
noncanonical DC subset that lacks IFN-I production ability but can
prime T cells (Villani et al., 2017). The ASDCs detected herein from
skin blisters were highly activated, expressing CCL22 and CD83, and
may be recruited into skin in response to inflammatory cues (Fig. 3,
B and C). In addition, activated DCs derived from HDM-challenged
skin blisters expressed a higher level of genes related to DC maturation, such as HLA-DPA1 and LAMP3, which appear during DC
maturation (de Saint-Vis et al., 1998), suggesting that they were
responsive toward environmental allergens (Fig. 3 D).
Journal of Experimental Medicine
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Figure 2. Human saline blister-derived BDCA-2+ DC heterogeneity analysis by scRNA-seq. (A) Workflow of experimental strategy. 43 blood CD11c+HLADR+ cells, 47 blood BDCA-2+ cells, 19 skin saline blister CD11c+HLA-DR+ cells, and 97 skin saline blister BDCA-2+ cells were successfully profiled from a single
donor. (B) Unbiased t-SNE analysis of all DC subsets. Each dot represents an individual cell. (C) Heatmap colored by normalized gene expression in individual
cells of each cluster. Top margin color bars report the index fluorescent values of CD123, BDCA-2, and CD1a. (D) Violin plots demonstrate the expression
distribution of indicated genes across DC subsets in blood and blisters. 10 blood cells within the activated DC cluster were removed because they expressed
cDC/monocyte (mono) signature genes and showed low CD123 and BDCA-2 expression. Each dot represents an individual cell.
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Figure 3. Human HDM blister-derived BDCA-2+ DC heterogeneity analysis by scRNA-seq. (A) 180 cells were successfully profiled from HDM-challenged
skin blisters from a single donor, and unbiased t-SNE analysis of all DC subsets isolated from saline and HDM blisters is shown. Each dot represents an
individual cell. (B) Heatmap colored by normalized gene expression in individual cells of each cluster. Top margin color bars report the index fluorescent values
of CD123, BDCA-2, and CD1a. Mono, monocyte. (C) Violin plots demonstrate the expression distribution of indicated genes across ASDCs and activated DCs.
Each dot represents an individual cell. (D) HLA-DPA1 and LAMP3 expression of activated DCs from saline- and HDM-challenged blisters. Boxes show 25–75%
percentiles; whiskers show minimum to maximum.
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In summary, these results show that neither blood BDCA-2+
DCs nor blood/skin CD1c+ DCs fully recapitulated the phenotype
and function of the skin activated DCs under in vitro manipulation, suggesting that microenvironmental cues in the skin are
indispensable for BDCA-2–expressing activated DCs to acquire
broad functional capabilities to support the early critical events
during sterile skin inflammation in humans.
pDC involvement in skin inflammation
To further confirm the contribution of bona fide pDC in sterile
acute skin inflammation, we analyzed the pDC cluster, which
subclustered into two populations based on activation status
(Fig. 5 A). The majority of pDCs isolated from the salinechallenged skin were less activated, while approximately half
of the pDCs isolated from the HDM-challenged skin expressed
genes related to DC activation and maturation, including chemokine receptor and costimulatory markers, and genes related
to lysosomal trafficking, potentially supporting antigen processing (Fig. 5, B and C). Bulk RNA sequencing analysis was
undertaken on T cells isolated directly ex vivo from the HDMchallenged skin blisters. This analysis showed a significant increase in signature IFN-stimulated genes, such as IFITM1,
IFITM2, IFIT3, MX1, and OAS2 (Fig. 5 D), confirming that IFN-I
was present at functionally relevant levels. Exposure of pDCs to
IL-3 increased the expression of CCR10 and induced pDC recruitment to inflamed murine skin lesion sites, and IL-3 is also
an essential cytokine involved in pDC survival and activation
(Mathan et al., 2013; Sisirak et al., 2011). Therefore, concentrations of CCR10 ligand, cutaneous T cell–attracting chemokine
(CTACK), and IL-3 were measured in the skin HDM-challenged
blister fluid, compared with their levels in the serum. Both
CTACK and IL-3 were significantly up-regulated in the interstitial blister fluid, potentially contributing to pDC recruitment
to the skin (Fig. 5 E). Targeted RNA sequencing analysis was
performed on the skin wound biopsies to determine woundrelated gene profiles. Fold changes of gene expression from
each day compared with baseline skin are shown (Fig. 5 F); we
detected high induction of keratin proteins KRT6, KRT16, and
KRT17 and antimicrobial peptides S100A7, S100A8, and S100A9 in
early wounds, consistent with the reports of gene expression
profiles of activated keratinocytes in skin wounds (Aragona
et al., 2017; Freedberg et al., 2001). Moreover, we noted that
several IFN-stimulated genes, such as OAS2, IFITM3, and IFITM1,
and costimulatory marker genes, including HLA-DQB, HLA-DOB,
and CD86, were up-regulated 1 d after wounding, suggesting the
potential involvement of pDCs and other APCs in the early stage
of the human skin wound-healing process. Overall, while our
data showed that the majority of previously identified “pDCs”
are likely to be activated DCs, there is nevertheless a small
population of bona fide pDCs infiltrating into skin wounds, and
these pDCs are functionally active.
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Phenotypic analysis of skin-infiltrating BDCA-2+ DCs
Notably, a wide spectrum of gene expression among the skininfiltrating BDCA-2+CD123int population was shown in the
transcriptomic analysis. Here, we observed that genes involved
in antigen presentation and recruitment of T cells, such as
CCL22, HLA class II, and CD86, were positively correlated with
CD1a protein levels (Fig. 4 A). This was further validated with
CD1a, CD86, and HLA class II surface protein expression on skin
activated DCs (Fig. 4 B), suggesting a correlation between activation of skin BDCA-2+CD123int DCs and higher levels of CD1a
expression. ASDCs were identified in both saline- and HDMchallenged blisters (Fig. 4 C); compared with other DC subsets
and T cells, ASDCs expressed higher levels of activation markers
(Fig. 4, D and E). In addition, ASDCs up-regulated CD80, HLA
class II, and CCR7 after HDM stimulation (Fig. 4 E). In comparison to the BDCA-2+CD123hi population, the BDCA-2+CD123int
population exhibited both pDC and cDC surface markers, along
with a more active phenotype, and expressed molecules associated with antigen presentation (Fig. 4, D and E). The minor
population of BDCA-2+CD123hi DCs were more compatible with
canonical pDCs. These data suggested a potential acquisition of
an activation phenotype in response to skin-derived environmental cues.
In view of the limited cell numbers obtained from skin blisters to undertake functional analyses, we first acquired DC
subsets from blood or larger skin samples from plastic surgery
procedures to analyze their functional phenotype in response
to relevant stimuli. As there are no BDCA-2+ cells in healthy
skin (Fig. 1 B, upper panels), and the BDCA-2+ cells in skin
wounds were CD1c+ (Fig. 1 B, lower panels), we used CD1c+ cells
as the skin source population. Blood and skin CD1c+ DCs were
isolated and cultured in vitro with IFNα or skin blister fluid for
48 h, and up-regulated CD123 expression was observed; however, neither blood nor skin CD1c+ DCs expressed BDCA-2 after
culture (Fig. S1, A and B). The freshly isolated BDCA-2+ DCs
from the blood were predominantly CD123hi with low levels of
CD1a on the surface, consistent with being a typical pDC population (Fig. S2, A and B). After 48-h culture, both CD123hiBDCA-2+
and CD123intBDCA-2+ live cell populations were identified with
elevated expression of CD1a, particularly on the latter (Fig. S2, B
and C). However, a similar transcription factor profile was exhibited by both BDCA-2+ subpopulations, contrasting with
blister-derived activated DCs (Fig. S2 D). In vitro cultured blood
DC subsets were subjected to imiquimod (TLR7 agonist) treatment, and both BDCA-2+ subsets produced similar levels of IFNα
(Fig. S2 E; raw mean fluorescence intensity values of CD123hi
[Ctrl, 5,218 + 538; Imiq, 7,115 + 1,112], CD123int [Ctrl, 5,516 + 400;
Imiq, 7,090 + 885], and CD1c+ DC [Ctrl, 5,043 + 1,115; Imiq, 5,040 +
1,029]). To evaluate if the CD1a on in vitro cultured BDCA-2+ cells
was functionally relevant, blood polyclonal T cells were incubated
with in vitro cultured autologous BDCA-2+ DCs, and IL-22 cytokine production was detected, after blocking human MHC class I
and class II signaling. Neutralizing CD1a signaling attenuated IL22 secretion from the T cells (Fig. S2 F; raw spot numbers from
50,000 T cells of anti-MHC I/II [73.83 + 11.59] and anti-MHC I/II +
anti-CD1a [48.89 + 9.49]), suggesting the dependence on CD1a for
autoreactive T cell activation.

Discussion
DC subsets are traditionally defined according to their surface
markers, functional properties, and developmental ancestry.
However, it is now accepted that the preexistent classification
Journal of Experimental Medicine
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Figure 4. Human skin activated DCs and ASDCs express genes and proteins relating to antigen presentation. (A) CD1a protein expression is significantly
correlated with gene expression of CCL22 (ρ = 0.5, P < 0.05), CD86 (ρ = 0.47, P < 0.05), and HLA-DQB2 (ρ = 0.45, P < 0.05). Each dot represents an individual
cell. Spearman correlation was performed. (B) Flow cytometry of CD1a, CD86, and HLA class II expression of BDCA-2+ DCs from skin suction blisters. Correlations between CD86 and CD1a (ρ = 0.48, P < 0.05) and HLA-DR and CD1a (ρ = 0.47, P < 0.05) are shown. Each dot represents an individual cell. Spearman
correlation was performed. One representative result of three independent experiments is shown. (C–E) Mononuclear cells isolated from skin suction blisters
were analyzed for DC subsets by flow cytometry. The percentage of ASDCs (C) and expression of BDCA-2, CCR7, HLA class II, CD86, CD83, CD123, and CD11c of
activated DCs (red), ASDCs (black), bona fide pDCs (purple), cDCs (green), and T cells (gray) in the saline- and HDM-challenged blisters (D and E) are shown.
One representative result of two independent experiments is shown; each dot represents a donor. One to two blisters per challenge condition were created per
upper arm of each donor. MFI, mean fluorescence intensity. Lines represent the mean + SEM. *, P < 0.05; **, P < 0.01; Student’s t test or two-way ANOVA.
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Figure 5. Skin-infiltrating pDCs and their relevant cytokines can be found in skin suction blisters. (A) t-SNE analysis of pDCs isolated from saline and
HDM blisters is shown. Each dot represents an individual cell. (B) Heatmap colored by normalized gene expression in individual cells for pDC status. (C) Violin
plots demonstrate the expression of indicated genes across pDCs from saline- and HDM-challenged blisters. Each dot represents an individual cell. (D) T cells
were isolated from skin suction blisters or blood and subjected to RNA sequencing analysis. Reads of skin-infiltrated cells were compared with those of blood
counterparts. RPKM, reads per kilobase of transcript per million mapped reads. (E) Concentration of CTACK and IL-3 in the blister fluid or serum was evaluated
by multiplex bead array. Data are pooled from six to nine donors. Error bars show mean and SEM. (F) Targeted RNA sequencing was performed on skin biopsies
collected at day 0 to day 4 after bilateral skin wounds on the flank from healthy volunteers. Heatmap colored by log fold-change values for genes on each day
after wounding. Average result of an experiment using three skin biopsies at each day is shown.
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not included during isolation of the DCs from the tonsil, and
further analysis showed that genes, including RELB, IER2, and
SPI1, were different between tonsil activated cDC2s and skin
BDCA-2+CD123int DCs, suggesting that the environmental milieu
may play a role in shaping the phenotypic and functional features of tissue DC subsets.
A recent report of therapeutic intervention of targeting
BDCA-2 in individuals with systemic lupus erythematosus
highlighted the involvement of BDCA-2–expressing cells in
human skin inflammatory conditions (Furie et al., 2019).
Upon binding, BIIB059, a humanized anti–BDCA-2 antibody,
induced a rapid internalization of BDCA-2 from the pDC
surface, leading to the attenuation of IFN-I secretion by
pDCs. In this clinical trial, administration of BIIB059 decreased IFN-I responses and cellular infiltration in the skin,
leading to clinical benefits. It is unclear if other BDCA2–expressing DCs coexist with bona fide pDCs in the skin
lesions of systemic lupus erythematosus patients. In addition, given the data presented herein, it is of interest
whether anti–BDCA-2 antibody targets activated DCs and
ASDCs as well as pDCs. It may be of clinical interest to
evaluate the mechanisms and efficacy of the anti–BDCA2 antibody in chronic skin inflammatory conditions where
activated DCs and ASDCs play a role.
In conclusion, skin BDCA-2+CD123int DCs represent a specialized tissue-specific DC status. Our study identifies a major
previously unrecognized activated DC population in humans
that infiltrates early into skin wounds and contributes to acute
sterile inflammation. In addition, the identification of ASDCs
after skin wounding suggests a role in skin disease and prompts
further investigation in this and other forms of skin inflammation. The overlapping surface phenotype of these two noncanonical DCs with pDCs necessitates a re-examination of
disease models where modulation of previously ascribed “pDC”
numbers and function have been suggested. Furthermore, the
cells and pathways may provide a novel target for therapeutic
intervention in conditions of aberrant tissue repair and skin
disorders.
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underestimated the heterogeneity of blood and tissue DC
populations. Despite sharing some surface marker features
and transcription factors, subsets are likely to be functionally
specialized (Chu et al., 2012; Haniffa et al., 2012). Recent
studies using scRNA-seq and high-dimensional phenotypic
mapping have revealed newly discovered subtypes of blood DCs
(Alcantara-Hernandez et al., 2017; Alculumbre et al., 2018;
Villani et al., 2017). For example, pDCs have previously been
mapped as a relatively homogeneous group, until recent reports noted the existence of phenotypically distinct human
blood pDC subsets. Several studies on human and mouse pDC
heterogeneity have suggested the existence of noncanonical
populations that can feature an intermediate status between
pDC and cDC (Alcantara-Hernandez et al., 2017; Bar-On et al.,
2010; Reizis, 2019; Villani et al., 2017; Zhang et al., 2017); for
example, ASDCs exhibit a spectrum between cDC-like and pDClike cells (See et al., 2017; Villani et al., 2017). AlcantaraHernandez et al. (2017) have observed ASDCs in the blood
and lymphoid tissues, such as tonsil and spleen, but none in
steady-state skin. Here, we identify a skin DC subset that is an
early infiltrator in two models of human skin sterile inflammation, which was functionally distinct from traditionally defined pDCs, yet bearing some pDC surface features. The
expression of CD123, BDCA-2, and CD1a by this activated DC
subset in the skin prompts a re-evaluation of cells previously
considered to be pDCs in skin pathology.
CD1a is expressed constitutively by LCs and is inducible by
dermal DCs, which both exist in steady-state skin and are
enriched in skin inflammatory conditions, consistent with a
functional role for CD1a in skin inflammation (Angel et al.,
2006; Haniffa et al., 2015; Katou et al., 2000; Klechevsky
et al., 2008; Korenfeld et al., 2017; Wollenberg et al., 1996;
Wollenberg et al., 2011). Studies have reported functional
differences between human LCs and CD1a+ dermal APCs.
CD1a+ dermal APCs localized more closely to lymphatic vessels
with chemotactic abilities, and arrived earlier in cutaneous
lymph nodes than LCs (Angel et al., 2006; Kissenpfennig et al.,
2005; Klechevsky et al., 2008). These reports indicate the
importance of having multiple cell types that can be rapidly
recruited and acquire the necessary functionality to contribute to the inflammatory response. Furthermore, CD1a antigen
presentation to T cells has been demonstrated to associate
with the inflammation of atopic dermatitis, venom allergy,
contact dermatitis, and psoriasis (Bourgeois et al., 2015;
Cheung et al., 2016; Hardman et al., 2017; Jarrett et al., 2016;
Kim et al., 2016). The robust infiltration, rapid turnover
rate, and specialized features of skin CD1a-bearing BDCA2+CD123int DCs defined herein, which are not found in healthy
skin, suggest that they also contribute to the skin immune
network and could potentially have a broad role in skin
wound healing and disease pathology.
Tang-Huau et al. (2018) recently conducted scRNA-seq
analyses on ascites macrophages, ascites DCs, and tonsil DCs
and described an activated cDC2 subset in the tonsil expressing
high levels of genes similar to those found in skin BDCA2+CD123int DCs, including CCR7, CCL19, LAMP3, IDO1, CD83, and
HLA class II. However, CD123 and BDCA-2 surface markers were

Materials and methods
Isolation of immune cells from the blood or skin of humans
Human blood samples were obtained from healthy donors
under local ethics approval (14/SC/0106, National Research
Ethics Service [NRES]). Peripheral blood mononuclear cells
(PBMCs) were isolated using Lymphoprep (Stem Cell Technologies) gradient isolation. Skin samples were obtained
from healthy donors undergoing plastic surgery. Samples
were taken under good clinical practice guidance with ethical approval of the NRES Committee South Central. Subcutaneous fat was removed completely before the sample was
dissected and incubated in collagenase P (Roche) overnight
at 37°C. Cold 10 mM EDTA solution was added to the sample
to stop the digestion. The digested tissue was passed through
a 70-µm strainer and washed with EDTA solution, and
mononuclear cells were harvested with Lymphoprep gradient isolation before further procedures.
Journal of Experimental Medicine
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Skin sample collection
Healthy donors were recruited, and bilateral 3-mm baseline fullthickness punch biopsies on the flank of the lower back were
performed to create skin wounds. Larger biopsies (6 mm) to
encompass the bilateral original wounds were taken 1–4 d later.
The study was conducted under ethics approval [14/SC/0106
NRES].
Skin section and confocal microscopy analysis
The skin biopsy specimens were snap-frozen in optimal cutting
temperature embedding compound and stored at −80°C. The
tissues were cut into 4-µm sections and placed on slides to
air-dry for 30 min before being stored at −80°C. Slides were
rehydrated in PBS for 10 min before staining. The endogenous
peroxidase activity of the sample was quenched by adding 0.3%
hydrogen peroxide solution with a 5-min incubation at room
temperature. The endogenous biotin was blocked with Avidin/
Biotin Blocking Kit (Vector Laboratories Ltd), and 10% goat serum was used to reduce nonspecific binding of antibodies. Antibodies used for confocal microscopy include CD1a (1:100,
Chen et al.
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OKT6; in-house production and conjugated with Alexa Fluor 647
dye) and BDCA2-Biotin (1:2, AC144; Miltenyi Biotec). Alexa Fluor
594 Tyramide SuperBoost kit (streptavidin; Thermo Fisher Scientific) was used to enhance the signals. Slides were incubated
at 4°C with primary antibodies overnight. After washing, HRPconjugated streptavidin was added to the sections and incubated
at 4°C overnight. Excess streptavidin was washed away, the
tissues were incubated with tyramide working solution for
8 min at room temperature, and the reaction was stopped with
Reaction Stop Reagent. After staining, slides were mounted using antifade mounting medium with DAPI (Vector Laboratories
Ltd), coverslips were applied, and slides were refrigerated in the
dark until analyzed by confocal microscopy (Zeiss LSM 780
Confocal Microscope-Inverted Microscope; 25×/0.8 Imm Korr
DIC M27; room temperature; Axiocam camera; Zen software),
and Fiji was used for image processing.
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Antibodies, flow cytometry, and cell isolation
Surface staining was performed at 4°C in FACS staining buffer
(0.5% FBS in PBS). Intracellular staining was performed using
Foxp3/Transcription Factor Staining Buffer Set (Invitrogen),
following the manufacturer’s instructions. The following antihuman antibodies were used: Brilliant Violet 650-anti-CD3
(OCT3; BioLegend), PE/Cy7-anti-CD123 (6H6; BioLegend), APCanti-CD1a (HI149; BD Biosciences), Alexa Fluor 700 anti-CD1c
(L161; BioLegend), PerCP-anti-CD11b (DCIS1/18; BioLegend),
Brilliant Violet 421-anti-CD11c (3.9; BioLegend), Brilliant Violet
650-anti-CD11c (3.9; BioLegend), Brilliant Violet 785-anti-HLADR (L243; BioLegend), APC/Fire 750-anti-HLA-DR (L243; BioLegend), PE anti-BDCA-2 (201A; BioLegend), Brilliant Violet 421
anti-BDCA-2 (201A; BioLegend), PE/Dazzle 594 anti-CD86 (IT2.2;
BioLegend), Brilliant Violet 650-anti-CD1a (HI149; BD Biosciences), Brilliant Violet 605-anti-CD83 (HB15e; BioLegend),
BUV805 anti-CD5 (UCHT2; BD Biosciences), BUV805-Anti-CD4
(SK3; BD Biosciences), BUV661-Anti-CD3 (UCHT1; BD Biosciences), Brilliant Violet 421-anti-CD80 (2D10; BioLegend),
Alexa Fluor 488-anti-Axl (108724; Bio-Techne), Alexa Fluor 700anti-Siglec-6 (767329; Bio-Techne), Brilliant Violet 785-anti-CCR7
(G043H7; BioLegend), APC/Cy7 anti-CD14 (63D3; BioLegend),
Brilliant Violet 570-anti-CD14 (M5E2; BioLegend), live/dead
aqua (Invitrogen), and live/dead violet (Invitrogen). Flow data
were acquired using FACSDiva on LSRFortessa and further
analyzed with FlowJo (Tree Star) software. Blister BDCA-2+ DCs
were sorted with the BD FACSAria IIIu as BDCA-2+CD123hi and
BDCA-2+CD123int cells. Blood BDCA-2+ DCs and T cells were
isolated by magnetic-activated cell sorting with anti-BDCA-4
and anti-CD3 MicroBeads (Miltenyi Biotec), respectively, according to the manufacturer’s instructions. Blood CD1c+ DCs
were isolated using BDCA-1+ DC isolation kit (Miltenyi Biotec)
with BDCA-4+, CD19+, and CD14+ cells depleted from the blood
before CD1c separation. For ensuring higher purity of both
DC subsets, the positively labeled cells underwent a second
column run.

Suction blister technique
Saline or HDM extract was delivered to the upper arm of the
volunteers by intraepidermal skin prick test, and suction blister
cups were applied to the sites with vacuum pressure of 200
mmHg to create blisters. Blisters were protected overnight, and
the fluid was aspirated 24 h later to collect skin-infiltrated cells
and tissue fluid. The concentration of indicated cytokines was
measured by multiplex array (multiplex bead array), and the
cells were stained with cell surface antibodies for flow cytometric analysis of DC subsets or for bulk or scRNA-seq analysis.
scRNA-seq
Human PBMCs and blister cells were stained with antibodies in
PBS for 10 min, and each targeted cell of interest was sorted into
each well of 96-well plates containing 2 µl of 0.2% Triton plus
1 U/µl RNaseOUT (Thermo Fisher Scientific). 182 blood cells and
273 skin cells were collected, and single-cell libraries were
prepared using the Smart-Seq2 protocol (Picelli et al., 2014) with
minor modifications. We performed reverse transcription using
Smartscribe RT enzyme (50 U/cell; Takara). For cDNA amplification, we performed 25 PCR cycles. All the other parameters
were as described in the original paper. Not all the wells were
successfully profiled, and some of the wells were excluded from
the data analysis after applying quality control (QC) filters.
scRNA-seq data analysis
Gene expression for individual cells was quantified using
Salmon (Patro et al., 2017). Cells were kept if they had a mapping
rate >40%, expressed >1,200 detected genes, and contained
<20% of their reads associated to ERCC spike-ins. Genes were
removed from the analysis if they were expressed (>1 count) in
less than five cells. Lastly, the total read count was regressed
from the expression values to normalize the data. t-SNE was
performed in R (v3.4) using the Seurat package (v2.3.4; Satija
et al., 2015). In the blood and skin data, clusters were called at a
resolution of 1.8 using the first six principal components, generated using highly variable genes. In the saline and HDM data,
clusters were called at a resolution of 2.4 using the first six
principal components, generated using all genes. In both cases,
clusters were merged if they presented similar markers,
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indicating a similar function. This is the case for subclusters of
activated DCs and the responsive/nonresponsive pDCs (Fig. 5 A).
Differentially expressed genes were obtained by using the
FindMarkers function and considered differentially expressed if
the corrected P value was <0.05. scRNA-seq data have been
deposited in ArrayExpress under the accession no. E-MTAB8498.

Skin-targeted RNA sequencing
The skin biopsy specimens were subjected to targeted RNA sequencing analysis. Skin samples were collected directly into
RNA Later reagent (Ambion) and frozen at −80°C until further
use. Tissue disruption and homogenization was performed in
RLT buffer (Qiagen) using TissueRuptor (Qiagen) on ice. RNA
was extracted with Rneasy Fibrous Tissue Mini Kit (Qiagen)
according to the manufacturer’s instructions. Next Generation
Sequencing was performed with Illumina reagents (TruSeq
Targeted RNA Index Kit and TruSeq Targeted RNA Custom
Panel Kit) at the Deep Seq Facility (University of Nottingham,
Nottingham, UK). Following QC analysis with the fastQC package, reads were aligned using STAR against the human genome
assembly (UCSC GRCh38/hg38). Gene expression levels were
quantified as read counts using the featureCounts function from
the Subread package with default parameters (Ramos et al.,
2011). The read counts were used for the identification of global differential gene expression between specified populations
using the edgeR package. Values for reads per kilobase of transcript per million mapped reads were also generated using the
edgeR package. GEO data were deposited under accession
identifier GSE139834.
In vitro DC culture and T cell assay
Magnetic-activated cell sorting–purified BDCA-2+ DCs or CD1c+
DCs were seeded into 96-well U-bottom plates with 1–2.5 × 105
cells/well density in RPMI medium (supplied with 10% FCS,
2 mM L-glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin, 100 µM sodium pyruvate, nonessential amino acids,
50 µM β-mercaptoethanol, and 10 mM Hepes) and IL-3 (50 ng/
ml; BioLegend) for 48 h. imiquimod (50 ng/ml; Invivogen) was
used as stimulus in some conditions, and brefeldin A (5 µg/ml;
BioLegend) was added for 12 h to block the cytokine transport
process to enhance intracellular cytokine staining signals. Cells
were then centrifuged at 1,500 rpm for 5 min at 4°C and used for
flow cytometric analysis. For T cell co-culture assays, IL-22
ELISpot (Mabtech AB) was used to assess CD1a reactivity.
The MultiScreen-IP sterile filter plates with hydrophobic poly
(vinylidene fluoride) (Millipore) were coated with capture antibodies at 4°C overnight. In vitro cultured BDCA-2+ DCs (1.5 × 104)
were co-cultured with T cells (5 × 104) per well with anti-HLAChen et al.
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Bulk RNA sequencing
Suction blister cells and PBMCs were harvested, and T cells were
sorted with the BD FACSAria IIIu and collected directly into
TRIzol LS. The mRNA extraction, RNA sequencing, and data
analysis were performed as previously described (Hardman
et al., 2017). GEO data were deposited under accession identifier GSE139952.

A,B,C (10 µg/ml, W6/32; BioLegend) and HLA-DR (10 µg/ml,
L243; BioLegend) antibodies and incubated at 37°C and 5% CO2
overnight. In some wells, BDCA-2+ DCs were pretreated with
anti-CD1a blocking antibody (OKT-6, 10 µg/ml; produced in
house) or IgG1 isotype control (10 µg/ml; BioLegend) 1 h before
the addition of T cells. PMA (5 ng/ml) and ionomycin (5 ng/ml)
stimulation or T cells alone were set up as positive controls or
negative controls, respectively. After incubation, plates were
washed and incubated with biotin-linked anti–IL-22 monoclonal antibody for 2 h. After washing, the plates were incubated
for 2 h with streptavidin–alkaline phosphatase and were developed using the alkaline phosphatase conjugate substrate kit
(Bio-Rad). The numbers of IL-22–producing T cells were
counted using the automated ELISpot reader (ELISpot Reader
Classic; Autimmun Diagnostika gmbh). The result graphs were
calculated as the fold change of each condition to the anti-HLA/
IgG1 isotype control treatment.
Quantitative real-time PCR
The mRNA of the cells was prepared using a TurboCapture kit
(Qiagen). The cDNA was synthesized with M-MLV reverse
transcription (Invitrogen) and then subjected to quantitative
real-time PCR using TaqMan Probe (Life Technologies) to TCF4
(Hs00162613_m1), SPI-B (Hs00162150_m1), IRF4 (Hs00180031_m1),
and GAPDH (Hs99999905_m1). Reactions were performed in a 7500
Fast Thermal Cycler (Applied Biosystems). Data were normalized to
GAPDH.
Statistical analyses
All values are shown as means. Error bars represent SEMs.
Paired one- or two-tailed t tests, one-way ANOVA, and Pearson
correlation were performed using GraphPad Prism version 7.00
(GraphPad Software) to assess statistical significance: *, P < 0.05;
**, P < 0.01; ***, P < 0.005; and ****, P < 0.0001.
Online supplemental material
Fig. S1 shows a characterization of BDCA-2 and CD123 expression on skin and blood DC subsets in in vitro assays. Fig.
S2 presents phenotypic analysis of in vitro–derived blood
BDCA-2+ DCs, including marker expression, gene profile, and
functionality.
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Figure S1. Expression levels of BDCA-2 and CD123 on DCs in skin and blood. (A and B) BDCA-2 and CD123 expression was analyzed by flow cytometry on
ex vivo and in vitro IL-3, IFNα, and blister fluid–cultured blood CD1c+ DCs and blood BDCA-2+ DCs (A) and ex vivo and in vitro IL-3, IFNα, and blister
fluid–cultured skin CD1c+ DCs and blood BDCA-2+ DCs (B). One representative result of three independent experiments is shown; n = 3.
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Figure S2. Phenotypic analysis of in vitro–derived blood BDCA-2+ DCs. (A) PBMCs were analyzed for BDCA-2+ DCs by flow cytometry. (B) Expression of
CD123 and CD1a on freshly isolated BDCA-2+ DCs (ex vivo) or blood BDCA-2+ DCs treated with IL-3 (50 ng/ml) for 48 h (in vitro). (C) CD86 and HLA-DR
expression on in vitro BDCA-2+ DCs analyzed by flow cytometry. One representative result of 10 independent experiments is shown for B and C; n = 16. (D)
TCF4, SPI-B, and IRF4 expression level of CD123hi and CD123int BDCA-2+ DCs after in vitro culture with IL-3. One representative result of three independent
experiments is shown; n = 3. (E) Expression of IFNα production by each BDCA-2+ DC subset and CD1c+ DCs analyzed by flow cytometry. Fold-induction of IFNα
by CD123hi and CD123int BDCA-2+ DCs and cDCs after in vitro imiquimod (Imiq) stimulation. One representative result of three independent experiments is
shown; each dot represents a donor. Ctrl, control. (F) IL-22 production from blood T cells co-cultured overnight with CD1a-positive blood BDCA-2+ DCs. IL-22
was measured by ELISpot in the absence or presence of anti-CD1a antibody and anti-MHC I/II antibodies. Data represent the fold reduction of five independent
experiments; each dot represents a donor. Lines represent the mean + SEM. MFI, mean fluorescence intensity. **, P < 0.01; ****, P < 0.0001; Student’s t test or
one-way ANOVA.
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