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Plasmacytoid dendritic cells (pDCs) specialize in the production of
type | IFN (IFN-I). pDCs can be depleted in vivo by injecting diphtheria
toxin (DT) in a mouse in which pDCs express a diphtheria toxin
receptor (DTR) transgene driven by the human CLEC4AC promoter. This
promoter is enriched for binding sites for TCF4, a transcription factor
that promotes pDC differentiation and expression of pDC markers,
including CLECAC. Here, we found that injection of DT in CLECAC-DTR*
mice markedly augmented Th2-dependent skin inflammation in a
model of contact hypersensitivity (CHS) induced by the hapten fluo-
rescein isothiocyanate. Unexpectedly, this biased Th2 response was
independent of reduced IFN-I accompanying pDC depletion. In fact,
DT treatment altered the representation of conventional dendritic
cells (cDCs) in the skin-draining lymph nodes during the sensitization
phase of CHS; there were fewer Th1-priming CD326* CD103* ¢DC1
and more Th2-priming CD11b* ¢DC2. Single-cell RNA-sequencing of
CLECAC-DTR* cDCs revealed that CD326* DCs, like pDCs, expressed
DTR and were depleted together with pDCs by DT treatment. Since
CD326" DCs did not express Tcf4, DTR expression might be driven by
yet-undefined transcription factors activating the CLECAC promoter.
These results demonstrate that altered DC representation in the skin-
draining lymph nodes during sensitization to allergens can cause Th2-
driven CHS.
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lasmacytoid dendritic cells (pDCs) are a subset of bone-

marrow—derived DCs that produce substantial amounts of
type I interferon (IFN-I; i.e., IFN-a, IFN-B) upon recognition of
viral and microbial nucleic acids through toll-like receptor
(TLR) 7 and 9 (1-4). Secreted IFN-I binds to the IFN-I receptor
(IFNAR) on pDCs, completing an autocrine loop that sustains
IFN-I production (5). pDC secretion of IFN-I peaks at early time
points during viral infections and mediates immediate contain-
ment of viral replication, but wanes and becomes less important
later during infection as pDCs undergo cell-intrinsic IFNAR-
mediated apoptosis (6) and other host cells become more domi-
nant producers of IFN-I. In addition to a transient IFN-I response
against viral infections, pDCs have been proposed to contribute to
naive CD4™T cell differentiation. Since pDCs express major his-
tocompatibility complex (MHC) class II molecules as well as the
costimulatory molecules CD40, CD80, and CD86, they can pre-
sent antigens to CD4" T cells, although not as efficiently as
conventional DCs (cDCs) (7). pDCs have been reported to prime
Thl (8), Th2 (9), or tolerogenic T cells (10-14), depending on the
cell surface and soluble signals that they provide to CD4™ T cells
together with the MHC-peptide complex.

To further address the impact of pDCs in CD4" T cell re-
sponses in vivo, we used a transgenic mouse that expresses the
diphtheria toxin receptor (DTR) under the control of the pro-
moter of the human CLEC4C gene, which encodes the pDC-
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specific C-type lectin CLEC4C (also known as BDCAZ2). The
DNA sequence of this promoter contains four binding sites for
E2-2, the transcription factor encoded by the TCF4 gene that
drives pDC development (15). Thus, DTR is preferentially
expressed in pDCs, and injection of DT depletes pDCs (16). In
this study, we found that injection of DT in CLEC4C-DTR*
mice markedly augmented Th2-dependent skin inflammation in
a model of contact hypersensitivity (CHS) induced by the hapten
fluorescein isothiocyanate (FITC). However, the exaggerated
Th2 response was not due to a diminished IFN-I or IFN-A ac-
companying pDC depletion. In fact, DT treatment impacted the
priming phase of FITC CHS by reducing not only pDCs, but also
a subset of ¢cDCs expressing CD103 and CD326, which migrate
from the inflamed skin into the draining lymph nodes (DLN).
Single-cell RNA-sequencing (scRNA-seq) of DCs isolated from
the skin DLN of Zbtb46°"" ¢DC reporter mice crossed with
CLEC4C-DTR™ mice revealed that DTR was expressed not only
on pDCs but also on migrating CD326™ cDCs, which were
acutely depleted together with pDCs after DT injection, creating
a DC environment prone to prime Th2. These results suggest

Significance

Eczema, hives, and allergic contact dermatitis affect millions of
people every year, particularly children. Many skin allergies are
caused by exaggerated production of type-2 cytokines, such as
IL-4 and IL-13, by T helper (Th) cells in response to various
substances when they contact the skin. Here, we illustrate that
maladaptive Th2 responses to a cutaneous allergen can be re-
capitulated in a transgenic mouse model in which a subset of
CD326" dendritic cells (DCs) that migrate from the skin to the
draining lymph nodes are artificially depleted. This depletion
perturbs the balance of DC subsets in lymph nodes, which
biases T cell responses toward type-2 inflammation. Thus,
preservation of lymph node CD326* DCs is essential to prevent
or attenuate skin allergies.
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Fig. 1. DT treatment of CLEC4AC-DTR* mice enhances FITC-induced CHS. (A) CLECAC-DTR* mice and DTR™ littermate controls were subjected to two different
CHS models. For FITC CHS, FITC was applied to the shaved abdomen on day 0 and day 2 (sensitization), and FITC was applied to the ear on day 6 (challenge).
For DNFB CHS, 20 puL of 0.5% DNFB was applied to the shaved abdomen on day 0 and 1 (sensitization), and 20 uL of 0.2% DNFB was applied to the ear on day 5
(challenge). DT was administered on day -1, 1, 3, and 5 in each model. (B) Ear swelling measured 24 h post challenge in the FITC-treated ear (ipsilateral) and
solvent-treated ear (contralateral). Data represent three pooled experiments (n = 10 CLECAC-DTR*, n = 12 DTR™ littermates). (C) Cellularity of the ipsilateral
ear DLN and contralateral DLN 24 h post challenge with FITC. Numbers reflect cell yield from three pooled superior cervical nodes digested with collagenase
D. Data represent three pooled experiments (n = 10 CLEC4C-DTR*, n = 12 DTR littermates). (D) Ear swelling measured 24 h post challenge in the DNFB model.
Data represent three pooled experiments (n = 8 CLECAC-DTR*, n = 7 DTR" littermates). (E) Ipsilateral DLN cellularity 24 h post challenge in the DNFB model.
Numbers reflect cell yield from three pooled superior cervical nodes digested with collagenase D. Data represent three pooled experiments (n = 8 CLEC4C-
DTR*, n =7 DTR littermates). (F) Hematoxylin and eosin histology of the ear pinna 24 h post challenge with FITC at 10x magnification. Epidermal crusting is
indicated by the black arrow. Representative of two experiments (n = 7 CLEC4C-DTR*, n = 7 DTR" littermates). (G) Toluidine blue staining 24 h post challenge
with FITC at 40x magnification. Data are representative of two experiments (n = 7 CLEC4AC-DTR*, n = 7 DTR™ littermates). (H) Histological scoring of ear pinna
24 h post challenge based on dermal edema, leukocyte infiltration, and epidermal crusting. Data representative of two experiments (n = 7 CLEC4C-DTR*, n=7
DTR™ littermates). (/) Quantification of mast cells per high-power field (HPF) at 40x via toluidine blue staining of the FITC-treated ear 24 h post challenge. Data
represent two experiments, and each data point represents an average of 15 high-power-fields per sample (n = 7 CLEC4C-DTR*, n = 7 DTR™ littermates). (J)
Volcano plot comparing gene expression by microarray in ear skin 1 d post FITC challenge. Data represent fold change and P value calculated from three RNA
samples per group; each sample is RNA derived from skin of one mouse (n = 3 CLEC4C-DTR*, n = 3 DTR" littermates). Transcripts in green or red indicate P <
0.05 and fold change > 2. (K) Most highly significant pathways derived from Gene Set Enrichment Analysis (Broad) after input of transcripts significantly
increased in DT-treated mice (FC > 2; P < 0.05). **P < 0.01, ***P < 0.001, ****P < 0.0001; statistics by unpaired two-tailed Student’s t test. Data in B-E, H, and /
are mean + SD, and each symbol represents an individual mouse.
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Fig. 2. DT treatment of CLEC4C-DTR* mice during FITC CHS increases Th2 polarization and ILC2 in DLN. Cells from the ipsilateral superior cervical lymph
nodes were isolated from CLEC4C-DTR* and littermate control mice 24 h post FITC challenge. (A) Median fluorescence intensity of GATA3 in CD4*CD3* cells
and (B) percentage of GATA3* of CD4*CD3"* cells. Data show one experiment, representative of two individual experiments (depicted: n = 6 CLECAC-DTR*, n =
6 DTR™ littermates; total: n = 12 CLECAC-DTR*, n = 12 DTR" littermates). (C-E) Cells from DLN were stimulated with Phorbol 12-myristate 13-acetate (PMA)/
jonomycin for 12 h at a concentration of 1 x 10 cells/mL, and supernatants were analyzed for cytokine concentrations by CBA (IFN-y and IL-4) or ELISA (IL-13).
Data in C were pooled from two experiments (n = 5 CLECAC-DTR*, n = 5 DTR" littermates). Data in D were pooled from two experiments (n = 7 CLEC4C-DTR",
n =7 DTR littermates). Data in E were pooled from two experiments (n = 7 CLEC4C-DTR*, n = 7 DTR" littermates). Each data point reflects the mean of two
technical replicates from the same sample. Each sample is derived from one mouse. (F) Representative staining of intracellular cytokine staining of CD4* cells
after stimulation with PMA/ionomycin for 6 h with Brefeldin A and Monensin in culture for the final 4 h. (G) Quantification of the percentage of IFN-y* or IL-
17A* cells within the CD4*CD3* population. Data are representative of one of two experiments (depicted: n = 5 CLEC4C-DTR*, n = 6 DTR™ littermates; total:
n =10 CLEC4AC-DTR*, n = 10 DTR" littermates). *P < 0.05, **P < 0.01; statistics by unpaired two-tailed Student'’s t test. Data in A-E and G are mean SD, and each

symbol represents an individual mouse.

that a defective representation of CD103* CD326"% migrating
DCs during CD4" T cell priming facilitates the development of
skin allergic pathologies.

Results

DT Treatment of CLEC4C-DTR* Mice Exacerbates FITC-Induced CHS.
This study was initially prompted by the observation that
CLEC4C-DTR™ mice treated with DT developed noticeable skin
inflammation when felt-tip markers were repeatedly used to mark
their tails (SI Appendix, Fig. S1A4), suggesting that pDCs might
control skin CHS. To directly test the impact of pDCs on CHS, we
performed CHS assays in DT-treated CLEC4AC-DTR™ mice and
transgene-negative littermate controls (DTR™) using FITC and
2,4-dinitrofluorobenzene (DNFB) as haptens. These CHS models
trigger Th2 and Th1 CD4™ T cell responses, respectively (17, 18),
allowing us to determine whether pDCs uniquely control Thl- or
Th2-mediated skin pathology. Mice were primed by applying hap-
tens on the abdomen and then challenged on the ears 5 to 6 d later
to induce skin inflammation (Fig. 14). Mice were administered DT
every other day throughout the experiment, resulting in >90% pDC
depletion in the spleen and skin DLN in CLEC4C-DTR™ mice,
while no depletion was observed in DTR littermates (SI Appendix,
Fig. S1B). In the FITC model, CLEC4C-DTR™ mice exhibited
increased ear swelling and DLN cellularity 24 h post challenge
compared to DTR™ mice (Fig. 1 B and C). However, in the DNFB
model, we found no difference between CLEC4C-DTR* and
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DTR™ mice in either ear swelling or DLN cellularity post challenge
(Fig. 1 D and E). Histologic examination of FITC challenged ears
from CLEC4C-DTR™ mice revealed markedly enhanced dermal
edema, granulocytic and lymphocytic infiltration, and epidermal
crusting (Fig. 1 F and H). Toluidine blue staining showed mast cell
hyperplasia in CLEC4C-DTR™ mice (Fig. 1 G and I).

To further characterize the enhanced pathology in CLEC4C-
DTR™ mice, we analyzed the transcriptome of a bulk preparation
of the ear skin after FITC challenge. Microarray analysis of the
FITC-challenged skin showed evidence of an enhanced type 2
immune response in CLEC4C-DTR™ mice, with elevation of 1133,
IL4ra, Fcerlg, Argl, Arg2, and Ptgs2 messenger RNAs (mRNAs)
(Fig. 1J). Pathway analysis showed evidence of enhanced lym-
phocyte and granulocyte infiltration and keratinocyte and mast
cell activation (Fig. 1K). Concordantly, flow cytometric analysis of
the skin confirmed an increased amount of infiltrating CD45*
cells, dominated by granulocytes in CLEC4AC-DTR™ mice (SI
Appendix, Fig. S1 C and D). The percentages of neutrophils
among CD45"% cells were significantly elevated in CLECA4C-
DTR™ mice with an additional trend toward an increased per-
centage of eosinophils (SI Appendix, Fig. S1D). CD11c¢* FITC*
cells were increased in the DLN post challenge, reflecting in-
creased inflammation in the skin (SI Appendix, Fig. S1E). To-
gether, these data demonstrated that DT treatment of CLEC4C-
DTR™ mice exacerbated CHS reaction to the FITC hapten and
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Fig. 3. DT administration during the FITC CHS sensitization phase results in
exacerbated pathology. (A) Mice were administered a modified FITC CHS
protocol with DT administered on day -1 and 1 [D-1 + D1 depletion (1)] or
administered on day 5 [D5 depletion (2)]. (B) Ear swelling was measured 24 h
post challenge in the FITC-treated ear. Data are pooled from three experi-
ments (n = 8 CLEC4C-DTR*, n = 7 DTR™ littermates, n = 10 D-1 and D1 de-
pleted CLECAC-DTR*, n = 5 D5-depleted CLEC4C-DTR*). **P < 0.01; statistics
by Student’s t test. Data in B are mean + SD, and each symbol represents an
individual mouse; ns, nonsignificant.

Th2-driven skin pathology, but did not affect the DNFB-triggered
Th1-mediated disease.

Since FITC-induced contact hypersensitivity depends on ker-
atinocyte release of thymic stromal lymphopoietin (TSLP) (19),
we tested whether CLEC4C-DTR™ mice treated with DT were
susceptible to another model of TSLP-dependent atopic der-
matitis, which is driven by the vitamin D analog calcipotriol
(MC903) (SI Appendix, Fig. S1F). Upon application to the skin
for 21 d, calcipotriol acts to relieve tonic transcriptional re-
pression on the TSLP locus, resulting in robust epidermal TSLP
production that drives type 2 immunopathology (20). In this
model, DT-treated CLEC4C-DTR ™ mice had exacerbated gross
pathology, increased ear swelling, and robust pathological
changes to the skin including epidermal thickening and archi-
tectural distortion compared to DTR™ mice (SI Appendix, Fig.
S1 G-I). These data corroborated that DT treatment in
CLEC4C-DTR™ mice exacerbates type 2 allergic pathologies of
the skin induced by allergens and/or adjuvants that elicit TSLP.

DT Treatment of CLECAC-DTR* Mice Biases CD4* T Cell Response to
FITC toward Th2. We sought to directly evaluate the effector T cell
response underlying the exacerbated FITC-driven CHS. There
was a significantly higher level of GATA3 expression within the
entire CD4™ T cell compartment in the DLN of CLEC4C-DTR*
mice compared to DTR™ controls on day 7 (Fig. 24), as well as a
higher percentage of GATA3™ cells within CD4* T cells (Fig. 2B),
suggesting a bias toward Th2 responses. Assessment of cytokine
production ex vivo in the DLN revealed that whole lymph node
cultures from CLEC4C-DTR™* mice produced greater amounts of
IL-4 and IL-13, while those from DTR™ controls produced more
IFN-y (Fig. 2 C-E). We further evaluated cytokine production on a
per-cell basis by intracellular cytokine staining, which revealed that a
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higher percentage of CD4™ T cells from DTR™ mice made IFN-y
(Fig. 2 F and G), while the IFN-y production from the CD8* T cells
was similar in both groups (SI Appendix, Fig. S2 A and B). We also
noted that a slightly higher percentage of CD4* and CD8* T cells
from CLEC4C-DTR™ mice produced IL-17A (Fig. 2 F and G and
SI Appendix, Fig. S2 A and B). Type 2 cytokines were difficult to
detect by intracellular staining, most likely due to limitations in the
reagents currently available.

Since many studies have indicated that pDCs induce tolerance
to allergens and other antigens by inducing Tregs through a
variety of mechanisms (14, 21-24), we assessed the frequency

A MHC" CD11cint MHCi" CD11c"
3
g <
> Py
. Q) S 0O
X iy o
= a [} <
5 U 3 2 2
2| E é 386 17.9 4
- (7]
CD11c-PerCPCy5.5° CD326.APC  CD103-6Fluord50
o
. ?
510 6 o
+ 7 10°f 2 w
o | % a K
- : % !
oy 3 T <
10' a a >
< £ SL_ssrl\i2] o b 4
100 10 10 10¢ CD326-APC  CD103-eFluord50 ~ CD24-PE
B CD11c-PerCPCy5.5
50, *** 8x10% ** *
£ -~ H H H [ o Lo BN o |
2 404 § extor
[=]
o 301 2 4x104
© 204 =
I [
O 2 4,
E 104 x10
o
R 0- 0
CD103+ CD103- TN CD11b+ CD103+CD103-TN CD11b+Total
CD326+ CD326+ CD326+CD326+ CD11c"MHCIIM
D " * E sxto 3CD103-CD326+
= 50 = 3 3 CD103+CD326+
< 40 B CD11b+
o 5 BTN
o 30 é 2x10%
é 20 2
T 1x105%
s 10 8 X
X0
CD103+ CD103- TN CD11b+
F CD326+ CD326+ 0
100 " - G DTR- DTR+
EU *
T 801 50009  gm—
[=] -
© 60+ £% 4000+
g 40 L5
z 23 3000+
5 204 26 20004
S LI
0- == 000
CD24+ SIRPa
1 DTR- 0
Il DTR+ DTR- DTR+

Fig. 4. DT-treated mice have more migratory cDC2 and fewer migratory
cDC1 in skin DLN. (A) Representative flow plot for migratory and resident DC
populations in the axillary and inguinal lymph nodes 48 h post FITC sensi-
tization. Cells pregated on live FSC"' SSCM. (B) Frequency and (C) number of
migratory ¢DC subsets in DT-treated mice at steady state (no FITC). Data are
representative of one of two separate experiments (depicted: n = 3 CLEC4C-
DTR*, n = 4 DTR" littermates, total: n = 6 CLEC4C-DTR*, n = 7 DTR" litter-
mates). (D and F) Percentages and (E) numbers of indicated migratory DC
populations. Data represent one of three experiments (depicted: n =
3 CLEC4C-DTR*, n = 3 DTR™ littermates; total: n = 12 CLEC4C-DTR*, n = 12
DTR™ littermates). (G) Mean fluorescence intensity (MFI) of IRF4 in migratory
cDCs (MHCM'CD11c™) in inguinal and axillary lymph nodes. Data are pooled
from two separate experiments (n = 9 CLEC4C-DTR*, n = 9 DTR" littermates).
*P < 0.05, **P < 0.01, ***P < 0.001; statistics by unpaired two-tailed Stu-
dent’s t test. Data in B-G are mean + SD.
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and number of Tregs in the DLN at day 7 after ear challenge.  controls (SI Appendix, Fig. S2 C-F). Moreover, a higher per-
Unexpectedly, CLEC4C-DTR* mice had enhanced rather than  centage of Tregs expressed the ST2 subunit of the IL-33R (S/
reduced frequencies and numbers of Tregs compared to DTR™  Appendix, Fig. S2F), which triggers an increased expression of
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Foxp3 (25, 26). Thus, enhanced CHS in CLEC4C-DTR* mice
was not due to reduced immune regulation. Overall, these data
indicate that DT treatment of CLEC4C-DTR™ mice biases T cell
responses toward Th2 while reducing Th1 immunity.

Exacerbated FITC CHS Occurs Independently of IFN-1 and IFN-). It has
been shown that IFN-I and pDC-produced IFN-I promote Thl
responses (8, 27). Recent studies have further demonstrated that
IFN-I inhibits proliferation and survival of type 2 innate lym-
phoid cells (ILC2s), thereby tempering skin allergy (28, 29).
Moreover, pDC-produced IFN-I was shown to limit ILC2s and
airway hyperreactivity in lung (30). Accordingly, we found that
DT-treated CLEC4C-DTR* mice had more ILC2s (numbers and
percentages) in the DLN after FITC challenge than DTR™ con-
trols (SI Appendix, Fig. S3 A-C). Thus, we hypothesized that en-
hanced CHS in CLEC4C-DTR™ mice was due to a deficit of IFN-
I resulting in Thl reduction and/or ILC2 increase. To test this
hypothesis, we assessed FITC CHS in Ifinar™~ and wild-type (WT)
mice. Like CLECAC-DTR* mice, Ifnar”™ mice had increased
numbers and percentages of ILC2s in the DLN after FITC chal-
lenge (SI Appendix, Fig. S3 A-C), but ear swelling was similar in
Ifnar”’™ and WT mice (SI Appendix, Fig. S3D). Thus, we con-
cluded that reduction of pDC-derived IFN-I and consequent in-
crease of ILC2s is not sufficient to explain exacerbated FITC CHS
in CLEC4C-DTR* mice. Because pDCs also produce IFN-A (31),
we evaluated the impact of IFN-A on FITC CHS by examining
mice that lack the receptor for IFN-A, IL-28R. /I28ra~~ and WT
mice were equally susceptible to FITC CHS (SI Appendix, Fig.
S3D), excluding the possibility that pDCs limit type 2 responses
through IFN-A. Altogether, these results indicate that exacerbated
Th2 response to FITC is most likely independent of the defect of
interferons that accompanies pDC depletion.

DT Treatment of CLECAC-DTR* Mice Alters Lymph Node cDC Subsets in
Steady State and during CHS. The FITC-induced model of CHS
encompasses priming and challenge phases. To evaluate the
impact of DT treatment on each phase, we treated mice with ei-
ther two doses of DT on days —1 and 1 prior to FITC sensitization
on the abdomen or with a single dose of DT the day prior to FITC
challenge on the ear (Fig. 34). DT treatment during the sensiti-
zation phase was sufficient to exacerbate ear swelling at challenge
(Fig. 3B). We concluded that DT treatment in CLEC4C-DTR™
mice promotes the priming of the Th2 response.

Given the established role of cDCs in priming T helper responses
(32), we next evaluated whether DT treatment affected cDCs in
addition to pDCs in skin DLN. We characterized the
CD11c"MHCII™ resident and CD11c™MHCII™ migratory pop-
ulations in the skin DLN in DT-treated CLEC4AC-DTR™ and DTR™
mice at steady state and 48 h after FITC priming, when ¢cDC mi-
gration from skin peaks (SI Appendix, Fig. S4). Within the resident
cDCs, two subsets could be identified using CD24 and Sirpa, cor-
responding to resident cDC1 and cDC2, respectively. Within the
migratory cDCs we could define four separate populations:
CD103°CD326™ Langerhans cells (LC), CD103*CD326™ migrat-
ing cDCI1, CD11b* ¢cDC2, and triple negative (TN) cDC2, as pre-
viously described (33, 34) (Fig. 44). In the steady state, DT
treatment caused a reduction in the frequency and number of
CD103*CD326™ ¢DC1 and CD103°CD326" LCs, as well as an
increase in CD11b™ and TN ¢DC2 within migratory cDCs of skin
DLN (Fig. 4 B and C); no effect was noted on the resident cDC
populations. After FITC sensitization, DT caused a similar subset
skewing in CLEC4C-DTR* mice with significantly more migratory
TN cDC2 and fewer CD326*CD103" ¢DC1 in the inguinal and
axillary lymph nodes (Fig. 4 D and E).

This result was confirmed with an additional gating strategy
using Sirpa and CD24 within CD11¢™MHCII™ ¢DCs to distin-
guish migratory cDC2 and c¢DCl1, respectively. Here, CLEC4C-
DTR™ mice had a significantly greater percentage of migratory
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Fig.6. DT treatment of CLEC4C-DTR* mice induces loss of pDCs and a subset
of migratory CD326" cells in the FITC model of CHS. (A) scRNA-seq of DC
subsets in CLEC4C-DTR* and DTR™ mice after DT administration and FITC
sensitization showing clusters identified in Fig. 5A. (B) Quantification of the
number of cells in each of the subsets shown. (C) Expression of Siglech in DT-
treated and untreated mice by scRNA-seq. A circle indicates mainly affected
subsets: red, pDCs; blue, CD326* (CD103*/") cDCs.

Sirpa™ ¢DC2 and a corresponding decrease in the percentage of
CD24% ¢DCI1 (Fig. 4F). Furthermore, we observed an increase in
the IRF4 expression within the entire migratory cDC population
in CLEC4C-DTR™ mice, supporting the skewing in the
cDCl1:cDC2 ratio (Fig. 4G). We conclude that DT treatment of
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Fig. 7. DT treatment of Zbtb46°"" CLECAC-DTR* mice depletes migrating

CD103*CD326~ and CD103*CD326" c¢DCs in skin DLN. (A) Representative dot
plots of DC subsets in Zbtb46°™ CLECAC-DTR™ and Zbtb46°™ DTR* mice 24 h
after DT treatment based on expression of GFP, CD11¢, MHCII, CD326, and
CD103. (B) Quantification of percentages of total ¢cDCs (CD1 1¢*GFPM9") and
percentages of reduction of CD103*CD326* and CD103*CD326  DCs. Per-
centages of reduction were calculated because of cage-dependent variations
in migrating ¢DC subsets. CLEC4C-DTR*: n = 4, DTR™ n = 5. (C) Depletion of
SIGLECH*GFP™ and SIGLECH*GFP™ cells but not SIGLECH*GPF"9" cells in
Zbtb46°FPCLECAC-DTR* versus Zbtb46°7FCLECAC-DTR™ mice treated with DT.
One experiment representative of two is depicted.

CLEC4C-DTR™ mice not only depletes pDCs but also reduces
the ratio between migratory ¢cDC1 and c¢DC2. This altered
c¢DC1:cDC2 ratio may have a major impact on susceptibility to
FITC CHS, as suggested by a previous report showing that lack
of ¢DCI1 in Batf3~~ mice is associated with increased Th2 re-
sponses and IL-4 production during FITC CHS (33). In contrast,
Batf3™'~ mice do not exhibit exacerbated skin pathology in the
Thl-driven DNFB model of CHS (35), similar to DT-treated
CLECAC-DTR™* mice.

scRNA-seq Reveals DTR Expression on pDCs and ¢DC Subsets in Skin
DLN of CLEC4C-DTR* Mice. To identify a mechanism that could
explain why DT depletion in CLEC4C-DTR™ mice led to an
altered cDC1:cDC2 ratio in skin DLN at steady state and during
CHS, we resorted to an unbiased approach and performed
scRNA-seq. To facilitate the isolation of cDCs from skin DLN,
CLEC4C-DTR™ transgenic mice were crossed with the
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Zbtb46°"" reporter mice, in which all cDCs express GFP (36,
37). We sorted SIGLECH*GFP" cells, which encompass pDCs,
as well as SIGLECH*GFP'™ and SIGLECH GFP"*" cells,
which capture c¢DCs. Unsupervised clustering by Uniform
Manifold Approximation and Projection (UMAP) identified 10
distinct populations at steady state (Fig. 54). All populations
expressed high levels of Flt3 mRNA, with the exception of cluster
4, which corresponded to macrophages expressing high levels of
Csflr, Adgrel (encoding the scavenger receptor F4/80), and the
macrophage-associated transcription factor Mafb (Fig. 54 and SI
Appendix, Fig. S5). Three distinct clusters expressed the pDC
markers Siglech and Tcf4. The most abundant cluster 1 had low
levels of costimulatory and adhesion molecules and lacked Zbtb46.
The smaller cluster 8 expressed high levels of Cd40, CdS86, Icaml,
and Ccr7, indicative of activation, and, unexpectedly, the cDC
markers Zbtb46 and Id2. To validate that pDC activation also
induces some ¢cDC markers, we sorted SIGLECH*GFP~ pDCs
from spleens of Zbth46°"" mice and activated them in vitro with
different stimuli. Approximately 10 to 15% of pDCs cultured with
the TLR7 agonist imiquimod acquired intermediate GFP ex-
pression (Fig. 5B), whereas CpG-A ODN2216 had no effect
(Fig. 5B). Thus, pDCs acquire de novo expression of Zbtb46 in
response to some activation stimuli. The third Siglech™ Tcf4*
cluster 7, which segregated away from the pDC clusters 1 and 8§,
expressed pDC markers such as Cd209a, Lifr, and Lag3, as well as
unique markers such as Cd200r1, Cd20%e, Ccrl, and Ngfr, and
some macrophage/DC2-related markers such as Cx3crl, Mgl2,
CD300a, Ms4a6c, and CsfIr. This cluster also expressed higher
levels of Zbtb46 than cluster 8. Based on this expression profile, we
determined that cluster 7 corresponded to the previously de-
scribed CX3CR1* noncanonical DCs (38, 39) and the recently
appreciated pDC-like cells (40, 41). Clusters 6 and 9 represented
resident cDC1, as shown by expression of Xcrl, Clec9a, Itgae, and
Wdyf4. Cluster 9 further expressed several cyclins and Mki67, in-
dicating a proliferating fraction within resident cDCI1. Cluster 2
represented resident ¢cDC2 marked by expression of Clec4a4.
Clusters 0, 3, and 5 represented migrating cDCs, as indicated by
the low expression of Ifgax (encoding CD11c). Cluster 0 corre-
sponded to migrating cDC2, as suggested by expression of Ccl22,
Ccl17, and Nip2, although neither of the two transcription factors
required for cDC2 commitment, Irf4 and KIf4, was more expressed
in this subset compared to the remaining clusters (SI Appendix,
Fig. S5). Cells in the right portion of cluster 0 expressed Mki67,
suggesting active proliferation. Clusters 3 and 5 expressed markers
of dermal ¢cDC1 and LCs, such as Epcam (encoding CD326),
Cd207, and Itgb8 (SI Appendix, Fig. S5), which encodes a subunit
of the a,bg integrin that facilitates activation of latent TGFp, a
cytokine known to drive LC development.

By including the nucleotide sequence of simian HBEGF
encoding DTR in the mouse sequence database used for aligning
mRNA sequences, we were able to determine the expression of
DTR in each cluster (Fig. 54). As expected, we detected HBEGF
mRNA in pDC clusters 1 and 8. However, we did not detect
HBEGF in cluster 7 encompassing CX3CR1" noncanonical DCs
and pDC-like cells, despite high expression of Tcf4 in this cluster.
Importantly, we detected unexpected HBEGF expression in clusters
3 and 5 of Epcam™Cd207* migrating ¢cDCs (Fig. 54), although
these cells did not express detectable Tcf4. Consistent with HBEGF
expression in migrating cDC subsets, sScRNA-seq of DCs isolated
from skin DLN after injection of DT in CLEC4C-DTR* and DTR™
mice after FITC priming showed a dramatic reduction in clusters 1
and 8 as well as significant attrition of cluster 3 in CLEC4C-DTR™
mice (Fig. 6 A-C). Thus, the decrease in CD326*CD103*~ cDCs
observed in CLEC4C-DTR™ mice treated with DT during the
steady state and FITC CHS (Fig. 4) may result from the direct
depletion of these cells.

To further corroborate this conclusion, we injected Zbtb46“™ x
CLECAC-DTR* mice and their DTR™ littermates with DT and
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evaluated the percentages of cDCs and pDCs in skin DLN 24 h later
by flow cytometry. Within migratory CD11¢'*MHC"$"GFP* ¢DCs,
both GFP*CD326"CD103™ and GFP*CD326*CD103" cells were
reduced by about 50% (Fig. 7 A and B). Within SIGLECH* pDC
subsets, DT treatment caused a reduction of GFP"SIGLECH™" pDCs
as expected, as well as GFP"SIGLECH* pDCs, which corre-
sponded to activated pDCs. In contrast, DT treatment had no effect
on GFPM"'SIGLECH™ cells, which corresponded to cluster 7, the
CX3CR1™" noncanonical DCs or pDC-like cells (Fig. 7C). These
results were consistent with those previously observed in DT-treated
CLEC4C-DTR* and DTR™ mice not crossed with Zbth46“"" at
steady state and during CHS (Fig. 4).

Discussion

This study was prompted by the observation that DT treatment
of CLEC4C-DTR™ mice selectively exacerbated Th2-driven
CHS induced by FITC but not Thl-driven CHS induced by
DNFB. DT treatment acted in the sensitization phase of FITC
CHS, causing increased frequency and numbers of GATA3*
CD4™" T cells along with fewer Th1 cells. Since DT treatment of
CLEC4C-DTR™ mice depletes pDCs, we initially investigated
the role of these cells in FITC CHS. pDCs secrete IFN-I, which
promotes Th1 (27), and inhibit ILC2s (28, 29). Accordingly, DT-
treated mice harbored fewer IFN-y—producing CD4" T cells, as
well as increased ILC2s, as did IFNAR-deficient mice. However,
global lack of IFN-I signaling did not exacerbate FITC CHS.
PDCs have also been reported to attenuate Th2 responses in
various disease models by inducing Tregs. Yet, Treg numbers
actually increased in DT-treated mice during FITC CHS, sug-
gesting that the exacerbated Th2 responses were not due to
defective Treg differentiation.

In searching for a mechanism facilitating Th2 responses be-
yond pDC depletion, we noted that DT treatment also altered
the representation of distinct cDC subsets that migrate from the
skin and prime T helper cells. Skin DLN from mice treated with
DT during the sensitization phase had markedly reduced num-
bers of migratory CD103* ¢DCs and CD326™ ¢DCs, which in-
duce Thl responses (42, 43), along with relatively increased
numbers of migratory CD11b* and TN ¢DCs that induce Th2
and Thl7 responses (19, 44-47). Remarkably, scRNA-seq
revealed that CLEC4C-DTR* mice expressed DTR not only
in pDCs, but also in subsets of migrating CD326" DCs. Thus, in
addition to pDCs, DT directly depletes skin DLN CD326™ DCs,
which are known to include mainly CD103*CD207* dermal
¢DCs and some CD207"¢" CD11b™ CD103™ LCs (48). CD326™"
DCs may impact T cell polarization by providing a source of
soluble factors, such as IL-12, that inhibit Th2 polarization, while
facilitating Th1 differentiation. Thus, depletion of CD326* DCs
may minimize IL-12 production in the DLN. A Thl polarizing
function of CD103*CD326* dermal DCs would be consistent
with that of CD103* ¢DCs recently reported in a tumor model
(49). Alternatively, depletion of CD326™ DCs may lead to rel-
ative overrepresentation of dermal CD3267° CD1037°%
CD11b™°¥ TN DCs, which have been shown to be highly re-
sponsive to TSLP and to induce Th2 immune responses (19).
Whether concomitant depletion of pDCs and CD326™ DCs in
skin DLN contributes to the Th2 bias and FITC contact atopy
remains to be established.

Our scRNA-seq analysis has revealed an unexpected hetero-
geneity of pDCs in the skin DLN. We found three subsets of cells
expressing the pDC markers Tcf4 and Siglech. The major subset
corresponded to prototypic pDCs. A small subset expressed
Ccr7, Cd40, and Cd86, which are indicative of activation;
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interestingly, this subset also expressed Zbtb46 and Id2, two
markers of c¢DCs, suggesting that Zbtb46 and Id2 can be up-
regulated by pDCs upon activation, at least in DLN. Accord-
ingly, resting GFP~ pDCs sorted from the spleen of Zbtb46“""
reporter mice acquired GFP expression after in vitro activation
with imiquimod. It remains to be established whether these
pDCs convert into ¢DCs. A third Siglech™* Tcf4" subset corre-
sponded to the previously described CX3CR1* noncanonical
DCs (38, 39) and the recently appreciated pDC-like cells (40,
41), which may be related populations. These cells reportedly
share many features characteristic of pDCs but are also tran-
scriptionally similar to cDC2 (2, 38, 39), which is corroborated by
our scRNA-seq data. As suggested by recent studies, canonical
pDCs and CX3CR1" noncanonical DCs may have different
progenitors (40, 41), but share similar transcriptional programs.

The expression of DTR on CD326" ¢DCs of CLEC4C-DTR™*
mice detected by scRNA-seq was surprising. The promoter of the
human CLEC4C gene was originally chosen to drive DTR ex-
pression in transgenic mice because CLECA4C, although found
only in humans, is a highly selective marker for pDCs (16). In
contrast, SIGLECH, which identifies pDCs in mouse, is also
expressed in some macrophages. Previous studies showed that
human CLEC4C promoter is enriched for the DNA motif that
binds E2-2, a transcription factor that drives the development of
pDCs (15). Moreover, DT treatment of CLEC4C-DTR* mice
effectively depleted pDCs in mouse spleen, suggesting that
CLEC4C promoter can also effectively recruit mouse E2-2 (16).
However, the current observation that DTR is also expressed in
CD326™ cDCs of the DLN which do not express Tcf4 (encoding
E2-2) suggests that the CLEC4C promoter contains binding sites
for yet-unknown transcription factors that can drive DTR ex-
pression in CD326™ ¢DCs independently of E2-2, at least in skin
DLN. Conversely, we noticed that DT treatment did not deplete
pDC-like/CX3CR1* noncanonical DCs despite the fact that
these cells express Tcf4, suggesting that other cofactors may
control the ability of E2-2 to drive specific pDC expression
of DTR.

In conclusion, our data suggest that a derailed balance of
¢DCs in skin DLN may contribute to subsequent maladaptive
Th2 responses to cutaneous antigens, resulting in excessive type
2 inflammation. Thus, preservation of cDC1:cDC2 ratio in the
T cell area of the lymph nodes at early stages of sensitization is
essential to prevent or attenuate atopic dermatitis.

Materials and Methods

Experimental details on animals, protocols to induce CHS, cell preparations,
antibody staining for flow cytometry and sorting, cell cultures and stimula-
tions, enzyme-linked immunosorbent assay (ELISA) and cytometric bead ar-
ray (CBA) analyses, microarray data analyses, scRNA-seq analyses, and
statistical analyses for this study are described in detail in S/ Appendix,
Materials and Methods.

Data Availability Statement. RNA seq and scRNA-seq datasets generated
during the current studies (GSE160261 and GSE161604) are available in the
Gene Expression Omnibus repository (50, 51).
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