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In�ammatory bowel disease (IBD) is a chronic in�ammatory condition caused by
an aberrant immune response to microbial components of the gastrointestinal tract.
Plasmacytoid dendritic cells (pDCs) are innate immune cells specialized in the production
of type I interferons and were recently implicated in the pathogenesis of autoimmune
disorders such as lupus and scleroderma. While pDCs were shown to in�ltrate intestinal
mucosa of IBD patients and proposed to participate in intestinal in�ammation, their net
contribution to the disease remains unclear. We addressed this question by targeting the
pDC-speci�c transcription factor TCF4 (E2-2) in experimental IBD caused by de�ciency
of Wiskott-Aldrich syndrome protein (WASP) or of interleukin-10 (IL-10). Monoallelic
Tcf4 deletion, which was previously shown to abrogate experimental lupus, did not
affect autoimmunity manifestations or colitis in WASP-de�cient animals. Furthermore,
conditional biallelicTcf4 targeting resulted in a near-complete pDC ablation, yet hadno
effect on the development of colitis in IL-10-de�cient mice. Our results suggest that, in
contrast to other in�ammatory and autoimmune diseases, pDCs do not play a major role
in the pathogenesis of intestinal in�ammation during IBD.

Keywords: Plasmacytoid dendritic cell (PDC), Interferon Typ e I, colitis, In�ammatory bowel disease (IBD),
autoimmune disease

INTRODUCTION

Dendritic cells (DCs) are major antigen-presenting cells that are essential for the initiation and
regulation of immune responses. DCs are commonly subdividedinto classical or conventional
DCs (cDCs) and plasmacytoid DCs (pDCs). The pDCs are a distinct lineage whose function,
phenotype, and core gene expression program are conserved across mammalian species (1, 2).
They express a speci�c set of pathogen recognition receptors (PRR) including endosomal Toll-
like receptor (TLR)-7 and TLR9 that recognize the nucleic acid ligands single stranded (ss)-RNA
and unmethylated CpG-containing DNA, respectively (1, 2). In response to such stimuli pDCs
rapidly produce copious amounts of type I interferon (IFNa/b, IFN-I), up to 1,000 times more
than any other cell type (1, 2). IFN-I produced by pDCs is essential for inducing the expression
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of multiples genes with anti-viral properties and activates a
broad range of immune cells subsequently providing anti-
viral immunity (1, 2). In addition to their role in anti-
viral immune responses, pDCs were shown to produce high
amounts of IFN-I in response to self-nucleic acids and thus
contribute to the development of in�ammatory and autoimmune
disorders (3–9). For instance, systemic lupus erythematous (SLE)
patients (10, 11) have an accumulation of IFN-I-producing
pDCs in the a�ected tissues, which likely contributes to the
increased expression in IFN-I-inducible genes and overall “IFN-I
signature” characteristic of SLE. In addition, recent studies using
murine disease models that speci�cally lack pDCs have further
con�rmed their contribution to the pathogenesis of SLE (12, 13),
systemic sclerosis (14), type I diabetes (15), and type II diabetes
(16). These studies have provided a rationale for targeting pDCs
as a therapeutic approach for such diseases, and antibodies that
deplete pDCs in humans are currently being developed (17).

Within the small and large intestine pDCs are found primarily
in the lamina propria (LP) and gut-associated lymphoid tissues
(18). A distinct population of pDCs with reduced ability to
produce IFN-I is also thought to populate Peyer's patches (19,
20). pDCs were previously proposed to contribute to B cell
production of intestinal immunoglobulin A (IgA) (21). However,
these results were recently challenged by the observation that
pDC ablation had no major impact on intestinal IgA production
in vivo (22). Through the production of IFN-I, intestinal pDCs
were shown to participate in the clearance of enteropathogenic
viruses such as rotavirus (23). Conversely, intestinal pDCs were
described to mediate the tolerogenic e�ects of polysaccharide A
(PSA), an immunomodulatory molecule of the gut commensal
Bacteroides fragilis(24), and liver pDCs were implicated in the
establishment of tolerance in response to ingested/oral antigens
(25, 26). Thus, pDCs are clearly present in the gastrointestinal
tract and appear to have context-dependent functions. Given
the abundance of immunostimulatory microbial DNA/RNA in
the intestine, pDCs may also contribute to the development of
autoimmune and in�ammatory conditions in the gastrointestinal
tract.

In�ammatory bowel disease (IBD) comprises two major
syndromes, Crohn's disease (CD) and ulcerative colitis (UC),
which are progressive in�ammatory conditions that a�ect the
entire gastrointestinal tract and the colonic mucosa, respectively.
IBD development is caused by dysregulated immune responses
in genetically predisposed individuals to microbial components
of the gastrointestinal tract (27). A role for pDCs in IBD
has been suggested by the increase in their frequency and
number in the in�amed intestinal mucosa of �aring IBD patients
compared to healthy controls (28). In addition, pDCs from
the peripheral blood (PB) of IBD patients generally display an
activated phenotype de�ned by the increased expression of co-
stimulatory molecules and the ability to spontaneously produce
in�ammatory cytokines such as tumor necrosis factor (TNF)-a
and interleukin (IL)-6, but they also show impaired production
of IFN-I in response to TLR7 and 9 stimulation (28). Another
study documented increases in both activation of pDCs and
IFN-I levels in Wiskott-Aldrich syndrome (WAS) patients who
manifest a pleiotropic autoimmunity that includes colitis (29).

Wiskott-Aldrich syndrome protein (WASP, gene symbol:Was)-
de�cient animals display a similar phenotype, including pDC
hyperactivation and heightened IFN-I production. Furthermore,
this study showed that the overall pathology including colitis in
Was-de�cient animals was ameliorated by IFN-I receptor (Ifnar)
de�ciency (29). While IFN-I clearly plays an important role in
the development of colitis inWas-de�cient animals, whether
such IFN-I originates from pDCs and whether pDCs contribute
at all to the overall pathology in this model was not tested.
Finally, a recent study used genetic ablation of pDCs in an
experimental model of colitis induced by dextran sodium sulfate
(DSS) treatment and concluded that pDCs play a pathogenic role
in IBD (30). However, in this model pDC ablation was achieved
by diphtheria toxin (DT) treatment of Siglec H-DTR mice, which
also depletes subsets of macrophages and DC progenitors, calling
into question its speci�city (31). Thus, the role of pDCs in the
pathogenesis of IBD, if any, remains unclear and requires further
study.

We have previously identi�ed the E-protein transcription
factor encoded by the geneTcf4 (E2-2) as a master regulator
of pDC development in humans and mice (32). TCF4 is
preferentially expressed in pDCs, and its deletion abolishes
the development of pDCs but not of other immune cells
including cDCs. Importantly, even monoallelic loss ofTcf4
causes a speci�c defect in pDC function in mice and
human patients. Indeed,Tcf4C=� mice show aberrant pDC
phenotype and impaired pDC-driven IFN-I response to the TLR9
agonist CpG-oligodeoxynucleotide (CpG-ODN) (32). UsingTcf4
haplode�ciency for speci�c functional impairment of pDCs,
we have demonstrated a crucial role for pDCs in two genetic
models of experimental SLE (13). Furthermore, monoallelic
or complete deletion ofTcf4 in the DC lineage con�rmed
the deleterious function of pDCs in SLE (13) and showed a
pathogenic role in autoimmune diabetes in NOD mice (15),
respectively. Using a similar approach, here we explored the
role of pDCs in two distinct models of IBD. We established
Tcf4haplode�ciency inWas-de�cient animals that are prone to
systemic autoimmunity and that develop severe colitis with100%
penetrance. Additionally, we conditionally deletedTcf4in DCs,
which results in a speci�c de�ciency in pDCs, in IBD-proneIl10-
de�cient mice (33). Although targeting ofTcf4in Was-or Il10-
de�cient mice altered and selectively depleted pDCs, respectively,
we did not observe any further impact on the development of
IBD in either model. Thus, our study using two distinct genetic
models of the disease suggests that pDCs do not play a major role
in genetically-induced IBD pathogenesis.

MATERIALS AND METHODS

Mice
All experiments were performed according to the investigator's
protocol approved by the Institutional Animal Care and Use
Committee of New York University Langone Medical Center.
Tcf4C=� (E2-2C=� ) animals (34) were on pure 129SvEvTac
(129Sv) background (> N12); all other animals were on pure
C57BL/6J (B6) background (> N12). Was-de�cient females
(Strain 019458, The Jackson Laboratory) were crossed with

Frontiers in Immunology | www.frontiersin.org 2 October 2018 | Volume 9 | Article 2475

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sawai et al. pDCs Are Dispensable for Colitis

Tcf4C=� males to generate B6.129F1Was� =y Tcf4C=� males or
Was� =y Tcf4C=C littermates. Age-matched B6.129F1 males bred
in the same colony were used as WT controls. For the conditional
targeting of Tcf4, Il10-de�cient animals (Strain 002251, The
Jackson Laboratory) were crossed with theItgax (CD11c)-Cre
transgenic mice (35) �oxed for Tcf4 alleles (36) to generate
Il10� =� Tcf4Fl=Fl mice with or without theItgax-Cre transgene.
Age-matched B6 males bred in the same colony were used as WT
controls. No phenotypic di�erences have been observed between
male and femaleIl10-de�cient animals; thus, both male and
female mice were included in the analysis.

Macroscopic Colitis Assessment
Was-de�cient Tcf4C=C or Tcf4C=� mice as well as their respective
WT controls were euthanized at the age of 6 months.Il10� =�

Tcf4Fl=Fl either positive or negative for theItgax-Cre transgene
together with their respective WT control were euthanized at
3 months. The colons were extracted, emptied of their content,
photographed and measured for length. Samples from the colon
were harvested and stored in TRIzol (Thermo Fisher) for RNA
extraction. Animals were also followed prior to their euthanasia,
and the occurrence of rectal prolapse was monitored on a weekly
basis.

Flow Cytometry
Single cell suspensions were prepared from the spleen, lymph
nodes and mesenteric lymph nodes by tissue digestion in the
presence of collagenase D (1 mg/ml, Sigma Aldrich) and DNase1
(20mg/ml, Sigma Aldrich) at 37� C for 30 min and �ltration
through a cell strainer 70mm (Thermo Fisher). Cell suspensions
were subjected to red blood cell lysis, washed, and stained
with unconjugated and conjugated �uorescent antibodies listed
in Table S1. Intracellular staining for Foxp3 and BCL6 were
performed using the transcription factor staining bu�er set
(Thermo Fisher) according to the manufacturer's instructions.
For optimal resolution of CXCR5 across CD4C T cell subsets,
staining with CXCR5 biotinylated antibody to identify CD4C

T follicular helper (Tfh) cells was performed for 1 h at room
temperature, prior to conventional staining with other relevant
markers. Samples were acquired on an Attune �ow cytometer
(Thermo Fisher) and analyzed using FlowJo software (Tree Star).

Autoantibody Measurement
Anti-dsDNA IgG concentration in the sera of animals was
determined by ELISA as previously described (37) using calf
thymus DNA as antigen. Anti-nuclear antibodies were detected
by staining �xed HEp-2 cells (MBL Bion) with mouse serum
(1:100 dilution), followed by PE-labeled goat anti–mouse IgG
(Thermo-Fisher). Images were captured on a confocal �uorescent
microscope (LSM 710 NLO) and processed by ZEN software
(Carl Zeiss). For the pro�ling of IgG and IgM autoantibodies in
the sera of mice we used a 98-plex autoantigen array provided
by the UT Southwestern Genomics and Microarray Core facility.
Brie�y, samples were treated with DNase1, diluted 1/50 and
incubated with the autoantigen array. Autoantibodies binding
to antigens on the array were detected with Cy3 labeled anti-
IgG and Cy5 labeled anti-IgM antibodies, and the arrays were

scanned with a GenePixR
 4400A Microarray Scanner. Images
were analyzed using GenePix 7.0 software, and the averaged net
�uorescent intensity (NFI) of each autoantigen was normalized to
the internal control (IgG or IgM) that collectively were presented
as heat maps of signal intensity.

Histopathology
For histological analysis, intestines were cut longitudinally, rolled
by the “Swiss roll” method (38), �xed in formalin, embedded in
para�n, sectioned through the central part of the roll and stained
with hematoxylin and eosin. The stained slides were scanned
with a Leica SCN400 F whole-slide scanner, and the images were
analyzed using the SlidePath Digital Image Hub. Histological
sections were then scored on a 0–4 scale with 0.5 increments
according to the following criteria: 0, intact crypt architecture,
normal epithelium with goblet cells, no neutrophil in�ltration;
1, patchy neutrophil in�ltration, occasional epithelial dysplasia;
2, foci of neutrophils, occasional cryptitis, epithelial damage;
3, di�use leukocyte in�ltration, crypt abscesses (debris and
neutrophils inside of lumen), transmural in�ltration to visceral
peritoneum, crypt dropout; 4, severe loss of tissue architecture,
widespread crypt damage.

Gene Expression Analysis
For gene expression analysis of colon tissue, fragments of large
intestine measuring 1� 1 mm (30–35 mg) were homogenized
in TRIzol (Thermo Fisher) using Lysing Matrix D beads (MP
Biomedical) and a Fast-Prep-24 Instrument tissue homogenizer
(MP Biomedical). Spleen single cell suspensions were also lysed
in the presence of TRIzol, and the RNA was isolated after
precipitation with chloroform and washing with 100% ethanol.
After reverse transcription with SuperScript III (ThermoFisher),
quantitative PCR of cDNA was performed using SYBR green
(Roche) on a Bio-Rad CFX96 TouchTM instrument.

Statistics
Data are represented as median with the distribution of all
individual animals depicted. The data are pooled from at least
3 independent experiments. Unless noted otherwise, sample
distribution was analyzed by the nonparametric Kruskal-Wallis
test, and in cases when signi�cance was reached with Kruskal-
Wallis test, each group was individually compared using thepost-
hocDunn's multiple comparison test. The signi�cance is de�ned
as follows� P� 0.05,�� P� 0.01,��� P� 0.001.

RESULTS

Tcf4 Haplode�ciency Does not Prevent
Aberrant Immune Activation Caused by
Was De�ciency
In order to evaluate pDC function in autoimmunity mediated by
Wasde�ciency, we crossedTcf4C=� haplode�cient males (129Sv
background) withWas� =� females (C57BL/6J background). As
Wasis located on the X chromosome, the F1 generation males
obtained on the hybrid (B6/129Sv)F1 background are de�cient
for WASP (Was� =y) and either pro�cient or haplode�cient for
Tcf4. We observed a similar frequency of pDCs, de�ned by the
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expression of CD11c and Siglec H (Figure 1A), in the spleen
of Was� =y Tcf4C=� animals compared toWas� =y and wild
type (WT) animals on the same hybrid background (Figure 1B)
However, the absolute number of pDCs within the spleen of
Was� =y Tcf4C=� mice was signi�cantly reduced compared to
Was� =y mice (Figure 1B). Within lymph nodes (LN), pooling
axillary, inguinal and cervical LN, both the frequency and
number of pDCs were signi�cantly increased inWas� =y mice
compared to WT control but remained unchanged inWas� =y

Tcf4C=� mice (Figure 1B). In the mesenteric LN (MLN) the
frequency and numbers of pDCs inWas� =y andWas� =y Tcf4C=�

mice were increased compared to control animals with a trend
toward a lower number of pDCs inWas� =y Tcf4C=� mice
(Figures S1A,B). Haplode�ciency ofTcf4was previously shown
to alter the phenotype of pDCs, which was associated with an
inability to produce IFN-I (32, 39). In agreement with these
reports we observed that pDCs fromWas� =y Tcf4C=� mice
in the spleen and LN express higher levels of cDC speci�c
markers such as CD11c and CD8a (Figure 1C). The increased
expression of CD11c and CD8a was consistently observed among
all Was� =y Tcf4C=� mice and was signi�cantly higher than in
Was� =y and WT animals (Figure 1D). Similarly, pDCs from
the MLNs of Was� =y Tcf4C=� mice upregulated CD11c and
CD8a on their surface (Figures S1C,D). The impact ofTcf4
haplode�ciency was speci�c to pDCs and did not a�ect the
overall distribution of cDCs in the spleen, LN, and MLN of
Was-de�cient animals (Figure S1E). Thus, our results indicate
thatTcf4haplode�ciency reduces pDC numbers inWas-de�cient
mice and strongly impairs their phenotype, further validating
Tcf4haplode�ciency as a pDC-speci�c tool.

We explored the impact of pDC impairment due toTcf4
haplode�ciency on the phenotype ofWas-de�cient animals.
The splenomegaly inWas� =y mice showed a trend toward
reduction in Was� =y Tcf4C=� mice, which reached signi�cance
for total splenocyte numbers (Figure 2A). We then analyzed
the activation status of CD4C T cells by the expression of
CD45RB (naïve T cells) and CD44 (activated T cells) markers.
We observed thatWas� =y and Was� =y Tcf4C=� mice exhibited
higher frequency of activated CD4C T cells in comparison to
control WT animals (Figure 2B). Similar results were observed
in LNs and MLNs, indicating a systemic activation of CD4C T
cells in Was� =y animals regardless ofTcf4 status (Figure 2B).
However, no defect in CD8C T cell number and activation
pro�le was detected (not shown). In addition to CD4C T cell
activation, an increased frequency and number of regulatory
CD4C T cells expressing the transcription factor forkhead box
P3 (Foxp3) was observed inWas� =y andWas� =y Tcf4C=� mice,
most likely in response to the aberrant immune activation in
these mice (Figure S2A). Was-de�cient mice were previously
described to display an abnormal distribution of peripheral B
cells including loss of a marginal zone B (MZB) cell population
(40). Consistent with this report,Was� =y mice showed strongly
reduced frequency and numbers of CD21/35C CD23� of MZB
cells with no change in the population of CD23C CD21/35�

follicular B cells (FOB) (Figure 2C, Figure S2B). The loss of MZB
cells was not rescued by speci�c pDC ablation inWas� =y Tcf4C=�

mice (Figure 2C, S2B). Another feature of multiple autoimmune

strains is the accumulation of an unusual population of age-
associated B cells (ABCs), negative for both FOB (CD23) and
MZB (CD21/35) markers (41, 42). The frequency of ABCs
in both Was� =y and Was� =y Tcf4C=� mice was signi�cantly
increased compared to WT controls (Figure 2C). However, the
absolute numbers inWas� =y Tcf4C=� remained comparable to
WT mice (Figure S2B). In addition to the altered frequency
of di�erent B cell subsets, we observed that FOB and ABC
cells from Was� =y and Was� =y Tcf4C=� mice displayed an
activated phenotype as re�ected by increased expression of CD40
(Figure S2C). Finally,Was� =y mice had an increased frequency
of germinal center B cells (GCB) characterized by the expression
of CD95 (Fas) and peanut agglutinin (PNA) (Figure 2D). The
increase in GC frequency was associated with an increase in
CD4C Tfh expressing the chemokine receptor CXCR5 and the
transcription factor BCL6 (Figure 2E, Figure S2E). Although
Tcf4 haplode�ciency was associated with a reduction in the
absolute number of GCB in the spleen compared toWas� =y

(Figure S2D) the frequency of GCB was still increased compared
to WT controls (Figure 2D). As observed inWas� =y animals,
the frequency and absolute numbers of CD4C Tfh cells were
signi�cantly increased inWas� =y Tcf4C=� animals compared to
control (Figure 2E, Figure S2E). Overall, apart from decreased
splenomegaly, Tcf4 haplode�ciency had no impact on the general
immune activation caused byWas-de�ciency.

Tcf4 Haplode�ciency Does not Prevent
Autoantibody Production in Was-De�cient
Mice
Multiple features of autoimmunity have been observed in
Was-de�cient mice, including increased levels of autoreactive
antibodies such as anti-dsDNA antibodies (40). We have
previously observed thatTcf4 haplode�ciency was able to
reduce the autoreactive anti-RNA and anti-dsDNA antibodies
secretion in two experimental models of SLE (13). Therefore,
we sought to investigate if suchTcf4targeting may also impact
the production of autoreactive antibodies inWas-de�cient
mice. We observed that compared to controls,Was� =y animals
showed signi�cantly higher titers of auto-antibodies directed
against double-stranded DNA (dsDNA) (Figure 3A). Speci�c
targeting of pDCs inWas� =y Tcf4C=� mice did not a�ect the
production of such autoantibodies (Figure 3A). The overall
prevalence of antinuclear antibodies (ANA) was also increased
in Was-de�cient mice regardless ofTcf4 status (Figure 3B).
While the occurrence of ANA remained consistent between
both groups, ANA staining fromWas� =y sera showed a
perinuclear distribution while that ofWas� =y Tcf4C=� sera
was primarily nuclear (Figure 3B). This di�erential ANA
pro�le prompted us to analyze the overall autoreactivity in
those mice using an autoantigen microarray. While WT and
Tcf4C=� mice displayed very little autoreactive IgG with the
exception of one outlier (mouse WT2), 3 out of 4 mice in
the Was� =y and Was� =y Tcf4C=� groups showed a broad
range of autoreactive IgG speci�c to nucleic acids, multiple
protein, and ribonucleoproteins (Figure 3C). In addition, these
autoreactive IgG pro�les detected acrossWas� =y animals were
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FIGURE 1 | Reduced numbers and altered phenotype of pDCs uponTcf4 haplode�ciency in Was-de�cient mice.WT, Was� =y or Was� =y Tcf4C=� mice were analyzed
at 30 weeks of age.(A) pDCs were identi�ed by �ow cytometry analysis of CD11c and Siglec H expression from CD11b� live cells in the spleen and LNs. The
frequency of pDCs is indicated in each plot.(B) Frequency and absolute numbers of pDCs (CD11b� CD11cC Siglec HC pDCs among total live cells) in the spleen
and LN of individual mice are shown. Horizontal bars indicate median value. Data were pooled from 4 independent experiments. (C) CD11c and CD8a expression
with the mean �uorescent intensity (MFI) indicated on pDCs (CD11b� CD11cC Siglec HC ) from the spleen and LN as analyzed by �ow cytometry.(D) MFI of CD11c
and CD8a on pDCs from the spleen and LN of each individual mice as pooled from 4 independent experiments. Horizontal bars indicatethe median. Statistical
signi�cance estimated by Kruskal-Wallis test followed by apost-hoc Dunn's multiple comparison test is indicated as follows *P � 0.05, **P � 0.01, ***P � 0.001.
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FIGURE 2 | No change in overall immune activation uponTcf4 haplode�ciency in Was-de�cient mice. Analysis of WT,Was� =y or Was� =y Tcf4C=� mice at 30 weeks
of age. (A) Spleen weight and cellularity were measured from individual mice. (B–E) T and B lymphocyte populations within the spleen were analyzed by �ow
cytometry. (B) The frequency of both naïve (CD44� , CD45RBC ) and activated (CD44C , CD45RB� ) cells among live CD4C T cells was determined in the spleen, LN
and MLN of the indicated animals.(C) The frequency of follicular B cells (FOB, CD23C , CD21� ), marginal zone B cells (MZB, CD23� , CD21C ) and age associated B
cells (ABC, CD23� , CD21� ) among mature B220C CD93� B cells was measured.(D) Analysis of germinal center B cells (GCB, PNAC and CD95C among total
B220C B cells) and(E) T follicular helper cell (TFh, CXCR5C , PD1C , and BCL6C among CD4C T cells) frequencies. Values from individual animals are shown and
horizontal bars represent median. Data were pooled from 4 independent experiments and statistical signi�cance estimated by Kruskal-Wallis test followed by a
post-hoc Dunn's multiple comparison test is indicated as follows *P � 0.05, **P � 0.01, ***P � 0.001.
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largely una�ected byTcf4 haplode�ciency (Figure 3C). Similar
results were observed from the quanti�cation of autoreactive
IgM (Figure S3). Importantly, Tcf4haplode�ciency inSle1.Sle3
lupus prone mice strongly reduced the levels of most autoreactive
IgGs (Figure 3C), consistent with our previous observation (13).
Collectively these results demonstrate that pDC impairment
due toTcf4haplode�ciency does not impact the production of
autoantibodies inWas-de�cient animals.

Tcf4 Haplode�ciency Does not Affect
Colitis Development in Was-De�cient Mice
In addition to systemic autoimmunity, WASP-de�cient
individuals (10%) and mice (100%) develop spontaneous colitis
(43). Colitis development in animals lacking WASP is mediated
by CD4C T cells (44) and facilitated by innate immune cells (45).
Therefore, we studied whether pDC impairment a�ects colitis
development inWas-de�cient mice. Mice were analyzed at 6
months of age, and at that time they did not show rectal prolapse,
rectal bleeding or major weight loss (not shown). However, the
colon length ofWas� =y mice was signi�cantly shorter than that
of WT control animals (Figures 4A,B). The reduction in colon
length, which is a sign of colonic in�ammation, was similar in
Was� =y Tcf4C=� mice (Figures 4A,B). Histological analysis of
the large intestine ofWas� =y andWas� =y Tcf4C=� mice showed
severe colitis (Figure 4C). Irrespectively ofTfc4-haplode�ciency,
colons of Was-de�cient animals exhibited di�use leukocyte
in�ltration, epithelial dysplasia and crypt dropout (Figure 4D).
While CD4C T cells were previously described as the main
constituents of this leukocyte in�ltration [43], we also noted
an accumulation of plasma cells (black arrows) and Russell
bodies (plasma cells accumulating Ig, white arrows) in the
colon of Was� =y and Was� =y Tcf4C=� mice (Figure 4D).
Similar levels of colonic in�ammation were observed in mice
that were analyzed at 10 months of age (not shown). These
results indicate thatTcf4 haplode�ciency, which speci�cally
impairs pDC numbers and function, does not prevent the
development of colitis inWas-de�cient mice. The expression of
IFN-inducible marker Sca-1 on lymphocytes is a faithful marker
of aberrant IFN signaling (46) and was speci�cally reduced by
Tcf4haplode�ciency in SLE-prone mice (13). In contrast, we did
not observe any increase in Sca1 expression on T and B cells
from Was� =y mice compared to WT controls (Figure S4A).
In addition, the expression pro�le of IFN-I inducible genes
in the spleen (Figure S4B) and the colon (Figure S4C) were
similar in WT control mice andWas� =y mice regardless of
their Tcf4 status. Overall, genetic impairment of pDCs did
not a�ect autoimmunity or IBD caused byWas de�ciency
suggesting that these cells are largely dispensable in this
model.

Conditional Deletion of Tcf4 Depletes
pDCs in Il10-De�cient Mice
BecauseTcf4haplode�ciency results in only a partial impairment
of pDCs, we sought to examine the e�ect of a more profound
pDC depletion on colitis. To this end, we used mice in which

conditional (�oxed) alleles ofTcf4 are combined with a DC-
speci�c Itgax (CD11c)-Cre deleter strain (35). As Tcf4 is not
expressed by cDCs,Itgax-Cre mediated deletion ofTcf4a�ects
only pDCs and causes their profound constitutive depletion
(15). We crossed the DC-speci�cTcf4 conditional knockout
(CKO) strain with Il10-de�cient mice (Il10� =� ) that develop
colitis resembling human IBD (33). Although colitis in IL10-
de�cient humans develops early in childhood, inIl10-de�cient
mice on pure C57BL/6J background, colitis only occurs in adult
animals and in a milder form of disease than observed in other
genetic backgrounds [47]. We next analyzedIl10� =� Itgax-Cre�

Tcf4�ox =�ox (Il10� =� Tcf4Fl=Fl), Il10� =� Itgax-CreC Tcf4�ox =�ox

(Il10� =� Tcf4CKO), andIl10C=C Tcf4Fl=Fl (WT) control mice at 3
months of age to evaluate the impact of such targeting on pDC
distribution. The frequency of pDCs was consistently reduced
in the spleen and MLNs ofIl10� =� Tcf4CKO mice compared
to both WT and Il10� =� Tcf4Fl=Fl controls (Figures 5A,B).
This reduced frequency was associated with signi�cantly lower
absolute numbers of pDCs in the spleen and MLNs ofIl10� =�

Tcf4CKO mice compared to controls (Figure 5B). Although
conditional loss ofTcf4 had a slight e�ect on the frequency of
overall cDCs in the spleen compared to WT controls, there was
no impact on the absolute numbers or other detectable change
in the subsets of cDCs (Figures S5A,B). An increased number of
cDCs as well as variation in the frequency and numbers of cDC
subsets were observed in the MLN uponIl10 de�ciency and were
independent of the conditional loss ofTcf4(Figure S5B). Thus,
conditional deletion ofTcf4 in mice that are de�cient forIl10
causes speci�c and constitutive pDC ablation.

pDC Depletion Does not Affect the
Aberrant Immune Activation in
Il10-De�cient Mice
In contrast to Was-de�cient mice, Il10� =� mice do not
show major signs of systemic autoimmunity. Indeed, T and
B cells develop normally and no aberrant production of
autoantibodies is detected in mice that lack IL-10 [33]. Although
Il10� =� Tcf4Fl=Fl and Il10� =� Tcf4CKO animals had a minor
splenomegaly compared to WT controls, there was no di�erence
in spleen cellularity (Figure 6A). However,Il10� =� Tcf4Fl=Fl mice
consistently showed an increase in MLN cell numbers that is
associated with intestinal in�ammation and was also detected
in Il10� =� Tcf4CKO animals (Figure 6B). The increased MLN
cellularity was primarily associated with signi�cantly increased
numbers of T and B cells (Figure 6B). In addition, we observed
a modest increase in CD4C T cell activation in the MLN,
but not the spleen, ofIl10� =� Tcf4CKO mice (Figure S6A).
Although alterations in the frequency of B cell subsets in the
spleen were detected inIl10-de�cient animals regardless of
Tcf4 status compared to WT control, the absolute numbers
for each B cell subset show no major di�erences across all
the analyzed mice (Figure S6B). Despite the trend of reduced
frequency, the number of GCBs was signi�cantly increased in
the MLN in Il10� =� Tcf4CKO animals due to the increased MLN
cellularity (Figure S6B). T and B cells both in the spleen and
MLN of Il10� =� Tcf4Fl=Fl mice showed increased expression
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FIGURE 3 | Tcf4 haplode�ciency does not affect autoreactive antibody production in Was-de�cient mice. Sera from WT,Was� =y, or Was� =y Tcf4C=� mice were
obtained at 30 weeks of age and analyzed for autoreactive antibody production. (A) Anti-dsDNA IgG levels in the sera of indicated mice were determined by ELISA.
Data were pooled from 4 independent experiments and bars represent the median.(B) ANA staining of IgG (red) using �xed Hep-2 cells following incubation with the
sera of mice with the indicated genotype as analyzed by �uorescent microscopy. Images are representative of 2 independentstaining experiments that include 6
animals for each genotype.(C) IgG autoreactivity in the indicated mice at 30 weeks of age as measured by an antigen array. Shown are heat maps of the relative IgG
seroreactivity to the indicated antigens. Statistical signi�cance estimated by Kruskal-Wallis test followed by apost-hoc Dunn's multiple comparison test is indicated as
follows **P � 0.01, ***P � 0.001.
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FIGURE 4 | No signi�cant impact of Tcf4 haplode�ciency on colitis development inWas-de�cient mice. WT, Was� =y or Was� =y Tcf4C=� mice were analyzed at 30
weeks of age. (A) Representative pictures of colon (scale bars, 1 cm) and(B) colon lengths from individual mice of the indicated genotype are shown. Bars represent
median value. Data were pooled from 4 independent experiments. (C) Histopathological scores of the colon pathology were determined from individual indicated
animals. Bars represent the median, and data were pooled from 3 independent experiments.(D) Colon paraf�n sections of the indicated mice were stained by
hematoxylin and eosin (H&E) and analyzed by microscopy. Upper panels taken at 10X magni�cation (scale bar, 100mm) and lower panels show a 40X magni�cation
(scale bar, 10mm) of the indicated area (square). In the magni�ed panels, black arrows indicate plasma cells and white arrows Russell bodies. Images are
representative of at least 5 animals in each group from 3 independent experiments. Statistical signi�cance estimated byKruskal-Wallis test followed by apost-hoc
Dunn's multiple comparison test is indicated as follows *P � 0.05, **P � 0.01, ***P � 0.001.

of Sca1, and such increased Sca1 expression was also found
in Il10� =� Tcf4CKO mice (Figures 6C,D). Sca1 was previously
described to be a reliable marker of elevated IFN signaling
(46), and we have recently con�rmed that Sca1 expression is
abolished inIfnar-de�cient T and B cells (our unpublished data).
Therefore, the induction of Sca1 inIl10� =� mice independently
of Tcf4 ablation suggests that pDCs are not the major source
of the aberrant IFN-I signaling induced byIl10 de�ciency.
These results demonstrate that profound pDC depletion does
not a�ect the immune activation observed inIl10-de�cient
mice.

pDC Depletion Does not Prevent the
Development of Colitis in Il10-De�cient
Mice
As expected,Il10de�ciency was associated with the development
of rectal prolapse. Indeed, 2 out of 8Il10� =� Tcf4Fl=Fl mice
and 3 out 8 Il10� =� Tcf4CKO mice showed rectal prolapse,
while none of the 7 WT control mice did (Figure 7A). Rectal
prolapse only occurred in adult animals when they were older
than 2.5 months (Figure 7B). In addition, Il10� =� Tcf4Fl=Fl

mice displayed a signi�cant shortening of their colon, indicating
the presence of colonic in�ammation (Figure 7C). Although
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FIGURE 5 | DC-speci�c deletion of Tcf4 signi�cantly depletes pDCs inIl10-de�cient mice. Il10� =� Itgax-Cre� Tcf4�ox =�ox (Il10� =� Tcf4Fl=Fl) or Il10� =� Itgax-CreC

Tcf4�ox =�ox (Il10� =� Tcf4CKO) littermates with DC-speci�cTcf4 CKO were analyzed along WT controls at 15 weeks of age.(A,B) pDCs were analyzed by �ow
cytometry of cells from the spleen and MLN. The frequency of CD11b� CD11cC Siglec HC pDCs is indicated in each plot.(B) Frequency and absolute numbers of
CD11b� CD11cC Siglec HC pDCs among total live cells in the spleen and MLN of individual animals are shown, and horizontal bars indicate the median. Data
represent 3 independent experiments. Statistical signi�cance estimated by Kruskal-Wallis test followed by apost-hoc Dunn's multiple comparison test is indicated as
follows *P � 0.05, **P � 0.01.

more variability among animals was observed, a trend for
reduced colon length was also observed inIl10� =� Tcf4CKO

mice (Figure 7C). We next performed histological analysis of the
colon sections and observed a signi�cantly increased pathological
scores in bothIl10� =� Tcf4Fl=Fl and Il10� =� Tcf4CKO animals
compared to WT ones (Figure 7D). Colon pathology inIl10� =�

Tcf4Fl=Fl and Il10� =� Tcf4CKO mice included massive leukocyte
in�ltration, neutrophils within the epithelium and lumen, crypt
abscesses, epithelial dysplasia, and crypt damage (Figure 7E).
Collectively, these histological features are characteristic of the
substantial colonic in�ammation caused by loss of IL-10, and
their development was una�ected by speci�c pDC depletion.

DISCUSSION

We have explored the function of pDCs in IBD pathogenesis in
mice that lack WASP or IL-10 and consequently spontaneously
develop colitis. We observed that speci�c abrogation of pDCs
does not impact the development of IBDin vivo in either model.
The speci�c deletion of pDCs was achieved through targeting
of the transcription factor TCF4, which is the master regulator
of pDC fate and maintenance (32, 39). Indeed, we established a
global monoallelic deletion ofTcf4 in Was-de�cient mice that

causes a constitutive reduction in pDC numbers and a DC-
speci�c loss ofTcf4 in Il10-de�cient mice inducing a complete
and constitutive pDC abrogation. Such targeting of pDCs has
been extensively analyzed previously. Indeed, we have shown that
Tfc4 haplode�ciency strongly impairs pDC ability to produce
IFN-I in response to CpG-ODN A (32) and pushes them toward a
“cDC-like” phenotype (32, 39). In addition, conditional ablation
of Tcf4 was also reported to reduce pDCs numbers and ablate
pDCs-driven IFN-I response upon viral infections (48). The great
majority of these studies revealed that cDCs are not a�ected
by Tcf4 haplode�ciency nor its complete conditional ablation,
demonstrating the speci�city of this system for targeting pDCs.
Tcf4haplode�ciency and conditional targeting were also shown
to ameliorate the development of SLE (13) and type 1 diabetes
(15) in vivo, con�rming key roles for pDCs in such pathologies.
Finally, an identicalTcf4targeting was also used to rule out the
involvement of pDCs in an experimental model of psoriasis (49),
and we now extend these observations to genetic models of IBD.

WASP regulates leukocyte actin dynamics, controlling
migration and a variety of e�ector functions (50). De�ciency in
WASP causes the X-linked Wiskott-Aldrich syndrome that is
associated with aberrant systemic immune activation and colitis
in 10% of individuals. The aberrant systemic autoimmunity is
recapitulated in mice that lack WASP, which unlike humans
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FIGURE 6 | DC-speci�c deletion of Tcf4 does not impact the overall immune activation inIl10-de�cient mice. Il10� =� Itgax-Cre� Tcf4�ox =�ox (Il10� =� Tcf4Fl=Fl) or
Il10� =� Itgax-CreC Tcf4�ox =�ox (Il10� =� Tcf4CKO) littermates with DC-speci�cTcf4 CKO were analyzed along WT controls at 15 weeks of age.(A) Spleen weight and
cellularity of individual animals were measured.(B) MLN cellularity and the absolute numbers of (TCR�C ) T cells and (B220C ) B cells were determined by �ow
cytometry from individual mice.(C,D) Sca1 expression on (TCR�C ) T cells and (B220C ) B cells from the spleen and MLNs was assessed by �ow cytometry.
(C) Histograms show representative analysis of Sca1 expression and the MFI of Sca1 is indicated in each plot and(D) plots show Sca1 MFI of individual animals. In all
plots, horizontal bars represent the median. Data for all panels pooled from 3 independent experiments. Statistical signi�cance estimated by Kruskal-Wallis test
followed by apost-hoc Dunn's multiple comparison test is indicated as follows *P � 0.05, **P � 0.01.

develop colitis with 100% penetrance, thus representing a
relevant experimental model of IDB. WhileTcf4haplode�ciency
in Was-de�cient mice speci�cally reduced pDC numbers it did
not a�ect the heightened activation of immune responses or the
development of colitis. These results di�er from observations
obtained in animal models of SLE in which pDC targeting

ameliorated the overall pathology (12, 13). The observed
di�erence in the e�ect of pDC ablation between these two
diseases models is likely due to T and B cell-intrinsic functions
of WASP. Indeed, conditionalWas-de�ciency in B cells is
su�cient for the induction of B cell hyperactivation, loss of MZB
and aberrant production of autoantibodies directed againsta
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FIGURE 7 | DC-speci�c deletion of Tcf4 does not prevent colitis development inIl10-de�cient mice. Il10� =� Itgax-Cre� Tcf4�ox =�ox (Il10� =� Tcf4Fl=Fl) or Il10� =�

Itgax-CreC Tcf4�ox =�ox (Il10� =� Tcf4CKO) littermates with DC-speci�cTcf4 CKO were analyzed along WT controls at 15 weeks of age.(A) Rectal prolapse in animals
of the indicated genotype. Data are represented as pie charts indicating the frequency of animals with (blue) and without (green) rectal prolapse.(B) Kaplan-Meier plot
indicating the percentage of rectal prolapse free mice overtime in the indicated genotype (n D 8/genotype). (C) Colon lengths from individual mice of the indicated
genotype. Data were pooled from 3 independent experiments and horizontal bars represent the median.(D) Histopathological scores of the colon pathology were
determined from individual indicated animals. Bars represent the median and data were pooled from 3 independent experiments. (E) Colon paraf�n sections of the
indicated mice were stained by H&E and analyzed by microscopy (scale bars, 100mm). Upper panels represent a 10X magni�cation (scale bar, 100mm) and lower
panels show a 40X magni�cation (scale bar, 10mm) of the indicated area (square). Images are representativeof 6 animals in each group from 3 independent
experiments. Statistical signi�cance estimated by Kruskal-Wallis test followed by apost-hoc Dunn's multiple comparison test is indicated as follows *P � 0.05.

variety of self-molecules including DNA (40). Although, TCF4
is also expressed at low levels in B cells we did not observe
signi�cant di�erences in B cell phenotype and function between
Was� =y and Was� =y Tcf4C=� mice ruling out B cell-intrinsic
e�ect of Tcf4haplode�ciency. This conclusion is also supported
by our previous observation and two recently published

reports showing respectively thatTcf4haplode�ciency (32) and
conditional deletion speci�cally in B cells (51, 52) did not a�ect
their overall development, phenotype or function. The absence
of a B cell intrinsic TCF4 function is thought to be due to its
redundancy with the homologous E protein E2a (encoded by
Tcf3) (51, 52). In addition, WASP also regulates the function of
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T cells (43), particularly the suppressive potential of Tregs (53).
Accordingly, transfer ofWas-de�cient CD4C T cells intoRag2-
de�cient mice is su�cient to induce colitis (44). Was-de�cient
innate immune cells were also suggested to exacerbate colitis
after the observation that the transfer of WT naïve CD4 T cells
in Was/Rag1double-de�cient mice induced a more severe colitis
compared to their transfer intoRag1-de�cient mice (45). It was
recently shown that conditionalWas-de�ciency in macrophages
but not in DCs (including pDCs) in theRag1-de�cient recipients
led to the aggravation of such intestinal in�ammation upon
transfer of WT naïve CD4C T cells (54). These results thus
indicate that the IBD pathogenesis upon naïve CD4C T cell
transfer intoWas/Rag1double-de�cient mice is mainly driven
by macrophages. However, the speci�c contributions of both
macrophages and DCs to spontaneous colitis development in
Was-de�cient mice remains to be established. Finally, WAS
patients were reported to display elevated serum levels of
IFN-I as well as an IFN-I signature, re�ected by the increased
expression of IFN-I stimulated genes in PB leukocytes (29). IFN-I
causing this signature was proposed to originate from pDCs
after identifying that pDCs from WAS patients orWas-de�cient
mice were more responsive to TLR9 stimulation and as a result
produced elevated levels of IFN-I (29). We were unable to detect
an IFN-I signature as measured by the expression of IFN-I
stimulated genes inWas-de�cient animals and thus could not
establish a link between pDCs and the aberrant IFN-I signature
observed in WAS patients. These observations are consistent
with previous reports showing that contrary to human SLE
patients, murine models of SLE do not manifest a prominent
IFN-I signature (13, 55) despite considerable evidence for IFN-I
signaling in the pathogenesis of SLEin vivo (56, 57). Therefore,
the lack of an observable IFN-I signature does not rule out the
role of IFN-I and pDCs in murine models of autoimmunity. It
is possible that a detectable IFN-I signature may have preceded
the onset of disease (58) but was not present at late stages of the
diseases (6 months) when we measured it inWas-de�cient mice.

We also studied the role of pDCs during IBD pathogenesis in
Il10-de�cient mice. These mice are unable to produce the anti-
in�ammatory cytokine IL-10, which is essential for the control
of immune responses and thus prevents colitis development. We
speci�cally depleted pDCs using conditional targeting of both
alleles ofTcf4mediated byItgax-Cre in Il10� =� mice. Although
this strategy profoundly diminished the pool of pDCs inIl10� =�

mice, we did not detect any major impact on the development
of colitis. TheIl10� =� mice are considered the gold standard
colitis model that closely recapitulates human IBD. Mutations
in IL10 or the genes encoding its receptorsIL10RA/IL10RB
in humans were shown to cause autosomal recessive disease
with CD-like colitis (59) and GWAS studies have identi�ed
associations between these three genes and sporadic IBD (60).
While IL10 and IL10R de�ciency in humans induces a severe
IBD that occurs early in childhood, the severity of IBD inIl10-
de�cent mice is strongly dependent on the genetic background
as well as the husbandry conditions (47). In our study Il10-
de�cient mice were kept on a pure C57BL/6J background and
housed in Speci�c Pathogen Free (SPF) conditions, both of
which are factors associated with an attenuated IBD phenotype

that is initiated only in adult animals. Therefore, our results
provide strong genetic evidence in an experimental model of
adult IBD with clear relevance to the human pathology that
pDCs are dispensable in colitis pathogenesis. These results are
in accordance with the observation that speci�c loss ofIl10ra in
macrophages is su�cient to phenocopy the globalIl10 de�ciency
(61). Indeed, IL-10 appears to act primarily on macrophages to
prevent the development of colitis. This protective role of IL-
10 was recently attributed to its ability to induce the metabolic
reprogramming of macrophages subsequently preventing their
aberrant production of IL-1b (62).

In contrast to our observations, pDCs were previously
proposed to play an important role in colitis, exacerbating the
overall IBD pathogenesis (29, 30). Using Siglec-H DTR knock
in mice to inducibly deplete pDCs following DT treatment,
Arimura et al. concluded that pDC depletion ameliorates DSS-
induced colitis (30). In these settings pDCs were proposed to
play an important role in the recruitment of pro-in�ammatory
monocytes and macrophages into the in�amed intestinal
epithelium, consequently exacerbating the disease (30). Such
discrepancies with our observations may be due to the use of
di�erent models of colitis and systems for pDC ablation. We
used genetic IBD models that are T cell-dependent while Arimura
et al. used T cell-independent DSS-induced colitis that arises
from disruption of the intestinal barrier, which allows the entry
of luminal microbes into the intestinal mucosa and consequently
activates innate immune responses (63). Furthermore, Siglec H
is not restricted to pDCs and was shown to be expressed on a
subset of intestinal macrophages (31). Therefore, treatment of
Siglec-H-DTR mice with DT should not only deplete pDCs but
also a population of intestinal macrophages that may participate
in the disease induced by DSS. In addition, pDCs were also
suggested to contribute to development of IBD inWas-de�cient
mice (29). Prete et al. found that pDCs lackingWas produce
heightened levels of IFN-I and thatIfnar-deletion in Was-
de�cient mice reduced the overall pathology including colitis
(29). Although these results indicate an important role of IFN-
I signaling in colitis development inWas-de�cient mice, whether
pDCs are the major source of this pathogenic IFN-I was not
established. Our results demonstrating no impact ofTcf4speci�c
targeting on the occurrence and the severity of colitis inWas-
de�cient animals argue against an important role of pDCs in
this process.

Overall pDCs appear to be dispensable for disease
development in common monogenic models of IBD. They
may have a minor role in IBD that arises upon destruction of
the intestinal barrier by environmental factors such as DSS.
In this model pDCs do not appear to be the main e�ectors
of IBD development, but rather exacerbate the disease [30].
Nevertheless, pDCs may contribute to the development of colitis
when aberrantly activated. Accordingly, speci�c ablation of the
inhibitory protein tyrosine phosphatase receptor type S (PTPRS)
on pDCs was associated with the development of mild intestinal
in�ammation in mice (64). Lack of PTPRS on pDCs resulted in
spontaneous IFN-I production by pDCs, which may be involved
in establishing this in�ammation. pDCs were also suggested
to promote tolerance and ameliorate IBD upon stimulation
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by enteric viruses (65). While enteric viruses activate pDC
production of IFN-Iex-vivo(65), directin vivoevidence for pDC
functions in the prevention of colitis development after infection
with enteric viruses has not been demonstrated. Similarly,it
was shown that IFN-I production resulting from CpG-ODN A
stimulation protects mice from the development of experimental
and spontaneous models of IBD induced by DSS treatment and
Il10-de�ciency, respectively (66, 67). The preventive impact
of CpG-ODN A treatment on the overall IBD pathogenesis
was shown to depend on IFNAR and TLR9 signaling (66, 67).
However, whether pDCs play an important role in this process
was not addressed. Therefore, it appears that IFN-I plays a
controversial role in IBD, either contributing to the disease when
aberrantly produced in a chronic manner or ameliorating the
disease when acutely stimulated. The function of IFN-I in IBD
thus needs further clari�cation as well as the role of pDCs as
a source of such IFN-I. On the other hand, independently of
IFN-I, pDCs were shown to mediate the protective role of PSA in
IBD pathogenesis induced by intra-rectal administration ofthe
haptenating agent 2,4,6-trinitrobenzene sulfonic acid (TNBS)
(24). Indeed, selective depletion of pDCs following DT treatment
of BDCA-2-DTR transgenic mice (68) abrogated the bene�cial
e�ect of PSA on IBD pathogenesis (24). This protective function
of pDCs was only observed after PSA treatment whereas pDC
depletion alone did not ameliorate colitis. These data indicate
that pDCs are not essential in IBD pathogenesis, but their
targeting by PSA may prevent colitis development, most likely
through their ability to stimulate CD4C T cell production of
IL-10 (24).

Characterization of the deleterious role of pDCs in multiple
autoimmune disorders such as SLE (12, 13), systemic sclerosis
(14), and type I diabetes (15) has led to the development of
novel therapeutic strategies aimed at speci�cally depleting pDCs
(17). Our results indicate that such therapies may not bene�t
IBD patients. On the other hand, the observation that pDC-
speci�c deletion does not impact IBD pathogenesis suggests that
therapeutic pDC depletion will not be associated with o�-target
e�ects within the gastrointestinal tract of treated individuals.

AUTHOR CONTRIBUTIONS

BR, MS, and RK initiated and supervised the project. CS, VS, MS,
and BR designed experiments, analyzed, and interpreted results.
CS and VS performed experiments with the help of LS, GJ, and
AR. AN performed the histological analysis. The manuscript was
written by CS, VS, and BR with the input from all authors.

ACKNOWLEDGMENTS

Supported by research grant from Medimmune, LLC; NIH grant
AI072571 and the Colton Center for Autoimmunity (BR); and
the Cancer Research Institute Postdoctoral Fellowship (VS).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/�mmu.
2018.02475/full#supplementary-material

REFERENCES

1. Reizis B, Bunin A, Ghosh HS, Lewis KL, Sisirak V. Plasmacytoid dendritic
cells: recent progress and open questions.Annu Rev Immunol.(2011) 29:163–
83. doi: 10.1146/annurev-immunol-031210-101345

2. Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic
cells.Nat Rev Immunol.(2015) 15:471–85. doi: 10.1038/nri3865

3. Ganguly D, Chamilos G, Lande R, Gregorio J, Meller S, Facchinetti
V, et al. Self-RNA-antimicrobial peptide complexes activate human
dendritic cells through TLR7 and TLR8.J Exp Med.(2009) 206:1983–94.
doi: 10.1084/jem.20090480

4. Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz F, Xu Z, et al.
Netting neutrophils are major inducers of type I IFN production in
pediatric systemic lupus erythematosus.Sci Transl Med.(2011) 3:73ra20.
doi: 10.1126/scitranslmed.3001201

5. Ghosh AR, Bhattacharya R, Bhattacharya S, Nargis T, Rahaman O, Duttagupta
P, et al. Adipose recruitment and activation of plasmacytoid dendritic cells fuel
meta�ammation.Diabetes. 2016:3440–52. doi: 10.2337/db16-0331

6. Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad C, Gregorio J, et al.
Neutrophils activate plasmacytoid dendritic cells by releasing self-DNA-
peptide complexes in systemic lupus erythematosus.Sci Transl Med.(2011)
3:73ra19. doi: 10.1126/scitranslmed.3001180

7. Lande R, Gregorio J, Facchinetti V, Chatterjee B, Wang YH, HomeyB,
et al. Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial
peptide.Nature(2007) 449:564–9. doi: 10.1038/nature06116

8. Means TK, Latz E, Hayashi F, Murali MR, Golenbock DT, Luster AD. Human
lupus autoantibody-DNA complexes activate DCs through cooperationof
CD32 and TLR9.J Clin Invest.(2005) 115:407–17. doi: 10.1172/JCI23025

9. Bave U, Magnusson M, Eloranta ML, Perers A, Alm GV, Ronnblom L. Fc
gamma RIIa is expressed on natural IFN-alpha-producing cells (plasmacytoid

dendritic cells) and is required for the IFN-alpha production inducedby
apoptotic cells combined with lupus IgG.J Immunol.(2003) 171:3296–302.
doi: 10.4049/jimmunol.171.6.3296

10. Baechler EC, Batliwalla FM, Karypis G, Ga�ney PM, Ortmann WA, Espe KJ,
et al. Interferon-inducible gene expression signature in peripheral blood cells
of patients with severe lupus.Proc Natl Acad Sci USA. (2003) 100:2610–5.
doi: 10.1073/pnas.0337679100

11. Bennett L, Palucka AK, Arce E, Cantrell V, Borvak J, Banchereau J, et al.
Interferon and granulopoiesis signatures in systemic lupus erythematosus
blood.J Exp Med.(2003) 197:711–23. doi: 10.1084/jem.20021553

12. Rowland SL, Riggs JM, Gil�llan S, Bugatti M, Vermi W, Kolbeck R, etal. Early,
transient depletion of plasmacytoid dendritic cells ameliorates autoimmunity
in a lupus model.J Exp Med.(2014) 211:1977–91. doi: 10.1084/jem.20132620

13. Sisirak V, Ganguly D, Lewis KL, Couillault C, Tanaka L, Bolland S,et al.
Genetic evidence for the role of plasmacytoid dendritic cells in systemic
lupus erythematosus.J Exp Med.(2014) 211:1969–76. doi: 10.1084/jem.201
32522

14. Ah Kioon MD, Tripodo C, Fernandez D, Kirou KA, Spiera RF, Crow MK,
et al. Plasmacytoid dendritic cells promote systemic sclerosis with a keyrole
for TLR8.Sci Transl Med.(2018) 10. doi: 10.1126/scitranslmed.aam8458

15. Hansen L, Schmidt-Christensen A, Gupta S, Fransen-Pettersson N,
Hannibal TD, Reizis B, et al. E2-2 dependent plasmacytoid dendritic
cells control autoimmune diabetes.PLoS ONE (2015) 10:e0144090.
doi: 10.1371/journal.pone.0144090

16. Hannibal TD, Schmidt-Christensen A, Nilsson J, Fransen-Pettersson N,
Hansen L, Holmberg D. De�ciency in plasmacytoid dendritic cells and type
I interferon signalling prevents diet-induced obesity and insulin resistance in
mice.Diabetologia(2017) 60:2033–41. doi: 10.1007/s00125-017-4341-0

17. Pellerin A, Otero K, Czerkowicz JM, Kerns HM, Shapiro RI, Ranger AM,
et al. Anti-BDCA2 monoclonal antibody inhibits plasmacytoid dendritic cell

Frontiers in Immunology | www.frontiersin.org 14 October 2018 | Volume 9 | Article 2475



Sawai et al. pDCs Are Dispensable for Colitis

activation through Fc-dependent and Fc-independent mechanisms. EMBO
Mol Med.(2015) 7:464–76. doi: 10.15252/emmm.201404719

18. Wendland M, Czeloth N, Mach N, Malissen B, Kremmer E, Pabst
O, et al. CCR9 is a homing receptor for plasmacytoid dendritic cells
to the small intestine.Proc Natl Acad Sci USA.(2007) 104:6347–52.
doi: 10.1073/pnas.0609180104

19. Contractor N, Louten J, Kim L, Biron CA, Kelsall BL. Cutting edge:
Peyer's patch plasmacytoid dendritic cells (pDCs) produce low levels of
type I interferons: possible role for IL-10, TGFbeta, and prostaglandin
E2 in conditioning a unique mucosal pDC phenotype.J Immunol.(2007)
179:2690–4. doi: 10.4049/jimmunol.179.5.2690

20. Li HS, Gelbard A, Martinez GJ, Esashi E, Zhang H, Nguyen-Jackson H, et al.
Cell-intrinsic role for IFN-alpha-STAT1 signals in regulating murine Peyer
patch plasmacytoid dendritic cells and conditioning an in�ammatory
response. Blood (2011) 118:3879–89. doi: 10.1182/blood-2011-04-
349761

21. Tezuka H, Abe Y, Asano J, Sato T, Liu J, Iwata M, et al. Prominentrole for
plasmacytoid dendritic cells in mucosal T cell-independent IgA induction.
Immunity (2011) 34:247–57. doi: 10.1016/j.immuni.2011.02.002

22. Moro-Sibilot L, This S, Blanc P, Sanlaville A, Sisirak V, Bardel E,et al.
Plasmacytoid dendritic cells are dispensable for noninfectious intestinal IgA
responsesin vivo. Eur J Immunol.(2016) 46:354–9. doi: 10.1002/eji.2015
45977

23. Deal EM, Jaimes MC, Crawford SE, Estes MK, Greenberg HB. Rotavirus
structural proteins and dsRNA are required for the human primary
plasmacytoid dendritic cell IFNalpha response.PLoS Pathog.(2010)
6:e1000931. doi: 10.1371/journal.ppat.1000931

24. Dasgupta S, Erturk-Hasdemir D, Ochoa-Reparaz J, Reinecker HC,Kasper DL.
Plasmacytoid dendritic cells mediate anti-in�ammatory responses to a gut
commensal molecule via both innate and adaptive mechanisms.Cell Host
Microbe(2014) 15:413–23. doi: 10.1016/j.chom.2014.03.006

25. Dubois B, Joubert G, Gomez de Aguero M, Gouanvic M, Goubier
A, Kaiserlian D. Sequential role of plasmacytoid dendritic cells and
regulatory T cells in oral tolerance.Gastroenterology(2009) 137:1019–28.
doi: 10.1053/j.gastro.2009.03.055

26. Goubier A, Dubois B, Gheit H, Joubert G, Villard-Truc F, Asselin-Paturel C,
et al. Plasmacytoid dendritic cells mediate oral tolerance.Immunity (2008)
29:464–75. doi: 10.1016/j.immuni.2008.06.017

27. Kaser A, Zeissig S, Blumberg RS. In�ammatory bowel disease.Annu
Rev Immunol.(2010) 28:573–621. doi: 10.1146/annurev-immunol-030409-
101225

28. Baumgart DC, Metzke D, Guckelberger O, Pascher A, GrotzingerC,
Przesdzing I, et al. Aberrant plasmacytoid dendritic cell distribution and
function in patients with Crohn's disease and ulcerative colitis. Clin Exp
Immunol.(2011) 166:46–54. doi: 10.1111/j.1365-2249.2011.04439.x

29. Prete F, Catucci M, Labrada M, Gobessi S, Castiello MC, Bonomi E, et al.
Wiskott-Aldrich syndrome protein-mediated actin dynamics control type-
I interferon production in plasmacytoid dendritic cells.J Exp Med.(2013)
210:355–74. doi: 10.1084/jem.20120363

30. Arimura K, Takagi H, Uto T, Fukaya T, Nakamura T, Choijookhuu N, etal.
Crucial role of plasmacytoid dendritic cells in the development of acute colitis
through the regulation of intestinal in�ammation.Mucosal Immunol.(2017)
10:957–70. doi: 10.1038/mi.2016.96

31. Swiecki M, Wang Y, Riboldi E, Kim AH, Dzutsev A, Gil�llan S, et al.Cell
depletion in mice that express diphtheria toxin receptor under the control
of SiglecH encompasses more than plasmacytoid dendritic cells.J Immunol.
(2014) 192:4409–16. doi: 10.4049/jimmunol.1303135

32. Cisse B, Caton ML, Lehner M, Maeda T, Scheu S, Locksley R, etal.
Transcription factor E2-2 is an essential and speci�c regulator of
plasmacytoid dendritic cell development.Cell (2008) 135:37–48.
doi: 10.1016/j.cell.2008.09.016

33. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W. Interleukin-
10-de�cient mice develop chronic enterocolitis.Cell (1993) 75:263–74.
doi: 10.1016/0092-8674(93)80068-P

34. Zhuang Y, Cheng P, Weintraub H. B-lymphocyte development is regulated
by the combined dosage of three basic helix-loop-helix genes, E2A,E2-
2, and HEB.Mol Cell Biol. (1996) 16:2898–905. doi: 10.1128/MCB.16.
6.2898

35. Caton ML, Smith-Raska MR, Reizis B. Notch-RBP-J signalingcontrols the
homeostasis of CD8- dendritic cells in the spleen.J Exp Med.(2007) 204:1653–
64. doi: 10.1084/jem.20062648

36. Bergqvist I, Eriksson M, Saarikettu J, Eriksson B, Corneliussen B, Grundstrom
T, et al. The basic helix-loop-helix transcription factor E2-2 is involved in T
lymphocyte development.Eur J Immunol.(2000) 30:2857–63. doi: 10.1002/
1521-4141(200010)30:10<2857::AID-IMMU2857>3.0.CO;2-G

37. Blanco F, Kalsi J, Isenberg DA. Analysis of antibodies to RNAin patients with
systemic lupus erythematosus and other autoimmune rheumatic diseases.Clin
Exp Immunol.(1991) 86:66–70. doi: 10.1111/j.1365-2249.1991.tb05775.x

38. Moolenbeek C, Ruitenberg EJ. The “Swiss roll”: a simple technique for
histological studies of the rodent intestine.Lab Anim. (1981) 15:57–9.
doi: 10.1258/002367781780958577

39. Ghosh HS, Cisse B, Bunin A, Lewis KL, Reizis B. Continuous
expression of the transcription factor e2-2 maintains the cell fate
of mature plasmacytoid dendritic cells.Immunity (2010) 33:905–16.
doi: 10.1016/j.immuni.2010.11.023

40. Recher M, Burns SO, de la Fuente MA, Volpi S, Dahlberg C, Walter JE, et al.
B cell-intrinsic de�ciency of the Wiskott-Aldrich syndrome protein (WASp)
causes severe abnormalities of the peripheral B-cell compartment in mice.
Blood(2012) 119:2819–28. doi: 10.1182/blood-2011-09-379412

41. Hao Y, O'Neill P, Naradikian MS, Scholz JL, Cancro MP. A B-cell subset
uniquely responsive to innate stimuli accumulates in aged mice.Blood(2011)
118:1294–304. doi: 10.1182/blood-2011-01-330530

42. Rubtsov AV, Rubtsova K, Fischer A, Meehan RT, Gillis JZ, Kappler JW, et al.
Toll-like receptor 7 (TLR7)-driven accumulation of a novel CD11c(C) B-cell
population is important for the development of autoimmunity.Blood(2011)
118:1305–15. doi: 10.1182/blood-2011-01-331462

43. Snapper SB, Rosen FS, Mizoguchi E, Cohen P, Khan W, Liu CH,
et al. Wiskott-Aldrich syndrome protein-de�cient mice reveal a role
for WASP in T but not B cell activation.Immunity (1998) 9:81–91.
doi: 10.1016/S1074-7613(00)80590-7

44. Nguyen DD, Maillard MH, Cotta-de-Almeida V, Mizoguchi E, Klein C,
Fuss I, et al. Lymphocyte-dependent and Th2 cytokine-associated colitis in
mice de�cient in Wiskott-Aldrich syndrome protein.Gastroenterology(2007)
133:1188–97. doi: 10.1053/j.gastro.2007.07.010

45. Nguyen DD, Wurbel MA, Goettel JA, Eston MA, Ahmed OS, Marin R, et al.
Wiskott-Aldrich syndrome protein de�ciency in innate immune cells leads to
mucosal immune dysregulation and colitis in mice.Gastroenterology(2012)
143:719–29.e2. doi: 10.1053/j.gastro.2012.06.008

46. Lee PY, Kumagai Y, Li Y, Takeuchi O, Yoshida H, Weinstein J,
et al. TLR7-dependent and FcgammaR-independent production of type I
interferon in experimental mouse lupus.J Exp Med.(2008) 205:2995–3006.
doi: 10.1084/jem.20080462

47. Keubler LM, Buettner M, Hager C, Bleich A. A multihit model: colitis
lessons from the interleukin-10-de�cient mouse.In�amm Bowel Dis.(2015)
21:1967–75. doi: 10.1097/MIB.0000000000000468

48. Cervantes-Barragan L, Lewis KL, Firner S, Thiel V, Hugues S, Reith W, et al.
Plasmacytoid dendritic cells control T-cell response to chronic viral infection.
Proc Natl Acad Sci USA.(2012) 109:3012–7. doi: 10.1073/pnas.1117359109

49. Wohn C, Ober-Blobaum JL, Haak S, Pantelyushin S, Cheong C, Zahner
SP, et al. Langerin(neg) conventional dendritic cells produce IL-23 to
drive psoriatic plaque formation in mice.Proc Natl Acad Sci USA. (2013)
110:10723–8. doi: 10.1073/pnas.1307569110

50. Thrasher AJ, Burns SO. WASP: a key immunological multitasker.Nat Rev
Immunol.(2010) 10:182–92. doi: 10.1038/nri2724

51. Gloury R, Zotos D, Zuidscherwoude M, Masson F, Liao Y, HasboldJ,
et al. Dynamic changes in Id3 and E-protein activity orchestrate germinal
center and plasma cell development.J Exp Med.(2016) 213:1095–111.
doi: 10.1084/jem.20152003

52. Wohner M, Tagoh H, Bilic I, Jaritz M, Poliakova DK, Fischer M, et al.
Molecular functions of the transcription factors E2A and E2-2 in controlling
germinal center B cell and plasma cell development.J Exp Med.(2016)
213:1201–21. doi: 10.1084/jem.20152002

53. Maillard MH, Cotta-de-Almeida V, Takeshima F, Nguyen DD, Michetti P,
Nagler C, et al. The Wiskott-Aldrich syndrome protein is required for the
function of CD4(C)CD25(C)Foxp3(C) regulatory T cells.J Exp Med.(2007)
204:381–91. doi: 10.1084/jem.20061338

Frontiers in Immunology | www.frontiersin.org 15 October 2018 | Volume 9 | Article 2475



Sawai et al. pDCs Are Dispensable for Colitis

54. Biswas A, Shouval DS, Gri�th A, Goettel JA, Field M, Kang YH, et al. WASP-
mediated regulation of anti-in�ammatory macrophages is IL-10 dependent
and is critical for intestinal homeostasis.Nat Commun.(2018) 9:1779–93.
doi: 10.1038/s41467-018-03670-6

55. Perry D, Sang A, Yin Y, Zheng YY, Morel L. Murine models of
systemic lupus erythematosus.J Biomed Biotechnol.(2011) 2011:271694.
doi: 10.1155/2011/271694

56. Elkon KB, Wiedeman A. Type I IFN system in the development
and manifestations of SLE.Curr Opin Rheumatol.(2012) 24:499–505.
doi: 10.1097/BOR.0b013e3283562c3e

57. Santiago-Raber ML, Baccala R, Haraldsson KM, Choubey D, Stewart
TA, Kono DH, et al. Type-I interferon receptor de�ciency reduces
lupus-like disease in NZB mice.J Exp Med. (2003) 197:777–88.
doi: 10.1084/jem.20021996

58. Sriram U, Varghese L, Bennett HL, Jog NR, Shivers DK, Ning Y, et al. Myeloid
dendritic cells from B6.NZM Sle1/Sle2/Sle3 lupus-prone mice express an
IFN signature that precedes disease onset.J Immunol.(2012) 189:80–91.
doi: 10.4049/jimmunol.1101686

59. Uhlig HH. Monogenic diseases associated with intestinal in�ammation:
implications for the understanding of in�ammatory bowel disease.Gut (2013)
62:1795–805. doi: 10.1136/gutjnl-2012-303956

60. Cho JH. The genetics and immunopathogenesis of in�ammatory bowel
disease.Nat Rev Immunol.(2008) 8:458–66. doi: 10.1038/nri2340

61. Zigmond E, Bernshtein B, Friedlander G, Walker CR, Yona S, Kim KW,
et al. Macrophage-restricted interleukin-10 receptor de�ciency, but not IL-
10 de�ciency, causes severe spontaneous colitis.Immunity (2014) 40:720–33.
doi: 10.1016/j.immuni.2014.03.012

62. Ip WKE, Hoshi N, Shouval DS, Snapper S, Medzhitov R. Anti-in�ammatory
e�ect of IL-10 mediated by metabolic reprogramming of macrophages.Science
(2017) 356:513–9. doi: 10.1126/science.aal3535

63. Kiesler P, Fuss IJ, Strober W. Experimental models of in�ammatory
bowel diseases.Cell Mol Gastroenterol Hepatol.(2015) 1:154–70.
doi: 10.1016/j.jcmgh.2015.01.006

64. Bunin A, Sisirak V, Ghosh HS, Grajkowska LT, Hou ZE, Miron M,
et al. Protein tyrosine phosphatase PTPRS is an inhibitory receptor on
human and murine plasmacytoid dendritic cells.Immunity (2015) 43:277–88.
doi: 10.1016/j.immuni.2015.07.009

65. Yang JY, Kim MS, Kim E, Cheon JH, Lee YS, Kim Y, et al. Enteric
viruses ameliorate gut in�ammation via toll-like receptor 3 and toll-like
receptor 7-mediated interferon-beta production.Immunity (2016) 44:889–
900. doi: 10.1016/j.immuni.2016.03.009

66. Katakura K, Lee J, Rachmilewitz D, Li G, Eckmann L, Raz E. Toll-like receptor
9-induced type I IFN protects mice from experimental colitis.J Clin Invest.
(2005) 115:695–702. doi: 10.1172/JCI22996

67. Rachmilewitz D, Karmeli F, Takabayashi K, Hayashi T, Leider-Trejo
L, Lee J, et al. Immunostimulatory DNA ameliorates experimental
and spontaneous murine colitis.Gastroenterology(2002) 122:1428–41.
doi: 10.1053/gast.2002.32994

68. Swiecki M, Gil�llan S, Vermi W, Wang Y, Colonna M. Plasmacytoid dendritic
cell ablation impacts early interferon responses and antiviral NK and CD8(C)
T cell accrual.Immunity (2010) 33:955–66. doi: 10.1016/j.immuni.2010.
11.020

Con�ict of Interest Statement: MS and RK were employees of Medimmune, LLC.

The remaining authors declare that the research was conducted in the absence of
any commercial or �nancial relationships that could be construed asa potential
con�ict of interest.

Copyright © 2018 Sawai, Serpas, Neto, Jang, Rashidfarrokhi, Kolbeck, Sanjuan,
Reizis and Sisirak. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. Nouse, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 16 October 2018 | Volume 9 | Article 2475


