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Cutting Edge: Peyer’s Patch Plasmacytoid Dendritic Cells
(pDCs) Produce Low Levels of Type I Interferons:
Possible Role for IL-10, TGF�, and Prostaglandin E2 in
Conditioning a Unique Mucosal pDC Phenotype1
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The organized lymphoid tissues of the intestine likely play
an important role in the balance between tolerance to
harmless mucosal Ags and commensal bacteria and im-
munity to mucosal pathogens. We examined the pheno-
type and function of plasmacytoid dendritic cells (pDCs)
from murine Peyer’s patches (PPs). When stimulated with
CpG-enriched oligodeoxynucleotides in vitro, PPs and
spleen pDCs made equivalent levels of IL-12, yet PP pDCs
were incapable of producing significant levels of type I
IFNs. Three regulatory factors associated with mucosal
tissues, PGE2, IL-10, and TGF�, inhibited the ability of
spleen pDCs to produce type I IFN in a dose-dependent
fashion. These studies suggest that mucosal factors may
regulate the production of type I IFN as well as IL-12 by
pDCs. In the intestine, this may be beneficial in prevent-
ing harmful innate and adaptive immune responses to
commensal microorganisms. The Journal of Immunol-
ogy, 2007, 179: 2690–2694.

I mmune responses within the intestine are tightly regulated
to prevent untoward inflammation against harmless Ags
and commensal bacteria and yet allow for the induction of

immunity to pathogens. A dysregulation of this balance results
in abnormal immune responses against commensal bacteria and
intestinal inflammation. Peyer’s patches (PPs)3 are representa-
tive sites for the induction of immune responses in the intestine.
Subsets of conventional dendritic cells (cDCs), some with PP-
specific properties, have previously been identified (for review
see Ref. 1). However, little is known about plasmacytoid den-
dritic cells (pDCs) within normal PPs. We chose to examine the
phenotype and function of pDCs within PPs, because the con-
trol of the production of type I IFNs in response to both viral
and bacterial nucleic acids by these cells may be important in
the induction of immunity to mucosal pathogens as well as in

the regulation of abnormal immune responses to commensal
bacteria.

Both human and murine pDCs express TLRs that recognize
viral RNA (via TLR7), and CpG-rich unmethylated DNA
from bacteria and DNA viruses (via TLR9). Signaling by TLRs
expressed on pDCs drives the production of type I IFN that
can directly activate antiviral responses and augment both in-
nate and adaptive immunity to viral as well as nonviral infec-
tions (2).

We characterized the phenotype of pDCs in PPs and found
that following stimulation with CpG-enriched oligode-
oxynucleotides (CpG ODN) or influenza virus, PP pDCs were
incapable of producing significant amounts of type I IFN while
they were fully capable of producing IL-12. Furthermore, three
factors present in the mucosal microenvironment, IL-10,
PGE2, and TGF�, inhibited type I IFN production by spleen
pDCs in response to CpG ODN, suggesting that the mucosal
microenvironment may condition pDCs for poor type I IFN
production. Finally, in studies using spleen pDCs from
IFN�R1�/� mice, we determined that TGF� acts to inhibit
initial TLR9-induced type I IFN mRNA expression while
IL-10 acts at a later stage, most likely by blocking autocrine sig-
naling via the type I IFN receptor. Together, these studies sug-
gest a role for the mucosal microenvironment in preventing
type I IFN production from pDCs.

Materials and Methods
Mice

Female BALB/c and C57BL/6 mice obtained from the National Cancer Insti-
tute (Frederick, MD) and in-house bred IFN�R1�/� mice on a C57BL/6
background were housed at the National Institutes of Health (Bethesda, MD),
maintained in accordance with institutional guidelines for animal welfare, and
used at 6- to 12-wk of age. In some experiments, 4 � 105 Fms-like tyrosine
kinase 3 ligand (FLT3L)-expressing B16 cells (3) were injected s.c. 11 days be-
fore dendritic cell isolation.
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Antibodies

Abs used include: 120G8 (4), anti-murine pDC Ag (mPDCA) (clone JF05-
1C2.4.1; Miltenyi Biotec), anti-CD11c (clone HL3 or N418), anti-B220
(clone RA3-6B2), anti-Gr-1 (clone RB6-8C5), anti-CD19 (clone 1D3), anti-
CD40 (clone 3/23), anti-CD80 (clone 1G10), anti-CD86 (clone GL1), anti-
MHC class II (clone AMS-32.1), anti-CD4 (clone GK1.5), and anti-CD8
(clone 53-6.7) (BD Biosciences).

Confocal microscopy

Primary Abs were detected in frozen sections using Alexa 488 and Alexa 594
tyramide signal amplification (TSA) kits (Molecular Probes). Nuclei were
counterstained with Hoechst (Sigma-Aldrich). Images were collected on a Leica
TCS-SP2 confocal microscope (Leica Microsystems) at �40 magnification.

Cell isolation

Spleen and PP pDCs were obtained from single cell suspensions as previously
described (5) except that collagenase was replaced with 420 �g/ml Liberase CI
(Roche Applied Science). pDCs were enriched by negative selection (first step
of pDC isolation kit; Miltenyi Biotec) and analyzed using a FACSCalibur cy-
tometer and FlowJo software (Tree Star) or sorted using a FACS Vantage SE
with DIVA option or FACS Aria cytometer (BD Biosciences).

Cell culture

Enriched pDCs or FACS-purified pDCs were cultured at 106 cells/ml in com-
plete RPMI 1640 containing 10% FCS (BioSource International) and antibi-
otics at 37°C and 5% CO2. Cells were stimulated with UV-irradiated influenza
virus (strain PR8; 40 hemagglutinating units/ml; gift of J. Yewdell, National
Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, MD) and 1 �M CpG ODN 1826 (TCCATGACGTTCCT
GACGTT) or 2216 (GGGGGACGATCGTCGGGGGG), both synthesized
on a phosphorothioate backbone, and both of which have been demonstrated to
induce type I IFN production in murine pDC (6, 7). Where indicated, cells
were preincubated for 1 h with TGF� 1, IL-10 (Peprotech), PGE2 (Sigma-
Aldrich), anti-IL10R or control Ab (clones 1B1.3a and GL113, kindly provided
by DNAX Research). Culture supernatants were collected 20 h after the addi-
tion of CpG ODN and assayed by ELISA for IFN� or � (PBL Biomedical
Laboratories), IL-12 p40 or p70 (R&D Systems), or bioactive type I IFNs (8).

Quantitative RT-PCR

Spleen mPDCA� (Miltenyi Biotec) pDCs isolated from B16-FLT3L-treated
mice were pretreated as described above and stimulated with CpG ODN for a
subsequent 4 h. RNA was isolated (Qiagen), and cDNA was synthesized
(SuperScript III; Invitrogen). Real-time RT-PCR was performed on an Applied
Biosystems 7900 HT instrument. FAM-labeled IL-12 p40 probe/primers were
obtained from Applied Biosystems (Assays-on-Demand). SYBR Green (Ap-
plied Biosystems) was used to detect IFN� (all genes) and IFN� (9). GAPDH
was the endogenous control. Fold difference in gene expression was determined
with the formula 2��Ct, where Ct is threshold cycle.

Statistical analysis

Graphing and statistical analysis was conducted using Prism 4 software (Graph-
Pad Software). Data were analyzed with a two-tailed, unpaired Student’s t test.

Results and Discussion
pDCs are found in the subepithelial dome and interfollicular regions of
the PP

Luminal Ags and commensal bacteria can enter the organized
mucosal lymphoid tissues of the Peyer’s patches and isolated
colonic follicles via transport by M cells in the follicle-associated
epithelium or via direct sampling by cDCs with intraepithelial
extensions (1). Therefore, immune responses must be con-
trolled at these inductive sites (10). We explored the role of
pDCs in the immune regulation in PPs. We first identified
these cells in tissue sections by immunofluorescence staining us-
ing the pDC-reactive Ab mPDCA (Fig. 1A) and the 120G8 Ab
(Ref. 4 and data not shown). pDCs were found in the subepi-
thelial dome and interfollicular regions of PPs, as well as in the
lamina propria (LP) of PP-adjoining villi, but were not found in
B cell follicles, consistent with prior studies (4, 11). Therefore,

PP pDCs are present at sites of initial Ag entry and within re-
gions where they could influence T cell responses.

PP pDCs contain both CD8� and CD8� populations and express low
levels of costimulatory molecules

pDCs from PPs were further characterized by the flow cytom-
etry of pDC-enriched cell populations (see Materials and Meth-
ods; Fig. 1, B and C). As with pDCs from other tissues, PP
pDCs were identified as CD19�, CD11cint, B220�, and Gr1�

cells that were uniformly positive for the 120G8 Ab (Fig. 1B)
and mPDCA (data not shown). Prior studies identified
CD8�CD11b�, CD8� CD11b�, and CD8�CD11b� popu-
lations of cDCs in PPs, all of which express high levels of
CD11c and do not express B220 (1). Therefore, CD11cint and
B220� PP pDCs are not included in these previously identified
populations. Costimulatory molecule expression was low,
whereas the expression of MHC class II was intermediate on
pDCs from both spleen and PP (Fig. 1C). PP pDCs contained
a greater percentage of CD8� cells than their splenic counter-
parts (40 vs 10%). However, both CD8� and CD8� pDC
populations from the spleen and PPs expressed similar levels of

FIGURE 1. Location and phenotype of PP pDCs. A, PP sections were
stained for mPDCA (green) and CD4 (red) or isotype controls (middle panel)
and the nuclear dye Hoechst 33258 (blue). mPDCA� cells were present in the
PP subepithelial dome (SED) (left panel) and interfollicular regions (IFR) (right
panel). B, Flow cytometry of spleen (SP) and PP cells enriched for pDCs. C,
Flow cytometry of B220�GR1� cells. D, Cytospins of FACS-purified
CD11cintB220�Gr1�CD19� spleen (SP) and PP pDCs after Wright-Giemsa
staining. Data are representative of at least three independent experiments.
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CD40, CD80, CD86, and MHC class II Ags, suggesting that
CD8� cells are not a more mature population of CD8� cells
(7). Finally, purified pDCs from the spleen and PP had similar
morphology on Wright-Giemsa staining (Fig. 1D).

PP pDCs are deficient in their ability to produce type I IFNs

PP pDCs purified to �98% by flow cytometry produced IL-12
p40 and IL-12 p70 at similar levels to those of spleen pDCs
when stimulated with influenza virus strain PR8 or CpG ODN
(Fig. 2, A and B). In contrast, the production of IFN� and
IFN� by PP pDCs was only a small fraction of that produced by
spleen pDCs (Fig. 2, C and D). These results were confirmed
with a bioassay for type I IFN (Fig. 2E). Consistent with these
findings, IFN� production was undetectable from whole PP
cells depleted of B cells, T cells, NK cells, and macrophages
stimulated with CpG ODN whereas it was readily detectable
from the depleted spleen preparations (Fig. 2F), indicating it
was unlikely that a population of IFN-producing cells that did
not express classic pDC markers was present in the PP.

Two prior studies indicated that PP pDCs were capable of
producing type I IFN in response to in vitro stimulation with
CpG ODN (11, 12); however pDCs in these experiments were
isolated following expansion in vivo by treatment with FLT3L.
To explore this issue, spleen and PP pDC were purified from
mice treated with FLT3L and stimulated with CpG ODN (Fig.
2G). Both spleen and PP pDCs from FLT3L-treated animals
produced significantly more IFN� than cells from untreated
mice. However, the levels from PP pDCs were still at least 5- to
10-fold less than those from spleen pDCs. Therefore, despite
the higher levels of type I IFN produced, the differential pro-
duction between PPs and spleen pDCs was consistent with re-
sults from unmanipulated mice.

TGF�, PGE2, and IL-10 can inhibit IFN� production by spleen pDC

To address the mechanism by which PP pDCs cannot produce
type-I IFN in response to CpG ODN, we initially determined
whether differences in the expression of TLR9 or IRF7, a major
transcriptional regulator of type I IFN, could account for dif-
ferences in type I IFN production by PP and spleen pDCs. We
found that mRNA for TLR9 or IRF7 were expressed and �2-
fold different between purified spleen and PP pDCs (data not
shown). In addition, surface level expression of TLR9, as indi-
cated by flow cytometry, was similar between the two cell types
(data not shown).

We next evaluated the ability of the regulatory factors most
commonly associated with mucosal tissues to affect IFN� pro-
duction from purified spleen pDCs (Fig. 3). Pretreatment of
spleen pDCs with TGF�, PGE2, or IL-10 resulted in a dose-
dependent reduction in IFN� production (Fig. 3A). In addi-
tion, IL-10, PGE2, and, to a lesser extent, TGF� inhibited the
production of IL-12 p40 (Fig. 3B). Finally, an additive effect on
type I IFN production was seen with PGE2 and IL-10 or
TGF�. Baseline survival of pDCs was low in overnight cultures
with only 25% of cells surviving after 24 h. IL-10 (10 ng/ml)
and TGF� (10 ng/ml) resulted in an enhancement of cell death
by 14–27% at 8 h after culture, a time when the majority of
type I IFN is present in the culture supernatants; however, at
this time point type I IFN production is blocked by �80% in
these cultures (data not shown). Therefore, the increase in cell
death could not account for the observed suppression of type
I IFN.

Inhibition of IFN� production by IL-10 is consistent with
studies of human pDCs (13). Furthermore, suppression of

FIGURE 2. Lack of type I IFN production by PP pDC. Supernatants of
FACS purified (A–E) or enriched (F and G) pDCs were assayed by ELISA for
IL-12 p40 (A), IL-12 p70 (B), IFN� (C and G), or IFN� (D) or by viral inhi-
bition assay (E). Data indicate the means � SD for five or six (A–C), two (D),
or three (E-G) independent experiments. F, The percentage of pDC was similar
in both spleen (SP) and PP preparations. G, pDCs were enriched from the
spleens and PPs of mice treated with FLT3L. �, p � 0.05; ns, p � 0.05.

FIGURE 3. TGF�, PGE2, and IL-10 inhibit type I IFN production by mu-
rine pDCs. A, Supernatants of FACS-purified spleen pDCs were assayed for
IFN� after preincubation for 1 h and stimulation for 20 h with CpG ODN. B,
Spleen pDCs were preincubated with PGE2 (10 �M), TGF� (10 ng/ml), or
IL-10 (10 ng/ml) plus anti-IL-10R, control (ctrl) Ab (2.5 �g/ml), or no Ab. C,
spleen pDCs were preincubated with PGE2 (0.1 �M) with or without TGF�
(0.01 ng/ml) or IL-10 (0.1 ng/ml). Data are representative of two independent
experiments.
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IL-12 production by IL-10 and PGE2 is consistent with effects
on cDCs (14).

These data suggest that factors present in the mucosal micro-
environment have direct effects on the ability of pDC to pro-
duce type I IFN as well as IL-12. Of the factors tested, treatment
with TGF� most closely recapitulated the phenotype observed
in PP pDCs in that type I IFN was suppressed while IL-12 pro-
duction was maintained, at least to some degree. Furthermore,
TGF� is constitutively expressed in the intestine (15) and plays
a key role in the PP for inducing B cell switching to IgA (16),
supporting the possibility that TGF� is involved in vivo in con-
ditioning PP pDCs for low type I IFN production.

Additional roles for IL-10 and PGE2 in conditioning muco-
sal pDCs are suggested because cDCs (1) and T cells (17) from
mucosal tissues produce IL-10, and IL-10�/� mice develop co-
litis (18). Furthermore, PGE2 is expressed by stromal cells in the
intestinal LP and at low levels in PPs (19); and PGE2-deficient
Cox-2 �/� mice are less susceptible to the induction of oral tol-
erance (20). Whether pDCs in the LP of the intestine are sim-
ilar to PP pDCs in their inability to produce significant
amounts of type I IFN is not yet known, but TGF� expressed
by intestinal epithelial cells, PGE2 by stromal cells, and IL-10
by activated LP dendritic cells and macrophages suggests that
this may be the case. It has been reported that mesenteric lymph
node pDCs can produce type I IFN after exposure in vivo to
R-848 given orally and drive cDC activation (21). In addition,
pDCs do not appear to readily migrate from the intestine to the
mesenteric lymph node (22), indicating that direct exposure to
the intestinal microenvironment may be important for the phe-
notype of PP pDCs.

We are currently exploring the direct role of IL-10, TGF�,
and PGE2 in conditioning pDCs in vivo. We found that pDCs
from IL-10�/� mice still had a defect in type I IFN production
so that IL-10 does not appear to be required for the suppression
of PP pDC type I IFN production (data not shown). TGF�-
1�/� as well as wild-type and IL-10�/� mice treated with the
cyclooxygenase inhibitor piroxicam develop intestinal inflam-
mation. Therefore, to date, we have been unable to directly de-
termine the in vivo role of TGF� and/or PGE2, with or without
IL-10, on PP pDC type I IFN production. However, given
their additive effects on pDC function in vitro (Fig. 3C), it is
likely that a combined effect of these factors may be important
to control pDC responses in PPs.

TGF� but not IL-10 inhibits the induction of mRNA for type I IFN
production by pDCs from IFN�R1�/� mice

We next addressed whether two factors likely affecting type I
IFN in the PP, TGF� and IL-10, act to inhibit type I IFN pro-
duction by spleen pDCs by preventing primary signaling via
TLR9 or by blocking autocrine stimulation of the type I IFN
receptor. To do this, we tested the ability of TGF� and IL-10 to
suppress the early induction of type I IFN from the pDCs of
wild-type mice without functional type I IFN receptors
(IFN�R1�/� mice; Fig. 4). Although both TGF� and IL-10
inhibited the transcription of mRNA for IFN� by CpG ODN
stimulation in pDCs from wild-type mice, only TGF� was able
to suppress the expression of IFN� mRNA in pDCs from
IFN�R1�/� mice. In contrast, TGF� was not able to suppress
the expression of mRNA for IL-12 p40 in pDCs from either
mouse strain, whereas IL-10 suppressed IL-12 p40 from both.
These studies imply that in the regulation of type I IFN pro-

duction, TGF� acts primarily on proximal signaling via TLR9
while IL-10 acts on type I IFN production downstream of ini-
tial TLR signaling and type I IFN production, most likely by
blocking autocrine type I IFN signaling.

In addition to its well known role as an antiviral cytokine,
type I IFN can activate both innate and adaptive immune
mechanisms (see Ref. 2). Type I IFN can act together with
IL-12 to augment NK cell cytotoxic activity and induce Th1-
mediated immunity via the innate production of IFN-� by NK
cells and CD8� T cells. Alternatively, type I IFN can act inde-
pendently of IL-12 to activate cDC maturation and cross-pre-
sentation and to enhance CD8� T cell responses. An enhanced
Th1 response or possibly an aberrant CD8� T cell response
(23, 24) to commensal bacteria driven by type I IFN could con-
tribute to intestinal inflammation. Therefore, one consequence
of the lack of type I IFN production by pDC may be to shift the
immunological balance away from potentially damaging im-
mune responses against commensal organisms.

A second possible consequence of our findings is that patho-
gens dependent on the production of type I IFN by pDCs for
their clearance may gain a selective advantage by replicating in
cells of the mucosa. The most intriguing possibility in this re-
gard is HIV, which readily infects mucosal tissues (25), activates
pDCs to produce type I IFN (26), and progresses coincidentally
with a decline in pDC numbers (27). However, the actual role
of type 1 IFN in HIV infection or progression is not yet clear. In
contrast, during certain viral infections such as those caused by
type I reovirus (28) or Herpes simplex virus-2 (29) or during in-
testinal inflammation (30), pDCs may be newly recruited from
the blood, and thus may be fully capable of producing type I
IFN. Therefore, local microenvironmental conditions may dic-
tate whether type I IFN-competent pDCs are present within
mucosal tissues.

Together, our studies support the hypothesis that dendritic
cells are conditioned by their tissue microenvironment to drive
tissue-specific immune responses. Further studies are needed to

FIGURE 4. TGF�, but not IL-10, inhibits the induction of mRNA for
IFN� in pDCs from IFN�R1�/� mice. mRNA expression by mPDCA�

spleen pDCs isolated from FLT3L-treated wild-type (A) or IFN�R1�/� (B)
mice pretreated with TGF� (10 ng/ml) or IL-10 (10 ng/ml) and stimulated
with CpG ODN for 4 h is shown. Data are representative of three independent
experiments. �, p � 0.05; ns, p � 0.05.
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elucidate the in vivo mechanism by which PP pDC type I IFN
production is inhibited and to determine the specific signaling
pathways involved in the TGF�-, PGE2-, and IL-10-mediated
suppression of type I IFN production by pDCs.
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