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Cutting Edge: IFN-f3 Expression in the Spleen Is Restricted
to a Subpopulation of Plasmacytoid Dendritic Cells
Exhibiting a Specific Immune Modulatory Transcriptome

Signature

Jens Bauer,®' Regine J. Dress,*' Anja Schulze,* Philipp Dresing,*
Shafaqat Ali,* René Deenen,” Judith Alferink,>" and Stefanie Scheu*

Type I IFNGs are critical in initiating protective antiviral
immune responses, and plasmacytoid dendritic cells
(pDCs) represent a major source of these cytokines.
We show that only few pDCs are capable of producing
IEN-( after virus infection or CpG stimulation. Using
IFNB/YFP reporter mice, we identify these IFN-B—
producing cells in the spleen as a CCR9"CD9 pDC
subset that is localized exclusively within the T/B cell
zones. IFN-B—producing pDCs exhibit a distinct tran-
scriptome profile, with higher expression of genes encod-
ing cytokines and chemokines, facilitating T cell recruit-
ment and activation. These distinctive characteristics of
IFN-B—producing pDCs are independent of the type I
IFNR-mediated feedback loop. Furthermore, IFN-3—
producing pDCs exhibit enhanced CCR7-dependent
migratory properties in vitro. Additionally, they effec-
tively recruit T cells in vivo in a peritoneal inflamma-
tion model. We define “professional type I IFN-
producing cells” as a distinct subset of pDCs specialized
in coordinating cellular immune responses. The

Journal of Immunology, 2016, 196: 4447-4451.

antiviral immune responses. A primary source of type

I TENG is plasmacytoid dendritic cells (pDCs), which
rapidly produce large amounts of these cytokines upon acti-
vation (1, 2) and, therefore, have been termed professional
type I IFN producers. In general, pDCs are identified based
on their specific surface marker expression profile as CD11c"™
B220"mPDCA-1"CD11b", but they represent a rather het-
erogeneous cell population. Functionally separate subsets of
pDCs have been described based on the expression of CD9
versus CCR9. In the bone marrow (BM), CCR9 CD9"

E arly type I IEN expression is crucial for the initiation of

pDCs were shown to produce high amounts of IFN-a fol-
lowing TLR activation (3, 4), whereas in peripheral lymph
nodes, CCR9" and CCR9 ™ pDCs were described to produce
IFN-a (5). In contrast, Segura et al. (6) showed that splenic
CCR9" pDCs produced type I IFN. Therefore, it is a matter
of debate which subset is responsible for the production of
type I IEN. Following stimulation of TLR7 and TLR9, pDCs
also serve as a source of other cytokines and chemokines (7).
It remains to be shown whether IFN-B—producing pDCs
are polyfunctional in coexpressing other immune effector
molecules.

The present study clarifies that the attribute “professional
type I IFN-producing cells” in the spleen following TLR9
stimulation has to be restricted to a distinct functional subset
of pDCs that selectively facilitate T cell recruitment and
activation.

Materials and Methods

Mice and in vivo treatment and infections

C57BL/6N (B6), IFNAR1 ™/, IENB™®' ™" and IENAR1 ~/“IFNRmeb/meb
mice were kept under pathogen-free conditions, and experiments were ap-
proved by the government of North-Rhine Westphalia. Where indicated,
mice were infected i.p. with 2 X 10° murine CMV (MCMYV) (C3X) or injected
i.v. with 10 pg CpG 1668 (TIB MOLBIOL) complexed to DOTAP (Roche)

for 6 h, or as indicated.

Generation and stimulation of BM-derived pDCs

BM-derived Flt3L-cultured pDCs were generated as previously described
(8). For stimulation, CpG 1668 complexed to DOTAP (6 pg/ml; TIB
MOLBIOL) was added for 6 h, or as indicated. Surface marker expression
was analyzed by FACS (Supplemental Fig. 1A).

Flow cytometry and cell sorting

Cells were analyzed on a FACSCanto II (BD). DAPI was added for dead cell
discrimination. FACS sorting was performed on a FACSAria (BD) after MACS
(Miltenyi Biotec) depletion of CD3e/CD19" cells. Abs against B220, CD3e,
CD4, CD8, CD11b, CD11c, CD19, CD86, CD16/32, Ly6C, and NK1.1
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were purchased from BD, SiglecH and mPDCA-1 were purchased from
Miltenyi Biotec, CD9 (MZ3) was purchased from BioLegend, and CCR9

(eBioCW-1.2) was purchased from eBioscience.

Tissue preparation, cytospins, and immunohistochemistry

Spleen sections were stained as described (8). Cytospins were performed on
a Cellspin II centrifuge (Tharmac) and stained using the Hemacolor rapid
staining kit (Merck). Images were taken on an LSM 780 (Zeiss), Axioskop 40
(Zeiss), or Eclipse TE 2000 (Nikon) microscope with a digital camera (CCD-
1300; Vosskuehler) and processed using Adobe Photoshop and ZEN 2011/12
software.

pDC migration and leukocyte-recruitment assays

BM-derived CpG-stimulated pDCs were sorted for IENB/YFP expression.
Chemotaxis toward CCL19 and CCL21 (500 ng/ml; R&D Systems) was
addressed using Transwell inserts with 5 wm pore size (Corning) and the
CellTiter-Glo Luminescent Cell Viability Assay (Promega). A total of 5 X 10°
IFNB/YFP* or IFNB/YFP™ pDCs was allowed to migrate for 4 h at 37°C.
For the recruitment of leukocytes, B6 mice were injected i.p. with 2.5-5 X 10
sorted IFNB/YFP" or IFNB/YFP™ BM-derived pDCs.

Gme—expre:sion dﬂﬂl}lSﬂY

RNA was isolated from ex vivo FACS-sorted pDCs using the mirVana miRNA
Isolation Kit (Ambion) and hybridized to Agilent Whole Mouse Genome
Oligo Microarrays (4 X 44K). Rosetta normalization and log2 transformation
were performed. Pairwise comparison of IFNB/YFP* and IFNB/YFP™ pDCs
was performed using the Rosetta Resolver. Ratios were calculated by dividing
sample signal intensity by control signal intensity. The normalization that was
applied is based on the Rosetta error model (9). The p value is calculated from
X dev, which takes into consideration the log(Ratio) and log(Error). X dev =
Log(Ratio)/Log(Error). p value = 1— Erf [Abs (X dev)/y/2].

Microarray data are available under Gene Expression Omnibus Series ac-
cession number GSE68788 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSEG68788). Significant (p = 0.01) and >2-fold differentially regulated
genes were subjected to multilevel ontogeny analysis (MONA) within the
section “biological process” of this online tool and summarized to superor-
dinate terms (http://mips.helmholtz-muenchen.de/mona/index.aspx). Quan-
titative RT-PCR (qRT-PCR) was performed using the TagMan Master Kit
with the Universal Probe Library Set (Roche) or the MESA GREEN qPCR
MasterMix Plus (Eurogentec) on an iQ5 or CFX96 (Bio-Rad). The primer
sequences used are shown in Supplemental Table I.

Statistical analysis

Data are given as mean + SD, Student # tests were used, and one representative
of at least independent experiments with at least three mice/group is shown,
unless stated otherwise.

Results and Discussion
Splenic CCR9*CD9™ pDCs secrete IEN-B after MCMYV infection or
TLRY stimulation

Because the identity of IFN-B producers within the pDC pop-
ulation remains controversial, we sought to determine which
specific subset of splenic pDCs is responsible for the early
IFN-B production. For this we used the unbiased in vivo
approach of IFNB/YFP reporter mice in MCMYV infection
or stimulation with the synthetic TLR9 ligand CpG (8). The
majority of IFNB/YFP" cells within the spleen expressed the
cell surface markers CD11¢c, mPDCA-1, and B220 (Fig. 1A),
in line with earlier reports that pDCs are the primary source
of IFN-B after MCMYV infection or TLR9 activation (8, 10,
11). IFNB/YFP expression was restricted to ~5% (4.62 =*
0.7% [mean * SEM]) of all pDCs after TLR9 activation, as
determined by flow cytometry (Fig. 1B). Dose-titration ex-
periments indicated that the low frequencies of IFNB/YFP*
cells are not a linear reflection of the stimulus strength (Supple-
mental Fig. 1B, 1C). CD86 was upregulated on IFNB/YFP*
and IFNB/YFP™ pDCs following TLR9 stimulation or MCMV
infection, indicating that both cell subsets are capable of being
activated (Fig. 1C, Supplemental Fig. 1D, 1E). Therefore,
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FIGURE 1. IFN-f expression is restricted to a low-frequent subset of splenic
CCRI9'CD9 ™ pDCs after MCMYV infection or TLR9 stimulation. (A) IFNB/
YEP expression in splenic CD11¢™mPDCA-1"B220* pDCs in IENR™obmeb
mice 6 h after MCMYV infection or CpG injection. (B) Percentages of IFNB/
YEP* cells within CD11¢™mPDCA-1* splenic pDCs after CpG injection. (C)
CD86 expression on IFNB/YFP* pDCs and IFNB/YFP™ pDCs in comparison
with pDCs of untreated mice was determined 6 h after MCMV infection or
CpG injection. (D) Cytospins of ex vivo—sorted pDCs after CpG administra-
tion. Scale bars, 2 um. (E) Expression of IFNB/YFP was analyzed in com-
parison with pDC surface markers in splenocytes at the indicated time points
after CpG stimulation. Cells were pregated on living CD3e” CD19™ cells
(A and B) or additionally on CD11¢™mPDCA-1*(C) or CD11¢™mPDCA-1*
CD11b™ cells (D and E). See Supplemental Fig. 1F for gating.

IFN-B expression is restricted to only a small fraction of
pDCs in vivo, despite similar activation of the overall pDC
population. Differences in activation marker expression ob-
served after MCMYV infection (Supplemental Fig. 1E) point
to a specific influence of the virus on CD86 expression on
IFNB/YFP™ pDCs. Also, insufficient activation of IFNB/
YFP™ pDCs cannot be excluded in the case of the more
complex virus infection. IFNB/YFP* and IFNB/YFP~ pDCs
exhibited the typical plasmacytoid morphology with a round
and smooth cellular body and excentered nucleus (Fig. 1D).
Splenic IFNB/YFP" pDCs expressed the pDC markers
mPDCA-1, B220, SiglecH, and Ly6C (Fig. 1A, 1E). Fur-
thermore, the majority of IFN-B—producing pDCs stably
expressed CCRY, but not CD9, for =24 h after stimulation
(Fig. 1E). Taken together, although IFN-B—producing and
nonproducing pDCs in the spleen upregulate surface activa-
tion markers to the same extent after CpG stimulation, IFN-f
expression is restricted to a low-frequent subset of all pDCs.
Furthermore, this subset expresses CCR9 but not CD9. Our
data are supported by earlier findings demonstrating that
CCRY™ cells within the spleen represent precursors of con-
ventional dendritic cells rather than bona fide pDCs (6).
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FIGURE 2. Differential localization of IFN-B-producing pDCs within the splenic microarchitecture. (A and B) Immunofluorescence of the spleen of naive or
CpG-stimulated B6 or IENB™® ™ mice. Arrowheads denote exemplary IFNB/YFP* cells. Distribution of pDCs in naive mice (€) and CpG-stimulated mice
(D) and of IFNB/YFP" cells in CpG-stimulated mice (E) within the T and B cell zone and the marginal zone (dotted lines). Cell counts are shown as absolute
numbers (bar graphs) or the percentage distribution (pie charts) per white pulp area (7 = 17-20). Original magnification X4 (A, C, and D). Scale bar, 100 wm (B

and E). *p < 0.05, ***p < 0.005. n.s., not significant.

Controversial reports on CCR9 and CD9 expression levels on
type I IFN—producing pDCs point to organ-specific differ-
ences in pDC populations (3, 4, 6). Alternatively, the capacity
to produce type I IFN might be differentially regulated,
depending on the developmental stage of pDCs (4).

IFNB/YFP" pDCs localize to splenic T and B cell zones

We investigated whether IFN-B—producing pDCs localize to
specific anatomical sites within the splenic microarchitecture.
In naive mice, ~60% of all pDCs were located within the
marginal zone (Fig. 2A, 2C). Following CpG stimulation,
pDCs formed clusters, as reported previously (12, 13), and
were distributed equally between the T and B cell zone and
the marginal zone (Fig. 2A, 2D). In marked contrast, >97%
of IFNB/YFP* pDCs were located within T and B cell zones

(Fig. 2B, 2E). Our data demonstrate that IFN-B—producing
pDCs show a specific distribution pattern within the spleen
rather than being randomly interspersed within the overall
splenic pDC population.

A specific immune-activating gene-expression signature characterizes

IFN-B—expressing pDCs
We next asked whether these IFN-B—producing pDCs harbor

further specialized functional properties associated with a
specific gene-expression profile. Splenic CD11¢™ mPDCA-1"
CD11b~ pDCs were sorted by FACS 6 h after CpG admin-
istration into IFNB/YFP ™ and IFNB/YFP" populations (Supple-
mental Fig. 1G). Microarray analyses defined 1446 genes as
significantly (p = 0.01) and >2-fold over- or underrepre-
sented in IFNB/YFP* pDCs versus IENB/YFP ™ pDCs (Fig. 3A).
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FIGURE 3. IFN-B—producing pDCs harbor a proinflammatory gene-expression profile. (A) Pairwise comparison of the log signal intensities for transcripts, as

analyzed by microarray. Red and green dots represent genes differentially expressed in IFNB/YFP* and IFNB/YFP™ pDCs, respectively. (B) MONA for
overrepresented genes in IFNB/YFP" versus IFNB/YFP™ pDCs. (C) Transwell migration assay of CpG-activated BM-derived IFNB/YFP" and IFNB/YFP™
pDCs in response to CCL19 and CCL21. Shown is one representative of two independent experiments. *p < 0.05.
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FIGURE 4. IFNARI deficiency does not affect the functional properties
of IFN-B—producing splenic pDCs after CpG stimulation. (A and B) Im-
munofluorescence of the spleen of naive and CpG-stimulated IFNAR1 ™/~
IFNB™®™® mice. Arrowheads point to exemplary IENB/YFP* cells. Orig-
inal magnification X4 (A). Scale bar, 100 um (B). Percentages of IFNB/YFP*
cells (€) and total numbers of IFNB/YFP™ and IFNB/YFP™~ pDCs (D) gated on

int

CD11¢"mPDCA-1" pDCs after CpG injection, as assayed by flow cytometry.
(E) qQRT-PCR shown as fold overrepresentation in IFNB/YFP" versus IFNB/
YFP~ pDCs sorted from IENAR1/TIENB™Y™ mice, n.s., not significant.

The classical pDC surface marker mPDCA-1 and hallmark
transcription factor E2-2 (2) did not exhibit significantly
different expression levels in IFNB/YFP* and IFNB/YFP ™~
pDCs. Several genes associated with TLRY stimulation were
expressed similarly in IFNB/YFP* and IFNB/YFP™ pDCs com-
pared with naive pDCs (Supplemental Fig. 1H). In contrast,
IFN-B, other type I IFNs, the type III IFN I128b, Th cell-
differentiation cytokines (e.g., I112b and Il12a), and genes
involved in chemotaxis (e.g., CCL3, CCL5, and CCR7) were
among the highest overrepresented genes in IFNB/YFP*
pDCs. This was confirmed by independent qRT-PCR analyses
(Supplemental Fig. 1I). Of note, expression changes in these
genes were observed in IFNB/YFP* pDCs versus IENB/YFP
pDCs, as well as in IENB/YFP" pDCs and IFNB/YFP™ pDCs

versus naive pDCs (Supplemental Fig. 1]). To fully clarify
the relative differentiation and activation status of IFNB/
YFP* pDCs and IENB/YFP™ pDCs versus naive pDCs, future
experiments (e.g., direct comparisons of the transcriptome and
proteome of these three groups) will be needed. MONA
identified genes involved in immune effector processes and
regulation of localization as active specifically in IFN-B-
producing pDCs (Fig. 3B). In line with the differential ex-
pression of CCR7, IFNB/YFP" pDCs exhibited a greater
migration toward CCL19 and CCL21 compared with IFNB/
YFP™ pDCs (Fig. 3C), which correlated with their specific
localization within the splenic white pulp. This further indi-
cates that IFNB/YFP" pDCs are a specialized subset that is
highly capable of efficiently producing IFN-8.

Expression profile and localization of IFN-B—producing pDCs are
independent of type I IFN signaling

Following TLR9 activation of IFNAR1 '~ mice, the majority
of IFN-B—producing pDCs were located within the splenic T
and B cell zones, similar to their localization in IFNAR1*'*
animals (Figs. 2A, 2B, 4A, 4B). Furthermore, no significant
differences in the percentages or absolute numbers of total
and IFNB/YFP* pDCs were observed between IFNARI**
and IFNAR1 /™ mice after CpG stimulation (Fig. 4C, 4D),
in line with previous studies demonstrating that type I IFN
production by pDCs occurred independently of the IFNAR-
mediated feedback loop (14). Also, IFN-B serum levels were
similar in IFNAR1"* and IFNAR1~"" mice, whereas IFN-a
levels were reduced in the absence of IFNAR1 (Supplemental
Fig. 1K, 1L). To elucidate a possible involvement of type I
IFN signaling in the specific gene-expression signature in
IFN-B-producing pDCs, we isolated IFNB/YFP" or IFNB/
YFP™ pDCs from IFNAR1™/“IFNB™* ™" mice by FACS
and subsequently performed qRT-PCR on selected genes
(Fig. 4E). The expression profile of selected immune-response
genes was comg)arable to that of IFN-B-producing pDCs
from IFNAR1"™" mice, demonstrating that, independent of
IFNAR-mediated signaling, IFN-B—producing pDCs are equip-
ped with an intrinsic and specialized gene-expression profile for
the effective orchestration of cellular immune responses.

IFN-B—producing pDCs control immune effector cell recruitment

The gene-expression signature of IFN-B—producing pDCs
demonstrates that these cells produce a broad range of type I
IFNs and proinflammatory cytokines, as well as express CCL3
and CCL5 capable of promoting the recruitment of NK cells
and CD4" and CD8" T cells. In an in vivo model in which
naive untreated pDCs or sorted CpG-stimulated IFN/YFP*
or IFNB/YFP™ pDCs were injected i.p. into wild-type mice,
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FIGURE 5. Enhanced chemotactic properties of IFN-B—producing pDCs.
B6 mice were injected i.p. with BM-derived untreated pDCs or CpG-
stimulated IFNB/YFP" or IENB/YFP™ pDCs. FACS analysis of peritoneal
exudates at 72 h postinfection from one representative of two independent
experiments. *p < 0.05, **p < 0.01. n.s., not significant.
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IFNB/YFP*, but not IFNB/YFP ™, pDCs promoted the influx
of greater absolute numbers of total cells into the peritoneal
cavity compared with naive pDCs (Fig. 5). This differential
recruitment ability pertained to CD8" and CD4" T cells,
whereas no significant differences were noted with regard to
NK cells (Fig. 5).

In this study, we identified a functionally distinct subset of
IFN-B—producing pDCs with enhanced migratory capacity
capable of mediating cellular immune responses. Our results
indicate that, after systemic activation of TLRY, only a small
subset of pDCs was responsible for the initial expression of
type I IFNs in the antiviral response. The IFN-B—producing
pDCs were strategically located within the T cell zone of the
splenic white pulp and were equipped with a specific gene
signature profile enabling them to control leukocyte recruit-
ment and coordinate early cellular immune responses. These
findings cast doubt on current models suggesting a stochastic
expression of IFN-B (15, 16). A possible explanation for the
differential regulation of IFN-f expression is an epigenetic
blockade of the IEN-f promoter in non-IFN-B-producing
pDCs, as described for mouse embryonic fibroblasts (17).
None of the functions described above were dependent on
IFNAR-mediated signaling but represented cell-intrinsic prop-
erties of these natural type I IFN—producing cells. These find-
ings have to be taken into consideration in the design and
interpretation of vaccination and therapy approaches involv-
ing pDC-based strategies in infectious and antitumor immu-
nology, as well as autoimmunity.
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