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IFN regulatory factors (IRFs) are a family of transcription factors
that play an essential role in the homeostasis and function of
immune systems. Recent studies indicated that IRF-8 is critical for
the development of CD11blowCD8�� conventional dendritic cells
(DCs) and plasmacytoid DCs. Here we show that IRF-4 is important
for CD11bhighCD8�� conventional DCs. The development of
CD11bhigh DCs from bone marrow of IRF-4�/� mice was severely
impaired in two culture systems supplemented with either GM-CSF
or Flt3-ligand. In the IRF-4�/� spleen, the number of CD4�CD8��

DCs, a major subset of CD11bhigh DCs, was severely reduced. IRF-4
and IRF-8 were expressed in the majority of CD11bhighCD4�CD8��

DCs and CD11blowCD8�� DCs, respectively, in a mutually exclusive
manner. These results imply that IRF-4 and IRF-8 selectively play
critical roles in the development of the DC subsets that express
them.

Dendritic cells (DCs) are professional antigen-presenting
cells that link the innate and adaptive immune systems.

They express CD11c and are composed of heterogeneous cell
populations with different functions (1). At present, murine DCs
have been divided into two major groups, B220� conventional
DCs and B220� plasmacytoid DCs (2–5). In lymphoid organs,
the conventional DCs can be divided into two subsets,
CD11bhighCD8�� and CD11blowCD8�� DCs, based on the
expression of surface markers (1). In the spleen, the
CD11bhighCD8�� subset can be further divided into CD4� and
CD4� DCs (6, 7). In vitro, CD11bhighCD8�� DCs can be
generated in two bone marrow (BM) culture systems, supple-
mented with either granulocyte–macrophage colony-stimulating
factor (GM-CSF) or Flt3 ligand (Flt3L) (8 –10).
CD11blowCD8�� DCs can also be generated from a BM culture
supplemented with Flt3L, although further stimulation by lipo-
polysaccharide (LPS) is needed to induce the expression of
CD8� (10). The molecular phenomena that regulate the differ-
entiation of these distinct subsets of DCs are poorly understood.

Transcription factors of the IFN-regulatory factor (IRF)
family participate in the early host response to pathogens,
immunomodulation, and hematopoietic differentiation (11). A
member of the family, IRF-4, was cloned independently as a
homologous member of the IRF gene family (12) and as an
interacting partner of PU.1 (Pip) (13). PU.1 is an Ets family
member involved in B lymphocyte and myeloid lineage devel-
opment (14, 15) and is essential for the development of CD8��

DCs (16, 17). Upon their association, IRF-4 and PU.1 undergo
conformational changes, followed by binding to the DNA-
binding element (18). IRF-4 is expressed at all stages of B cell
development, in mature T cells (12), adult T cell leukemia cell
lines (19, 20), and in macrophages (21, 22). The analysis of mice
lacking IRF-4 (IRF-4�/�) revealed that IRF-4 is essential for the
function and homeostasis of both mature B and T lymphocytes
(23, 24). IRF-8 (originally named IFN consensus sequence
binding protein, ICSBP) is another member of the IRF family,
and its structure is closely related to that of IRF-4. It can interact
with PU.1 and binds to a DNA sequence similar to that bound

by IRF-4 (22). Recent studies indicated that IRF-8 is critical for
the development of CD11blowCD8�� conventional DCs and
plasmacytoid DCs (25–28). Here, we show that bone marrow
cells from IRF-4 knockout mice have intrinsic defects in the
development of CD11bhigh DCs in two culture systems supple-
mented with either GM-CSF or Flt3-ligand. Mice lacking the
IRF-4 gene have selective defects in splenic CD11bhighCD8��

conventional DCs. IRF-4 is expressed in this subset of DCs,
indicating that IRF-4 plays a critical role in the development of
the DC subset that expresses it.

Methods
Mice. C57BL�6J mice were purchased from CLEA Japan
(Osaka). IRF-4-deficient mice (23) and OT-II transgenic mice
(29), expressing the T cell receptor specific for OVA323–339 and
I-Ab, were maintained at the Laboratory Animal Center for
Biomedical Research, Nagasaki University School of Medicine.

BM Cultures. The GM-CSF-supplemented BM culture was per-
formed as described (9). The culture supernatant from a Chinese
hamster ovary cell line transfected with the murine GM-CSF
gene was used as the source of GM-CSF. At day 10, the
nonadherent cells were harvested by gentle pipeting and were
stimulated with 1 �g�ml LPS (Escherichia coli 0127:B8, Sigma)
for 48 h. The Flt3L-supplemented BM culture was performed as
described (10), except mouse Flt3L (Genzyme�Techne) was
used. At day 9, the nonadherent cells were harvested by gentle
pipeting and were stimulated with 1 �g�ml LPS for 24 h. For the
experiments using the six-well transwell plates (Corning, NY),
5.2 � 105 BM cells (low cell density) in the lower chamber and
5 � 106 BM cells (high cell density) in the upper chamber were
cultured in 4.1 ml of McCoy’s medium, supplemented with 100
ng�ml Flt3L, for 10 days as described (10). For details see
Supporting Text, which is published as supporting information on
the PNAS web site.

Cell Preparation from Lymphoid Organs. Cells from thymuses and
spleens were prepared as described (6). Low-density cells from
spleen were also prepared as described (6).

Flow Cytometry. The cells were blocked with anti-CD16�32
antibody, rat IgG, and mouse IgG. All antibodies were pur-
chased from BD Pharmingen, except where noted. In addition
to the isotype controls, the following antibodies were used:
Anti-CD16�32, FITC-conjugated anti-MHC class II (MHC-II),
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anti-CD8, and anti-Gr-1; phycoerythrin (PE)-conjugated anti-
CD11c; CyChrome-conjugated anti-CD4; peridinin chloro-
phyll-� protein (PerCP)-conjugated anti-B220; biotin-
conjugated anti-CD11b, anti-B220, and anti-Ly6c; PE-
conjugated anti-CD40, anti-CD80, and anti-CD86 from
Immunotech; biotin-conjugated anti-CD8 and anti-MHC-II,
PE-conjugated anti-CD3, and allophycocyanin-conjugated
anti-CD4 from eBioscience; and anti-IRF-4 and anti-IRF-8
from Santa Cruz Biotechnology. The binding of biotinylated
antibodies was detected with PerCP-Cy5.5- or CyChrome-
conjugated streptavidin. Analyses of stained cells were per-
formed on a FACScan or FACSCalibur with the CELLQUEST
software (BD Bioscience).

Intracellular Staining. For the analysis of neomycin phosphotrans-
ferase II (NPTII), cells were fixed and permeabilized with the
Fix and Perm kit (Caltag), and were incubated with anti-NPTII
(Upstate Biotechnology) followed by ant-rabbit IgG-biotin
(Santa Cruz Biotechnology) and streptavidin-CyChrome. For
analyses of IRF-4 and IRF-8, cells were fixed with 1% parafor-
maldehyde (Wako) and permeabilized with 0.5% Triton X-100
(Wako). The permeabilized cells were incubated with the anti-
IRF-4 or IRF-8 antibody, followed by anti-goat IgG-Alexa Fluor
488 (Molecular Probes)

Western Blot Analysis. Cell lysates were prepared as described
(30), with modifications (see supporting information). Immu-
noblotting was performed as described (31).

RT-PCR. Total RNA was prepared from cells as described (31).
The cDNA synthesized from the total RNA by using ReverTra
Ace (Toyobo) was subjected to PCR amplification using EX Taq
(Takara) and the following primers: CIITA (sense), type I exon1:
GACTTTCTTGAGCTGGGTCTG; type III exon1: CTGGC-
CCTTCTGGGTCTTAC; CIITA (antisense), common exon2:
TCTTCATCCAGTTCCATGTCC. All of the other primer se-
quences are available on request.

Antigen-Presentation Assay. The ability of DCs to activate antigen-
specific T cells was monitored by the secretion of IL-2 from CD4�

T cells of OT-II mice. Purified CD4� T cells from OT-II mice (4 �
105 per well) were stimulated with ovalbumin (OVA) or its peptide
and various numbers of DCs. After 48 h, the IL-2 level in the culture
supernatant was determined by a sandwich ELISA with a biotin-
conjugated anti-IL-2 antibody (BD Pharmingen) and avidin-
alkaline phosphatase (Jackson ImmunoResearch).

Results
Defective DC Development in IRF-4�/� BM Culture. During analyses
of the DC-specific regulatory mechanisms of the gp91phox gene,
which is expressed in a cell type-specific manner (32–34), we
found that the IRF-4 protein was expressed in human DCs and
bound to the Ets�IRF composite element of the promoter
together with PU.1 (data not shown). This observation was
consistent with the recent studies on DC-associated factors,
which revealed the expression of IRF-4 mRNA in human DCs
(35, 36). Therefore, we used the GM-CSF-supplemented cul-
tures of BM from IRF-4�/� mice to determine the role of IRF-4
in DC development and function. Nonadherent CD11c� cells
were generated from BM cells of IRF-4�/� mice as well as
wild-type mice (Fig. 1A). Surprisingly, CD11c� cells from IRF-
4�/� BM failed to form DC clusters (Fig. 1B) and showed no veil
processes (Fig. 5, which is published as supporting information
on the PNAS web site). A Western blot analysis demonstrated
that CD11c� cells from wild-type mice expressed the IRF-4
protein, but those from IRF-4�/� mice did not (Fig. 1C). Flow
cytometry analysis showed that CD11c� cells from both wild-
type and IRF-4�/� BM expressed CD11b at high levels but did
not express B220, CD3, Gr-1, and Ly6c (Fig. 1D).

Next, we evaluated their ability to present the OVA protein (1
and 0.1 mg�ml) or its peptide (323–339 amino acid residues) to
OVA-specific CD4� T cells from OT-II mice (29). The wild-type
DCs stimulated IL-2 production of the T cells in antigen dose-
and DC number-dependent manners. However, CD11c� cells
from IRF-4�/� BM were unable to stimulate IL-2 production by
OVA-specific T cells (Fig. 1E). We also analyzed their expres-
sion of the surface antigens associated with antigen presentation
(Fig. 1F). The expression of MHC-II on CD11c� cells from
IRF-4�/� BM was extremely low, consistent with their defects in

Fig. 1. Impaired DC development in the IRF-4�/� BM culture with GM-CSF. (A) The CD11c expression on nonadherent cells from GM-CSF BM cultures at day 10
was analyzed by flow cytometry. (B) Photographs of the cultures by phase contrast microscopy, taken at day 10. (C) The expression of IRF-4 in the CD11c� cells
was assessed by immunoblotting. Lysates from 2.5 � 105 cells were subjected to electrophoresis. (D) The lineage marker expression on the CD11c� cells was
analyzed by flow cytometry. (E) The antigen-presenting ability of the CD11c� cells for whole OVA and its peptide (323–339 amino acid residues) to OVA-specific
CD4� T cells was examined. (F) MHC-II and costimulatory factor expression by the nonstimulated and LPS-stimulated CD11c� cells was examined. (G) The
morphology of LPS-stimulated CD11c� cells was observed by phase contrast microscopy. (H) Wild-type and IRF-4�/� BM cells were cocultured. After 10 days, the
expression of MHC-II on the cells was analyzed. NPTII expression by the wild-type and the IRF-4�/� cells was distinguished by flow cytometry with anti-MHC-II
and anti-NPTII. (I) The expression of several transcription factor and cytokine receptor genes involved in DC development was analyzed by RT-PCR.
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antigen presentation. The expression of CD40, CD80, and CD86
on CD11c� cells from IRF-4�/� BM was similar to that of
wild-type DCs. Strong up-regulation of the surface antigens was
observed in wild-type DCs after stimulation with LPS. However,
the up-regulation was not observed in most, if not all, CD11c�

cells from IRF-4�/� BM. Morphologically, the CD11c� cells
from IRF-4�/� BM did not develop the sheet-like veil structure
after LPS stimulation (Fig. 1G). These results indicate that
CD11c� cells from IRF-4�/� BM fail to respond normally to
LPS.

To determine whether the impaired DC development of
CD11c� cells from IRF-4�/� BM was caused by their intrinsic
defects or environmental defects in the support of DC devel-
opment in a GM-CSF-supplemented culture, we examined the
generation of DCs from IRF-4�/� BM after a coculture with
wild-type BM cells (Fig. 1H). The wild-type and IRF-4�/� BM
could be distinguished by their expression of NPTII, whose gene
was inserted when the IRF-4 gene was disrupted (23). Cells
derived from IRF-4�/� BM cells (NPTII�) in the mixed culture
system did not express MHC-II at high levels, unlike those
derived from wild-type BM (NPTII�). This result indicates that
the impaired DC development from IRF-4�/� BM cells is caused
by cell autonomous defects.

To investigate the mechanisms underlying the impaired de-
velopment of DCs from IRF-4�/� BM, we analyzed the mRNA
expression of class II transactivator isoforms (CIITA types I and
III), which are essential for the constitutive expression of MHC-
II in DCs (37, 38) by an RT-PCR analysis. CD11c� cells from
IRF-4�/� BM expressed the CIITA type I and III mRNAs at
almost negligible levels, as compared with the wild-type DCs
(Fig. 1I), which might be responsible for the low-MHC-II
expression level. CD11c� cells from IRF-4�/� and wild-type BM
expressed similar levels of the mRNAs encoding PU.1 and RelB,
which are critical transcription factors for DC development (16,
17, 39, 40), the GM-CSF receptor components (� and c�), and
the M-CSF receptor, responsible for the interference of DC

differentiation by M-CSF (41). Therefore, it is unlikely that the
impaired DC development from IRF-4�/� BM cells is caused by
the abnormal behaviors of PU.1 and RelB or abnormal re-
sponses to GM-CSF and M-CSF.

Defective Development Is Limited to CD11bhigh DCs. We next used
the Flt3L-supplemented BM culture system, which can give rise
to B220�CD11c� conventional DCs and B220�CD11c� plasma-
cytoid DCs (42, 43). It is demonstrated that the conventional
DCs from the culture contain two types of subsets, CD11bhigh

and CD11blow DCs (10), and the plasmacytoid DCs do not
express CD11b (42, 43). The number of B220�CD11c� conven-
tional DCs developed from IRF-4�/� BM was reduced to �60%
of that produced by wild-type BM (Fig. 2A). The number of
B220�CD11c�CD11b� plasmacytoid DCs that developed from
IRF-4�/� BM, however, was similar to that from wild-type BM
(Fig. 6, which is published as supporting information on the
PNAS web site). We analyzed the expression of CD11b on
B220�CD11c� cells from the Flt3L-supplemented BM culture.
The proportion of CD11bhigh cells to CD11c� cells from the
wild-type BM culture was 46%, whereas that from the IRF-4�/�

BM was 15%. The absolute number of CD11c�CD11bhigh cells
derived from IRF-4�/� BM was severely reduced, as compared
with that from wild-type BM, whereas the absolute number of
CD11c�CD11blow cells was unchanged (Fig. 2B). These results
suggest that IRF-4 plays an important role in the development
of CD11bhigh conventional DCs, and is not essential for that of
CD11blow conventional DCs and plasmacytoid DCs in the Flt3L-
supplemented BM culture. This defect of IRF-4�/� CD11bhigh

DCs could be due to the lack of soluble factor production by the
IRF-4�/� BM cells. Therefore, we cultured IRF-4�/� and wild-
type BM cells in the presence of Flt3L by using a transwell system
as described (10). BM cells were cultured at low density in the
lower chamber and at high density in the upper chamber in
the presence of Flt3L (Fig. 2C). At the end of the culture, the
generation of DCs in the lower chamber was analyzed by flow

Fig. 2. Impaired development of the CD11bhigh DC subset in the IRF-4�/� BM culture with Flt3L. Cells were stained with anti-CD11b-FITC, anti-CD11c-PE, and
anti-B220-PerCP. (A) The number of B220�CD11c� cells from IRF-4�/� BM was compared with that from wild-type BM cells at 9 days after culture. (B) Analysis
of the DC subsets in the Flt3L culture was performed, based on the expression of B220, CD11b, and CD11c. The values (%) indicate the proportion of each DC
subset to B220� cells (Upper). The number per well of CD11blow and CD11bhigh CD11c� DCs from IRF-4�/� BM cells was compared with that from wild-type BM
cells (Lower). (C) Soluble factors from BM cells stimulated by Flt3L were assessed by using transwell plates. BM cells at low density (5.2 � 105 cells) were cultured
in the lower chambers of transwell plates, separated by a 0.4-�m filter from BM cells at high density (5 � 106 cells) in the upper chambers. Analysis of the DC
subsets in the lower chambers was performed, based on the expression of CD11b and CD11c. (D) The antigen-presenting ability was examined as described in
Fig. 1E. (E) The expression of MHC-II and costimulatory factors on DCs was analyzed by flow cytometry. (F) The morphology of LPS-stimulated DCs was observed
by phase-contrast microscopy.
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cytometry. In this system, the development of DCs from the
wild-type BM cells in the lower chamber depended on the
presence of wild-type BM cells at high density in the upper
chamber (S.S. and A.K., unpublished data). Wild-type BM cells
gave rise to a CD11c�CD11bhigh population when IRF-4�/� BM
cells were cultured in the upper chamber (Fig. 2C Lower Left),
suggesting that IRF-4�/� BM cells generated soluble factors that
support DC development from the wild-type BM in the presence
of Flt3L. On the contrary, the proportion of the CD11bhigh

population derived from IRF-4�/� BM cells remained low, even
after they were cultured with wild-type BM in the upper chamber
at high density (Fig. 2C Upper Right). Taken together, these
results suggest that the defect in the generation of a
CD11c�CD11bhigh population from IRF-4�/� BM in the pres-
ence of Flt3L is an intrinsic characteristic of these cells.

Next, we examined the properties of the CD11c� cells gen-
erated from IRF-4�/� BM in the Flt3L-supplemented culture.
The CD11c� cells from IRF-4�/� BM were able to present whole
OVA and its peptide (323–339 amino acid residues) to naive
CD4� T cells from OT-II mice (Fig. 2D). They expressed MHC-
II, CD40, CD80, and CD86 on the cell surface at levels similar
to those of DCs from wild-type BM, before and after LPS
stimulation (Fig. 2E). The CD11c� cells from IRF-4�/� and
wild-type BM were morphologically indistinguishable (Fig. 2F).
Because the majority of the IRF-4�/� DCs were CD11blow

conventional DCs (Figs. 2B and 6), these results suggest that the
CD11blow DCs in IRF-4�/� DCs are not impaired in their
antigen-presenting function and responsiveness to LPS.

Defects of CD11bhigh DCs in IRF-4�/� Spleen. Next, we examined the
levels of conventional DCs in vivo. The majority of thymic and
splenic conventional DCs belong to the CD11blow and CD11bhigh

DC subsets, respectively (1). The proportion of conventional
DCs in the thymus of IRF-4�/� mice was similar to that of the
wild-type (0.1%), whereas it was reduced by �50% in the spleen
(Fig. 3A). Among these DCs in the spleen, the proportion of
CD11bhigh DCs was markedly reduced, whereas that of CD11blow

DCs was not (Fig. 3B). Because the total splenic cell numbers

were comparable (Table 1), the absolute number of CD11bhigh

DCs was selectively reduced in the IRF-4�/� spleen, consistent
with the essential role of IRF-4 in the generation of CD11bhigh

DCs in vitro. Splenic CD11bhigh DCs can be further subdivided
into CD4�CD8�� and CD4�CD8�� subsets (6, 7). We further
classified the splenic DCs, based on the expression of CD4 and
CD8�. Flow cytometry analyses revealed that the CD4�CD8��

splenic DCs in IRF-4�/� mice were selectively reduced to �10%
of the number in wild-type mice (Fig. 3C). As shown in Table 1,
the absolute number of CD4�CD8�� DCs in the IRF-4�/�

spleen was �10% of that found in the wild-type, resulting in the
lower total number of CD11chighMHC-II� DCs. These results
demonstrated that the splenic CD11bhighCD4�CD8�� subset
was selectively reduced among the conventional DCs in the
IRF-4�/� mouse. We also examined the level of plasmacytoid
DCs in the IRF-4�/� spleen. CD19�and NK1.1� cells were gated
out to exclude B cells and natural killer (NK) cells, which are
B220� and CD11clow, respectively (44). The proportion and the
absolute number of CD11cintB220� plasmacytoid DCs in IRF-
4�/� spleen were not significantly different from those of the
wild-type spleen (Fig. 3D and Table 1). Taken together, these
results suggest that IRF-4 is critical for the development of
the majority of CD11bhighCD4�CD8�� splenic conventional
DCs, but not for that of CD11bhighCD4�CD8�� and
CD11blowCD4�CD8�� splenic conventional DCs as well as
plasmacytoid DCs.

IRF-4�IRF-8 Expression in Distinct DC Subsets. We next analyzed the
expression of IRF-4 and IRF-8 in each splenic conventional DC
subset at the single cell level, using four-color flow cytometry
after triple staining of cell surface markers and intracellular
IRFs (Fig. 4A). IRF-8 is another member of the IRF family that
is important for DC development (25–28). In the wild-type
spleen, all of the CD4�CD8�� DCs expressed IRF-4 and a small
population (�15%) expressed IRF-8, indicating that most of the
CD4�CD8�� DCs express IRF-4 alone, and a minor population
expresses both IRFs. In contrast, the majority of CD4�CD8��

DCs in the wild-type spleen expressed IRF-8 and only �10%
expressed IRF-4, indicating that most CD4�CD8�� DCs express
IRF-8, but not IRF-4. The majority of CD4�CD8�� splenic DCs
expressed IRF-4 in wild-type mice, whereas �40% expressed
IRF-8. In the IRF4�/� mouse spleen, all of the CD4�CD8��

DCs expressed IRF-8, as expected. Interestingly, the small
population of CD4�CD8�� DCs that remained in IRF4�/� mice
expressed IRF-8, unlike the majority of these cells in wild-type
mice. In addition, the majority of the CD4�CD8�� DCs, of
which �60% did not express IRF-8 in wild-type mice, also
expressed IRF-8 in the IRF-4�/� spleen. Taken together, these
results indicate that the IRF-4 defect specifically affected the
CD4�CD8�� and CD4�CD8�� DC subsets, which both pref-
erentially expressed IRF-4 in wild-type mice.

The expression levels of IRF-4 and -8 in CD11c� cells from
the BM culture with GM-CSF were analyzed by f low cytom-

Fig. 3. Splenic CD11bhighCD4�CD8�� conventional DCs are selectively re-
duced in IRF-4�/� mice. Six-week-old male mice were used. (A) Thymic and
splenic cells were stained with anti-MHC-II-FITC, anti-CD11c-PE, and anti-B220-
PerCP. The CD11chighMHC-IIhigh cells were analyzed after the B220� popula-
tion was electrically gated out. (B) Splenic cells were stained with anti-CD11b-
FITC, anti-CD11c-PE, and anti-B220-PerCP. Expression of CD11b on CD11chigh

DCs was analyzed after the B220� population was electrically gated out. (C)
Splenic cells were stained with anti-CD8� FITC, anti-CD11c-PE, and anti-CD4-
CyChrome, and then the expression of CD4 and CD8� on CD11chigh DCs was
analyzed. (D) Splenic cells were stained with anti-CD19-FITC and anti-NK1.1-
FITC, anti-CD11c-PE, and anti-B220-biotin. The CD11c versus B220 profile is
shown, after the CD19- or NK1.1-positive populations were electrically gated
out to exclude B and NK cells. The biotinylated B220 antibody was detected
with streptavidin-PerCP-Cy5.5. The values (%) indicate the proportion of
gated populations to total thymic or splenic cells.

Table 1. Reduced number of CD4�CD8� DCs in IRF-4��� spleen

Wild type IRF-4���

Splenocytes 1,040 � 240 1,030 � 190

CD11chighMHC-II� 22.5 � 3.2 11.7 � 3.1

CD11bhighCD4�CD8� 12.8 � 2.1 1.5 � 0.5
CD11bhighCD4�CD8� 4.6 � 1.2 5.0 � 1.3
CD11blowCD4�CD8� 4.9 � 1.0 5.1 � 1.5

CD11cIntB220� 5.1 � 1.5 4.4 � 0.5

Results represent the number of cells per spleen. Values are the means � SD
(�10�5) of eight mice aged 6 weeks.
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etry (Fig. 4B). IRF-4 was expressed in both immature (R1) and
mature (R2) wild-type DCs. However, IRF-8 was not ex-
pressed in immature wild-type DCs, suggesting a role of IRF-8
in the maturation of wild-type DCs, as reported (25–27), but
not for their development in the GM-CSF-supplemented
culture. The stimulation of the immature DCs with LPS
induced IRF-8 expression, concomitant with their maturation
(data not shown). In contrast, the majority of CD11c� cells
from IRF-4�/� BM (R3) expressed IRF-8. The aberrant
expression of IRF-8 in these cells was insufficient to compen-
sate for the lack of IRF-4, because these cells were unable to
become functional DCs (Fig. 1).

We also analyzed the expression of IRF-4 and -8 in CD11bhigh

and CD11blow DCs from the BM culture with Flt3L (Fig. 4C).
The majority of CD11bhigh cells from wild-type BM expressed
IRF-4, but not IRF-8, whereas the majority CD11blow cells
expressed IRF-8, but not IRF-4. Interestingly, the majority of
CD11bhigh cells that were generated from IRF-4�/� BM ex-
pressed significant levels of IFR-8, unlike those derived from
wild-type BM. This result is consistent to the in vivo observation
that most CD11bhigh splenic DCs express IRF-8 in the IRF-4�/�

mouse (Fig. 4A).

Discussion
In the present study, we demonstrated that IRF-4 is important
for most DCs of the CD11bhighCD8�� subset, but not of the
CD11blowCD8�� subset. We show that IRF-4 is expressed in
most DCs of the CD11bhighCD8�� subset, but not of
CD11blowCD8�� subset in mouse spleen. The expression of
IRF-4 in this DC subset was also confirmed in two BM culture
systems. The DCs derived from BM in the presence of GM-CSF
were uniformly CD11bhigh, and most of them expressed IRF-4.

Both CD11bhigh and CD11blow conventional DCs developed
from BM in cultures supplemented with Flt3L; however, IRF-4
was preferentially expressed in the CD11bhigh DC populations.
Studies with mice lacking IRF-4 also determined that IRF-4
plays a critical role in these DC subsets. The development of
CD11bhigh DCs from IRF-4�/� BM in vitro was severely impaired
in both culture systems. Furthermore, the number of
CD4�CD8�� DCs, a major subset of CD11bhigh DCs, was
severely reduced in the spleen in mice lacking IRF-4. These
results indicate that IRF-4 is selectively expressed in the
CD11bhigh subset of conventional DCs and plays critical roles in
their development.

Comparative analyses of the expression of IRF-4 and IRF-8 in
DCs revealed that conventional DCs can be grouped into three
subpopulations: IRF-4(�)IRF-8(�), IRF-4(�)IRF-8(�), and
IRF-4(�)IRF-8(�). The IRF-4(�)IRF-8(�) subpopulation
preferentially belongs to the both CD11bhighCD4� and
CD11bhighCD4� subsets, whereas the IRF-4(�)IRF-8(�) sub-
population preferentially belongs to the CD11blowCD8� DC
subset. This observation may yield insight into the complicated
developmental pathways of DCs. In mice lacking IRF-4, most of
the DCs in CD11bhighCD8� subset expressed IRF-8, although
the majority of the DCs in this subset did not express IRF-8 in
the wild-type mouse. These results suggest that a subset of
IRF-8(�) DCs could not be generated in the absence of the
IRF-4 gene, implying that IRF-4 is essential for the development
of IRF-8(�), but not IRF-8(�), DCs. In contrast to the
CD11bhigh DC subsets, we did not detect any significant abnor-
mality in the CD11blowCD8�� DCs in IRF-4�/� mice. This
subpopulation of DCs in the spleens of wild-type and IRF-4�/�

mice is IRF-8(�). The DCs that develop from the BM of
IRF-4�/� mice in the Flt3L-supplemented culture are also
IRF-8(�), suggesting that IRF-4 is not essential for the devel-
opment and maturation of CD11blowCD8�� conventional DCs.
Taken together, it is clear that all of the DC subsets that were
examined expressed IRF-4 and�or IRF-8, suggesting the intrigu-
ing possibility that the function of either IRF-4 or IRF-8 is
essential for the development of DCs.

The development of CD11bhigh CD4� DCs was severely
impaired in mice lacking the RelB subunit of NF-�B (45). This
defect in the DC subset is similar to the defects in IRF-4�/� mice.
The expression of the IRF-4 gene is activated by c-Rel, another
member of the NF-�B family, in B cells (46). RelB can bind to
the same recognition DNA sequence as c-Rel in DCs (47). These
findings suggest that IRF-4 might be regulated by RelB in DCs.
In addition, tumor necrosis factor receptor-associated factor
(TRAF) 6, which operates in the activation of NF-�B, is required
for the development of conventional CD4� DCs (45), suggesting
that IRF-4 might also be regulated through TRAF6. The elu-
cidation of the regulatory mechanisms for IRF-4 gene expression
would help to clarify the developmental mechanisms of DCs.

Functional differences between CD11bhighCD8�� and
CD11blowCD8�� DCs have been suggested in a number of
studies. These two subclasses of DCs regulate the development
of T helper (Th) cells secreting discrete sets of lymphokines:
CD11bhighCD8�� DCs induce Th2-type responses and
CD11blowCD8�� DCs induce Th1-type responses (48). The
preferential induction of Th1 responses by CD11blowCD8��

DCs is mainly caused by their production of IL-12. In this
study, we showed that IRF-4 and IRF-8 are expressed pref-
erentially in CD11bhighCD8�� and CD11blowCD8�� DCs,
respectively. These IRFs may dictate not only the differenti-
ation but also the function of these DC subsets. IRF-8 directs
the expression of IL-12 (49) and IL-18 (50), promoting Th1-
biased immune responses. On the other hand, IRF-4 is in-
volved in the Th2-bias, by promoting IL-4 production by CD4�

T-cells and regulating their responsiveness to IL-4 (24, 51, 52).
Therefore, it is intriguing to speculate that the IRF-4 expressed

Fig. 4. IRF-4 and IRF-8 expression in various DC subsets. (A) Flow cytometric
analysis of IRF-4 and IRF-8 expression in splenic conventional DCs. After
low-density cells from wild-type and IRF-4�/� spleen were stained with anti-
CD11c-PE, anti-CD4-allophycocyanin, and anti-CD8�-PerCP-Cy5.5, the cells
were fixed, permeabilized, and stained with anti-IRF-4 or anti-IRF-8, followed
by the Alexa Fluor 488-conjugated second antibody. CD11chigh DCs were gated
on, and divided into the three subsets. Each subset was gated on, and IRF-4 and
IRF-8 expression was examined. (B) Flow cytometric analysis of IRF-4 and IRF-8
expression in DCs from the GM-CSF culture. The wild-type and IRF-4�/� DCs
were stained with anti-MHC-II-biotin and anti-CD11c-PE, followed by intra-
cellular staining as described in A. (C) Flow cytometric analysis of IRF-4 and
IRF-8 expression in DCs from the Flt3L culture. The wild-type and IRF-4�/� DCs
were stained with anti-CD11b-biotin and anti-CD11c-PE, followed by intra-
cellular staining as described in A. Cells were divided into CD11bhigh and
CD11blow DCs as shown in Fig. 2A. Each population was gated on, and IRF-4
and IRF-8 expression was examined. The biotinylated antibodies used in B and
C were detected with streptavidin-PerCP-Cy5.5.
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in the CD11bhighCD8�� subset of DCs is involved in Th2-
biased immune responses, by inducing certain Th2-promoting
cytokines. In addition, the IRF-4 expressed in B cells is critical
for their Ab production, further supporting the role of IRF-4
in humoral immune responses (23). Taken together, these
results strongly suggest that the IRF-4 expressed in T and B
lymphocytes, as well as in the CD11bhighCD8�� subset of DCs,
is a crucial transcription factor for promoting humoral immune
responses. In other words, IRF-4 polarizes the Th2 response
extrinsically as well as intrinsically. Further analyses of DCs
and DC precursors, based on the expression and functions of

IRF members, should provide important insights into the
present controversy regarding both the developmental origin
of DCs and the functional distinctions among DC subsets.
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