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Dendritic cells (DCs) play important roles in the initiation and
regulation of immune responses. Although several subsets of DCs
were identified according to their expression of surface molecules
such as CD4, CD8, and CD11b, the regulatory mechanism for the
development and homeostasis of these DC subsets remains un-
clear. Here we show that mice lacking IFN regulatory factor-2
(IRF-2�/� mice) exhibited a marked and selective defect in splenic
CD4�CD11b�DCs, instead of CD8��CD11b�DCs that were reported
to be missing in mice lacking the related transcription factor IRF-8.
Furthermore, the numbers of epidermal Langerhans cells in IRF-
2�/� mice were reduced at least in part because of the lack of the
CD4�CD11b� subset. Studies with radiation bone marrow chime-
ras as well as in vitro retrovirus-mediated gene transduction
showed that IRF-2 was required cell-autonomously for the devel-
opment of myeloid-related DCs. Notably, these abnormalities in
DCs diminished in mice lacking both IRF-2 and the IFN-��� receptor,
indicating that IRF-2 acted through negatively regulating IFN-���
signals. In contrast, natural killer cells still showed developmental
arrest in these double mutant mice, indicating that the mode of
action of IRF-2 for CD4�DC development is distinct from that for
natural killer cell development. Our current findings thus pointed
to a previously unknown unique cell-type-selective multimode
function of IRF-2 in the regulation of lymphohematopoiesis.

Dendritic cells (DCs) play pivotal roles not only in the
initiation but also in the determination of the direction,

toward either type 1 or 2, of T cell-mediated immune responses
against infection (1). In response to pathogens, DCs undergo
differentiation from immature to mature DCs that act as prin-
cipal antigen-presenting cells (APCs) in secondary lymphoid
organs. Maturation of DCs is induced not only by microbial
products acting through Toll-like receptors (2) but also by
cytokines produced on infection with pathogens (1). Among
such cytokines are type I IFNs (IFN-���) produced by cells
infected with viruses and in response to microbial products such
as lipopolysaccharide (LPS). However, there are other reports
showing that IFN-��� act suppressively on the differentiation of
DCs (3, 4). There might therefore be yet-unrecognized regula-
tory mechanisms operating to control the negative and positive
effects of IFN-��� on the differentiation and functions of DCs.

Murine splenic DCs have been classified into three major
subsets based on their surface expression of CD4 and CD8�
molecules (5, 6). Although these cells were originally thought to
represent distinct cell lineages, reports demonstrating that all
three subsets can be generated from either common myeloid or
lymphoid progenitors cast skepticism on this lineage hypothesis
(7). Nevertheless, there appear to be differences, albeit not
necessarily absolute, among these subsets in terms of immuno-
logical function such as production of IL-12, crosspriming of
CD8� T cells, and maintenance of self tolerance as well
as anatomical localization within lymphoid organs (8, 9).
In addition to these three major DC subsets, a rare DC subset

with plasmacytoid characteristics has been identified recently
(10, 11).

Given the potential importance of DC subset differentiation
in the regulation of immune responses, it is critical to understand
the molecular nature of the factors regulating murine DC subset
differentiation. Studies using gene-disrupted mice have started
to shed light on the mechanism of DC subset regulation.
Recently, among them, two groups have shown that mice lacking
IFN consensus sequence-binding protein (ICSBP), also called
IFN regulatory factor (IRF)-8, exhibited a defect in CD8��,
plasmacytoid DCs, and epidermal Langerhans cells (LCs) (12–
14). As we have shown previously, another member of the IRF
family, IRF-2, attenuates signals evoked by spontaneously pro-
duced IFN-���, thereby preventing a CD8� T cell-mediated skin
inflammation (15, 16). The function of IRF-2 might not be
confined to those as a transcriptional repressor, and direct gene
activation was also known to be induced by IRF-2 for several
genes, such as those encoding vascular cell adhesion molecule-1
and gp91phox (17, 18). Moreover, IRF-2 was shown to be
required for natural killer (NK) cell development (19). In terms
of DC biology, IRF-2 is of great interest, because it was reported
that IRF-2 and ICSBP�IRF-8 not only formed complexes but
also acted cooperatively, for instance, in the expression of the
IL-12p40 gene (20). Here we examined the roles of IRF-2 in the
development and functions of DCs using mice lacking this
transcription factor (IRF-2�/� mice, ref. 21). Contrary to the
case in IRF-8�/� mice, we found that IRF-2�/� mice exhibited
a selective cell autonomous deficiency in the CD4� DC subset,
including splenic CD4�CD11b� DCs and epidermal CD4� LCs.
Inactivation of the IFN-��� receptor restored the development
of both CD4� DCs and epidermal LCs, but not NK cells, in
IRF-2�/� mice. Thus, IRF-2 is a unique regulator of lympho-
hematopoiesis, acting differently in CD4� DCs and NK cells in
terms of its relationship to IFN-��� signals.

Materials and Methods
Mice. IRF-2�/� mice kindly provided by Tak W. Mak (University
of Toronto, Toronto) (21) were backcrossed 6 or 10 times to
C57BL�6 (BN6 and BN10, respectively). These two lines of
backcrossed mice gave identical results, and we did not discrim-
inate these two series of mice in this work. IFNAR1�/� mice
were purchased from B&K Universal (Hull, U.K.) and back-
crossed 10 times to C57BL�6. IRF-2�/�IFNAR1�/� double
mutant mice were generated by crossing IRF-2�/�BN10 and
IFNAR1�/�BN10 mice. IRF-2�/�H-2d mice were established by
intercrossing F1 progenies of IRF-2�/�BN10 � B10.D2 (SLC,
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Shizuoka, Japan) breeding. DO11.10 transgenic (tg) B10.D2
mice were established by backcrossing original DO11.10 tg
BALB�c mice at least five times to B10.D2 mice. B6-Ly5.1 mice
were purchased from Sankyo (Tsukuba, Japan). All mice were
maintained under specific pathogen-free conditions and used at
8–12 wk of age. All experiments were performed according to
institutional guidelines.

Antibodies and Reagents. Fluorochrome- and biotin-conjugated
mAbs and streptavidins used in this study (FITC-anti-CD11c,
FITC-anti-CD43, APC-anti-CD11b, APC-anti-NK1.1, APC-
anti-CD8�, APC-anti-B220�CD45R, PE-anti-CD4, PE-anti-
CD11b, PE-anti-I-Ab, PE-anti-CD86, PE-Cy7-anti-CD11b, bi-
otin-anti-CD40, biotin-anti-Ly5.1, biotin-anti-CD19, and PerCP-
streptavidin) were purchased from BD Pharmingen except for
FITC-anti-Ly5.2, which was from e-Bioscience (San Diego).
Biotin-labeled antibodies were developed with APC-streptavi-
din. OptEIA kits for measuring mouse IL-6 and IL-12p40 were
from BD Bioscience.

Bone Marrow (BM) Chimeras. Radiation BM chimeras were estab-
lished by transferring 5–10 � 106 red cell-depleted BM cells i.v.
via the tail vein into 8- to 10-wk-old B6-Ly5.1 mice that had been
irradiated by 9.0 Gy and analyzed 8–10 weeks later.

BM-Derived and Splenic DCs. BM cells were cultured in vitro in the
presence of granulocyte–macrophage colony-stimulating factor
(R & D Systems) for 8 days (22). Recovered cells were analyzed
directly or purified by using FITC-anti-CD11c antibody and
anti-FITC microbeads with MACS columns (Miltenyi Biotec,
Auburn, CA). Purified cell preparations contained constantly
�90% CD11c� cells. These cells were stimulated with 1 �g�ml
LPS (Escherichia coli O55, Wako Biochemicals, Osaka) or with
1 �� CpG DNA (TCCATGACGTTCCTGATGCTT, com-
pletely phosphorothioate-modified; Qiagen, Valencia, CA) for
24 h. The supernatants and cells were collected for ELISA assays
and for analyses of the expression of surface markers, respec-
tively. Magnetically purified CD4� T cells from DO11.10 trans-
genic B10.D2 mice (1 � 105) were cultured with graded numbers
of BM-DCs established from IRF-2�/�H-2d mice and control
littermates in the presence of an OVA peptide as described (23),
and T cell proliferation was measured by using CellTiter 96
Aqueous One kit (Promega). Splenic CD11c� cells were pre-
pared by digesting with collagenase D (2.5 mg�ml, Roche
Diagnostics).

Retroviral Transduction of IRF-2 cDNA. Mouse IRF-2 cDNA was
amplified and cloned into the BamHI-XhoI site of pMX-IRES-
EGFP (a kind gift from T. Kitamura, University of Tokyo;
ref. 24). The recombinant vector was transfected into a packag-
ing cell phoenix (a kind gift from G. P. Nolan, Stanford
University, Stanford, CA). On days 2, 3, and 4 of the granulo-
cyte–macrophage colony-stimulating factor-assisted BM cul-
ture, BM cells were incubated in the virus-containing medium in
the presence of 8 �g�ml polybrene (Sigma–Aldrich) under
centrifugation (300 � g) for 2 h at 32°C. CD11c expression of the
cells was analyzed on day 7.

Epidermal Sheets and LCs. Low-density single-cell suspension from
epidermal layers was prepared as described (25). Briefly, ears
were divided into dorsal and ventral halves with forceps. These
halves were trypsinized and then split into epidermal and dermal
layers. Single-cell suspension from epidermal layers was pre-
pared by mechanical disaggregation through a stainless steel
strainer. Low-density cells were collected by centrifugation by
using 30% BSA solution. Epidermal cells were permeabilized by
using the cell permeabilization kit FIX & PERM (Caltag, South
San Francisco, CA) for intracellular staining because surface

CD4 molecules were removed by trypsinization. Epidermal
sheets were obtained as described (26), fixed by acetone, and
subjected to immunohistochemistry.

Flow Cytometry. Cells were stained with f luorochrome-
conjugated antibodies and analyzed by using Cytomics FC500
(Beckman Coulter) for the analyses of NK cells and a FACS-
calibur cytometer (BD Bioscience) for others. Data analyses
were performed by using RXP analysis software (Beckman
Coulter) or CELLQUEST software (BD Biosciences). Dead cells
were gated out by propidium iodide staining.

Results
Severe Reduction in CD4�CD11b� DCs in IRF-2�/� Mice. Flow cytom-
etry showed that the frequencies of CD11chigh cells in IRF-2�/�

mice were slightly lower than were those in control littermates
(Fig. 1A; 29.0 � 1.1 � 105 vs. 17.8 � 9.6 � 105 per spleen for
control and IRF-2�/� mice, respectively). It was also found that
CD4�CD11b� DCs, referred thereafter as CD4� DCs, were
reduced in IRF-2�/� mice, whereas the percentage of
CD8��CD11b� DCs (CD8� DCs) were increased (Fig. 1 B and
C). Accordingly, the numbers of CD4� and CD8� DCs per
spleen were 12.6 � 1.8 � 105 and 8.4 � 0.5 � 105, respectively,
for control and 2.4 � 0.7 � 105 and 11.0 � 7.7 � 105, respectively,
for IRF-2�/� mice. The frequencies of CD4�CD8�� DCs
were not dramatically altered in these mice compared with
control littermates. These results suggested that CD4� DC
development was defective in IRF-2�/� mice. The frequencies of
yet another type of DCs, plasmacytoid DCs, defined as
CD11cdullCD11b�B220� in the spleen, were not altered signif-
icantly in IRF-2�/� mice (E.I., unpublished data).

Next, cells bearing MHC class II (I-A) in epidermal sheets
prepared from the ears were enumerated. As depicted in Fig. 2
A and B, the densities of epidermal I-A� cells representing LCs
in IRF-2�/� mice were lower than those in control littermates.
Epidermal cells recovered from IRF-2�/� mice contained con-
sistently fewer numbers of CD11b�I-A�CD11c� cells represent-
ing LCs than those from control mice (Fig. 2C). Notably LCs
positive for cytoplasmic CD4 (cCD4� LCs) were almost com-
pletely missing in IRF-2�/� mice (Fig. 2C Lower). Thus, the
reduction of the density of I-A� epidermal cells was largely
due to the absence of cCD4� LCs, although the impairment of
CD4�CD8� LCs might also have contributed to the reduction.

Defective CD4� DC Generation from IRF-2-Deficient BM Cells in Vivo.
Irradiated B6-Ly5.1 mice were reconstituted with BM cells from
Ly5.2-expressing IRF-2�/� mice (IRF-2 chimeras) or control
littermates (control chimeras). In these chimeras, �99% of
splenic CD11chigh cells were of donor origin, because they
expressed surface Ly5.2 (E.I., unpublished data) but not Ly5.1
markers (Fig. 3A). The frequencies of CD11chigh cells within the
spleens in IRF-2�/� chimeras were regularly approximately
one-third of those in control chimeras (15.2 � 3.0 � 105 and
5.9 � 1.0 � 105 per spleen for control and IRF-2 chimeras,
respectively). In control chimeras, CD4� DCs occupied �60% of
total splenic CD11chigh cells, whereas in IRF-2�/� chimeras, this
population was dramatically shrunk (Fig. 3 B and C). When the
frequencies of these DC subsets in total spleen cells were
compared between these two types of BM chimeras, a remark-
able reduction of CD4� DC frequencies was apparent (Fig. 3D).
Consistently, the numbers of CD4� and CD8� DCs were 9.0 �
2.1 � 105 and 1.2 � 0.3 � 105 per spleen, respectively, for control
and 1.1 � 0.3 � 105 and 3.3 � 0.4 � 105 per spleen, respectively,
for IRF-2 chimeras. Because chimeras generated by transferring
wild-type BM cells into irradiated IRF-2�/�RAG-1�/� mice
showed splenic DC subsets indistinguishable from those in
RAG-1�/� mice received wild-type BM cells (Fig. 6, which is
published as supporting information on the PNAS web site), it

3910 � www.pnas.org�cgi�doi�10.1073�pnas.0400610101 Ichikawa et al.



is clear that the nonhematopoietic environment did not play any
role in CD4� DC development. These results indicated that
IRF-2 deficiency affected selectively, if not exclusively, the
potential of BM cells to develop into CD4� DCs, because of the
defect intrinsic to BM progenitors.

Reduced Frequencies of the Generation of Mature DCs from IRF-2-
Deficient BM in Vitro. BM cells isolated from IRF-2�/� mice and
control littermates were cultured in vitro in the presence of
granulocyte–macrophage colony-stimulating factor, a standard
protocol to generate myeloid-related CD11b� DCs (22). Total
cell numbers recovered from the cultures of IRF-2-deficient BM
cells ranged from 50% to 100% of those from control cultures.
We found that IRF-2-deficient BM cells gave rise to
CD11c�CD11b� DCs (BM-DCs) less efficiently than did control

BM cells (Fig. 4A). Moreover, the BM-DCs generated from
IRF-2-deficient BM cells contained less CD86�, CD40�, and
I-A� relatively mature DCs than control BM-DCs (Fig. 4A).
These observations, together with another result in which ret-
rovirus-mediated transduction of the IRF-2 cDNA restored the
development of CD11c� cells from IRF-2-deficient BM cells
(Fig. 4B), confirmed the notion that the developmental potential
to myeloid-related DCs was impaired in IRF-2-deficient BM
cells in a cell autonomous manner.

We stimulated magnetically purified BM-DCs with LPS or
with unmethylated CpG DNA. As depicted in Fig. 4C, the
amounts of IL-6 and IL-12p40 produced 24 h later did not differ
between IRF-2-deficient and control BM-DCs. In contrast,
although the up-regulation of CD86 and CD40 expression was
observed on the vast majority of control BM-DCs on stimulation
with LPS (Fig. 4D) and CpG (E.I., unpublished data), substantial
fractions of IRF-2-deficient BM-DCs stayed to become CD86dull

and CD40dull (Fig. 4D and E.I., unpublished data). In addition,
antigen presentation to CD4� T cells by unstimulated IRF-2-
deficient BM-DCs was less potent than that by control BM-DCs
(Fig. 4E). Thus, IRF-2 seemed to be required not only for the
generation but also, albeit partially, for the efficient functional
maturation of DCs in vitro.

Roles of IFN Signals in Impaired Lymphohematopoietic Development
in IRF-2�/� Mice. We next asked whether the attenuator function
of IRF-2 on IFN-��� signals contributed to the efficient devel-

Fig. 1. Impaired splenic CD4� DC subpopulation in IRF-2�/� mice. (A) The
percentages of CD11chigh cells in viable spleen cells, where filled circles rep-
resent control littermates and open circles represent IRF-2�/� mice, respec-
tively. (B) CD11chigh cells gated as indicated were analyzed for CD4, CD8�, and
CD11b expression (C). The frequencies of CD4� and CD8�� DC subsets within
total CD11chigh cells were calculated. In C, filled circles denote CD4�CD11chigh

cells and open circles denote CD8��CD11chigh cells. Each dot represents the
value obtained from an individual animal (A and C).

Fig. 2. Lack of CD4� LCs in the epidermis of IRF-2�/� mice. Epidermal sheets
were stained for I-A (A), and the numbers of I-A� cells were counted (B).
I-A�CD11b� cells isolated from epidermis of control littermates (Upper) and
IRF-2�/� mice (Lower) were gated as indicated and analyzed for the indicated
cell surface markers and cytoplasmic CD4 (C).

Ichikawa et al. PNAS � March 16, 2004 � vol. 101 � no. 11 � 3911

IM
M

U
N

O
LO

G
Y



opment of splenic CD4� DCs, by generating mice concomitantly
deficient for IRF-2 and the IFN-��� receptor (IRF-2�/�-
IFNAR1�/� mice). Notably, the frequencies of CD4� DCs
within splenic CD11chigh cells were restored in IRF-2�/�-
IFNAR1�/� mice to levels comparable to, if slightly lower than,
those in control littermates (Fig. 5 A and B). In addition, the
numbers of I-A� cells in the epidermis were restored in IRF-
2�/�IFNAR1�/� mice to levels seen in control littermates and
IFNAR1�/� mice (Fig. 5C). These results together indicated
that the function of IRF-2 relevant to the development of
splenic CD4� DCs and epidermal LCs was to attenuate IFN-���
signals.

We next asked whether the mechanisms by which IRF-2
regulates the development of CD4� DCs and NK cells were the
same. As has been proposed recently, NK1.1� cells in the BM
acquire CD11b and CD43 sequentially as they differentiate into
mature NK cells (27). As can be seen in Fig. 5D, NK1.1�CD3�

cells in the BM of IRF-2�/� mice contained severely reduced
numbers of CD11bhigh and CD43� cells that were present
abundantly in control littermates. This developmental arrest
appeared to be due to IRF-2 deficiency within BM cells, because
BM chimeras receiving IRF-2-deficient BM cells still showed
identical developmental arrest (S.T., unpublished observation).
Importantly, the developmental arrest of NK cells in the BM was
not restored at all in IRF-2�/�IFNAR1�/� mice (Fig. 5D), a
contrasting situation to that observed for CD4� DCs (Fig. 5 A
and B). Thus, although IRF-2 is required for the development of
both CD4� DCs and NK cells, its mode of action seems to be
different in these two cell types.

Fig. 4. Inefficient generation of mature DCs from IRF-2-deficient BM cells
in vitro. (A) BM-DCs generated in vitro were stained for CD11c and CD11b,
together with one of three activation markers, as indicated. Numbers
indicate the percentages of cells within the gates (a representative result
of more than five independent experiments). (B) BM cells were transduced
with an expression vector for IRF-2 and enhanced GFP (EGFP) and cultured
in vitro as above. The histograms ‘‘WT control,’’ ‘‘uninfected,’’ ‘‘EGFP�,’’
and ‘‘EGFP�’’ represent control BM-DCs, uninfected IRF-2-deficient BM-
DCs, IRF-2-deficient BM-DCs expressing EGFP-IRF-2, and those that failed to
express EGFP-IRF-2, respectively. (C) The amounts of IL-6 and IL-12p40
produced by BM-DCs in response to medium alone (�), LPS, or CpG were
measured. Open and filled columns represent the means and SD of tripli-
cate cultures of control and IRF-2-deficient BM-DCs, respectively. (D) BM-
DCs stimulated with LPS as in C were examined for CD86 and CD40. Shaded
histograms were for BM-DCs cultured in medium alone and bold lines for
those stimulated with LPS. Note that the CD86dull or CD40dull populations
are remaining in IRF-2-deficient BM-DCs even after stimulation. (E) T cell
proliferation induced by graded numbers of control (open squares) or
IRF-2-deficient (filled squares) BM-DCs. Symbols and error bars represent
the means and the SD of duplicate cultures, respectively. Where not seen,
error bars were within the symbols.

Fig. 3. Cell autonomous developmental defects in IRF-2-deficient BM cells.
(A) In BM chimeras reconstituted with control BM cells (control chimera) or
with IRF-2-deficient BM cells (IRF-2 chimera), �99% of splenic CD11chigh cells
gated as indicated were negative for Ly5.1. (B) CD4 vs. CD8� profiles for
CD11chigh cells are shown. (C and D) The percentages of either CD4� or CD8�

DCs within CD11chigh cells (C) or total spleen cells (D) were plotted for control
and IRF-2 chimeras. Vertical bars represent the means of the data obtained
with seven chimeras generated in three independent transfers.
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Discussion
We showed here that IRF-2�/� mice exhibited a selective
cell-autonomous defect in splenic CD4� DC subset in a fashion
that depends on the intact IFN-��� signaling pathway. Because
we did not observe any increase of DC numbers in several other
lymphoid organs in IRF-2�/� mice including s.c. and mesenteric
lymph nodes and the BM (unpublished observations), we con-
sider that IRF-2 is critical to the development rather than the
migration of CD4� DCs to the spleen. The numbers of CD8�

DCs seemed to be slightly increased in IRF-2�/� mice and IRF-2
chimeras. Although we cannot exclude the possibility that the
reduction of the CD4� DC population vacated the space in the
spleen, thereby allowing the expansion of CD8� DCs, these
observations may implicate a relatively minor function of IRF-2
acting negatively in CD8� DC development. In accordance with
the positive role of IRF-2 in DC development in vivo, we

observed that the generation of CD11c�CD11b� DCs from
IRF-2-deficent BM cells was also impaired in a cell-autonomous
manner. Although BM-DCs hardly express CD4, and their
relationship to splenic CD4� DCs was not clear, both of these
DCs are CD11b� and are regarded as ‘‘myeloid-related’’ DCs.
We envisage therefore that IRF-2 is required commonly for the
efficient development of ‘‘myeloid-related’’ but not ‘‘lymphoid-
related’’ DCs.

That IRF-8 is required for the development of lymphoid-
related CD8� DCs instead of CD4� DCs (12–14), together
with our current findings, indicates that distinct DC sub-
populations use different IRF family transcription factors
for their development. Notably, we also observed a nearly
complete lack of cCD4� epidermal LCs in IRF-2�/� mice
(Fig. 2). This observation, together with the simultaneous
restoration of both CD4� splenic DCs and epidermal LCs in
IRF-2�/�IFNAR1�/� mice (Fig. 5), suggests the close rela-
tionship between these two types of DCs. It has recently been
reported that IRF-8�/� mice showed a reduction by �50% in
the numbers of epidermal LCs (28). Although epidermal LCs
did not contain a CD8� subset (Fig. 2C), the remaining
epidermal LCs in IRF-8�/� mice could be a sister population
of splenic CD8�, rather than CD4�, DCs.

Currently, it is not clear how IRF-2 supports CD4� DC
development selectively. One may argue that IRF-2 is selec-
tively expressed in CD4� DCs by analogy with the observation
that IRF-8 expression was restricted to CD8� DCs (14).
However, because IFN-��� receptors are thought to be ex-
pressed ubiquitously, such a simple selective expression model
does not explain why CD8� but not CD4� DCs could tolerate
the up-regulated IFN-��� signals in IRF-2�/� mice (15),
which appear to play a negative role in the development of
CD4� DCs (Fig. 5). It is possible that CD4� and CD8� DCs
may be different substantially in IFN-���-related signaling
machinery, including IRF-2 expression. Understanding the
mechanism for the cell type specificity of IRF-2 would thus
provide a deeper insight into the regulation of DC subset
differentiation.

Our current findings, together with the previous observations
that RelB, Ikaros C, PU.1, and TRAF6 were required selectively
for the development of ‘‘myeloid-related’’ DCs (29–33), impli-
cated crosstalks between IRF-2�IFN-��� signals and the path-
ways involving these signaling�transcriptional regulators. In this
regard, an interesting report appeared recently in which RelB�/�

mice developed an atopic dermatitis-like skin lesion that resem-
bled the IFN-���-dependent skin inflammation in IRF-2�/�

mice (15); both lesions developed in a T cell-dependent manner
and showed several common pathogenic alterations such as
thickening of the epidermis, keratinocyte proliferation at the
basement membrane, and hair loss (34). On the other hand, NK
cells in RelB�/� mice developed normally (35), and IRF-2�/

�IFNAR1�/� as well as IRF-2�/� mice exhibited an arrest in NK
cell development (Fig. 5D), indicating that the role of IRF-2 in
NK cell development was independent of IFN-��� and RelB
pathways. IRF-2 is thus a unique gene regulator that functions
with distinct mechanisms in different cell types by attenuating
IFN-��� signals in CD4� DC development on the one hand and
perhaps by directly activating a gene(s) promoting NK cell
development on the other. Curiously, Id2�/� mice that lacked
CD8� DCs were also reported to be defective in NK cell
development (36). This raised an intriguing possibility that IRF-2
interacted with distinct transcription factors in CD4� DCs and
NK cells.

Contrary to previous findings that IFN-��� had adjuvant
effects on immune responses likely by activating DCs (37, 38),
we observed a defective maturation of DCs in IRF-2�/� mice
despite the up-regulated IFN-��� signals (Fig. 5 and ref. 15).
Our observation agrees rather with a report showing that

Fig. 5. Roles of IFN-��� signals in the development of CD4� DCs and NK cells.
(A and B) Splenic CD11chigh cells from IRF-2�/�, IFNAR1�/�, IRF-2�/�IFNAR1�/�

(dKO) mice and control littermates were analyzed for CD4� and CD8� DC
subsets. Numbers indicate the percentages of cells within each quadrant (A).
(C) The epidermal sheets of control (open), IRF-2�/� (filled), IFNAR1�/� (dot-
ted), and dKO (hatched) mice were analyzed for I-A� cells. Data are shown as
the mean numbers of I-A� cells per mm2 with the SD. (D) BM cells isolated from
the indicated mice were stained for NK1.1, CD3, CD43, and CD11b. Dot plots
are shown for CD11b and CD43 on viable NK lineage cells (CD3�NK1.1�)
(representative of three independent analyses).
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IFN-��� have an inhibitory effect on human DC maturation
(3, 4). A speculation would hence be that developing DCs,
likely myeloid-related subsets, might be sensitive to IFN-���
at a certain stage(s) of maturation where IRF-2 normally
protects them from maturation arrest as far as the amounts of
IFN-��� not exceeding the limit of its control. In this regard,
IRF-2 is a regulator critical for efficient immune responses
against pathogens by repressing the harmful effects of IFN-
��� on DC development and allows these cytokines to exert
beneficial effects. Importantly, however, the defect in CD4�

DCs was associated not with immunoinsufficiencies but with
an autoimmune-like cutaneous inf lammation (15). Evidence
has accumulated recently for the suppressive activities of DCs
(39), and our current and previous (15) findings together raise

an interesting possibility that CD4� DCs suppressed CD8� T
cell-mediated immune responses.
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