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Dendritic cells (DCs) have critical roles in the induction of

the adaptive immune response. The transcription factors

Id2, Batf3 and Irf-8 are required for many aspects of

murine DC differentiation including development of

CD8aþ and CD103þ DCs. How they regulate DC subset

specification is not completely understood. Using an

Id2-GFP reporter system, we show that Id2 is broadly

expressed in all cDC subsets with the highest expression

in CD103þ and CD8aþ lineages. Notably, CD103þ DCs

were the only DC able to constitutively cross-present

cell-associated antigens in vitro. Irf-8 deficiency affected

loss of development of virtually all conventional DCs

(cDCs) while Batf3 deficiency resulted in the development

of Sirp-a� DCs that had impaired survival. Exposure to

GM-CSF during differentiation induced expression of

CD103 in Id2-GFPþ DCs. It did not restore cross-presenting

capacity to Batf3�/� or CD103�Sirp-a�DCs in vitro. Thus,

Irf-8 and Batf3 regulate distinct stages in DC differentia-

tion during the development of cDCs. Genetic mapping

DC subset differentiation using Id2-GFP may have broad

implications in understanding the interplay of DC subsets

during protective and pathological immune responses.
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Introduction

CD11cþ dendritic cells (DCs) are essential in presenting

antigen to initiate T-cell responses. They have critical roles

in immunity because of their ability to recognize invading

pathogens and mobilize immune cells to combat them. DCs

can be categorized into a number of different subsets

that largely reflect the pattern of expression of cell surface

molecules and functional specializations (Geissmann et al,

2010; Steinman and Idoyaga, 2010).

One major division of DCs is conventional DCs (cDCs) and

plasmacytoid DCs (pDCs). In murine spleen, cDCs can be

further divided into CD8aþ DCs, CD4þ DCs and CD8a�CD4�

(termed double-negative, DN) DCs. DCs enter the spleen and

lymph nodes (LNs) through the blood as either mature pDCs

or immature precursors of cDCs known as pro-DCs (reviewed

in Liu and Nussenzweig (2010)). LNs contain multiple popu-

lations of DCs which include CD8aþ DCs and CD8a� DCs,

together with DCs that migrate from the peripheral tissues

(tissue-derived DCs). CD8aþ DCs contribute significantly

to CD8þ T-cell activation via presentation of exogenous

(den Haan and Bevan, 2002) or pathogen-derived antigens

(Allan et al, 2003; Belz et al, 2004) while CD8a� DCs

preferentially drive the activation of CD4þ T cells

(Allenspach et al, 2008; Mount et al, 2008). Tissue-derived

DCs differ depending on the type of peripheral tissues they

drain. Langerhans cells (LCs) and the dermal DCs are found

in skin while migratory tissue-derived CD103þ DCs originate

from cutaneous and mucosal tissues such as the lamina

propria of respiratory and gastrointestinal tracts (reviewed

in Geissmann et al (2010)). The latter two DC subsets have

a critical role in transporting antigens from body surfaces

to LNs such that DCs resident in the LN can gain access to

antigens (Liu and Nussenzweig, 2010).

Although a number of different DC subsets have been

described, understanding how diverse DC subsets develop

from a common progenitor is limited. Several factors

have been identified as highly expressed in cDCs. These

include inhibitor of DNA binding (Id)-2, interferon regulatory

protein (Irf)-2 (Honda et al, 2004; Ichikawa et al, 2004), Irf-4

(Suzuki et al, 2004) and Irf-8 (Schiavoni et al, 2002, 2004;

Tamura et al, 2005), PU.1 (Carotta et al, 2010), Ikaros, Gfi-1

(Rathinam et al, 2005), Batf3 (Hildner et al, 2008) and signal

transducer and activator of transcription (Stat)-3 and Stat-5

(Wu and Liu, 2007; Merad and Manz, 2009).

Id2, a member of the helix-loop-helix (HLH) transcription

factor family, is upregulated during DC development and is

required for the development of CD8aþ DCs and LCs (Hacker

et al, 2003). Id proteins act by antagonizing the DNA binding

of activating E proteins and Id2 has been postulated to
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repress pDC development by suppressing HEB and E2A as

overexpression of these factors in haematopoietic progenitors

led to enhanced pDC development (Schiavoni et al, 2002;

Tamura et al, 2005). More recently, it was shown that a third

HLH protein, E2-2, specifically regulates generation and

maintenance of pDCs (Cisse et al, 2008). Irf proteins have

broad effects in DC development. Loss of either Irf-2 or Irf-4

results in defects in the development of CD8a� DCs while the

absence of Irf-4 also disrupts pDC development in the spleen.

In contrast, Irf-8 (also known as ICSBP) is required for

CD8aþ DCs and pDC development (Schiavoni et al, 2002;

Tamura et al, 2005). Similar to the impact of Irf-8 deficiency,

inactivation of the Jun dimerization protein p21SNFT, Batf3,

has also been reported to result in the loss of CD8aþ and

tissue-derived CD103þ DCs, but does not impair pDC deve-

lopment (Hildner et al, 2008; Edelson et al, 2010).

CD103þ DCs found in peripheral LNs and lamina propria

represent a heterogeneous group of cells in which those cells

that express CD11b in the lamina propria do not appear to

depend on Id2, Irf-8 or Batf3 for development (Ginhoux et al,

2009; Edelson et al, 2010). The analysis of compound knock-

out mice has led to a model in which conventional CD8aþ

DCs and CD103þ DCs are thought to be developmentally

related and possess similar functional and localization

characteristics as both DC subsets are absent in mice lacking

Id2, Irf-8 or Batf3 (Hildner et al, 2008; Ginhoux et al, 2009;

Edelson et al, 2010). Such models, however, are unable to

discriminate between the stepwise requirement for each of

these transcription factors for differentiation nor their impact

on modulating survival of DC subsets once DC precursors

have developed.

While much effort has focussed on the murine DC subsets,

it is now becoming clear that many aspects of the human and

mouse DC systems are closely aligned; and thus, murine

models are likely to be highly informative in understanding

human disease influenced by DC behaviour. DC subsets in

the human blood can be distinguished by their expression of

the surface molecules BDCA-1 (CD1c), BDCA-2 (CD303) and

BDCA-3 (CD141) (Dzionek et al, 2000). BDCA-1þ cells re-

present a population of myeloid DCs; BDCA-2 marks pDCs,

while BDCA-3 identifies the human counterpart of murine

CD8aþ DCs which both share the high capacity to capture

exogenous antigens for cross-presentation and the expression

of chemokine receptor XCR1 (Bachem et al, 2010; Crozat et al,

2010; Jongbloed et al, 2010; Poulin et al, 2010). The inter-

play between these different DC subsets is of considerable

interest as detailed understanding of their generation and

responses offers opportunities for exploiting them as

targets for vaccines and therapeutic interventions in cancer,

autoimmunity and infection (Palucka et al, 2010). However,

despite this significant progress, recovering sufficient human

DC of the various subsets for molecular and transcriptional

profiling remains challenging.

To understand how the complex network of DC lineages is

generated in a model system, we engineered an Id2-GFP

mouse reporter strain that enabled us to track endogenous

Id2 expression on a single cell level during DC differentiation.

As Id proteins are concentration-dependent antagonists of

E protein activity, we reasoned that Id2 expression would

be tightly regulated in DCs. Indeed, this was the case as

cDC subsets expressed a wide range of Id2-GFP with the

highest expression in CD8aþ and CD103þ DC lineages

in vivo. The equivalent DCs could also be identified in

Flt3L-stimulated bone marrow cultures by correlating Id2

expression with surface expression of CD103 on DCs. By

analysing Id2-GFP expression in the absence of Irf-8 and

Batf3, we were able to delineate that Irf-8 is required for

generation of both cDCs and pDCs, while in the absence of

Batf3 Id2-GFPþSirp-a� (CD8 equivalent) DCs develop but

CD103þ DCs do not. Furthermore, GM-CSF is a potent

stimulator of CD103 expression in vitro, even in the absence

of Batf3; however, GM-CSF could not rescue cross-presenting

potential from the same mice. Thus, the ability to map Id2-

GFP expression in developing murine DC subsets has wide

application in understanding the precise molecular regulation

of DC differentiation.

Results

To define the expression of Id2 and its role in different

haematopoietic lineages, we generated a reporter allele by

inserting an internal ribosome entry site (IRES)-GFP cassette

into the 30 untranslated region of the Id2 gene (Figure 1A).

The targeted reporter allele, Id2gfp, resulted in the transcrip-

tion of a bicistronic mRNA that produced wild-type Id2

protein and GFP. This targeting strategy predicted that the

IRES-GFP cassette would not affect the upstream Id2 mRNA

transcript. To confirm this, homozygous Id2gfp/gfp mice were

generated (Figure 1B). Id2gfp/gfp mice were indistinguishable

in survival, haematopoietic cellularity and lineage composi-

tion from C57BL/6 controls (NK cells: C57BL/6, 2.3�105±

6.7�104/spleen; Id2gfp/þ , 1.94�105±4.2�104/spleen; Id2gfp/gfp,

1.94�105±1.9�104/spleen; total DCs: C57BL/6, 2.1�106±

6.4�104/spleen; Id2gfp/þ , 1.9�106±8.3�104/spleen; Id2gfp/gfp,

2.1�106±5.8�104/spleen; and data not shown). As predicted,

Id2-GFP was abundantly expressed in NK cells and silenced

in B cells (Figure 1C). Moreover, the expression of GFP

correlated exactly with Id2 transcription in a variety of

different haematopoietic lineages (Figure 1D).

Id2 expression in DCs in vivo

Next, we investigated Id2-GFP in DCs in vivo to determine

if the level of expression identified individual DC subsets.

To track the expression of Id2 in cDCs and pDCs in vivo, we

isolated DCs from thymus, spleen and peripheral and mesen-

teric LNs of Id2gfp/gfp mice (Figure 2A–E). This approach

allowed the delineation of several populations of DCs not

previously thought to express Id2 and showed that DCs

isolated from different tissues expressed distinct amounts of

Id2 (Figure 2A). Thymic DCs were divided into four popu-

lations with discrete fractions of both CD8aþSirp-a� and

Sirp-aþ DCs expressing Id2-GFP (Figure 2B). pDCs, which

were identified by their intermediate expression of CD11c

and high expression of CD45RA, were uniformly very low for

Id2-GFP (Supplementary Figure S1). In spleen and LN, all

cDCs (defined as CD11chigh) expressed Id2-GFP but varied

in the level of expression among the different DC subsets

(Figure 2C–E). Unexpectedly, CD4þ DCs in spleen and DN

DCs in spleen and LN also expressed Id2-GFP (Figure 2C).

Id2-GFP fluorescence in cells of the monocyte/macrophage

lineages was at a level that was similar to DN DCs and dermal

DCs, respectively (Figure 2C, D and F).
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Id2 expression in haematopoietic progenitors

Given that all cDC subsets expressed some level of Id2-GFP,

we wished to examine whether Id2 was induced during DC

differentiation or alternately might be constitutively expressed

in precursor DCs and down modulated as populations matured.

Id2-GFP expression was negligible in lineage-negative

scahighc-kithigh (LSK) cells (including the Flt3þ lymphoid

primed multipotent progenitor, LMPP), common lymphoid

progenitors and common DC progenitors (CDPs, also known

as pro-DCs) (Figure 3A and B). Similarly, BM and splenic

pre-cDCs had showed little upregulation of Id2 (Figure 3C)

and analysis of CD11cþ bone marrow DCs revealed that a

large fraction of cells were low or negative for Id2-GFP

(Figure 3D) demonstrating that activation of the Id2 gene

occurred relatively late in the differentiation of DCs. Thus,

Id2 expression is induced in precursors that have been

committed to the cDC pathway.

Id2 expression in DCs in vitro

The different amounts of Id2-GFP observed in different DC

subsets in vivo led us to propose that distinct levels of Id2

expression could be used to define DC subsets and this hierarchy

may also be maintained in vitro. If so, Id2-GFP mapping of DC

subsets in vitro would enable the recovery of DC subsets in

Figure 1 Generation and validation of Id2gfp reporter mouse strains. (A) The genomic locus of Id2. Exons are represented by boxes; introns are
represented as black lines; coding regions are shaded yellow; non-translated regions are in white; arrows indicate the direction of translation.
The alleles derived from the integration of the targeting vector and subsequent manipulations are shown. pA, polyadenylation signal sequence;
circles, frt sites; triangles, loxP sites. The Id2-GFP reporter line was derived from an embryonic stem cell (ES) clone that lacked the 50 LoxP site
and was identified by PCR. The position and direction of the genotyping primers (a–c) and the SacI and XbaI sites used for Southern blotting
are indicated. (B) Southern blot analysis of ES cell SacI-digested DNA showing the wild-type (12.6 kb) and targeted (8.9 kb) alleles (left panel).
PCR genotyping of tail DNA using the primer set a/b/c showing the correct amplification of the wild-type (688 bp) and Id2gfp (959 bp) alleles
(right panel). (C) Id2-GFP expression in B220þ IgMþ B cells derived from peripheral LNs and splenic NK1.1þCD49bþ NK cells from naive
wild-type (black line) and Id2gfp/gfp (green line) mice. (D) Quantitative PCR analysis for the indicated transcripts of live (PI�) mixed
populations of cells from spleen, thymus and bone marrow purified on the basis of their expression of Id2-GFP. Data are the mean±s.e.m.
of two experiments.
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Figure 2 Multiple DC subsets express Id2 in vivo. Id2gfp/gfp (green line) and wild-type (black line) cells were analysed by flow cytometry for
GFP expression in different DC and myeloid populations. The different cell types were defined as described in Materials and methods. (A) Total
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GFP expression for each gated population. Data are representative of at least two to three independent experiments.
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sufficient numbers for the detailed dissection of the functional

and molecular aspects of DC development. It should be noted

that although the surface molecule CD8a is expressed on DCs

isolated directly ex vivo, this marker is not expressed on

in vitro-derived CD8a-equivalent DCs. These cells have been

previously identified by their lack of expression of Sirp-a, and as

shown below, intermediate expression of CD45RA. As observed

in vivo, DCs generated in vitro expressed graded levels of

Id2-GFP allowing us to discriminate six distinct DC populations

(Figure 4A–C). These could be divided into the Id2-GFP negative

populations that also lack CD103 expression (1) CD45RA� DCs;

(2) CD45RAint DCs that expressed the pDC markers Bst-2 and

Siglec-H (Figure 4A, right panels); (3) CD45RAhigh (analogous to

the previously described mature pDC); and the Id2-GFP expres-

sing populations; (4) CD45RA� DCs; and (5) CD45RAint

(Figure 4B). Further dissection of the Id2-GFPþ cDC populations

Figure 3 Expression of Id2 in lymphoid progenitors. (A) Bone marrow progenitor cells were analysed by depletion of lineage expressing cells
then stained for sca-1, c-kit, M-CSFR and Flt3 and analysed by flow cytometry for lin�sca-1þc-kitþ (LSK) cells, lymphoid primed multipotent
progenitors (LMPPs, defined as LSKFlt3high), common lymphoid progenitors (CLPs) and (B) common DC progenitor (CDPs) as indicated.
(C) Bone marrow and splenic DC progenitors were analysed by depletion of lineage expressing cells (CD19, NK1.1, CD3 and Ter119) then
stained for CD11c, Flt3, MHC II and Sirp-a and analysed for the pre-cDC population by flow cytometry (Liu and Nussenzweig, 2010). Profiles
show the gating strategy in which CD11cþMHC II� cells (region 1, R1) were then selected for expression of Flt3 and Sirp-a (region 2, R2).
(D) CD11cþ cells were isolated from bone marrow by density gradient centrifugation. Gated populations from Id2gfp/gfp (green line) and
wild-type (black line) mice were then assessed for GFP fluorescence. Data are representative of at least two experiments.

Differentiation of dendritic cell subsets
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revealed the presence of CD45RA�CD103þ DCs that expressed

the highest amounts of Id2-GFP (population 6, Supplementary

Table SI). Tissue-derived CD103þ cDCs have not been pre-

viously identified in vitro but this staining was specific as

it was not detected in similar cultures derived from

Itgae�/� (CD103-deficient) mice (Supplementary Figure S2).

This analysis also showed that the Id2-GFPþCD45RA� popula-

tion (pop. 4) of DCs was Sirp-aþ while the Id2-GFPþCD45RAint

population (pop. 5) was predominantly Sirp-a� and these

populations expressed distinct levels of CD24 consistent with

the previously described in vitro phenotype of CD8a� DCs

and CD8aþ DCs (Figure 4C; Naik et al, 2005).

Differentiation of in vitro generated DC subsets

To determine the relationship between different populations

of DCs observed in vitro, DC subsets from day 5 cultures

were purified into the six fractions described in Figure 4

and re-cultured in Flt3L-conditioned medium for further

3 days (Supplementary Figure S3). We hypothesized that

Id2-GFP�CD45RA� DCs (pop. 1) contained multipotent DC

precursors. Concordant with this notion, this subset gave rise

to all identified in vitro subsets of DCs. Id2-GFP�CD45RAhi

(pop. 3) generated only pDCs while Id2-GFP�CD45RAint

DCs (pop. 2) predominantly gave rise to Id2-GFP�CD45RAhi

cells, suggesting that they contain the major immature

population of pDCs. CD103�Id2-GFPþCD45RA�Sirp-aþ

DCs (pop. 4) maintained their phenotype while CD103�Id2-

GFPþCD45RAintSirp-a� DCs (pop. 5) generated Sirp-a� DCs

that expressed varying levels of CD103 and CD103�Sirp-aþ

DCs. In contrast, CD103þ DCs (pop. 6) almost exclusively

gave rise to CD103þ DCs, suggesting that these cells are

terminally differentiated. Thus, it appears that some in vitro

subsets represent end-state DC populations (e.g., mature

pDCs and CD103þ DCs) while other subsets retain differen-

tiation potential. Similarly, Id2-GFP�CD45RAint DCs appear

to be immature pDCs. This was further supported by the

failure of Id2-GFP�CD45RAint DCs to upregulate CD80 and

MHC class II in response to TLR ligands such as LPS or poly

I:C and the induction of these activation markers following

stimulation with CpG motifs (Supplementary Figure S4).

Thus, the in vitro culture contains a combination of early

developing and differentiated DCs that may represent the

counterparts of blood-derived lymphoid tissue-resident and

tissue-derived DCs.

Characteristics of CD103þ DCs in vitro

One property that varies extensively among DC subsets is the

ability to take up exogenous antigens and divert these anti-

gens into the MHC class I pathway—a process known as

cross-presentation and is thought to be of major importance

for the recognition of viral or bacterial antigens when DCs

are not directly infected (Carbone and Bevan, 1990). In mice,

CD8aþ DCs, and more recently CD103þ DCs, have been

identified as the major cross-presenting populations in vivo.

Similarly, the CD8aþ DC counterpart in humans, BDCA-3

DCs, also exhibit more efficient cross-presenting ability

in vitro (Bachem et al, 2010; Crozat et al, 2010; Jongbloed

et al, 2010; Poulin et al, 2010). Despite this, in model systems

such as Flt3L bone marrow cultures, the identification of

the DC subset(s) that can efficiently and constitutively

cross-present exogenous antigens has been more elusive

and has limited detailed molecular studies of this cell type.

Given our identification of CD103þ DCs in vitro, we tested

the ability of CD103�Id2-GFPþCD45RA�Sirp-aþ (pop. 4),

CD103�Id2-GFPþCD45RAintSirp-a� (pop. 5; CD8aþ DC equi-

valents) and CD103þ Id2-GFPþ DCs (pop. 6) for their capa-

city to cross-present cell-associated antigens. Initially, we

chose to analyse DCs isolated from day 5 cultures as popula-

tion 5 reaches its maximal prevalence at this time point.

DCs were purified and then co-cultured with OVA-coated

bm-1 splenocytes (which cannot present antigen on H-2Kb)

and analysed for their capacity to induce proliferation of

CFSE-labelled OVA-specific CD8þ T cells (OT-I cells). The

presentation of OVA to CFSE-labelled OVA-specific CD4þ

T cells (OT-II cells) was used as a control to determine that

all populations of DCs could present OVA antigens. Strikingly,

strong cross-presentation to CD8þ T cells was only elicited

from CD103þ Id2-GFPþ stimulators but not from other popu-

lations of DCs (Figure 4D). In contrast, all DC populations

were able to present exogenous OVA antigen to CD4þ T cells.

Similar analysis of DC populations at day 8 of culture

showed that CD103þ Id2-GFPþCD45RA� DCs remained the

only in vitro DC subset capable of cross-presenting cell-

associated antigen (Supplementary Figure S5). However,

the efficiency of presentation at this time point was reduced

(data not shown). Although CD103 was a marker of this

discrete subset of DCs, CD103 expression itself was not

required for cross-presentation of cell-associated OVA

in vivo (Figure 4E) and indeed appeared to be strongly

downregulated on activation of DCs (Figure 4F). Thus, un-

expectedly, the major in vitro DC that could constitutively

cross-present cell-associated antigens were not Sirp-a� DCs

(equivalent to CD8aþ DCs) but CD103þ DCs.

Id2-GFP reveals overlapping but non-redundant roles

of Irf-8 and Batf3 during CD8aþ DC and CD103þ DC

differentiation

Id2, Irf-8 and Batf3 are transcription factors implicated in the

development of CD103þ and CD8aþ DCs (Schiavoni et al,

2004; Hildner et al, 2008; Ginhoux et al, 2009; Edelson et al,

2010). However, precisely where in DC differentiation these

transcription factors determine the fate decision between

CD103þ and CD8aþ DCs is unknown. First, we analysed

the expression pattern of the transcription factors Id2,

Irf-8 and Batf3 in the different DC populations in vitro

and in vivo (Figure 5). While this demonstrated differential

expression of the transcription factors among different DC

subsets, the in vitro (Id2-GFPþCD45RAþ ) and in vivo

CD8aþ and CD103þ DCs concordantly expressed high levels

of Id2, Irf-8 and Batf3. In an attempt to delineate whether Irf-8

or Batf3 differentially affect particular DC subsets during

development, we crossed the Id2gfp/gfp mice with Batf3�/�

or Irf-8�/� mice. At days 5 and 8, Flt3L-stimulated bone

marrow cultures were analysed. As shown earlier (Figure 4)

Id2-GFP marked the differentiating cDC populations, but

not pDCs. Removal of Irf-8 resulted in loss of both the

Id2-GFPþCD45RAintSirp-a� DCs that give rise to Id2-GFPþ

Sirp-a� (CD8aþ equivalent) DCs and CD103þ Id2-GFPþ DCs,

whereas Batf3 was only required for CD103þ Id2-GFPþ DCs

(Figure 6A). While, Batf3�/� cultures generated normal

numbers of Id2-GFPþCD45RAintSirp-a� DCs at day 5, a signi-

ficant reduction in the frequency of these cells was

observed at day 8 (Figure 6B). These findings suggest that

Id2-GFPþCD45RAintSirp-a� (CD8a equivalent) DCs are gene-
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rated in the absence of Batf3 and that this transcription factor

may have a critical role in the survival and/or maintenance

of these DCs. In line with this, in vivo analysis of

the Id2gfp/gfp�Batf3�/� mice revealed a population of DCs

that expressed CD8a at low levels and Id2-GFP expression

similar to those found in Id2gfp/gfp mice (Supplementary

Figure S6). To further explore the mechanism by which

Batf3 influences cDC development, we measured prolifera-

tion (Figure 6C) and cell death (Figure 6D and E) at 5 and

8 days of DC culture. These data showed no difference in

the level of incorporation of BrdU between Id2gfp/gfp and

Id2gfp/gfp�Batf3�/� DCs on day 5 or 8 of culture (Figure 6C).
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Intriguingly, most of the proliferative potential at this point lay

in the Id2-GFPþCD45RAintSirp-a� population. In the absence

of Batf3, the level of death in the Id2-GFPþCD45RAintSirp-a�

population was similar to wild-type controls at day 5 of culture;

however by day 8, the proportion of cells expressing Annexin V

increased B2-fold (Figure 6D). This increase appeared to

be specific as other DC subsets analysed in the same experi-

ments showed comparable levels of Annexin V staining

between Id2gfp/gfp and Id2gfp/gfp�Batf3�/� DCs.

GM-CSF induces CD103 expression in Batf3-deficient

DCs but does not restore cross-presentation of

cell-associated antigens

Recently, GM-CSF has been implicated in the development of

a population of CD103þ DCs (King et al, 2010). To test

whether GM-CSF could overcome the failure to develop

CD103þ DCs in Batf3�/� Flt3L-stimulated cultures, GM-CSF

was added to DC cultures 2 days before analysis (Figure 7A).

This treatment resulted in an increase in the frequency of

CD103þ Id2-GFPþ DCs in Id2gfp/gfp cultures and the emer-

gence of CD103þ Id2-GFPþ DCs from Id2gfp/gfp�Batf3�/�

bone marrow. Next, we tested whether GM-CSF treatment

could induce cross-presenting capacity in Batf3�/� DCs

(Figure 7B). CD103þ Id2-GFPþ DCs isolated from Id2gfp/gfp

cultures exposed to GM-CSF resulted in a two-fold increase in

the capacity to amplify OVA-specific CD8þ Tcells. In contrast,

CD103þ Id2-GFPþ DCs isolated from Id2gfp/gfp�Batf3�/�

cultures did not gain the capacity to cross-present cell-asso-

ciated OVA. Similarly, CD103�Id2-GFPþCD45RAintSirp-a�

DCs from exposed to GM-CSF did not gain cross-presenting

function regardless of their Batf3 genotype (Figure 7B). Thus,

GM-CSF appears to optimize cross-presenting capacity in

CD103þ Id2-GFPþ DCs but does not overcome defects in

cross-presentation in the absence of Batf3 despite the rescue

of expression of CD103.

GM-CSF does not amplify CD103þ or Sirp-a� DCs in the

absence of Irf-8

Loss of Irf-8 appears to almost completely block CD103þ Id2-

GFPþ and CD103�Id2-GFPþCD45RAintSirp-a� DC develop-

ment (Figure 5; Aliberti et al, 2003; Tailor et al, 2008).

To determine whether this block in could be overcome

by extrinsic signals provided by GM-CSF, Id2gfp/gfp� Irf-8�/�

bone marrow was co-cultured with Flt3L±GM-CSF as des-

cribed above (Figure 8A). These culture conditions did not

induce the generation of either DC subset but Sirp-aþ DCs

(Figure 8A; Id2-GFPþCD45RA� DCs) were generated at a

similar frequency to Id2gfp/gfp cultures. Thus, Irf-8 appears to

be a critical regulator CD103þ and CD8a lineages but other

Id2-GFPþ cDCs can be induced in response to exogenous

growth factors in its absence.

Figure 4 In vitro cross-presentation in Flt3L-stimulated cultures is limited to CD103-expressing Id2-GFPhigh DCs. (A–C) Flt3L-derived DCs from
Id2gfp/gfp BM were analysed on day 5 of culture. Six different DC populations were discriminated based on their expression of CD11c, CD45RA
and CD103. Right panels: CD11cþCD45RAþ Id2-GFP� cells expressed markers of pDCs. Histograms show expression of Bst2 (upper right panel)
and Siglec-H (lower right panel) of total CD45RAint cells (grey shading), CD45RAintId2-GFP� immature pDCs (black line). The expression of
markers for CD103�CD45RAhigh (mature) pDC is indicated in red. (B) Populations 4, 5 and 6 could be discriminated based on their expression
of Sirp-a or CD103. Profiles are representative of at least 10 independent experiments with similar results. (C) Id2-GFP DC subsets express
distinct levels of Sirp-a and CD24. (D) In vitro generated Id2gfp/gfp DCs were flow cytometrically sorted 5 days after initiation of cell culture
according to their expression of CD103, CD45RA, Sirp-a and Id2-GFP and analysed for their ability to cross-present cell-associated OVA to CFSE-
labelled OVA-specific CD8þ T cells (upper panels). The ability of these subsets of present exogenous antigen to CFSE-labelled OVA-specific
CD4þ T cells was evaluated as a control (lower panels). Data are representative of four independent experiments. T-cell proliferation was
analysed in 1–3 replicates for each DC subset/responder population for each experiment. (E) Ly5.1þCFSE-labelled CD8þ OVA-specific T cells
were adoptively transferred into H-2Kbm-1, B6 or Itgae�/� mice 1 day before transfer of 2�107 OVA-coated H-2bm-1 splenocytes. Proliferation of
Ly5.1þVa2þCD8þ T cells in spleen was analysed by flow cytometry after 60 h. Data are representative of two independent experiments with
seven individuals analysed in each group. (F) The expression level of surface CD103 was monitored by flow cytometry 18 h after exposure to
TLR ligands LPS or CpG. Data are representative of at least five independent experiments and show MFI expression levels.

Figure 5 Quantitative RT–PCR analysis of the transcription factors
Id2, Irf-8 and Batf3 in purified in vitro-derived and in vivo DC
subsets. CD11cþ DCs purified from Flt3L-stimulated bone marrow
on day 5 of culture, or isolated directly ex vivo from spleen or bone
marrow were analysed. Data show the mean and s.d. relative to
HPRT of two biological replicates each assayed in triplicate for each
DC population. In vitro-derived DC populations correspond to
populations 1–6 as outlined in Figure 4.
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Figure 6 Id2, Irf-8 and Batf3 regulate distinct DC subsets in vitro. (A) Flt3L-derived DCs from Id2gfp/gfp, Id2gfp/gfpIrf-8�/� and Id2gfp/gfpBatf3�/�

mice were analysed for the development of different DC subsets. Cells were stained for their expression of CD11c, CD45RA and CD103 at days 5
and 8 after initiation of cultures. Data show CD11cþ cells and are representative of at least three independent experiments. (B) Total number of
CD11cþ and Id2-GFPþCD45RAintCD103� DCs generated per 1.5�106 bone marrow input cells from Id2gfp/gfp and Id2gfp/gfpBatf3�/� bone
marrow at days 5 and 8 in the presence of 100 ng/ml Flt3L. Data show mean±s.e.m. of six individual cultures for each strain at each time point.
(C) Histograms (top panels) showing representative profiles of BrdU incorporation in in vitro generated Id2-GFPþCD45RAintCD103� DCs from
Id2gfp/gfp and Id2gfp/gfpBatf3�/� bone marrow on day 5 of culture. Bar graphs show BrdU incorporation for each DC subset. Data show the
mean±s.e.m. of cultures from bone marrow of 6–9 individual mice for each strain at days 5 and 8. (D, E) Analysis of Annexin V expression on
DCs generated as in (C). Cells were stained for surface markers as indicated before staining for Annexin V expression and analysis by flow
cytometry. (D) Graph shows expression on days 5 and 8 showing the mean±s.e.m. of cultures from bone marrow of six individual mice pooled
from two independent experiments for each strain at days 5 and 8. (E) Histograms show representative profiles of Annexin V staining on day 8
in total CD11cþ DCs, Id2-GFPþCD45RAint and Id2-GFPþCD45RA� DC subsets derived from Id2gfp or Id2gfp/gfpBatf3�/� bone marrow.
Statistical differences were determined using a one-tailed Student’s t-test.
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Discussion

This study provides new insights into the transcriptional

regulation of DC fate decisions and DC subset formation.

Our data show that Irf-8 is critical for the development of

CD8aþ and CD103þ DCs and places Id2 upstream of Batf3 in

regulating differentiation of each of these subsets, respec-

tively (Figure 8B). In addition, the growth factor GM-CSF can

induce phenotypic expression of CD103 in DCs but does not

induce cross-presenting capacity in these cells.

Despite the known importance of Irf-8, Id2 and Batf3 in

DC development, there is little known about precisely how

different transcription factors establish the identity of DC

subsets in vivo. This is in part attributable to partial overlap

between the functions of genes associated with DC differen-

tiation. Furthermore, in vitro approaches that allow the
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Figure 7 GM-CSF enhances expression of CD103 but does not restore cross-presenting function in the absence of Batf3. (A) Bone marrow from
Id2gfp/gfp and Id2gfp/gfp�Batf3�/�mice was cultured with Flt3L for 5 days. In some cases, GM-CSF was added 2 days before analysis of cultures
for the development of different DC subsets. Profiles are gated on CD11cþCD19�NK1.1�CD3� cells. (B) DCs of the indicated genotypes were
generated in vitro in response to Flt3L or Flt3L and GM-CSF as described in (A). DCs were flow cytometrically sorted 5 days after initiation of
cell culture according to their expression of CD103, CD45RA, Sirp-a and Id2-GFP and analysed for their ability to cross-present cell-associated
OVA to CFSE-labelled OVA-specific CD8þ T cells (left panels). The ability of these subsets of present exogenous antigen to CFSE-labelled
OVA-specific CD4þ T cells was evaluated as a control (right panels). Data are representative of at least three independent experiments with
similar results and show the mean±s.d. (n¼ 6–10 per genotype).
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generation of sufficient numbers of DCs to study DC subset

gene regulation or differentiation in detail have relatively low

resolution. Engineering reporter capacity into a functional Id2

gene has enabled us to begin to investigate in vivo and in vitro

differentiation patterns of DC lineages. A recently developed

Id2del-GFP mouse has been used to trace lung epithelial cell

development from progenitors (Rawlins et al, 2009) though

this model has not been investigated for other cell types.

Analysis of mRNA has provided some insight to the broader

expression of Id2 in DCs (Ginhoux et al, 2009); however, this

approach lacks the single cell precision of the Id2-GFP

reporter and precludes subsequent analysis of function in

live cells. In addition, from our studies, crossing the Id2gfp

mice with strains deficient in various transcription factors has

opened the capacity to identify the checkpoints in DC lineage

development both in vitro and in vivo that have not been

readily resolved using knockout models.

Here, we have shown that Irf-8 and Batf3 differentially

regulate DC subset development (Figures 6 and 8B). Batf3 is

required for the generation of LN-derived DCs of the CD103þ

and CD8aþ lineages (Hildner et al, 2008; Edelson et al, 2010).

Although differing in cell surface phenotype, these two cell

types in vivo are almost identical with CD103þ DCs being

distinguished from LN CD8aþ DCs by their expression of

XCR1 and their enhanced capacity to cross-present exogenous

antigens. XCR1, a chemokine receptor expressed on murine

splenic CD8aþ DCs (Dorner et al, 2009) together with

CD103þ DCs, appears also to define the CD11cþCD141þ

human homologues of mouse CD8aþ DCs (Bachem et al,

2010; Crozat et al, 2010; Jongbloed et al, 2010; Poulin et al,

2010). The essential function of Batf3 in vitro was restricted to

the CD103þ DC subset with substantial reduction in Sirp-a�

DCs (CD8aþ equivalents) observed late during culture. This

is consistent with earlier observations of reduced Sirp-a� DCs

following Flt3L culture (Hildner et al, 2008) but notably when

we enumerated the Sirp-a� splenic precursor cells earlier in

culture, they were not significantly impaired. This highlights

a previously unrecognized role that transcription factors such

as Batf3 might have in maintaining DCs, specifically CD8aþ

DCs, in the periphery. Interestingly, Flt3L, an important

growth factor for DCs, is also required for peripheral DC

proliferation (Waskow et al, 2008).

DCs are critical for the collection and processing of antigens

for presentation to lymphocytes. Their role as sentinels guard-

ing different tissue environments in the body has led to the

development of an intricate network of distinct DC subsets.

The regulation of transcription factors that control the differ-

entiation and survival of DCs is essential for

DC development. Our work highlights that the develop-

mental hierarchy of DCs is guided by combinatorial activity

of transcription factors that drive specific DC subset forma-

tion. Intriguingly, transcription factors such as PU.1, and

Ikaros appear to have essential roles for the development of

virtually all DCs. Ikaros is required for the development of

cDCs and pDCs in line with its essential function in

normal development of early haematopoietic progenitors

(Nichogiannopoulou et al, 1999). PU.1 is intrinsically required

for the generation of all DC lineages from early progenitors

and regulates the decision-making process through graded

expression of Flt3 (Carotta et al, 2010). In contrast, Id2, Batf3

and Irf-8 have non-redundant subset-specific functions that

result in the development of distinct DC lineages. Irf-8 is

essential for the development of both pDC and CD8aþ DC

family members; Id2 guides the subsequent development of

cDCs, while Batf3 is not required for the development of

CD8aþ DCs, but is necessary for their survival and is essential

for the development of CD103þ DCs (Figure 8B).

Recently, an unexpected role for GM-CSF in promoting

differentiation of CD103þ cells was uncovered (King et al,

2010). GM-CSF is a growth factor that promotes differ-

entiation of myeloid cells but also influences the homeo-

static development of DCs (Hamilton and Anderson, 2004;

Kingston et al, 2009). We found that GM-CSF in combination

with Flt3L stimulation could induce the expression of CD103

on the surface of DCs. However, while this enhanced the

efficiency of cross-presentation in CD103þ DC, it failed

to induce cross-presenting capacity in Id2-GFPþSirp-a� DCs

from wild-type mice or DCs derived from Batf3�/� bone

marrow. This suggests that extrinsic factors such as GM-

CSF may modulate DC differentiation and phenotype during

development and enhance antigen presentation to promote

T-cell responses (King et al, 2010). Furthermore, it indicates

that while Batf3�/� mice do possess CD8aþ DCs, the major

defect may lie in their intrinsically impaired ability to cross-

present antigens combined with the failure of specific DC

subsets to differentiate and survive.

In conclusion, we describe an approach that allowed the

prospective identification of individual DC populations using

Figure 8 (A) GM-CSF does not induce CD103þ or Sirp-a� DCs but enhances Id2-GFPþSirp-aþ DC development in the absence of Irf-8.
(A) Bone marrow from Id2gfp/gfp and Id2gfp/gfp� Irf-8�/� mice was cultured with Flt3L for 8 days. In some cases, GM-CSF was added 2 days
before analysis of cultures for their expression of CD103, CD45RA and Id2-GFP. Dot profiles are gated on CD11cþNK1.1�CD19�CD3e�PI� cells.
(B) The expression of Sirp-a on Id2-GFPþ cells (indicated by the blue box, panel (A)) is shown. The percent of Sirp-aþ and Sirp-a� cells for
CD11cþ Id2-GFPþ cells is shown on each plot. Data are representative of at least three independent experiments with similar results and show
the mean±s.d. (n¼ 6–8 per genotype). (B) Model of differentiation of DCs and the requirement for Id2, Irf-8 and Batf3 in this process.
Common DC and pre-DCs do not express Id2 and can be activated by Flt3L stimulation. Irf-8 is required for the generation of pDCs, CD8aþ and
CD103þ DCs, but not DN DCs which can be induced to differentiate in the absence of both Id2 or Irf-8 when exposed to cytokines such as GM-
CSF. Id2 is induced in differentiating cDCs and is required for the generation of CD8aþ and CD103þ DCs, but not pDCs, found in spleen and
peripheral LNs. Batf3 is essential for the generation of CD103þ DCs but is dispensable for the development of precursor CD8aþ DCs which
depend on Batf3 for their maintenance and full differentiation into mature cells in spleen and peripheral tissues. Precursor cells—CDP and
Pre-DCs—are defined as lin�ckitintFlt3þM-CSFþ and lin�CD11cintFlt3þSirp-aþMHC II�, respectively, as previously defined (Naik et al, 2006;
Liu et al, 2009). These precursor populations do not express Id2 suggesting that a transitional cDC stage (transitional pre-DC) occurs in which
Id2 expression is switched on but DCs have not yet adopted their mature phenotypes. Mature DCs have been defined as described in
Supplementary Table SI. Data describing the role of Id2 are derived from unpublished experiments in which Id2 has been specifically ablated in
CD11c-expressing cells using Cre-mediated deletion (JTJ and GTB.; Ginhoux et al, 2009). The presence of precursor CD8aþ , but not mature,
CD8aþ DCs are evident by their expression of the CD11cþ Id2-GFPþCD45RAintSirp-a� phenotype in the absence of Batf3. The red lines
represent where loss of a transcription factor blocks further DC development.
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the Id2-GFP reporter mouse but which now can be more

broadly applied to other mouse strains. Translation of these

analyses to our highly defined in vitro system now enables us

to investigate the collaborative transcription program of DC

differentiation and the plasticity of DC subsets responding

to extrinsic signals such as cytokines and inflammatory

stimuli. Furthermore, it is now feasible to generate murine

DC subsets, which have equivalent human counterparts, in

sufficient numbers to permit detailed molecular analysis of

their behaviour at steady state and in response to pathogen

stimuli. This will shed light on the role of DC network

composed of multiple DC subsets with distinct functions

required to maintain tolerance or drive immunity.

Materials and methods

Construction of Id2gfp/gfp reporter mice
The Id2 targeting construct used the pKW11 vector consisting of a
splice acceptor, stop codons in all reading frames, an IRES, eGFP
cDNA, an SV40 polyadenylation signal and a PGK-Neor gene.
Genomic DNA containing LoxP flanked Id2 exons 1–2, containing
the entire Id2 coding region was cloned in front of the pKW11 insert.
Homology arms of 5794 bp (50) and 6161 bp (30) were amplified
from an Id2-containing BAC and cloned into the final targeting
vector. The linear targeting vector was introduced into the Id2 locus
by homologous recombination in C57BL/6 ES cells. The targeting
vector was inserted so that the 50 LoxP sites were introduced into
the 50 untranslated region of Id2 at position �71 bp compared with
the Id2 start codon. Neomycin-resistant clones were screened by
Southern hybridization using 50 (digested with XbaI, giving wild
type 8819 kb and Id2fl-gfp 7255 kb) and 30 (digested with SacI, giving
wild type 12 578 kb and Id2fl-gfp 8916 kb) probes. Targeted ES cell
clones were injected into BALB/c blastocysts to obtain chimeric
founders. Germ-line transmission was achieved with two clones,
resulting in the generation of two lines. Founders for the reporter
lines lacked the 50 Lox P site and were designated as Id2-reporter
(Id2gfp/gfp). PCR genotyping was performed using the primer
combination: a: 50-TGCCTATGTGGTAAGTCAAGCGG-30, b: 50-GCGG
AATTCATTTAATCACCCA-30, c: 50-CTCCAAGCTCAAGGAACTGG-30.
Primer combination a/b/c gave PCR fragments of 688 bp (a/c wild
type) and 959 bp (a/b Id2gfp).

Mice
Id2gfp/gfp, Id2gfp/þ , C57BL/6, B6.CH-2bm-1 (bm1), OT-I (Hogquist et al,
1994), OT-II (Barnden et al, 1998), Batf3�/� (Hildner et al, 2008), Irf-8�/�

(Holtschke et al, 1996) and Itgae�/� (Schon et al, 2000) mice were
used at 6–8 weeks. All mice were bred and maintained under specific
pathogen-free conditions at the Walter and Eliza Hall Institute animal
breeding facility according to institute guidelines.

Bone marrow cultures
Bone marrow cells were extracted, and erythrocytes were removed
by brief exposure to 0.168 M NH4Cl. Cells were cultured at a density
of 1.5�106 cells/ml in mouse osmolarity RPMI 1640 medium with
10% (vol/vol) fetal bovine serum containing mouse Flt3L (100 ng/
ml, Peprotech) at 371C in 10% CO2 (Naik et al, 2005). In some
cases, GM-CSF (200 ng/ml, R&D Systems) was added to FLT3L
cultures 2 days before analysis.

Isolation of DC and DC precursors from spleen, thymus,
LN and bone marrow
Spleens or LNs were chopped, then were digested for 20 min at 251C
with collagenase and DNase then treated for 5 min with EDTA to
disrupt T cell–DC complexes (Vremec et al, 2000; Henri et al, 2001).
Light-density cells were isolated from cell suspensions using
Nycodenz density (spleen 1.076 g/cm3, LN 1.082 g/cm3 and thymus
1.086 g/cm3) and were centrifuged at 1700 g for 10 min at 41C. The
light-density cells were collected, counted and washed, then
depleted of non-DC lineages before staining for analysis (Henri
et al, 2001). Precursor DCs were isolated from BM and spleen as
previously described (Liu and Nussenzweig, 2010).

Flow cytometric staining
DC was stained with varying combinations of mAbs to CD11c
(HL3), CD45RA (14.8), CD11b (M1/70), CD24 (M1/69), CD4
(GK1.5), CD8 (53-6.7), signal regulatory protein (SIRP)-a (p84),
CD103 (M290), CD24 (M1/69), MHC II (M5/114) and Ly5.2 (104).
Cells not of the DC lineage and dead cells were excluded by staining
for CD19 (ID3), NK1.1 (NKR.PIC), CD3e (17A2) and propidium
iodide. Some samples were stained with anti-Annexin V (BD
Biosciences) according to the manufacturer’s instructions. Cell
sorting and analysis were performed on a FACSVantageSE DiVa,
LSRII or FACScan instruments (BD Instruments).

OVA-coated spleen cells
To prepare cell-associated OVA, bm1 spleen cells were g-irradiated
(1000 rads), washed and incubated with 10 mg/ml OVA in RPMI
1640 medium for 10 min at 371C then washed (Li et al, 2001).

Antigen presentation to naive T cells in vitro
In all, 2–2.5�104 purified DC subsets were washed and resus-
pended in 200ml mouse tonicity complete RPMI 1640 medium
containing 2�105 OVA-coated irradiated bm1 splenocytes and
1�105 CFSE-labelled OT-I or OT-II T cells. After 60 h culture,
T cells were stained for CD8a or CD4 and proliferation was
analysed by flow cytometry as previously described (Belz et al,
2002).

Proliferation of DCs
At 5 and 7 days after the initiation of Flt3L-stimulated bone marrow
cultures from Id2gfp/gfp and Id2gfp/gfp�Batf3�/� mice, cells were
pulsed with BrdU (3 mg/ml) for 4 h and DC subsets identified as
previously described by staining for CD11c, CD45RA and CD103.
Cells were fixed with 2% paraformaldehyde and permeabilized
0.1% Tween-20 for 72 h, treated with 100mg/ml DNase (Sigma) for
2 h at 371C and stained with anti-BrdU mAb (Invitrogen) for 40 min
then analysed by flow cytometry.

Real-time PCR analysis
Total RNA was prepared from flow cytometrically purified DCs using
an RNeasy kit (Qiagen). cDNA was synthesized from total RNA with
random hexamers and SuperScript III reverse transcriptase (Invitrogen)
or oligo dT using Thermoscript (Invitrogen) RT–PCR system. Real-
time PCR of Hprt, GFP and Id2 was performed using the QuantiTect
SYBR Green PCR kit (Qiagen) or GoTaq qPCR Master Mix
(Promega) as per manufacturers’ instructions combined with both
the forward and reverse primers for the gene of interest
and were measured using the ABI7900HT (Applied Biosystems).
Primers for Id2 were obtained from Applied Biosystems Taqman
Gene Expression Assays (Probe Mm_00711781_m1) or as described
below. Primer sequences are as follows:

Irf8: 50-CAG GAG GTG GAT GCT TCC ATC-30

50-GCA CAG CGT AAC CTC GTC TTC-30;
Batf3: 50-CAG AGC CCC AAG GAC GATG-30

50-GCA CAA AGT TCA TAG GAC ACA GC-30;
Id2: 50-ATG AAA GCC TTC AGT CCG GTG-30

50-AGC AGA CTC ATC GGG TCGT-30;
Hprt: 50-GGG GGC TAT AAG TTC TTT GC-30

50-TCC AAC ACT TCG AGA GGT CC-30;
GFP: 50-AGT CCG CCC TGA GCA AAG A-30

50-TCA CGA ACT CCA GCA GGA CC-30.

Analyses were performed in triplicate and the mean normalized
expression calculated using the Q-Gene application with Hprt
serving as a reference gene.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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