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Abstract

Dendritic cells (DCs) are heterogeneous cell populations represented by different subtypes, each 

varying in terms of gene expression patterns and specific functions. Recent studies identified 

transcription factors essential for the development of different DC subtypes, yet molecular 

mechanisms for the developmental program and functions remain poorly understood. In this study, 

we developed and characterized a mouse DC progenitor-like cell line, designated DC9, from 

Irf8−/− bone marrow cells as a model for DC development and function. Expression of Irf8 in DC9 

cells led to plasmacytoid DCs and CD8α+ DC–like cells, with a concomitant increase in 

plasmacytoid DC– and CD8α+ DC–specific gene transcripts and induction of type I IFNs and 

IL12p40 following TLR ligand stimulation. Irf8 expression in DC9 cells led to an increase in Id2 

and Batf3 transcript levels, transcription factors shown to be important for the development of 

CD8α+ DCs. We show that, without Irf8, expression of Id2 and Batf3 was not sufficient for 

directing classical CD8α+ DC development. When coexpressed with Irf8, Batf3 and Id2 had a 

synergistic effect on classical CD8α+ DC development. We demonstrate that Irf8 is upstream of 

Batf3 and Id2 in the classical CD8α+ DC developmental program and define the hierarchical 

relationship of transcription factors important for classical CD8α+ DC development. The Journal 

of Immunology, 2013, 191: 5993–6001.

Dendritic cells (DCs) play a critical role at the onset of infection to control innate immune 

responses and facilitate initiation of appropriate adaptive immune responses. DCs are 

represented by different subclasses, varying in terms of characteristics, such as specific 

cytokine production, Ag presentation, anatomical distribution, and gene expression patterns 

(1, 2). DCs are primarily classified as four major subtypes: plasmacytoid DCs (pDC), CD4+ 
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DCs and CD8α+ DCs, CD4−CD8− double-negative DCs, and tissue-specific DCs (3, 4). 

Each DC subclass expresses a specific set of genes important for development and defined 

functions (5). pDCs produce very high levels of type I IFNs but have a limited capacity for 

Ag processing and presentation (6, 7). CD4+ DCs and CD8α+ DCs play a major role in Ag 

presentation, with CD8α+ DCs having a special ability to produce very high levels of IL-12 

and Ag cross-presentation. Since the discovery of a specialized type I IFN–producing pDC 

subclass, the origin of different DC subclasses, as well as the generation of DC diversity, has 

been the topic of detailed studies (6, 8). The significance of CD8α+ DCs was in doubt until 

the recent identification of an equivalent human population by independent groups (9–13). 

The Lin−CD11c−MHCII−Flt3+M-CSFR+c-Kit+ fraction in mouse bone marrow is a common 

DC progenitor population that can differentiate into all major DC subsets (14–16). Flt3-L, 

GM-CSF, and M-CSF signaling plays a critical role in DC development and the resultant 

outcome of DC subclass profiles (14, 17–19). Flt3-L and M-CSF culture leads to pDCs and 

conventional DCs (cDCs), whereas GM-CSF–based culture preferentially induces the CD4+ 

DC subset by blocking the development of pDCs and the CD8α+ DC subset (17–20).

IRF family members play critical roles in DC development and function. Together, Irf4 and 

Irf8 govern the molecular programs regulating DC subset development and functional 

diversity. Irf4 controls CD4+ DC development, whereas Irf8 is essential for CD8α+ DCs and 

pDCs (18, 21–23). GM-CSF signaling activates Stat5, which suppresses Irf8 gene 

transcription, resulting in development of only the CD4+ DC subtype (20). Irf2 blocks 

IFNAR signaling, and it is essential for CD4+ DC development (24). Irf1 deficiency leads to 

a progressive increase in pDCs and CD8α+ DCs, which are tolerogenic in nature (25). Basic 

helix-loop-helix transcription factors E2.2 and Id2 are pivotal in DC development (26, 27). 

E2.2 is required for pDC-specific gene expression and regulates Irf8 transcription in pDCs 

(26). Interestingly, Id2, a member of the inhibitor class of the helix-loop-helix transcription 

factor family, is required for CD8α+ DC development, and it inhibits pDC development, 

probably by blocking the action of E2.2 (28). Spib and Ikaros transcription factors are 

required for pDC development, and PU.1 controls cDC development (29, 30). Recently, two 

major cDC subsets were described based on their surface expression of CD11b and CD103. 

CD103+ cDCs, identified in the lymphoid organs (except the lamina propria), are like CD8+ 

DCs and are developmentally regulated by Flt3-L, Id2, and Irf8, whereas the CD11b+ cDC 

population is regulated by Flt3-L and M-CSFR, independent of Id2 and Irf8 (31). Batf3 

transcription factor is essential for CD8α+ DC development and its equivalent 

CD103+CD11b− DCs in lung, intestine, mesenteric lymph nodes, dermis, and skin-draining 

lymph nodes (32). A recent study (33) demonstrated that the interaction of Batf and Batf2 

with IRFs can compensate for the absence of Batf3 in the presence of pathogen infection or 

IL-12 to guide an alternate CD8α+ DC development. Batf3 gene is regulated by Nfil3; hence 

Batf3-null mice and Nfil3-null mice lack CD8α+ DCs (34). Zinc finger transcription factor 

zDC (Zbtb46) is expressed specifically in the cDC population, and expression of zDC 

differentiates classical DCs from pDCs and the monocyte–macrophage lineage population 

(35, 36). Although studies with knockout mouse models led to the identification of a set of 

transcription factors critical for DC development, the contribution of each transcription 

factor and cross-talk between these factors have not been fully explored (1, 4). A major 

hurdle in studying DC biology has been the limitation of the number of DCs available for 
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experiments, either ex vivo from mice tissues or in vitro from bone marrow cultures that 

have a short lifespan. Moreover, few, if any, characterized cell lines are suitable for DC 

development and functional studies.

In the current study, we developed a Flt3-L–dependent DC line from Irf8-null mice as a 

model to study DC development. We show that Irf8 is upstream of Id2 and Batf3 

transcription factors. Expression of Irf8 in DC9 cells led to an increase in Batf3, but not Batf 

or Batf2, transcript levels. Expression of Id2 and Batf3 is not sufficient and Irf8 is required 

for the development of classical CD8α+ DCs. Id2 and Batf3, when coexpressed, showed 

synergy with Irf8 to promote classical CD8α+ DC development. Together, this study 

illustrates that Irf8 plays a central role in the development of classical CD8α+ DCs.

Materials and Methods

Mice and cell cultures

All animal work conformed to the guidelines of institute animal ethics committee at 

National Institute of Immunology and the animal care and use committee at the National 

Institute of Child Health and Human Development. Bone marrow mononuclear cells were 

cultured in the presence of Flt3-L (100 ng/ml; PeproTech) to generate DCs (18, 37, 38). For 

developing a cell line, mouse bone marrow culture medium was replenished as required. 

Bone marrow–derived DC (BMDC) culture showing good growth was frozen and thawed 

several times. Cell morphology was monitored by Giemsa staining of cytospin preparations. 

DC surface markers were examined by flow cytometry using anti-CD11c, anti-CD11b, anti-

B220, anti-CD8α, and anti–I-Ab Abs (BD Pharmingen) and biotin labeled anti-SiglecH Ab 

(Hycult Biotechnology), anti-CD115, anti-CD127, anti-CD172a and purified anti-F4/80 Ab 

(e-Bioscience). For detection of CD135, cells were cultured in the absence of Flt3-L for 12 h 

and stained with anti-CD135 Ab (eBioscience). Data were analyzed using FlowJo software 

(Tree Star, San Carlos, CA). For stimulation with TLR ligands, cells were treated with 1 

μg/ml CpG (1826) or 1 μg/ml LPS (Escherichia coli) for the indicated period of time, and 

cells were harvested for transcript analysis by quantitative PCR or surface marker analysis 

by flow cytometry.

Total RNA was extracted using an RNeasy Mini kit (QIAGEN), and cDNA was prepared 

using Superscript II enzyme (Invitrogen), according to the manufacturers’ protocol. For real-

time PCR, amplification of sample cDNA was monitored with the fluorescent DNA-binding 

dye SYBR Green (FAST SYBR Green PCR Master Mix kit) in combination with the 7500 

Fast real-time PCR System (both from Applied Biosystems), according to the 

manufacturer’s instructions. Expression levels of Batf family members were also analyzed 

by Prime-Time assays (Integrated DNA Technology). Transcript levels were normalized to 

Gapdh levels, and samples showing undetectable transcript levels were normalized to Ct 

values of 35 for the calculation of fold change in gene expression. Primer sequences used for 

PCR are available on request.
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Retroviral vectors and transduction

Murine stem cell virus (MSCV) retroviral vectors for Irf8 and mutants were described 

earlier (18, 23, 37, 39). Id2, Batf3, and Nfil3 gene cDNAs were amplified from mouse 

BMDCs and cloned into a MSCV-puro retroviral vector. For coexpression of Id2, Batf3, and 

Irf8, the respective genes were cloned into a MSCV retroviral vector using the internal 

ribosome entry sequence (IRES) of encephalomyocarditis virus from a commercially 

available vector. DC9 cells were transduced with viral supernatants by spinoculation (2400 

rpm, 33°C, 1 h) with 4 μg/ml polybrene and selected with 2 μg/ml puromycin for 48 h, as 

described earlier (39). After puromycin selection, cells were harvested immediately for RNA 

extraction or flow cytometry analysis, unless incubated with the TLR ligands for a specified 

period. For confocal microscopy analysis, DC9 cells were transduced with MSCV-Irf8-

GFP-puro and MSCV-GFP-puro retroviruses. For in vivo analysis, DC9 cells were 

transduced with Mig-control-IRES-hCD8t and Mig-Irf8-IRES-hCD8t retroviruses 

expressing truncated human CD8 surface marker (40). At 48 h posttransduction, equal 

numbers of cells were introduced into mice by retro-orbital injection. One day postinjection, 

spleen populations were analyzed by flow cytometry against the human CD8α+ population 

(anti-human CD8 Ab; BioLegend). To study the effect of Irf8 on pDC- and CD8α+ DC–

specific gene expression over 6 d of culture, DC9 cells were transduced with Mig-control-

IRES-hCD8t and Mig-Irf8-IRES-hCD8t retroviruses, human CD8-expressing cells were 

purified using anti-human CD8 MicroBeads (Miltenyi Biotec) every day starting at 24 h 

posttransduction, and gene expression was analyzed by real-time PCR.

Confocal microscopy

Cells were fixed in 4% paraformaldehyde for 10 min and permeabilized with 100% 

methanol at room temperature. After blocking with 5% BSA for 30 min, cells were stained 

with mAb for α-tubulin, diluted at 1:2000 (Sigma) for 1 h, followed by staining with Alexa 

Fluor 568 anti-mouse (Molecular Probes) secondary Ab. Cells were counterstained with 

Hoechst 33342 (Sigma). Images were collected with a Leica SP2 AOBS inverted confocal 

microscope with a 63× oil-immersion objective (NA 1.32). The magnification scale was 

determined using Leica software.

Electron microscopy studies

DC9 cells were transduced with either MSCV control or Irf8-expressing virus and selected 

for 48 h using puromycin, as mentioned earlier. Cell populations were treated with CpG 

(1826; 1 μg/ml) for 24 h and subjected to electron microscopy studies. Cells were fixed in 

2.5% glutaraldehyde and postfixed in reduced osmium (2% aqueous osmium tetroxide and 

3% aqueous potassium ferrocyanide) for 1 h at room temperature. Gradual dehydration was 

carried in ethanol (from 70 to 100% ethanol). Cells were then embedded in epoxy resin and 

polymerized at 60°C for 16 h. Ultrathin sections, ranging from 70 to 90 nm, were cut using a 

Leica EMUC6 ultra-microtome (Leica, Germany), and collected on 200 mesh copper grids. 

Sections were stained with lead citrate for 2 min. The transmission electron microscopy 

examination was done using a Tecnai G12 Spirit BioTWIN electron microscope (FEI 

Company, Eindhoven, The Netherlands) operating at 120 kV. Images were recorded with a 

4k*4k CCD Eagle camera (FEI Company).
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Immunoblot analysis

Cells were washed with chilled PBS and lysed in RIPA buffer (50 mM Tris-HCl; pH 7.4), 

150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1 mM EGTA, 5 mM 

EDTA, 1 mM PMSF with cOmplete EDTA-free Protease Inhibitor Cocktail Tablets; Roche 

Diagnostics) on ice for 15 min. Cell lysates were clarified by centrifugation at 16,000 × g for 

10 min at 4°C, and supernatant was analyzed by loading (equal cell numbers) onto 4–12% 

NuPAGE Bis-Tris gel (Invitrogen, Carlsbad, CA), transferred onto Hybond-LFP 

polyvinylidene difluoride membrane (GE Healthcare, Little Chalfont, Buckinghamshire, 

U.K.), and reacted with anti-ID2 Ab (rabbit polyclonal; Santa Cruz Biotechnology), anti-

IRF8 Ab (goat polyclonal; Santa Cruz Biotechnology), and anti-GAPDH Ab (rabbit 

monoclonal; Cell Signaling Technology). Secondary detection was carried out with HRP-

conjugated anti-rabbit IgG or anti-goat IgG (Santa Cruz Biotechnology), followed by 

chemiluminescence development with ECL Plus reagent (GE Healthcare). For detection of 

ERK phosphorylation, DC9 cells were cultured in RPMI 1640, without FBS and Flt3-L, for 

2 h, followed by treatment with M-CSF (50 ng/ml; Prospec) for 1 h in the presence of 10% 

FBS, and they were processed for Western blot using anti-ERK and anti-phospho ERK Abs 

(cat. #9102 and cat. #4370, respectively; Cell Signaling Technology). Secondary detection 

was carried out with HRP-conjugated anti-rabbit IgG (Santa Cruz Biotechnology). The 

procedure for Western blot was the same as described above.

Results

Characterization of DC cell line

To develop a DC line, mouse bone marrow cells were cultured in the presence of Flt3-L, as 

described in our earlier studies (37). Although live cells could not be seen past 3 wk in the 

Irf8+/+ cultures, one of the similar cultures from Irf8−/− mice grew continuously only in 

presence of Flt3-L and was established as DC9 cells. DC9 cells were maintained in culture 

for >4 y in the presence of Flt3-L; they have been frozen and thawed multiple times, and 

characterization was carried out within six or seven passages after thawing. Expression of 

Irf8 by retroviral transduction led to the growth arrest of the cells (Fig. 1B). CD11c, 

SiglecH, and CD11b were detected by flow cytometry analysis, suggesting a DC-committed 

population. Expression of Irf8 led to an increase in CD115 (M-CSFR), SiglecH, and CD11b, 

whereas CD127 and CD172a remained unchanged, and B220 was very low (Fig. 1C). 

CD135 could not be detected in ongoing cultures; removal of Flt3-L for a brief period led to 

efficient detection of CD135 on DC9 cells (Supplemental Fig. 1A). The monocyte–

macrophage marker F4/80 was not detected on control or Irf8-expressing populations 

(Supplemental Fig. 1B). Stimulation of DC9 cells with M-CSF for a short period led to 

efficient phosphorylation of ERK, indicating that M-CSF– signaling components were 

functional in DC9 cells (41) (Supplemental Fig. 1C).

We first examined the expression of pDC and CD8α+ DC transcripts in Irf8+/+ and Irf8−/− 

BMDCs. As expected, we noticed a reduction in the pDC-specific transcripts E2.2, Spib, 

Siglech, and B220 in Irf8−/− DCs compared with Irf8+/+ DCs. CD8α+ DC–specific genes 

Id2, Batf3, Tlr11, and Ciita were expressed at very low levels in Irf8−/− DCs (Fig. 1D). 

Expression of Irf8 in DC9 cells led to an increase in pDC-specific gene transcripts, such as 
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Spib, Siglech, and B220, whereas levels of E2.2 remained unchanged. Irf8-transduced cells 

also showed higher levels of CD8α+ DC–specific genes Id2, Batf3, Ciita, and Tlr11 (Fig. 

1E). The increase in gene transcripts seen in DC9 cells was specific to Irf8 expression, 

because the transcript levels in cells expressing mutant Irf8R289E remained similar to control 

vector–transduced cells (Fig. 1E). Irf8-induced gene expression increased 40–80-fold by day 

6 posttransduction (Supplemental Fig. 2A). CpG stimulation of Irf8-transduced DC9 cells 

led to a further increase in the pDC-specific transcripts of Spib, Ly49Q, Irf7, and 120G8 and 

led to the appearance of CD8α transcripts, whereas the expression level of E2.2, B220, and 

Id2 was unaffected by CpG stimulation (Supplemental Fig. 2B). Correlating with our gene-

expression data, we noticed that CD8α and MHC class II (MHCII) appeared on the surface 

of DC9 cells expressing Irf8WT, whereas these markers were not detected in the control 

vector or IRF association domain mutant Irf8R289E-expressing cells (Irf8 mutant Arg289Glu 

does not form a complex with partner molecules like Irf2 and PU.1 and fails to bind to target 

DNA sequences; hence, arginine at position 289 is indispensable for Irf8 function) (Fig. 1F) 

(23, 37, 39).

To analyze the detailed morphology, we performed confocal and electron microscopy 

studies on DC9 cells (Fig. 2). Irf8-expressing DC9 cells showed elongated dendrite 

formation displaying a maturation phenotype upon treatment with TLR9 ligand (CpG), 

whereas control vector–transduced cells did not show any change in cell morphology (Fig. 

2A). Electron microscopy studies of DC9 cells showed an indented nucleus and a packed 

cytoplasm abundantly occupied by mitochondria and rough endoplasmic reticulum. The size 

of the Golgi apparatus and the abundance of endoplasmic reticulum suggest a rich proteomic 

synthesis/activity (Fig. 2B). No major morphological changes were noticed between control 

cells and the Irf8-expressing population, whereas an increase in the size and abundance of 

the dendrites was seen in CpG-stimulated populations (Fig. 2B). A strict quantification of 

the dendrite is technically challenging because we are looking at only a cross-section; 

nevertheless, the CpG-stimulated Irf8-expressing population showed a membrane that is 

more convoluted than the control population, and the dendrites always appeared to be very 

long (>5 μm).

To study the response of DC9 cells to different TLR ligands, we treated control and Irf8-

expressing cells with CpG and LPS (Fig. 3A, 3B). The responses of control and Irf8-

expressing DC9 cell populations to the TLR ligands were comparable to that reported with 

Irf8+/+ and Irf8−/− BMDCs (18, 23, 42). Selectively, only the cell population expressing Irf8 

and stimulated with CpG showed an increase in the type I IFN gene (Ifna and Ifnb) 

transcripts. Induction of Il12p40 and Il1b genes was very high in Irf8-expressing cells 

compared with control vector–transduced cells upon stimulation. Levels of Tnfa transcripts 

were higher in CpG-stimulated Irf8-expressing cells, whereas the levels were comparable in 

LPS-stimulated populations. CD8α induction was seen only in Irf8-transduced cells. CD8α 

marker was induced more efficiently in Irf8 expressing DC9 cells upon CpG stimulation 

compared to LPS treated cells, although the surface expression levels of MHCII were 

comparable between CpG and LPS stimulation of each cell population. To study in vivo 

differentiation of DC9 cells, control (Mig-control-IRES-hCD8t) and Irf8-expressing (Mig-

Irf8-IRES-hCD8t) populations were introduced into mice by retro-orbital injection. Analysis 
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of human CD8-expressing splenic cell populations showed that only the Irf8-expressing 

population developed into CD8α+ DCs and displayed very high levels of MHCII expression 

compared with the control vector–transduced population (Fig. 3C).

Irf8 is master regulator of classical CD8α+ DC differentiation

Irf8 is essential for development of pDCs and CD8α+ DCs. Id2 and Batf3 are also essential 

for development of the CD8α+ DC subset. Hence, we studied the importance of each of 

these three transcription factors in CD8α+ DC development. Id2 and Batf3 transcripts were 

at almost undetectable levels in Irf8−/− DCs compared with Irf8+/+ DCs, and expression of 

Irf8 in DC9 cells led to an increase in Id2 and Batf3 transcripts, suggesting that Irf8 is 

critical for expression of Id2 and Batf3. In agreement with an increase in transcript levels, 

we also noted an increase in Id2 protein levels in DC9 cells expressing Irf8 (Fig. 4A). One 

recent report (33) suggested that, in the absence of Batf3, Batf and Batf2 can direct the 

compensatory CD8α+ DC development during infection with intracellular pathogens. 

Cytokines IL-12 and IFN-γ are critical for compensatory CD8α+ DC development. 

Expression analysis of members of the Batf family suggests that Irf8 specifically induced 

Batf3 expression and not Batf or Batf2 transcripts (Fig. 4B). Thus, we examined whether 

induction of Id2 and Batf3 by Irf8 plays a decisive role in CD8α+ DC development or 

whether Irf8 has a larger role, in addition to its regulation of Id2 and Batf3. To understand 

the effect of individual gene expression and the synergistic/antagonistic effect, if any, we 

expressed Irf8, Id2, and Batf3 individually and together in DC9 cells. Expression of Id2 

alone, Batf3 alone, or Id2 and Batf3 together did not induce CD8α+ DCs (Fig. 4C). 

However, when expressed with Irf8, Id2 and Batf3 showed a synergistic increase in the 

induction of CD8α+ cells. Similarly, Batf3 and Id2, when expressed with Irf8, showed a 

synergistic increase in MHCII expression upon stimulation by CpG. We observed high 

levels of MHCII expression in cells coexpressing Id2 and Irf8 without CpG stimulation, 

which increased further upon CpG stimulation (Supplemental Fig. 3A). Synergism between 

Id2 and Batf3 with Irf8 was also observed in the induction of DC-activation markers CD40 

and CD80 (Fig. 4D). Expression of pan DC marker CD11c was downregulated by Id2, and it 

was downregulated further by coexpression of Batf3 and Id2. We observed a decrease in the 

levels of the pDC-specific marker SiglecH by Batf3. Id2 expression alone or Id2 and Batf3 

together downregulated SiglecH to undetectable levels. CD11c and SiglecH downregulation 

by Id2 and/or Batf3 was rescued by the expression of Irf8 (Fig. 4E).

Batf3 and Id2 have a synergistic effect on Irf8-directed classical CD8α+ DC–specific gene 
expression

We extended our study further by examining the gene expression pattern of subset-specific 

transcripts by semiquantitative PCR. Comparative studies between equivalent mouse and 

human CD8α+ DC populations identified Xcr1, Necl2, and Clec9a as subset-specific 

transcripts. Expression of Irf8 led to an increase in CD8α+ DC–specific transcripts, such as 

Clec9a, Xcr1, Necl2, Tlr3, and Tlr11, and pDC-specific gene transcripts, such as Siglech, 

Spib, Tlr9, Irf7, and Mgl1 (Fig. 5). In accordance with the surface marker analysis, the 

synergistic effect of coexpression of Id2 and Batf3 with Irf8 was specific to the induction of 

CD8α+ DC–specific transcripts, whereas no major changes were noted in pDC-specific 

transcripts (Fig. 5). Coexpression of Id2 with Irf8 led to the synergistic increase in Batf3; 
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similarly, coexpression of Batf3 with Irf8 led to an increase in Id2 transcript levels. As noted 

by surface marker staining, we observed a decrease in Siglech transcript levels by Id2 and 

Batf3 and noted that the Irf8-induced levels of Siglech were reduced further by expression of 

Batf3 and Id2 (Fig. 5B). Coexpression of Id2 and Batf3 in wild-type bone marrow cultures 

suppressed the B220+ pDC population, even in the presence of cells endogenous Irf8 

expression (data not shown). We observed that the cDC-specific gene zDC (Zbtb46) is 

efficiently induced by Irf8, suggesting that Irf8 is upstream of zDC in the cDC 

developmental scheme. Further coexpression with Id2 or Batf3 led to a synergistic increase 

in zDC levels (Supplemental Fig. 3B).

A recent report (34) suggested that Nfil3 regulates Batf3 expression and, thus, plays a critical 

role in CD8α+ DC development. We examined whether expression of Nfil3 alone could 

rescue the CD8α+ DC phenotype in the Irf8-null background. Nfil3 expression in DC9 cells 

showed a modest increase in MHCII induction upon CpG treatment, although CD8α could 

not be detected. We further examined the CD8α+ DC–specific gene induction pattern by 

Nfil3 in comparison with Irf8 expression (Supplemental Fig. 4). We noticed a modest, yet 

reproducible 2-fold, increase in Nfil3 transcript levels in the Irf8-expressing population. 

CD8α+ DC–specific genes, such as Necl2, Xcr1, and Tlr3, were induced at comparable 

levels by Nfil3, yet Irf8 expression led to comparably higher levels of key transcription 

factors Batf3 and Id2. The Clec9a gene remained undetected in Nfil3-expressing cells and 

appeared specifically upon Irf8 expression.

Discussion

Because of the lack of readily available appropriately characterized DC cell lines and the 

limitation on the number of DCs available from ex vivo or in vitro cultures, key molecules 

that govern DC development and function have been identified using knockout mouse 

models; however; the molecular mechanism for the developmental program and DC 

function are not fully understood (4). In the present study, we demonstrated development of 

the Flt3-L– dependent mouse DC progenitor-like cells from Irf8−/− mice. DC9 cells are 

trapped in a progenitor-like stage and are unable to advance through further differentiation 

because of the absence of Irf8. It is noteworthy that, upon Irf8 transduction, DC9 cells 

underwent growth arrest concomitant with differentiation into immature DCs. This growth 

arrest is not surprising, given Irf8’s well-documented activity to inhibit cell growth (43, 44). 

Irf8 inhibits proliferation of myeloid progenitor cells through multiple pathways involving 

the activation of several genes that interfere with the c-Myc pathway and induction of the 

CDK inhibitor INK4 (43, 44). Thus, Irf8 is a potent leukemia suppressor, capable of 

inhibiting proliferation of BCR/abl-transformed cells (45, 46). It was shown that Irf8 is 

downregulated in some cancers (47, 48). Irf8 separates the transcriptional program of DC 

development from the macrophage lineage, and it is required for the transition of 

macrophage–DC progenitors to common DC progenitors (49). The current study extends 

IRF8’s growth-inhibitory activity from myeloid cells to cells of the DC lineage. There is 

little doubt that the absence of IRF8-mediated growth inhibition enabled DC9 cells to 

proliferate continuously in culture. In support of this suggestion, the Tot2 cell line, 

perpetually growing myeloid progenitor cells from Irf8−/− mice, was reported to differentiate 

into macrophages upon Irf8 expression (43, 44). Clearly, the absence of IRF8 was a critical 

Jaiswal et al. Page 8

J Immunol. Author manuscript; available in PMC 2016 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



requirement for establishing progenitor cells, because neither DC progenitors nor myeloid 

progenitors could be established from wild-type mice in the current or previous studies. A 

novel aspect of DC9 cells is that, upon Irf8 transduction, the cells differentiate into 

“immature” DCs and express transcription factors Spib, Id2, and Batf3, which are specific to 

pDCs and the CD8α+ DC subtype. Most significantly, Irf8 conferred the ability to respond 

to TLR ligands, resulting in increased expression of MHCII and CD8α on the surface, and 

induced type I IFNs and IL-12, the cytokines that define pDCs and CD8α+ DCs, 

respectively, in addition to other inflammatory cytokines. As reported in our earlier studies 

(18, 23, 39), type I IFNs (Ifna and Ifnb) and Il12p40 were induced in cells expressing Irf8 

and remained at very low levels in control cells, thus further confirming observations that 

Irf8 is required for the expression of these cytokines in DCs. Tnfa is induced at comparable 

levels in LPS-stimulated populations, whereas levels for CpG-treated populations were 

higher in the Irf8-expressing cells. This observation further strengthens our previous report 

(42) suggesting that mechanisms of NF-κB activation by CpG and LPS are different and that 

Irf8 plays a critical role in TLR9 signaling. Irf8 expression in DC9 cells showed that it led to 

the induction of pDC- and CD8α+ DC–specific transcripts, as well as induced effector 

cytokines. Together, in light of the availability of relatively large numbers of a 

homogeneous cell population, DC9 cells offer a novel experimental model suitable for 

studying molecular and biochemical aspects of DC differentiation, which is otherwise 

difficult to achieve with ex vivo or in vitro manipulation of cells. Furthermore, 

differentiation of DC9 cells into immature DCs and their ability to function as mature DCs 

upon TLR stimulation, to produce type I IFNs and effector cytokines, offer additional useful 

qualities not present in other DC lines available in the field, most of which originated from 

tumors (50–52).

Our previous reports (18, 23, 37, 38, 53) showed conclusively that Irf8 is required for 

development of pDCs and CD8α+ DCs. Irf8 not only regulates the differentiation of DCs, it 

also plays a critical role in the production of cytokines of innate immune effect; furthermore, 

it is important in efficient Ag presentation, leading to decisions about the types of adaptive 

immune responses (18, 38, 39, 54). A recent study (26) suggested that E2.2 is required for 

the development of pDCs and, indeed, it directly controls Irf8 expression. E2.2 levels 

remained unaffected in control and Irf8-expressing populations, implying that Irf8 itself 

does not regulate E2.2 expression. Nevertheless, a subset of pDC-specific genes was not 

expressed in DC9 cells but was induced following Irf8 transduction, suggesting that IRF8 

and E2.2 may cooperate to direct the pDC-specific developmental programs. The 

universality of CD8α+ DCs was confirmed recently with the identification of a human 

equivalent of the CD8α+ subset (9–13). These studies led to the identification of a subgroup 

of genes that are specifically expressed in the CD8α+ DC subset. Irf8, Id2, and Batf3 are the 

three transcription factors that are essential for the development of CD8α+ DCs (18, 23, 27, 

53, 55, 56). In a recent study (33), an alternative CD8α+ DC developmental program was 

demonstrated in which the absence of Batf3 was compensated for by Batf or Batf2, although 

the detailed transcriptional profiling of alternative CD8α+ DCs remains to be investigated. 

In our model, expression of Irf8 specifically induced Batf3 gene transcripts, and not the Batf 

or Batf2 transcripts; thus, our model represents the development of Batf3-dependent 

classical CD8α+ DCs. We showed that Id2 and Batf3 were expressed at very low levels in 
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Irf8−/− BMDCs and DC9 cells, and these genes were induced after Irf8 transduction. These 

observations imply that Id2 and Batf3 are downstream targets of Irf8 and are activated 

directly or indirectly by Irf8. Batf3 and Id2 are essential for classical CD8α+ DC 

development, and our results imply that expression of Batf3 and Id2 was not sufficient to 

regulate requisite developmental programs. When expressed along with Irf8, Id2 and Batf3 

have a synergistic effect on specific gene subsets, leading to classical CD8α+ DCs. Our 

results are also supported by the phenotypes of mice lacking Irf8, Id2, and Batf3, which 

display lack of CD103+CD11b− cDCs that are similar to CD8α+ DCs (31, 32, 57). As 

reported earlier, Id2 (or Id3) expression in progenitor cells inhibits pDC development and 

directs DC development toward conventional DCs (28). In our experiments with DC9 cells 

and bone marrow cultures, we observed that Id2 along with Batf3 decreased pDC-specific 

gene expression, leading to downregulation of pDC development. Thus, Id2 and Batf3 play a 

dual role in DC differentiation; they arrest pDC development by inhibiting the E2.2-directed 

pDC developmental program, and they increase the CD8α+ DC–specific gene transcription 

in synergism with Irf8. In agreement with the antagonism by factors specific for CD8α+ 

DCs, we also observed that transduction of Batf3 and Id2 inhibited expression of the pDC-

specific marker SiglecH. However, other pDC genes were not affected by Id2 or Batf3 as in 

current study we ectopically coexpressed Irf8 in DC9 cells along with Id2 and Batf3 under 

an exogenous promoter, thus circumventing the requirement of E2.2 for Irf8 gene 

expression. Furthermore, under the retroviral promoter, Irf8 transcript levels were immune 

to functional inhibition of E2.2 by Id2. Our results indicate that IRF8 itself does not dictate 

the developmental choice between pDCs and CD8α+ DCs; the subset decision is more 

heavily dependent on the downstream factors Id2 and Batf3. One can envisage that, during 

development in vivo, the timing and the levels of Irf8 expression would affect the relative 

levels of E2.2 vis-a-vis Id2/Batf3, which would favor developmental pathways either for 

pDCs or CD8α+ DCs. We consider that DC9 cells maintain the dual properties, because the 

timing and levels of Irf8 expression are different from those in vivo. Transduction of Nfil3 

activated a limited subset of CD8α+ DC genes that is probably activated by Batf3 (and Irf8). 

In contrast, Irf8 alone activated a broader set of CD8α+ DC genes, suggesting that Nfil3 is 

involved in activating a restricted pathway of CD8α+ DC development that aligns with 

Batf3. Further indepth experiments with different knockout mouse models would help to 

decipher the specific contribution of Id2, Nfil3, and Batf3 in Irf8-directed CD8α+ DC 

development.

In summary, analysis of DC9 cells, a newly established DC progenitor-like cell line, 

demonstrates that Irf8 activates the developmental pathways for pDCs and CD8α+ DCs by 

the timely expression of transcription factors that define two DC subsets. Irf8 upregulates 

Id2 and Batf3 expression. Id2 and Batf3 expression are not sufficient for directing CD8α+ 

DC development; however, when expressed along with Irf8 they have a synergistic effect in 

directing DC development toward the CD8α+ DC lineage. Irf8 also facilitates functional 

maturation of these DCs by activating TLR-signaling pathways that allow production of DC 

subtype– specific signature cytokines: type I IFNs and IL-12. Together, our data 

demonstrate that Irf8 is a master regulator of classical CD8α+ DC development.
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FIGURE 1. 
Characterization of DC9 cell line. (A) Cytospin preparations of DC9 cells were subjected to 

Giemsa staining and observed using an oil-immersion lens. Scale bar, 20 μm. (B) Control 

vector–transduced cells grow uninhibitedly, whereas Irf8-expressing DC9 cells show a 

growth arrest. (C) DC9 cells were transduced with MSCV-control-puro and MSCV-Irf8-

puro retroviruses, cells were selected for 48 h with puromycin, and populations were 

examined by flow cytometry. Control cells (dotted line) and Irf8-expressing cells (solid line) 

with respective marker are shown in individual graphs; isotype-control Ab staining is 

represented by the gray line. Data are a representation of three independent experiments. (D) 

pDC- and CD8α+ DC–specific transcript levels were examined from Irf8+/+ and Irf8−/− mice 

BMDC cultures. Data are representative of at least two independent experiments. (E) pDC- 

and CD8α+ DC–specific transcript levels were examined in DC9 cells transduced with 

retroviruses MSCV-control-puro, MSCV-Irf8 (Irf8WT)-puro, and R289E mutant MSCV-Irf8 

(Irf8R289E)-puro and selected for 48 h with puromycin. pDC- and CD8α+ DC–specific 

transcript levels were increased only in the Irf8WT-expressing population, whereas levels in 

control and Irf8R289E-expressing cells remained at very low levels. Data are representative 

of three independent experiments. (F) DC9 cells were transduced with control, Irf8WT, or 

Irf8R289E retroviruses and selected for 48 h with puromycin. Selected populations were 

stimulated with CpG for 24 h, and the induction of CD8α or MHCII marker was studied by 

flow cytometry. Data are representative of three independent experiments.
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FIGURE 2. 
Irf8 induces differentiation in DC9 cells. (A) Long dendrites are detected in DC9 cells 

following a 24-h treatment with TLR9 ligand (CpG) only in Irf8-GFP–transduced cells (top 

and middle rows) but not in GFP only–transduced cells (bottom row). Irf8-GFP is localized 

to the nucleus, whereas GFP alone is distributed in both the nucleus and the cytoplasm. α-

Tubulin (red) stains the cytoplasm and dendrites. Scale bar, 8 μm. (B) Electron microscopy 

studies were performed on glutaraldehydefixed samples. DC9 parent cells showed an 

abundance of mitochondria and rough endoplasmic reticulum. DC9 cells were transduced 

with MSCV-control-puro or MSCV-Irf8-puro retroviruses and selected with puromycin for 

48 h. Selected populations were treated with CpG for 24 h. Irf8-expressing DC9 cells 

showed comparatively longer dendrites. Scale bar, 1 μm.
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FIGURE 3. 
Response of DC9 cells to various TLR ligands and in vivo study. (A) DC9 cells were 

transduced with MSCV-control-puro or MSCV-Irf8-puro retrovirus, and cells were selected 

for 48 h with puromycin. Surface expression of CD8α and MHCII markers was studied on 

puromycin-selected populations stimulated with CpG and LPS for 24 h or left unstimulated 

(Blank). Data are representative of two independent experiments. (B) DC9 cells were 

transduced with control or Irf8 retrovirus and selected for 48 h with puromycin. Cytokine 

gene induction was studied by real-time PCR on selected populations stimulated with CpG 

and LPS for 6 h. Data are representative of three independent experiments. (C) DC9 cells 

were transduced with retrovirus Mig-control-IRES-hCD8t or Mig-Irf8-IRES-hCD8t, and 

cells were introduced into C57BL/6 mice by retro-orbital injection. Analysis of splenic 

human CD8+ cells showed that CD8α and MHCII markers were detected on the Irf8-

expressing population. Data are representative of two independent experiments.
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FIGURE 4. 
Understanding the role of transcription factors Irf8, Batf3, and Id2 in CD8α+ DC 

development. (A) DC9 cells were transduced with Mig-control-IRES-hCD8t or Mig-Irf8-

IRES-hCD8t retrovirus. At 72 h posttransduction, cells were purified using anti-human CD8 

MicroBeads, and the Id2 levels were compared by Western blot analysis. (B) DC9 cells 

were transduced with MSCV-control-puro or MSCV-Irf8-puro retrovirus, and 48-h 

puromycin–selected populations were analyzed for the expression of Batf family members 

(Batf, Batf2, and Batf3). (C) DC9 cells were transduced with retrovirus expressing Irf8, 

Batf3, or Id2 individually and coexpressed with each other and selected for 48 h with 

puromycin. Selected populations were treated with CpG (1826; 1 μg/ml) for 24 h and 

analyzed by flow cytometry. Expression of Id2 or Batf3 alone or coexpressed together did 

not induce CD8α surface marker. When coexpressed with Irf8, Id2 or Batf3 showed a 

synergistic effect on the expression of surface markers CD8α and MHCII. Data are 

representative of three independent experiments. (D) DC9 cells were transduced with 

retroviruses expressing Irf8, Batf3, or Id2 individually and coexpressed with each other and 

selected for 48 h with puromycin. Selected populations were treated with CpG (1826; 1 

μg/ml) for 24 h and analyzed by flow cytometry. DC maturation markers CD40 and CD80 

also showed a synergistic increase when Id2 or Batf3 was coexpressed with Irf8. Data are 

representative of three independent experiments. (E) DC9 cells were transduced with 

retroviruses expressing transcription factors and selected for 48 h with puromycin. SiglecH, 

pDC-specific surface marker was downregulated by Id2 and Batf3 alone or by their 

coexpression. Expression of Irf8 rescues downregulation by Id2 and Batf3 and increases 

SiglecH on the cell surface. Data are representative of three independent experiments.
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FIGURE 5. 
Expression of Batf3 and Id2 with Irf8 shows a synergistic activity in CD8α+ DC–specific 

gene expression. DC9 cells were transduced with retroviruses expressing transcription 

factors. CD8α+ DC– and pDC-specific gene-expression levels were measured by real-time 

PCR after a 48-h selection by puromycin. Data are representative of three independent 

experiments. (A) Expression of Id2 or Batf3 alone or together did not induce CD8α-specific 

gene expression. Coexpression of Id2 or Batf3 with Irf8 led to a synergistic increase in 

CD8α+ DC–specific gene expression. (B) Synergistic effect of Id2 or Batf3 expression with 

Irf8 did not extend to pDC-specific gene expression.
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