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et al., 2007). We conclude that brain  
m/chDCs, in contrast to microglia, are 
radiosensitive and that their development 
is dependent on Flt3 signaling.

m/chDCs and CD8+ spleen DCs share gene  
expression profiles
To further understand the functional relationship between 
m/chDCs and other myeloid cells, we compared the gene 
expression profile of m/chDCs with that of bone marrow 
monocytes, brain microglia, and classical spleen CD8+ and 
CD8 DCs. To obtain enough m/chDCs for messenger RNA 
(mRNA) extraction, we expanded m/chDCs with in vivo 
Flt3L treatment before purification. Consistent with a pre-
vious study showing that Flt3L stimulates DC expansion 
without maturing them (Dudziak et al., 2007), we found no 
change in maturation markers CD80, CD86, CD40, and 
MHC II (I-A) in Flt3L-treated m/chDCs (Fig. S3). With re-
spect to growth factor receptors, m/chDCs expressed high 
levels of Flt3 and low levels of MCSF-R mRNA, which is 
similar to spleen DCs. In contrast, monocytes and microglia 
did not express Flt3 signal but did express high amounts of 
MCSF-R. GMCSF-R message was expressed by all cell pop-
ulations, with higher levels noted in m/chDCs and CD8+ 
spleen DCs (Fig. 4 A).

Looking further, we found that m/chDCs shared mRNA 
expression of many cell surface molecules with CD8+ spleen 
DCs, including high CD103, CD24a, and CD36. They also 
expressed CD207 and CD205 mRNAs but at lower levels 
than CD8+ DCs (Fig. 4 B). m/chDCs had high TLR3 and 
low TLR4 signals. TLR3 is a typical pattern recognition re-
ceptor on CD8+ spleen DCs, whereas monocytes express 
high TLR4 and no TLR3 (Fig. 4 C). Similar to spleen DCs, 

m/chDCs express Flt3 and have an intrinsic requirement  
for Flt3 signaling
To understand the development of m/chDCs, we pursued 
findings that classical DCs in lymphoid and other nonlym-
phoid organs, such as liver, gut, kidney, and lung, express Flt3 
(or Flk2) and that their development critically depends on 
Flt3 signaling (Bogunovic et al., 2009; Ginhoux et al., 2009). 
Similar to spleen DCs, m/chDCs expressed cell surface Flt3/
CD135 but not M-CSFR/CD115, whereas microglia were  
Flt3 negative and M-CSFR positive (Fig. 3 A). Likewise, in Flt3L  
KO mice, we observed an 80% decrease in the number of  
m/chDCs, whereas microglia developed normally (Fig. 3 B).

To determine whether the requirement for Flt3 signaling 
was intrinsic to m/chDCs, we made mixed bone marrow  
chimeras in which 50:50 mixtures of marrow from Flt3+/+ 
CD45.2 and Flt3/ CD45.1 mice were injected into lethally 
irradiated CD45.1 × CD45.2 F1 recipients. Because neutro-
phil development is independent of Flt3, their representation 
from each donor was used to follow the input ratio of hema-
topoietic stem cells in each mouse. As a positive control, we 
found that Flt3/ spleen DCs were outcompeted by Flt3+/+ 
DCs, whereas splenic monocytes, which are Flt3 indepen-
dent, arose from Flt3+/+ and Flt3/ stem cells in ratios equal 
to the neutrophil ratios (Fig. 3 C). Brain m/chDC develop-
ment was similar to that of spleen DCs, demonstrating an  
intrinsic requirement for Flt3 signaling (Fig. 3 C). However, 
microglia were largely radio resistant and retained the host 
phenotype (Fig. 3 C), as expected from prior research (Mildner  

Figure 3. m/chDCs express Flt3 and have an 
intrinsic dependence on Flt3L. (A) Histograms 
show cell surface expression of Flt3 receptor and 
M-CSF receptor (CD115; line) or isotype anti-
body control (shaded area) on gated microglia 
and m/chDCs in the brain versus CD8 and CD8+ 
DC subsets in the spleen (Sp). (B) Bar graph shows 
percentage of m/chDCs and microglia among 
CD45+ brain leukocytes in WT versus Flt3L KO 
mice. Bars represent data from two pooled ex-
periments (n = 4). Error bars represent the  
mean ± SEM (n = 4). (C) Lethally irradiated 
CD45.1+CD45.2+ F1 recipient mice were reconsti-
tuted with a mixture of 50% CD45.1+ Flt3 KO and 
50% CD45.2+ WT bone marrow and analyzed 2–3 
mo later. Bar graph shows the percentage of indi-
cated cells from Flt3 KO CD45.1+ (open) and WT 
CD45.2+ (red) donor or CD45.1+CD45.2+ recipient 
(blue) origin. Bars represent data from three ani-
mals. Error bars represent the mean ± SEM (n = 3; 
*, P < 0.05; **, P < 0.01). Dot plots show percent-
age of donor and recipient cells in gated cell pop-
ulations analyzed by flow cytometry, representing 
two independent experiments.
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with CD11b, CD24, CD36, CD103, Dectin, EpCam, and 
CD205 confirmed the resemblance between m/chDCs and 
spleen DCs in untreated mice and the distinction from  
microglia (Fig. S4).

With respect to some other products, we noted that both 
spleen CD8+ DCs and m/chDCs expressed high IL-12 
mRNA, although IL-12 was not found (Fig. 4 D and not 
depicted). For transcription factors that program DC differen-
tiation, m/chDCs demonstrated high expression of mRNAs 
for transcription factors Batf3, Id2, and RBP-J, each known 
to be involved in the differentiation of CD8+ DCs in spleen 
(Fig. 4 E; Hacker et al., 2003; Caton et al., 2007; Hildner et al., 
2008), suggesting a similar molecular programming during 
the development of m/chDCs and spleen DCs. Transcription 
factors differentially expressed in m/chDCs and spleen CD8+ 
DCs include IRF-4, a transcription factor essential for CD4+ 
splenic DC development (Fig. 4 E; Suzuki et al., 2004), sug-
gesting tissue-specific differentiation programming. In sum-
mary, the gene expression profiles of m/chDCs suggest a close 
relationship with CD8+ spleen DCs.

m/chDCs originate from a pre-DC marrow precursor  
and have a half-life of 5–7 d
To ascertain the origin of m/chDCs, we took advantage of 
our recent findings that the progenitors of lymphoid organ 
DCs and monocytes split during the transition between the 
monocyte and DC progenitor (MDP) and common DC 
progenitor (CDP) stages of development in the bone mar-
row (Fogg et al., 2006; Naik et al., 2007; Onai et al., 2007; 
Liu et al., 2009). Whereas MDPs give rise to monocytes and 
CDPs, the latter are restricted to produce DCs via migrating 
pre-DC intermediates. To examine whether DC precursors 
give rise to m/chDCs, we first adoptively transferred Flt3+ 
BM DC precursors from CD11c-EYFP mice i.v. into non-
irradiated naive mice. To examine the Flt3L responsiveness, 
we used Flt3/ mice as recipient; thus, only donor cells 
could expand by Flt3L injection. 7 d after transfer, imaging 
of whole-mount brain indicated that donor-derived cells 
from EYFP+ donor were only found in meninges but not 
parenchyma (Fig. S5). Furthermore, the donor cells were 
expanded by Flt3L injection (Fig. S5). To further investigate 
the exact precursor of the m/chDCs, we purified MDPs, 
CDPs, pre-DCs, and monocytes to >95% purity from the 
bone marrow and adoptively transferred them into the 
femurs of allotype-marked naive 3–4-wk-old mice. When 
we examined m/chDCs 1 wk later with flow cytometry, we 
found donor-derived brain DCs from mice that received  
1–1.5 × 105 MDPs, CDPs, and pre-DCs (Fig. 5 A). In contrast, 
we did not detect any m/chDCs from mice that received 
30–50 times more monocytes (5 × 106; Fig. 5 A). We rea-
soned that pre-DCs migrate to the brain meninges and cho-
roids plexus where they further differentiate into cDCs, as 
we previously demonstrated in the spleen and lymph node 
(Liu et al., 2009). Indeed, a population of pre-DCs was de-
tected in the brain leukocyte fraction and further enriched 
in meningeal preparation (0.3–0.4% of CD45+ cells, which 

m/chDCs expressed high H2-DMb, H2-Aa, and H2-Ab, 
which are molecules critical for antigen presentation to CD4+ 
T cells, but these were not expressed by monocytes or mi-
croglia. m/chDCs expressed intermediate levels of CD40 and 
CD80. To evaluate how the array data from Flt3L-expanded 
m/chDCs reflected those from the naive mice, we examined 
some of the cell surface markers in the naive mice with flow 
cytometry. Indeed, besides the aforementioned lineage markers 
CX3CR1 (Fig. S2), Flt3, and CD115 (Fig. 3 A), phenotyping 

Figure 4. Gene expression profiles of m/chDC versus microglia, 
monocytes, and spleen DCs. Bone marrow monocytes, spleen (Spl) CD8+ 
and CD8 DC subsets from untreated B6 mice and brain m/chDCs, and 
microglia from B6 mice treated with Flt3L were purified, and mRNA was 
extracted for Affymetrix gene array analysis. (A–E) Graphs show normal-
ized data comparison among the indicated cells for expression of recep-
tors for growth factors (A), cell surface markers (B), pattern recognition 
molecules (C), antigen presentation and co-stimulatory molecules (D), and 
transcription factors (E). Error bars indicate mean ± SEM (n = 3).
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