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SUMMARY

Mononuclear phagocytes, including monocytes,
macrophages, and dendritic cells, contribute to
tissue integrity as well as to innate and adaptive
immune defense. Emerging evidence for labor divi-
sion indicates that manipulation of these cells could
bear therapeutic potential. However, specific onto-
genies of individual populations and the overall func-
tional organization of this cellular network are not
well defined. Here we report a fate-mapping study
of the murine monocyte and macrophage compart-
ment taking advantage of constitutive and condi-
tional CX3CR1 promoter-driven Cre recombinase
expression. We have demonstrated that major
tissue-resident macrophage populations, including
liver Kupffer cells and lung alveolar, splenic, and peri-
toneal macrophages, are established prior to birth
and maintain themselves subsequently during adult-
hood independent of replenishment by blood
monocytes. Furthermore, we have established that
short-lived Ly6C+ monocytes constitute obligatory
steady-state precursors of blood-resident Ly6C!

cells and that the abundance of Ly6C+ blood mono-
cytes dynamically controls the circulation lifespan
of their progeny.

INTRODUCTION

The mononuclear phagocyte system (van Furth et al., 1972)
today comprises monocytes, macrophages, and dendritic cells
(DCs), as well as their respective committed bone marrow
(BM)-resident progenitors (Geissmann et al., 2010). Collectively,

these cells play central roles in the maintenance of tissue integ-
rity during development and its restoration after injury, as well as
the initiation and resolution of innate and adaptive immunity.
Historically, mononuclear phagocyte subpopulations have

been defined according to anatomic location and surfacemarker
profiles. More recently, this definition has been extended to
comprise dependence of subpopulations on specific growth
and transcription factors (Hashimoto et al., 2011; Lawrence
and Natoli, 2011), subset-specific gene expression signatures
(Robbins et al., 2008), and distinct ontogenies (Geissmann
et al., 2010).
A major breakthrough in defining mononuclear phagocyte

development in the adult organismwas the identification of a clo-
notypic BM-resident founder cell, termed macrophage-DC
precursor (MDP), that gives rise to peripheral mononuclear
phagocytes while having lost granulocyte potential (Fogg et al.,
2006). MDPs differentiate within the BM into monocytes (Varol
et al., 2007) and dedicated DC precursors, the pre-DCs (Liu
et al., 2009). Both of these cell types are subsequently released
into the circulation to allow repopulation of peripheral tissue
macrophages and classical Fms-like tyrosine kinase 3 ligand
(Flt3L)-dependent DCs, respectively. The MDP-pre-DC route is
critical to ensure the constant replenishment of the ephemeral
DC compartment. The relative importance of local proliferation
versus recruitment frommonocytes in the maintenance of tissue
macrophage homeostasis has been debated since the original
definition of the mononuclear phagocyte system (Hume, 2006;
Hume et al., 2002). The original studies of Kupffer cell turnover
in the liver, for example, concluded that very few resident macro-
phages are actively in cycle (Crofton et al., 1978). This prolifera-
tion is ablated by glucocorticoids, which also removes blood
monocytes. The authors concluded that the proliferating cells
were monocyte derived. That conclusion was, however, under-
mined by later evidence that glucocorticoids oppose growth
factor activity, including the macrophage growth factor CSF-1
(Hume and Gordon, 1984).
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  Fig. 2.
Differentiation of DCs and macrophages in mice. In the bone marrow, hematopoietic stem cells
(HSC) produce myeloid (MP) and lymphoid (LP) committed precursors. MP give rise to
monocyte/macrophages and DC precursors (MDP). MDP give rise to monocytes, and to
common DC precursor (CDP). Two monocyte subsets, Ly-6C+ and Ly-6C- leave the bone
marrow to enter the blood. CDP give rise to pre-classical dendritic cells (pre-cDC) and
plasmacytoid dendritic cells (PDC). Pre-cDC circulate in blood and enter lymphoid tissue,
where they give rise to CD8Į+ and CD8Į- cDCs, and non-lymphoid tissues, where they may
give rise to CD103+ lamina propria DC (lpDC). Under homeostatic conditions, Ly-6C-

monocytes may contribute to alveolar macrophages (Mĭ) and Ly-6C+ monocytes can become
CX3CR1+ lpDCs in non-lymphoid tissues. During inflammation, Ly-6C+ monocytes give rise
to monocyte-derived DCs, e.g. TNF and iNOS-producing dendritic cells (TipDC),
inflammatory macrophages, and may contribute to myeloid-derived suppressor cells (MDSC)
associated with tumors. They are also suspected to contribute to microglia and Langerhans
cells in selected experimental conditions. Microglia and Langerhans cells can renew
independently from the bone marrow (curved arrow). HSC can also leave their bone marrow
niche and enter peripheral tissues, where they differentiate to myeloid cells during
inflammation. It is unclear at this time if LP contribute significantly to PDC and cDCs (dashed
arrow).
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Fig.1	
  

Resident	
  macrophages	
  have	
  a	
  dual	
  origin	
  

CX3CR1-negative tissue macrophages could be associated with
prenatal development, or represent adult precursors, such as
MDPs or monocytes (Fogg et al., 2006; Jung et al., 2000). To
distinguish between these two scenarios, we took advantage
of Cx3cr1creER:R26-yfp mice, in which Cre activity can be regu-
lated by drug administration and hence induced after birth.
One month of continuous tamoxifen exposure of adult animals
resulted in the efficient reporter gene expression in CX3CR1

+

resident macrophages and microglia of Cx3cr1creER:R26-yfp
mice (Figure 1B). Moreover, it yielded substantial excision of
the LoxP-flanked STOP cassette from the R26-STOP-YFP loci,
and hence YFP expression, in the monocyte compartment (see

Figure 1. Reporter Gene Expression Profile
of Macrophage Populations in Cx3cr1gfp/+,
Cx3cr1cre/+:R26-yfp, andTamoxifen-Treated
Cx3cr1creER/+:R26-yfp Mice
(A) Schematic of modified Cx3cr1 loci. The

Cx3cr1cre and Cx3cr1creER mice were crossed to

R26-yfp mice, in which irreversible induction of

YFP expression is induced upon Cre recombinase

expression and activation, respectively.

(B and C) Flow cytometric analysis of CX3CR1
+

(B) and CX3CR1
! (C) mononuclear phagocyte

populations of Cx3cr1gfp/+, Cx3cr1cre/+:R26-yfp,

and Cx3cr1creER/+:R26-yfp mice. Cx3cr1creER/+:

R26-yfp mice were treated for 4 weeks with

tamoxifen prior to analysis. Results are represen-

tative of six mice per group.

below). However, no reporter gene
expression was detected in the CX3CR1

!

macrophage populations of the tamox-
ifen-treated Cx3cr1creER:R26-yfp mice,
signifying that no monocytes had entered
the pool.
To formally establish that descendants

of monocytes from tamoxifen-treated
animals can be detectable according to
reporter gene expression after an ex-
tended period of time in a tissue context,
we resorted to an adoptive transfer
strategy focusing on intestinal resident
macrophages that we previously estab-
lished to be Ly6C+ monocyte derived
(Varol et al., 2009). Specifically, Ly6C+

YFP! BM monocytes isolated from
tamoxifen-treated mice were adoptively
transferred into diphtheria toxin-treated
CD11c-DTR/WT BM chimeras (Varol
et al., 2009). As seen in Figure 2B, grafted
cells gave rise to YFP+ lamina propria
macrophages. Notably, because the
recipients were not treated with tamox-
ifen, the rearrangement of the R26-
STOP-YFP loci must have occurred in
the donor animals. The fact that mono-
cyte-derived cells could be detected
in tamoxifen-treated adult Cx3cr1creER:
R26-yfp mice according to their reporter

expression was further corroborated by analyzing mice chal-
lenged intraperitoneally with thioglycollate, which led to the
appearance of RFP+ cells in the peritoneal cavities 72 hr after
treatment (Figure 2C). Interestingly, after the resolution of this
response, cells derived from the monocyte infiltrate persisted
for up to 2 months after challenge. This was associated with
a phenotypic shift to MHCIIloF4/80hi cells, suggesting the inte-
gration of the monocyte-derived cells into the resident macro-
phage pool (Figure 2C).
Collectively, the absence of label in resident CX3CR1

! macro-
phage populations of tamoxifen-treated Cx3cr1creER:R26-yfp
mice establishes that there is no on-going steady-state
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Ly6C-­‐	
  YFP+	
  monocytes	
  give	
  rise	
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  peripheral	
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contribution of monocytes to Kupffer cells or peritoneal, splenic,
and lung macrophages and that these cells derive prenatally
originating either independent from the yolk sac or fetal liver cells
and subsequently maintaining themselves through longevity and
limited self-renewal.

Characterization of Myeloid Precursors and Monocytes
in Cx3cr1cre:R26-yfp and Cx3cr1creER:R26-yfp Mice
CX3CR1 chemokine receptor expression commences with the
first dedicated mononuclear phagocyte precursor, the MDP,
and expression is subsequently maintained in DC-committed
precursors (CDPs, pre-DCs) and monocytes (Fogg et al., 2006;
Liu et al., 2009; Onai et al., 2007). All these cell populations
are consequently homogeneously marked by reporter gene
expression in Cx3cr1gfp mice (Figure 3A). Interestingly, however,
reporter gene expression was absent from MDPs of Cx3cr1cre:

Figure 2. Dual Origins of Macrophages
(A) (i) Flow cytometric and histological analysis of

liversobtained fromCx3cr1cre/+:R26-rfp:Cx3cr1gfp/+

mice. In thesemiceGFP expression acts as a direct

reporter for CX3CR1 expression, whereas RFP

expression is controlled by Cre recombinase. (ii)

Analysis of fetal and adult liver Kupffer cells of

Cx3cr1gfp/+ mice.

(B) Flow cytometric analysis of the intestinal

lamina propria of DTx-treated Cd11c-dtr mice

that received 7 days earlier a Ly6C+YFP! mono-

cyte graft isolated from tamoxifen-treated

Cx3cr1creER/+:R26-yfp mice. Results are repre-

sentative of two experiments involving three mice

per group.

(C) Flow cytometric analysis of peritoneal lavages

of Cx3cr1creER/+:R26-rfp mice administered a

single tamoxifen gavage (5 mg) 1 day after an

intraperitoneal thioglycollate injection. Rightmost

graph shows phenotypic shift of monocyte-

derived cells between 3 weeks and 8 weeks.

Results are representative of two independent

experiments involving three mice per group.

R26-yfp mice; rather, YFP+ cells first
appeared at the CDP and Ly6C+ mono-
cyte stage (Figure 3). This delay of YFP
expression compared to Cx3cr1gfp mice
may be due to the time restraint imposed
by the required rearrangement for STOP
cassette excision prior to reporter gene
expression in Cx3cr1cre:R26-yfp animals.
In Cx3cr1creER:R26-yfp mice, where
reporter activation requires the nuclear
translocation of the CreER protein prior
to rearrangement, YFP expression was
found to be even further restricted.
Thus, in tamoxifen-treated Cx3cr1creER:
R26-yfp mice, reporter gene expression
was absent from CDPs and Ly6C+ mono-
cytes (Figure 3B). Only Ly6C! mono-
cytes—and only a fraction of them—
expressed YFP even after extended
tamoxifen treatment (Figure 3B). The

differential appearance of the YFP label in Ly6C+ and Ly6C!

monocyte subsets indicated distinct temporal requirements
for their creation, supporting the notion of their sequential gener-
ation (Sunderkötter et al., 2004; Varol et al., 2007; Yrlid et al.,
2006). Notably, key surface markers recently reported for the
two monocytes subsets (Ingersoll et al., 2010) displayed gradual
alterations between Ly6C+YFP!, Ly6C!YFP!, and Ly6C!YFP+

cells in Cx3cr1creER:R26-yfp mice (Figure S2A). Furthermore,
comparison of expression of these markers by Cx3cr1cre:
R26-yfp monocyte subsets also demonstrated gradual changes
from Ly6C+YFP! to Ly6C+YFP+ and Ly6C!YFP+ cells (Fig-
ure S2B). Taken together, reporter gene expression kinetics in
Cx3cr1cre andCx3cr1creER:R26-yfpmiceand thegradual acquisi-
tion of maturation markers in the monocyte subsets support the
notion that Ly6C+monocytes differentiate into Ly6C!monocytes
in steady state.
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Fig.3	
  

YFP+Ly6C+	
  and	
  Ly6C-­‐	
  monocytes	
  are	
  sequencially	
  generated	
  

Ly6C– Monocytes Derive from Ly6C+ Monocytes
Independently in BM and Blood
With the definition of MDPs as in vivo monocyte precursors
(Varol et al., 2007), the question arose whether these cells give
rise to both CX3CR1

intLy6C+ and CX3CR1
hiLy6C! monocytes

or whether the two monocyte subsets are part of a develop-
mental sequence (Sunderkötter et al., 2004; Varol et al., 2007;
Yrlid et al., 2006). Although adoptively transferred Ly6C+

CX3CR1
int monocytes isolated from BM can give rise to Ly6C!

CX3CR1
hi monocytes in recipient mice (Varol et al., 2007), these

grafts could have arguably been contaminated with immature
BM precursors. To exclude this possibility, we isolated CX3

CR1GFP/+Ly6C+ monocytes from the splenic reservoir (Swirski
et al., 2009) and grafted them into congenic WT mice (Fig-

Figure 3. Reporter Gene Expression Profile
of Mononuclear Phagocyte Precursors and
Circulating Monocytes
(A and B) Flow cytometric analysis of different

mononuclear phagocyte populations: precursors

(A) and blood monocytes (B) obtained from

Cx3cr1gfp/+,Cx3cr1cre/+:R26-yfp, andCx3cr1creER/+:

R26-yfp mice. Cx3cr1creER/+:R26-yfp mice were

treated for 4 weeks with tamoxifen prior to analysis.

Results are representative of four to six mice per

group.

(C) Bar graph summarizing frequencies of GFP or

YFP+ cells in indicated mononuclear phagocyte

populations of Cx3cr1gfp/+, Cx3cr1cre/+:R26-yfp,

and Cx3cr1creER/+:R26-yfp mice. Mean ± SEM are

performed with four to six mice per group.

See also Figures S1 and S2.

ure S3A). Recipients were sacrificed at
various time points after adoptive transfer
and subjected to flow cytometry analysis.
One day after transfer, grafted cells were
detectable in recipient blood, BM, and
spleen as Ly6C+CX3CR1/GFPint cells
(Figure S3B). However, corroborating
our earlier study (Varol et al., 2007), by
day 3 grafted splenic Ly6C+ monocytes
had quantitatively differentiated into
Ly6C!CX3CR1/GFPhi cells.
Next, we compared the differentiation

potential of Ly6C+YFP! and Ly6C+YFP+

monocytes of Cx3cr1cre:R26-yfp mice.
Isolated monocyte subsets were grafted
into congenic WT recipient mice. Analysis
over a 3 day period revealed a number of
sequential steps required for Ly6C+

monocytes toconvert. Ly6C+YFP!mono-
cytes transformed from being YFP nega-
tive to cells expressing the YFP reporter
prior to converting into Ly6C!monocytes,
authenticating the notion that Ly6C+

monocytes are the precursors of Ly6C!

monocytes and our earlier assumption
that acquisition of the YFP label bymono-
cytes is a matter of time (Figure S4).

To further investigate the interrelation of blood monocytes and
determine their turnover rates, we resorted to a 5-bromo-20-
deoxyuridine (BrdU) pulsing regime. Specifically, mice were
dosed with three intraperitoneal (i.p.) injections of 2 mg BrdU
(3 hr apart) and subsequently monitored over a 5 day period
for the presence of the thymidine analog in the genome of the
monocyte subsets. This low dose of BrdU is unlikely to be mito-
genic (Takizawa et al., 2011). Because only a minor subset of
monocytic cells is in cell cycle, BrdU is expected to be incorpo-
rated into dividing monocyte precursors, such as MDPs. One
day after the first BrdU injection, all circulating Ly6C+monocytes
were BrdU positive (Figure 4A). In contrast, no Ly6C! blood
monocytes had incorporated label by day 1, indicating that these
cells are not recently generated from a dividing precursor. The
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monocytes are the precursors of Ly6C!

monocytes and our earlier assumption
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(3 hr apart) and subsequently monitored over a 5 day period
for the presence of the thymidine analog in the genome of the
monocyte subsets. This low dose of BrdU is unlikely to be mito-
genic (Takizawa et al., 2011). Because only a minor subset of
monocytic cells is in cell cycle, BrdU is expected to be incorpo-
rated into dividing monocyte precursors, such as MDPs. One
day after the first BrdU injection, all circulating Ly6C+monocytes
were BrdU positive (Figure 4A). In contrast, no Ly6C! blood
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fraction of BrdU+ cells in the Ly6C! compartment gradually
increased to around one-third by day 5 (Figure 4A), whereas
the Ly6C+ monocytes lost the label by day 5. Fitting an exponen-
tial trendline from day 2 (i.e., the peak of BrdU label) to day 5, we
calculated the steady-state half-life of the Ly6C+ blood
monocytes to be 0.843 days (20 hr) (r2 = 0.932). The sequential
acquisition of the BrdU label by the blood monocyte subsets
suggested that it was incorporated into monocyte precursors
that differentiated into Ly6C+ monocytes and subsequently
moved with time to Ly6C! monocytes. To corroborate this
assumption, we took advantage of a cell ablation strategy target-
ing Ly6C+ monocytes based on the injection of the CCR2 anti-
body MC21 (Brühl et al., 2007). MC21 treatment of BrdU-pulsed
mice on day 1 efficiently ablated CCR2+Ly6C+ monocytes and
spared as reported CCR2!Ly6C! cells (Figure 4B). Interesting
though and supporting the notion of a precursor/product rela-

Figure 4. Monocyte Subset Dynamics
(A and B) Flow cytometric analysis of Ly6C+ and

Ly6C! blood monocyte subsets pulsed three

times with 2 mg BrdU 3 hr apart and monitored

over 5 days. (B) Mice were treated with CCR2

antibody MC21 and BrdU incorporation by Ly6C!

blood monocyte was analyzed.

(C) Analysis of time course of BrdU incorpora-

tion of Ly6C+ and Ly6C! monocytes in blood

(red) and BM (blue) after a single 2 mg pulse of

BrdU; BrdU incorporation by monocytes in mice

treated with the MC21 antibody (green). Mean ±

SEM are performed with three to four mice per

group.

See also Figures S2–S6.

tionship of the two monocyte subsets,
removal of BrdU-labeled Ly6C+ mono-
cytes also prevented accumulation of
the BrdU label in the Ly6C! monocyte
population (Figure 4B).
To refine our analysis and extend it to

monocytes residing in BM, C57BL/6
animals were injected with a single dose
of BrdU (2 mg) (Figure 4C). Analysis of
blood monocytes confirmed the sequen-
tial appearance of the BrdU label in Ly6C+

and Ly6C! monocytes, respectively.
Ly6C+ monocytes in the BMwere labeled
before Ly6C+ blood monocytes, consis-
tent with their generation from MDPs in
the BM (Varol et al., 2007). BM-resident
Ly6C! cells were found to incorporate
BrdU well before the blood Ly6C! mono-
cytes, though still delayed when com-
pared to BM Ly6C+ monocytes. This
suggests that Ly6C! BM monocytes are
generated in the BM and Ly6C! blood
monocytes are generated in the blood.
In line with this notion, MC21 treatment
that ablates Ly6C+ blood but not Ly6C+

BM monocytes did not impair labeling of
BM Ly6C! monocytes (Figure 4C).

Collectively, these data establish that Ly6C+ monocytes are
precursors of Ly6C! cells. Moreover, the limited acquisition of
BrdU label in the Ly6C! monocytes supports the earlier notion
based on adoptive transfer experiments (Geissmann et al.,
2003) that these cells have an extended circulation half life as
compared to Ly6C+monocytes. Finally, differential label acquisi-
tion by Ly6C! BM and blood monocytes suggest that these
compartments are established, and in steady state maintained,
independent of each other.

Ly6C+ Blood Monocytes Are Obligatory Precursors
of Steady-State Ly6C– Monocytes
Among monocytes, membrane expression of the chemokine
receptor CCR2 is restricted to Ly6C+ cells and a prerequisite
for these cells to exit from the BM (Serbina and Pamer,
2006; Shi et al., 2011). Accordingly, Ly6C+ monocytes are
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the BrdU label in the Ly6C! monocyte
population (Figure 4B).
To refine our analysis and extend it to
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animals were injected with a single dose
of BrdU (2 mg) (Figure 4C). Analysis of
blood monocytes confirmed the sequen-
tial appearance of the BrdU label in Ly6C+

and Ly6C! monocytes, respectively.
Ly6C+ monocytes in the BMwere labeled
before Ly6C+ blood monocytes, consis-
tent with their generation from MDPs in
the BM (Varol et al., 2007). BM-resident
Ly6C! cells were found to incorporate
BrdU well before the blood Ly6C! mono-
cytes, though still delayed when com-
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suggests that Ly6C! BM monocytes are
generated in the BM and Ly6C! blood
monocytes are generated in the blood.
In line with this notion, MC21 treatment
that ablates Ly6C+ blood but not Ly6C+

BM monocytes did not impair labeling of
BM Ly6C! monocytes (Figure 4C).

Collectively, these data establish that Ly6C+ monocytes are
precursors of Ly6C! cells. Moreover, the limited acquisition of
BrdU label in the Ly6C! monocytes supports the earlier notion
based on adoptive transfer experiments (Geissmann et al.,
2003) that these cells have an extended circulation half life as
compared to Ly6C+monocytes. Finally, differential label acquisi-
tion by Ly6C! BM and blood monocytes suggest that these
compartments are established, and in steady state maintained,
independent of each other.

Ly6C+ Blood Monocytes Are Obligatory Precursors
of Steady-State Ly6C– Monocytes
Among monocytes, membrane expression of the chemokine
receptor CCR2 is restricted to Ly6C+ cells and a prerequisite
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   reported to be selectively reduced in the circulation of
CCR2-deficient mice (Serbina and Pamer, 2006). If Ly6C+ blood
monocytes are precursors of Ly6C! monocytes, the impairment
of Ly6C+ cell compartment would be expected to impinge on
Ly6C! monocytes. To probe this point more rigorously, we
analyzed monocyte subset distributions in a competitive
setting by generating mixed chimeras, with BM isolated
from CCR2-proficient (CD45.1) and CCR2-deficient (CD45.2)
Cx3cr1gfp/+ mice. Analysis of the BM of the respective chimeras
8 weeks after irradiation revealed that the two genotypes
were equally prevalent among MPs and MDPs, as well as DC
precursors (CDPs and pre-DCs) (Figures 5A and 5B). BM-
resident CCR2mutant Ly6C+monocytes were found to accumu-
late, presumably as a result of their impaired BM exit (Serbina
and Pamer, 2006), whereas BM-resident mutant Ly6C! mono-

Figure 5. Impaired BM Exit of Ly6C+ Blood
Monocyte Affects the Ly6C– Cell Compart-
ment
(A) Flow cytometric analysis of mixed Ccr2!/!:

Cx3cr1gfp/+ (CD45.2)/Ccr2+/+:Cx3cr1gfp/+ (CD45.1)/

WT BM chimeras. Distribution of cells within the

mononuclear compartment were analyzed for

percentage of CD45.2+ cells. Cell definitions for

gating: MP, Lin!CD135+CD115!CD117+; MDP, Lin!

CD135+CD115+CD117+; CDP, Lin!CD135+CD115+

CD117!; pre-DC, Lin!CD11cintMHCII!CD135+

CD172a!CX3CR1
+; monocyte, CD11b+ CD115+.

Results are representative of six analyzed mice.

(B) Analysis of mixed Ccr2!/!:Cx3cr1gfp/+

(cd45.2)/Ccr2+/+:Cx3cr1gfp/+ (CD45.1) / WT BM

chimeras. Representative result of two experi-

ments involving three to five mice per group.

See also Figures S3–S6.

cytes were moderately dominated by
CD45.1+ WT cells (Figure 5B). As ex-
pected from the reported phenotype of
Ccr2!/! mice (Serbina and Pamer,
2006), in the blood Ly6C+Ccr2!/! mono-
cytes (CD45.2) were outcompeted
by their CD45.1+ WT counterpart (Fig-
ure 5A), but CCR2 deficiency also
compromised the Ly6C! blood mono-
cytes, with mutant cells underrepre-
sented in both compartments (Figures
5A and 5B). The competitive disadvan-
tage of both Ly6C+ and Ly6C! CCR2-
deficient monocytes was also evident in
the spleen (Figure 5B), although it was
less pronounced for Ly6C+ cells, which
after having entered the splenic pool
might be trapped because of impaired
mobilization.
Collectively, this establishes that the

generation of Ly6C!CX3CR1
hi mono-

cytes in steady state critically depends
on CCR2-proficient Ly6C+CX3CR1

int

monocytes as immediate precursors.
Moreover, in order to serve as Ly6C!

CX3CR1
hi monocyte progeny, these cells have to exit from the

BM to the circulation.

Ly6C+ BloodMonocytes Negatively Control the Lifespan
of Ly6C– Monocytes
The fact that Ccr2!/! mice harbor circulating Ly6C!CX3CR1

hi

monocytes despite their impaired Ly6C+ monocyte compart-
ment (Qu et al., 2004) seemingly contradicts the notion that the
latter cells require Ly6C+ monocytes as precursors. Indeed,
analysis of the frequencies of the two monocyte subsets in
Ccr2!/!Cx3cr1gfp mice confirmed the presence of a sizable
Ly6C!CX3CR1

hi monocyte population, albeit drastically reduced
as compared to Ccr2+/+:Cx3cr1gfp littermates (Figure 6A). Inter-
estingly, Ly6C! bloodmonocytes ofCcr2!/!mice had downmo-
dulated their receptors for themacrophage growth factor CSF-1,
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detected with a CD115 antibody (Figure 6B). One could postu-
late that in Ccr2!/! mice, Ly6C!CX3CR1

hi monocytes might
compensate for the diminished replenishment from Ly6C+

monocytes by extending their lifespan.
To directly investigate this possibility, we took advantage of

our fate mapping system. A single 5 mg tamoxifen gavage of
Cx3cr1creER:R26-yfp mice induced in their CX3CR1

+ cells the
nuclear translocation of Cre recombinase and rearrangement
of the YFP reporter locus, resulting in a discrete label of Ly6C!

monocytes peaking by day 4 after gavage (Figure 6C). This label
disappeared with time, and exponential trendline fitting from day
4 onward yielded a calculated steady-state half-life of Ly6C!

blood monocytes of 2.2 days (r2 = 0.996). If this half-life is criti-
cally determined by input from CCR2-expressing Ly6C+ mono-
cytes, then ablation of the latter via the anti-CCR2 regimen
should affect it. Indeed, as seen in Figure 6C, MC21 treatment
resulted in persistence of YFP-labeled Ly6C! monocytes in
tamoxifen-treated Cx3cr1creER:R26-yfp mice, extending their
half-life from 2.2 days to 11 days (r2 = 0.992). Once Ly6C+ mono-
cytes were restored, after cessation of MC21 treatment, Ly6C!

cells regained their steady-state half-life and the population
hence lost its YFP label. The depletion of CCR2-expressing
Ly6C+ monocytes was associated with a substantial downmo-
dulation of detectable CD115 (CSF-1 receptor) on the Ly6C!

monocytes, reminiscent of the situation in Ccr2!/! mice (Fig-
ure 6B), which was restored after MC21 withdrawal (Figure 6D).
Downmodulation of the CSF-1 receptor from the cell surface

could be a reflection of engagement by its ligand and indeed
administration of recombinant CSF-1 provided direct evidence
that this can occur (Figure 6E). Because myeloid cells them-
selves control the circulating availability of CSF-1 (Bartocci
et al., 1987; Tushinski et al., 1982), depletion of CSF-1R-
expressing Ly6C+ monocytes in Ccr2!/! mice or MC21-treated
animals could potentially alter the availability of the factor.
Although a blocking antibody against the receptor causes
a substantial increase in circulating CSF-1 (MacDonald et al.,
2010), we were not able to detect such an increase in the
depleted animals (Figure S5). Nevertheless, to examine the
function of CSF-1 in the extension of the circulation half-life of
Ly6C! monocytes, we tested the impact of CSF-1 receptor

Figure 6. Prevalence of Ly6C+ Blood Mono-
cytes Determines the Circulation Half-Life
of Ly6C– Blood Cells
(A) Analysis of Ly6C+ and Ly6C! blood mono-

cyte subsets of Ccr2+/+Cx3cr1gfp/+ and Ccr2!/!

Cx3cr1gfp/+ mice. Mean ± SEM are performed with

four to six mice per group.

(B) Mean fluorescent intensities of CD115

expression on Ly6C! monocytes analyzed in (A).

Mean ± SEM are performed with four to six mice

each.

(C) Flow cytometric analysis of blood of

Cx3cr1creER/+:R26-yfp mice treated by tamoxifen

gavage to induce excision of the STOP cassette

from R26-YFP loci. Ly6C! blood monocytes were

analyzed over a 2 week period for reporter gene

expression. Mice were left untreated or treated

with the CCR2 antibody MC21. Representative

result of two experiments involving three mice per

group.

(D) Mean fluorescent intensities of CD115

expression on Ly6C!YFP+ monocytes analyzed in

(C). Mean ± SEM are performed with three mice

per group.

(E) Mean fluorescent intensities of CD115

expression on Ly6C! monocytes of mice that

received an injection of recombinant CSF-1.

Mean ± SEM are performed with three mice each.

(F) Flow cytometric analysis of blood of tamoxifen-

treated Cx3cr1creER/+:R26-yfp mice. Ly6C! blood

monocytes were analyzed over a 2 week period

for reporter gene expression. Mice were left

untreated, treated with the CCR2 antibody, or

treated with a combination of MC21 and anti-

CSF-1 R. Table summarizes half-lives of Ly6C!

blood monocytes in the time window from 4 to

10 days, as determined by exponential trendline

fitting.

See also Figures S5 and S6.
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monocytes peaking by day 4 after gavage (Figure 6C). This label
disappeared with time, and exponential trendline fitting from day
4 onward yielded a calculated steady-state half-life of Ly6C!

blood monocytes of 2.2 days (r2 = 0.996). If this half-life is criti-
cally determined by input from CCR2-expressing Ly6C+ mono-
cytes, then ablation of the latter via the anti-CCR2 regimen
should affect it. Indeed, as seen in Figure 6C, MC21 treatment
resulted in persistence of YFP-labeled Ly6C! monocytes in
tamoxifen-treated Cx3cr1creER:R26-yfp mice, extending their
half-life from 2.2 days to 11 days (r2 = 0.992). Once Ly6C+ mono-
cytes were restored, after cessation of MC21 treatment, Ly6C!

cells regained their steady-state half-life and the population
hence lost its YFP label. The depletion of CCR2-expressing
Ly6C+ monocytes was associated with a substantial downmo-
dulation of detectable CD115 (CSF-1 receptor) on the Ly6C!

monocytes, reminiscent of the situation in Ccr2!/! mice (Fig-
ure 6B), which was restored after MC21 withdrawal (Figure 6D).
Downmodulation of the CSF-1 receptor from the cell surface

could be a reflection of engagement by its ligand and indeed
administration of recombinant CSF-1 provided direct evidence
that this can occur (Figure 6E). Because myeloid cells them-
selves control the circulating availability of CSF-1 (Bartocci
et al., 1987; Tushinski et al., 1982), depletion of CSF-1R-
expressing Ly6C+ monocytes in Ccr2!/! mice or MC21-treated
animals could potentially alter the availability of the factor.
Although a blocking antibody against the receptor causes
a substantial increase in circulating CSF-1 (MacDonald et al.,
2010), we were not able to detect such an increase in the
depleted animals (Figure S5). Nevertheless, to examine the
function of CSF-1 in the extension of the circulation half-life of
Ly6C! monocytes, we tested the impact of CSF-1 receptor

Figure 6. Prevalence of Ly6C+ Blood Mono-
cytes Determines the Circulation Half-Life
of Ly6C– Blood Cells
(A) Analysis of Ly6C+ and Ly6C! blood mono-

cyte subsets of Ccr2+/+Cx3cr1gfp/+ and Ccr2!/!

Cx3cr1gfp/+ mice. Mean ± SEM are performed with

four to six mice per group.

(B) Mean fluorescent intensities of CD115

expression on Ly6C! monocytes analyzed in (A).

Mean ± SEM are performed with four to six mice

each.

(C) Flow cytometric analysis of blood of

Cx3cr1creER/+:R26-yfp mice treated by tamoxifen

gavage to induce excision of the STOP cassette

from R26-YFP loci. Ly6C! blood monocytes were

analyzed over a 2 week period for reporter gene

expression. Mice were left untreated or treated

with the CCR2 antibody MC21. Representative

result of two experiments involving three mice per

group.

(D) Mean fluorescent intensities of CD115

expression on Ly6C!YFP+ monocytes analyzed in

(C). Mean ± SEM are performed with three mice

per group.

(E) Mean fluorescent intensities of CD115

expression on Ly6C! monocytes of mice that

received an injection of recombinant CSF-1.

Mean ± SEM are performed with three mice each.

(F) Flow cytometric analysis of blood of tamoxifen-

treated Cx3cr1creER/+:R26-yfp mice. Ly6C! blood

monocytes were analyzed over a 2 week period

for reporter gene expression. Mice were left

untreated, treated with the CCR2 antibody, or

treated with a combination of MC21 and anti-

CSF-1 R. Table summarizes half-lives of Ly6C!

blood monocytes in the time window from 4 to

10 days, as determined by exponential trendline

fitting.

See also Figures S5 and S6.
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SUMMARY

Mononuclear phagocytes, including monocytes,
macrophages, and dendritic cells, contribute to
tissue integrity as well as to innate and adaptive
immune defense. Emerging evidence for labor divi-
sion indicates that manipulation of these cells could
bear therapeutic potential. However, specific onto-
genies of individual populations and the overall func-
tional organization of this cellular network are not
well defined. Here we report a fate-mapping study
of the murine monocyte and macrophage compart-
ment taking advantage of constitutive and condi-
tional CX3CR1 promoter-driven Cre recombinase
expression. We have demonstrated that major
tissue-resident macrophage populations, including
liver Kupffer cells and lung alveolar, splenic, and peri-
toneal macrophages, are established prior to birth
and maintain themselves subsequently during adult-
hood independent of replenishment by blood
monocytes. Furthermore, we have established that
short-lived Ly6C+ monocytes constitute obligatory
steady-state precursors of blood-resident Ly6C!

cells and that the abundance of Ly6C+ blood mono-
cytes dynamically controls the circulation lifespan
of their progeny.

INTRODUCTION

The mononuclear phagocyte system (van Furth et al., 1972)
today comprises monocytes, macrophages, and dendritic cells
(DCs), as well as their respective committed bone marrow
(BM)-resident progenitors (Geissmann et al., 2010). Collectively,

these cells play central roles in the maintenance of tissue integ-
rity during development and its restoration after injury, as well as
the initiation and resolution of innate and adaptive immunity.
Historically, mononuclear phagocyte subpopulations have

been defined according to anatomic location and surfacemarker
profiles. More recently, this definition has been extended to
comprise dependence of subpopulations on specific growth
and transcription factors (Hashimoto et al., 2011; Lawrence
and Natoli, 2011), subset-specific gene expression signatures
(Robbins et al., 2008), and distinct ontogenies (Geissmann
et al., 2010).
A major breakthrough in defining mononuclear phagocyte

development in the adult organismwas the identification of a clo-
notypic BM-resident founder cell, termed macrophage-DC
precursor (MDP), that gives rise to peripheral mononuclear
phagocytes while having lost granulocyte potential (Fogg et al.,
2006). MDPs differentiate within the BM into monocytes (Varol
et al., 2007) and dedicated DC precursors, the pre-DCs (Liu
et al., 2009). Both of these cell types are subsequently released
into the circulation to allow repopulation of peripheral tissue
macrophages and classical Fms-like tyrosine kinase 3 ligand
(Flt3L)-dependent DCs, respectively. The MDP-pre-DC route is
critical to ensure the constant replenishment of the ephemeral
DC compartment. The relative importance of local proliferation
versus recruitment frommonocytes in the maintenance of tissue
macrophage homeostasis has been debated since the original
definition of the mononuclear phagocyte system (Hume, 2006;
Hume et al., 2002). The original studies of Kupffer cell turnover
in the liver, for example, concluded that very few resident macro-
phages are actively in cycle (Crofton et al., 1978). This prolifera-
tion is ablated by glucocorticoids, which also removes blood
monocytes. The authors concluded that the proliferating cells
were monocyte derived. That conclusion was, however, under-
mined by later evidence that glucocorticoids oppose growth
factor activity, including the macrophage growth factor CSF-1
(Hume and Gordon, 1984).
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SUMMARY

Mouseandhumandendritic cells (DCs) arecomposed
of functionally specialized subsets, but precise inter-
species correlation is currently incomplete. Here, we
showed that murine lung and gut lamina propria
CD11b+ DC populations were comprised of two sub-
sets: FLT3- and IRF4-dependent CD24+CD64! DCs
and contaminating CSF-1R-dependent CD24!CD64+

macrophages. Functionally, loss of CD24+CD11b+

DCs abrogated CD4+ T cell-mediated interleukin-17
(IL-17)production insteadystateandafterAspergillus
fumigatus challenge. Human CD1c+ DCs, the equiva-
lent of murine CD24+CD11b+ DCs, also expressed
IRF4, secreted IL-23, and promoted T helper 17 cell
responses. Our data revealed heterogeneity in the
mouse CD11b+ DC compartment and identifed
mucosal tissues IRF4-expressing DCs specialized
in instructing IL-17 responses in both mouse and
human. The demonstration of mouse and human DC
subsets specialized in driving IL-17 responses high-
lights the conservation of key immune functions
across species and will facilitate the translation of
mouse in vivo findings to advance DC-based clinical
therapies.

INTRODUCTION

Dendritic cells (DCs) initiate and regulate immune responses
against pathogens and maintain tolerance to self-antigens
(Banchereau et al., 2000; Steinman et al., 2003) and as such are
potential targets of immunotherapeutic interventions (Palucka

et al., 2010). DCs are heterogeneous and can be subdivided by
anatomical location, origin, and function. DCs are found in
lymphoid and nonlymphoid tissues (NLT). In mice, lymphoid
tissue (LT) DCs are categorized into two groups: plasmacytoid
DCs (pDCs) and classical DCs, and the latter include CD8+

CD4–CD11b– (CD8+ DC), CD8–CD4+CD11b+ (CD4+CD11b+ DC),
and CD8–CD4–CD11b+ DC populations (Shortman and Naik,
2007). In peripheral NLTs, DCs that populate the outer epidermal
layer of stratified epithelia are termed Langerhans cells, whereas
DCs in connective tissues are called interstitial DCs. The inter-
stitial DC populations are distinguished by mutually exclusive
surface expression of the integrins CD103 and CD11b in steady
state (Ginhoux et al., 2009). In the gut lamina propria (LP), an
additional subset expressing both CD103 and CD11b has been
described (Annacker et al., 2005; Bogunovic et al., 2009).
Recent studies on DC differentiation and function have

highlighted many parallels between LT and NLT DC populations,
in particular between CD8+ and CD103+ DCs (for review, see
Hashimoto et al., 2011). The NLT CD103+ DCs and CD8+ LT resi-
dent DCs constitute an independent DC lineage; both reliant
upon the Fms-like tyrosine kinase 3 ligand receptor (FLT3) and
the transcription factors (TFs) IRF8, ID2, and BATF3. Both
populations are endowed with superior ability to cross-present
viral, tumor, and self-antigens. We recently showed that a
functionally-equivalent cross-presenting DC lineage is con-
served in human peripheral tissues identifying the CD141hi DC
subset with substantial cross-presenting capacities (Haniffa
et al., 2012), similar to blood CD141+ DCs (Bachem et al.,
2010; Crozat et al., 2010; Poulin et al., 2010). By using inter-
species transcriptomic analysis, we demonstrated homology
between human CD141+ DC lineage with mouse NLT CD103+

and CD8+ splenic DCs (Haniffa et al., 2012), as previously
suggested for blood CD141+ DCs (Crozat et al., 2010).
In contrast, the relationships between NLT and LT CD11b+ DC

populations and their unique immune specializations remain
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differentiation in vivo. These results allowed the study of homog-
enous cell populations that derive from committed precursors
along a distinct differentiation program shifting the focus from
studies on phenotypically defined subsets to developmentally
regulated subsets. Belowwediscuss the importance of revisiting
the role of DCs by separating the contribution of these develop-
mentally distinct DC subsets in tissue immunity.

The Batf3-IRF8-Id2 DC Lineage
The Batf3-IRF8-Id2 DC lineage refers to a group of DCs located
in lymphoid and non-lymphoid tissues that share a common
origin, phenotype and function.
Lymphoid Tissue CD8+ DCs and Nonlymphoid Tissue
CD103+CD11b– DCs Have a Common Origin
As shown in Figure 1, the presence in lymphoid tissues of
a discrete population of DCs that expressed the CD8aa homo-
dimer but lacked the CD8b chain and CD11b marker, most
commonly referred to as CD8+ DCs, has been known for more
than a decade (Shortman and Heath, 2010). Several studies
have now established that CD8+ DCs arise from a distinct differ-
entiation program that is dependent on key transcription factors
that include Batf3 (Hildner et al., 2008) and IRF8 (Aliberti et al.,
2003; Schiavoni et al., 2002; Tailor et al., 2008) and the inhibitor
of DNA protein Id2 (Hacker et al., 2003). Absence of any of these
factors prevents the differentiation of CD8+ DCs in lymphoid
organs, but does not affect the differentiation of CD8! DCs
(Hacker et al., 2003; Hildner et al., 2008; Tailor et al., 2008).
Data have also shown that the mammalian target of rapamycin

(mTOR), promotes the differentiation of CD8+ DCs and that the
loss of the tumor suppressor gene PTEN, a negative regulator
of mTOR, expands the number of CD8+ DCs in murine lymphoid
tissues (Sathaliyawala et al., 2010).
A DC subset equivalent to lymphoid tissue CD8+ DCs has

been identified in nonlymphoid tissues. These cells lack the
CD8 marker and express the integrin CD103 (Bedoui et al.,
2009; del Rio et al., 2007; Sung et al., 2006). Similar to CD8+

DCs, they express low amounts CD11b (del Rio et al., 2007;
GeurtsvanKessel et al., 2008; Sung et al., 2006) and lack macro-
phage markers such as CD172a, F4/80, and CX3CR1 (Ginhoux
et al., 2009). Nonlymphoid tissue CD103+CD11b! DCs share
the same differentiation requirements as CD8+ DCs. They are
absent in Batf3-deficient (Edelson et al., 2010), Id2-deficient
(Ginhoux et al., 2009; Edelson et al., 2010) and IRF8-deficient
mice (Ginhoux et al., 2009) and expand in PTEN-deficient mice
(Sathaliyawala et al., 2010). Of note, CD103 is not a specific
marker of Batf3-IRF8-Id2-dependent DCs as CD103 is also ex-
pressed on a subset of CD11b+ DCs in the lamina propria
(Coombes et al., 2007; Jaensson et al., 2008; Johansson-Lind-
bom et al., 2005; Sun et al., 2007). Lamina propria
CD103+CD11b+ DCs develop normally in Batf3-deficient and
IRF8 deficient mice (Edelson et al., 2010) and in Id2-deficient
mice (M. Bogunovic, F. Ginhoux and M.M., unpublished data)
as discussed below.
Importantly, lymphoid tissue CD8+ DCs and nonlymphoid

tissue CD103+CD11b! DCs, which will be referred to as Batf3-
IRF8-Id2 DCs in this Perspective, are critically dependent on

Flt3

CDP

pDC
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GMP Granulocyte
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Pre-DC

RelB
IRF2, IRF4
RBP-J

Flt3 Flt3

Flt3

Flt3

Flt3
CSF-1R

CSF-1R

Batf3
IRF8
Id2

Lymphoid tissue Nonlymphoid tissue

CD45+CD11chiMHCII+

CD11bhiCD4+CD8α-
CD45+CD11chiMHCII+

CD11bloCD4-CD8α+
CD45+CD11chiMHCII+

CD11bloCD103+
CD45+CD11chiMHCII+

CD11bhiCD103+
CD45+CD11chiMHCII+

CD11bhiCD103-

Figure 1. Origin of Batf3-IRF8-Id2-Dependent and -Independent Tissue-Resident DCs in Mice
Lymphoid and peripheral tissues have at least four distinct resident DC subsets: CD4!CD8a+, CD4+CD8a!, CD103+CD11b!, and CD103!CD11b+ DCs. A
CD103+CD11b+ DC subset has been best characterized within the small intestine. This figure illustrates the precursors, transcription factors (black), and cytokine
receptors (red) required for the development of each population. Commitment to the mononuclear phagocyte lineage is determined at the stage of the
macrophage-dendritic cell progenitor (MDP). Granulocyte/macrophage progenitor (GMP) give rise to MDP, which has lost granulocyte potential and gives rise
only to monocytes and DCs restricted precursors (common DC precursors [CDPs]). CDPs have lost monocyte-macrophage differentiation potential and give rise
exclusively to plasmacytoid DCs (pDCs) and pre-DCs circulating precursors that migrate to lymphoid tissues where they differentiate into lymphoid tissue
CD4!CD8a+ and CD4+CD8a DCs and to nonlymphoid tissue to give rise to CD103+CD11b! DCs and CD103+CD11b+ DCs. Flt3 controls myeloid precursors
commitment to the DC lineage as well as the differentiation of mature DCs in tissue. The transcription factors Batf3 Id2 and IRF8 control the differentiation of
lymphoid tissue CD8+ DC and nonlymphoid tissues CD103+CD11b! DC but do not control CD11b+ DC differentiation in lymphoid and nonlymphoid tissues.

324 Immunity 35, September 23, 2011 ª2011 Elsevier Inc.

Immunity

Perspective

Modified	
  from	
  Hashimoto	
  D.	
  et	
  al,	
  Immunity	
  2011	
  	
  

Background	
  

CD4-­‐CD8-­‐	
  CD11b+	
  subset	
  



13	
  
Fig.1	
  

Heterogenicity	
  in	
  lung	
  CD11b+	
  DC	
  populaAon.	
  

analysis, we identified genes that were differentially expressed
by splenic CD8+ and lung CD103+ DCs compared to splenic
CD11b+CD4+DCs. Hierarchical clustering based on the differen-
tially expressed genes showed that lung CD11b+ DCs clustered

Figure 1. Lung CD11b+ DCs Are Heteroge-
neous
(A) Flow cytometry of mouse lung cell suspen-

sion. Gating strategy to identify CD103+ DCs

(green gate), CD11b+CD24+ DCs (blue gate), and

CD11b+CD64+ MACs (red gate) is shown.

(B and C) Histograms show relative expression of

the indicated markers on lung DCs and MACs (B).

Flow cytometry of mouse LLN cell suspension.

Gating strategy as described in (A) was used in (C).

Representative data from n > 5 shown for (A)–(C).

(D) Morphology of purified lung DCs and MACs

visualized by GIEMSA staining and SEM.

(E) Percentage proliferation of lung DCs and MACs

indicated by fluorescence levels in Fucci mice

(mean fluorescent+ cells ± SEM, pooled results of

three experiments, n = 6). See also Figure S1.

with splenic CD4+ DCs, whereas CD11b+

MACs were distantly related (Figure 3A),
suggesting a similar developmental pro-
gram between lung CD11b+ DCs and
splenic CD11b+CD4+ DCs.
Microarray data showed highest

expression of Irf4 on lung CD11b+ DCs
(Figure 3A). Q-PCR (Figure 3B) and flow
cytometric (Figure 3C) analyses confirmed
that lung CD11b+ DCs expressed higher
amounts of IRF4 than either lung CD103+

DCs or CD11b+ MACs. Because IRF4
is known to regulate splenic CD4+ DC dif-
ferentiation (Suzuki et al., 2004; Tamura
et al., 2005), we tested whether lung
CD11b+ DC differentiation was affected
by IRF4 deficiency by using mixed BM
chimeras. Lung CD11b+ DCs were
adversely affected by IRF4 deficiency but
CD103+ DCs and CD11b+ MACs were
unaffected (Figure 3D). This defect was
more dramatic in the LLN (Figure 3E).
However, we did not detect any defects
in the splenic CD11b+ DC population (Fig-
ure 3F), regardless of ESAM expression
that correlates with CD4+ DCs (Lewis
et al., 2011).

Small Intestinal LP
CD24+CD103+CD11b+ DCs Are Also
Dependent on IRF4
We extended our analysis to other NLTs
(dermis, kidney, liver, and gut) to test
whether similar CD11b+CD24+CD64!

DCs were present in these organs. Only
gut LP CD11b+ DCs in the small and large
intestine segregated clearly into CD24+

CD64! and CD24!CD64+ populations (Figure 4A; Figures S1B
and S3A), whereas CD24 and CD64 were not fully discrimina-
tory in the dermis, kidney, or liver (data not shown). Further-
more, there was no correlation between IRF4 and CD24
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Representative data from n > 5 shown for (A)–(C).

(D) Morphology of purified lung DCs and MACs

visualized by GIEMSA staining and SEM.

(E) Percentage proliferation of lung DCs and MACs

indicated by fluorescence levels in Fucci mice

(mean fluorescent+ cells ± SEM, pooled results of

three experiments, n = 6). See also Figure S1.

with splenic CD4+ DCs, whereas CD11b+

MACs were distantly related (Figure 3A),
suggesting a similar developmental pro-
gram between lung CD11b+ DCs and
splenic CD11b+CD4+ DCs.
Microarray data showed highest

expression of Irf4 on lung CD11b+ DCs
(Figure 3A). Q-PCR (Figure 3B) and flow
cytometric (Figure 3C) analyses confirmed
that lung CD11b+ DCs expressed higher
amounts of IRF4 than either lung CD103+

DCs or CD11b+ MACs. Because IRF4
is known to regulate splenic CD4+ DC dif-
ferentiation (Suzuki et al., 2004; Tamura
et al., 2005), we tested whether lung
CD11b+ DC differentiation was affected
by IRF4 deficiency by using mixed BM
chimeras. Lung CD11b+ DCs were
adversely affected by IRF4 deficiency but
CD103+ DCs and CD11b+ MACs were
unaffected (Figure 3D). This defect was
more dramatic in the LLN (Figure 3E).
However, we did not detect any defects
in the splenic CD11b+ DC population (Fig-
ure 3F), regardless of ESAM expression
that correlates with CD4+ DCs (Lewis
et al., 2011).

Small Intestinal LP
CD24+CD103+CD11b+ DCs Are Also
Dependent on IRF4
We extended our analysis to other NLTs
(dermis, kidney, liver, and gut) to test
whether similar CD11b+CD24+CD64!

DCs were present in these organs. Only
gut LP CD11b+ DCs in the small and large
intestine segregated clearly into CD24+

CD64! and CD24!CD64+ populations (Figure 4A; Figures S1B
and S3A), whereas CD24 and CD64 were not fully discrimina-
tory in the dermis, kidney, or liver (data not shown). Further-
more, there was no correlation between IRF4 and CD24
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analysis, we identified genes that were differentially expressed
by splenic CD8+ and lung CD103+ DCs compared to splenic
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tially expressed genes showed that lung CD11b+ DCs clustered
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(green gate), CD11b+CD24+ DCs (blue gate), and

CD11b+CD64+ MACs (red gate) is shown.

(B and C) Histograms show relative expression of

the indicated markers on lung DCs and MACs (B).

Flow cytometry of mouse LLN cell suspension.

Gating strategy as described in (A) was used in (C).

Representative data from n > 5 shown for (A)–(C).

(D) Morphology of purified lung DCs and MACs

visualized by GIEMSA staining and SEM.

(E) Percentage proliferation of lung DCs and MACs

indicated by fluorescence levels in Fucci mice

(mean fluorescent+ cells ± SEM, pooled results of

three experiments, n = 6). See also Figure S1.
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MACs were distantly related (Figure 3A),
suggesting a similar developmental pro-
gram between lung CD11b+ DCs and
splenic CD11b+CD4+ DCs.
Microarray data showed highest

expression of Irf4 on lung CD11b+ DCs
(Figure 3A). Q-PCR (Figure 3B) and flow
cytometric (Figure 3C) analyses confirmed
that lung CD11b+ DCs expressed higher
amounts of IRF4 than either lung CD103+

DCs or CD11b+ MACs. Because IRF4
is known to regulate splenic CD4+ DC dif-
ferentiation (Suzuki et al., 2004; Tamura
et al., 2005), we tested whether lung
CD11b+ DC differentiation was affected
by IRF4 deficiency by using mixed BM
chimeras. Lung CD11b+ DCs were
adversely affected by IRF4 deficiency but
CD103+ DCs and CD11b+ MACs were
unaffected (Figure 3D). This defect was
more dramatic in the LLN (Figure 3E).
However, we did not detect any defects
in the splenic CD11b+ DC population (Fig-
ure 3F), regardless of ESAM expression
that correlates with CD4+ DCs (Lewis
et al., 2011).

Small Intestinal LP
CD24+CD103+CD11b+ DCs Are Also
Dependent on IRF4
We extended our analysis to other NLTs
(dermis, kidney, liver, and gut) to test
whether similar CD11b+CD24+CD64!

DCs were present in these organs. Only
gut LP CD11b+ DCs in the small and large
intestine segregated clearly into CD24+

CD64! and CD24!CD64+ populations (Figure 4A; Figures S1B
and S3A), whereas CD24 and CD64 were not fully discrimina-
tory in the dermis, kidney, or liver (data not shown). Further-
more, there was no correlation between IRF4 and CD24

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

972 Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc.

Fucci-­‐492	
  mice:	
  cells	
  in	
  S,	
  G2	
  and	
  
M	
  phase	
  are	
  fluorescent	
  



14	
  

expression in these organs detectable by flow cytometry (data
not shown).
The small intestinal LP (SI-LP) CD11b+ DC fraction contained a

CD24+CD64! DC population (CD11b+ DCs) and CD24!CD64+

macrophages (CD11b+ MACs). However, unlike lung CD11b+

DCs, the SI-LP CD11b+ DCs were mostly CD103+ (CD11b+

CD103+ DCs), with a minor CD103! fraction (CD11b+CD103!

DCs) (Figure 4A), as previously described (Annacker et al., 2005;
Bogunovic et al., 2009; Cerovic et al., 2012). CD11c expression,
but not CD26 or BTLA, discriminated CD11b+ DCs (regardless
of CD103 expression) from CD11b+ MACs (Figure S3B). In
contrast, SI-LP CD11b+ MACs expressed higher amounts of the

Figure 2. Lung CD11b+CD24+CD64– Cells
Are Bona Fide DCs, whereas CD11b+CD24–

CD64+ Cells Are Macrophages
(A) Relative expression of Flt3 and Csf-1r mRNA by

lung DCs and MACs (n = 3, mean ± SEM).

(B–G) Percentage of CD45.2 and CD45.1 DCs and

MACs in the indicated tissues from mixed BM

chimeric mice (CD45.2 WT: CD45.1 WT; CD45.2

Flt3!/!: CD45.1 WT (B, D, F); CD45.2 Csf1r!/!:

CD45.1 WT (C, E, G).

(H) Bar graph shows mean ± SEM of the indicated

cell populations (pooled results of four experi-

ments, n = 12). Percentage proliferation of OTII

cells stimulated by OVA-loaded lung DCs and

MACs (n = 3, mean ± SEM). See also Figure S2.

monocyte-macrophage markers CD14,
CX3CR1, and lysozyme (Figure S3B).
Similar to LLN, the CD11b+ fraction of
migratory DCs (CD11cloMHCIIhi) in the
mesenteric lymphnodes (MLN) expressed
CD24 and not CD64, suggesting that
only the CD11b+CD24+CD64! fraction
migrates toMLN (Figure 4B), as previously
reported (Bogunovic et al., 2009; Schulz
et al., 2009). Mixed BM chimera experi-
ments showed that both LP CD11b+

CD103+ DCs and CD24+CD103+ DCs
were FLT3 dependent and CSF-1R inde-
pendent, whereas CD11b+ MACs were
CSF-1R dependent (Figures 4C and 4D).
LP CD11b+CD103! DCs were CSF-1R
and FLT3 independent because their
chimerism was similar to blood gran-
ulocytes used as engraftment control
(Figure S2).
We also tested whether SI-LP CD11b+

DCs (regardless of CD103 expression)
were dependent on IRF4. SI-LP CD11b+

CD103! DCs expressed lower levels of
IRF4 (Figure 4E) and were independent
of IRF4, as were CD11b!CD103+ DC
and CD11b+ MAC populations (Figures
4F and 4G). In contrast, LP CD11b+

CD103+ DCs expressed the highest level
of IRF4 (Figure 4E) and were partially
dependent on IRF4 expression (Fig-

ure 4F). Their relationship with LP CD11b+CD103! DCs remains
to be investigated. Furthermore, correlating with the lung data,
migratory MLN CD11b+CD103+ DCs were also entirely depen-
dent on IRF4 (Figure 4G). Analogous CD24+CD11b+ DCs,
CD64+CD11b+ MACs, or an IRF4-dependent population was
undetectable in the dermis, kidney, and liver (data not shown).

Lung CD11b+ DCs and Small Intestinal LP
CD11b+CD103+ DCs Are Absent in Mice Lacking
IRF4 in the DC Lineage
We next established whether the lung and SI-LP IRF4-
dependent DC subsets shared functional specializations. We
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expression in these organs detectable by flow cytometry (data
not shown).
The small intestinal LP (SI-LP) CD11b+ DC fraction contained a

CD24+CD64! DC population (CD11b+ DCs) and CD24!CD64+

macrophages (CD11b+ MACs). However, unlike lung CD11b+

DCs, the SI-LP CD11b+ DCs were mostly CD103+ (CD11b+

CD103+ DCs), with a minor CD103! fraction (CD11b+CD103!

DCs) (Figure 4A), as previously described (Annacker et al., 2005;
Bogunovic et al., 2009; Cerovic et al., 2012). CD11c expression,
but not CD26 or BTLA, discriminated CD11b+ DCs (regardless
of CD103 expression) from CD11b+ MACs (Figure S3B). In
contrast, SI-LP CD11b+ MACs expressed higher amounts of the

Figure 2. Lung CD11b+CD24+CD64– Cells
Are Bona Fide DCs, whereas CD11b+CD24–

CD64+ Cells Are Macrophages
(A) Relative expression of Flt3 and Csf-1r mRNA by

lung DCs and MACs (n = 3, mean ± SEM).

(B–G) Percentage of CD45.2 and CD45.1 DCs and

MACs in the indicated tissues from mixed BM

chimeric mice (CD45.2 WT: CD45.1 WT; CD45.2

Flt3!/!: CD45.1 WT (B, D, F); CD45.2 Csf1r!/!:

CD45.1 WT (C, E, G).

(H) Bar graph shows mean ± SEM of the indicated

cell populations (pooled results of four experi-

ments, n = 12). Percentage proliferation of OTII

cells stimulated by OVA-loaded lung DCs and

MACs (n = 3, mean ± SEM). See also Figure S2.

monocyte-macrophage markers CD14,
CX3CR1, and lysozyme (Figure S3B).
Similar to LLN, the CD11b+ fraction of
migratory DCs (CD11cloMHCIIhi) in the
mesenteric lymphnodes (MLN) expressed
CD24 and not CD64, suggesting that
only the CD11b+CD24+CD64! fraction
migrates toMLN (Figure 4B), as previously
reported (Bogunovic et al., 2009; Schulz
et al., 2009). Mixed BM chimera experi-
ments showed that both LP CD11b+

CD103+ DCs and CD24+CD103+ DCs
were FLT3 dependent and CSF-1R inde-
pendent, whereas CD11b+ MACs were
CSF-1R dependent (Figures 4C and 4D).
LP CD11b+CD103! DCs were CSF-1R
and FLT3 independent because their
chimerism was similar to blood gran-
ulocytes used as engraftment control
(Figure S2).
We also tested whether SI-LP CD11b+

DCs (regardless of CD103 expression)
were dependent on IRF4. SI-LP CD11b+

CD103! DCs expressed lower levels of
IRF4 (Figure 4E) and were independent
of IRF4, as were CD11b!CD103+ DC
and CD11b+ MAC populations (Figures
4F and 4G). In contrast, LP CD11b+

CD103+ DCs expressed the highest level
of IRF4 (Figure 4E) and were partially
dependent on IRF4 expression (Fig-

ure 4F). Their relationship with LP CD11b+CD103! DCs remains
to be investigated. Furthermore, correlating with the lung data,
migratory MLN CD11b+CD103+ DCs were also entirely depen-
dent on IRF4 (Figure 4G). Analogous CD24+CD11b+ DCs,
CD64+CD11b+ MACs, or an IRF4-dependent population was
undetectable in the dermis, kidney, and liver (data not shown).

Lung CD11b+ DCs and Small Intestinal LP
CD11b+CD103+ DCs Are Absent in Mice Lacking
IRF4 in the DC Lineage
We next established whether the lung and SI-LP IRF4-
dependent DC subsets shared functional specializations. We
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expression in these organs detectable by flow cytometry (data
not shown).
The small intestinal LP (SI-LP) CD11b+ DC fraction contained a

CD24+CD64! DC population (CD11b+ DCs) and CD24!CD64+

macrophages (CD11b+ MACs). However, unlike lung CD11b+

DCs, the SI-LP CD11b+ DCs were mostly CD103+ (CD11b+

CD103+ DCs), with a minor CD103! fraction (CD11b+CD103!

DCs) (Figure 4A), as previously described (Annacker et al., 2005;
Bogunovic et al., 2009; Cerovic et al., 2012). CD11c expression,
but not CD26 or BTLA, discriminated CD11b+ DCs (regardless
of CD103 expression) from CD11b+ MACs (Figure S3B). In
contrast, SI-LP CD11b+ MACs expressed higher amounts of the

Figure 2. Lung CD11b+CD24+CD64– Cells
Are Bona Fide DCs, whereas CD11b+CD24–

CD64+ Cells Are Macrophages
(A) Relative expression of Flt3 and Csf-1r mRNA by

lung DCs and MACs (n = 3, mean ± SEM).

(B–G) Percentage of CD45.2 and CD45.1 DCs and

MACs in the indicated tissues from mixed BM

chimeric mice (CD45.2 WT: CD45.1 WT; CD45.2

Flt3!/!: CD45.1 WT (B, D, F); CD45.2 Csf1r!/!:

CD45.1 WT (C, E, G).

(H) Bar graph shows mean ± SEM of the indicated

cell populations (pooled results of four experi-

ments, n = 12). Percentage proliferation of OTII

cells stimulated by OVA-loaded lung DCs and

MACs (n = 3, mean ± SEM). See also Figure S2.

monocyte-macrophage markers CD14,
CX3CR1, and lysozyme (Figure S3B).
Similar to LLN, the CD11b+ fraction of
migratory DCs (CD11cloMHCIIhi) in the
mesenteric lymphnodes (MLN) expressed
CD24 and not CD64, suggesting that
only the CD11b+CD24+CD64! fraction
migrates toMLN (Figure 4B), as previously
reported (Bogunovic et al., 2009; Schulz
et al., 2009). Mixed BM chimera experi-
ments showed that both LP CD11b+

CD103+ DCs and CD24+CD103+ DCs
were FLT3 dependent and CSF-1R inde-
pendent, whereas CD11b+ MACs were
CSF-1R dependent (Figures 4C and 4D).
LP CD11b+CD103! DCs were CSF-1R
and FLT3 independent because their
chimerism was similar to blood gran-
ulocytes used as engraftment control
(Figure S2).
We also tested whether SI-LP CD11b+

DCs (regardless of CD103 expression)
were dependent on IRF4. SI-LP CD11b+

CD103! DCs expressed lower levels of
IRF4 (Figure 4E) and were independent
of IRF4, as were CD11b!CD103+ DC
and CD11b+ MAC populations (Figures
4F and 4G). In contrast, LP CD11b+

CD103+ DCs expressed the highest level
of IRF4 (Figure 4E) and were partially
dependent on IRF4 expression (Fig-

ure 4F). Their relationship with LP CD11b+CD103! DCs remains
to be investigated. Furthermore, correlating with the lung data,
migratory MLN CD11b+CD103+ DCs were also entirely depen-
dent on IRF4 (Figure 4G). Analogous CD24+CD11b+ DCs,
CD64+CD11b+ MACs, or an IRF4-dependent population was
undetectable in the dermis, kidney, and liver (data not shown).

Lung CD11b+ DCs and Small Intestinal LP
CD11b+CD103+ DCs Are Absent in Mice Lacking
IRF4 in the DC Lineage
We next established whether the lung and SI-LP IRF4-
dependent DC subsets shared functional specializations. We
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crossed the DC-specific Cre recombinase mouse (Itgax-cre)
(Caton et al., 2007) with a mouse wherein the Irf4 gene (exons
1 and 2) is flanked by loxP sites and a GFP construct is placed
in the reverse orientation, upstream of the Irf4 promoter region
(Irf4fl/fl) (Klein et al., 2006). In these mice (Itgax-cre Irf4fl/fl),
expression of the Cre recombinase leads to excision of both
exons, preventing transcription of the Irf4 gene only in
CD11c+ cells and concomitantly enabling GFP expression in re-
combined CD11c+ cells, allowing the tracking of Irf4-deficient
cells (Klein et al., 2006). As expected, CD11c+MHCII+ DCs
were GFP+ in all tissues tested (Figures S4A–S4C). Other pop-
ulations expressing GFP were Gr1lo monocytes (80%), CD3+

T cells (25%), and B220+CD19+ B cells (15%) (Figure S4D).
Mice exhibiting >25% GFP+ lymphocytes were excluded from
our studies.

Absence of IRF4 expression in DCs led to a specific depletion
of CD24+CD11b+ DCs in the lung and LLN and CD24+ CD11b+

CD103+ DCs in the gut LP and MLN (Figures S4E–S4J). Other
DC and MAC populations were unaffected, despite expressing
similar levels of GFP (Figure S4). Similar to the data obtained
from mixed BM chimeras, we did not detect any defects in DC
populations in the dermis or liver but observed a slight decrease
in the kidney CD11b+CD24+ DC fraction (Figures S4K–S4O).

We next investigated how IRF4 regulates mucosal tissue
CD11b+ DC homeostasis. To examine whether IRF4 con-
trolled CD11b+ DC homeostasis at the progenitor level, we quan-
tified CD11c+ DC progenitors including pre-DCs (Liu et al., 2009)
and CCR9! pre-pDCs (Schlitzer et al., 2012) in Itgax-cre Irf4fl/fl

versus control littermate (wild-type, WT) BM. Both DC progeni-
tors were GFP+ as a mark of IRF4 excision in Itgax-cre Irf4fl/fl

(Figure S5A). We found no differences in their relative numbers
(Figure S5B). We next tested whether IRF4 was playing a prosur-
vival role in CD11b+ DC homeostasis, a considerably difficult
experiment to perform as very few CD11b+ DCs remained in
the Itgax-cre Irf4fl/fl mice. As such, only the lung yielded enough
cells for analysis. Because cells undergoing apoptosis show
enhanced mitochondrial fission and fragmentation (Martinou
and Youle, 2011), we performed a mitotracker assay that as-
sessed mitochondrial network integrity in lung CD11b+ DCs
lacking IRF4. The remaining lung CD11b+ DCs in Itgax-cre Irf4fl/fl

mice showed significantly enhanced mitochondrial frag-
mentation, as observed during apoptosis, compared to WT
mice (Figures S5C and S5D). These data suggest that IRF4 has
a prosurvival role and its absence in mucosal tissue CD11b+

DCs leads to apoptosis, likely explaining the depletion of
mucosal tissue CD11b+ DCs in Itgax-cre Irf4fl/fl mice.

Figure 3. Lung CD11b+ DCs Are IRF4 Dependent
(A) Hierarchical clustering of murine spleen and lung DC/MAC populations based on differential expression of selected genes (SAM algorithm, delta = 2.6).

(B) Irf4 mRNA expression by lung DCs and MACs (n = 3, mean).

(C) Relative expression of IRF4 by flow cytometry on lung CD11b+ DCs and MACs (n = 3).

(D–F) Percentage of CD45.2 and CD45.1 DCs and MACs in the indicated tissues from indicated mixed BM chimeric mice. Bar graphs show mean ± SEM of the

indicated cell populations (pooled results of four experiments, n = 10, mean ± SEM). See also Figure S2 and Table S1.
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IRF4-Dependent CD24+CD11b+ DCs Control Th17
Responses in Steady State
The loss of LP CD11b+CD103+ DCs, which correspond to our
IRF4-dependent CD24+CD64!CD11b+CD103+ DC subset, is
associated with reduced IL-17-producing CD4+ T cells in the
intestine (Lewis et al., 2011). We also observed that CD11b+

DCs expressed Th17 cell-polarizing molecules, such as
IL-23p19, IL-6, and TGF-b in our microarray data (Figure 5A).
We quantified IL-23p19 mRNA expression from unstimulated
sorted tissue DC and MAC populations (for sorting strategy,
see Figure S1) and confirmed that lung CD11b+ DCs and SI-LP
CD11b+CD103+ DCs homeostatically expressed IL-23p19,

Figure 4. Gut Lamina Propria CD24+CD103+

CD11b+ DCs Are Dependent on IRF4
(A) Flow cytometry of gut LP to identify CD103+

DCs, CD103+CD11b+ DCs, CD103-CD11b+ DCs,

and CD11b+ MACs (n = 5).

(B) Flow cytometry of MLN to identify DCs and

MACs as described in (A), (n = 5).

(C, D, F, and G) Percentage of CD45.2 and CD45.1

DCs and MACs in the indicated tissues from

indicated BM chimeric mice.

(E) Pooled results from four experiments, n = 10

(mean ± SEM). IRF4 expression on SI-LP DCs

and MACs by flow cytometry (n = 3). See also

Figure S3.

IL-6, TGF-b, and IL-1, but not IL-10 and
only minute amounts of IL-12 mRNA
(Figures 5B–5D), underlining the func-
tional homology between these two sub-
sets. We quantified the proportion of
CD3+CD4+ T cells expressing interferon-g
(IFN-g) or IL-17A in the lung and SI-LP of
WT compared to Itgax-cre Irf4fl/fl by intra-
cellular cytokine staining. As expected
(Lewis et al., 2011), in Itgax-cre Irf4fl/fl

mucosal tissues, the proportion of Th17
cells was reduced in steady state com-
pared to WT, whereas Th1 cells were
concomitantly increased (Figure 5E;
Figure S5E).

IRF4-Dependent CD24+CD11b+

Lung DCs Control Th17 Cell
Responses
Next, we assessed the functional conse-
quences of the absence of lung CD11b+

DCs in an infection model dependent on
Th17 cell responses such as the fungal
pathogen A. fumigatus, a prevalent envi-
ronmental fungus that causes potentially
lethal infections in immunosuppressed in-
dividuals (Hohl and Feldmesser, 2007;
Romani, 2004).
We first infected WT and Itgax-cre

Irf4fl/fl mice with a sublethal dose of live
A. fumigatus conidia and monitored
IFN-g and IL-17A production by

CD3+CD4+ T cells on day 7 of infection. Itgax-cre Irf4fl/fl mice
exhibited decreased effector Th17 T cell responses compared
to WT in the lung (Figure 5F). However, to determine whether
this decreased Th17 cell response was specifically due to the
absence of lung CD11b+ DCs, we performed a similar ex-
periment in a mouse model (langerin-DTR) in which the
CD11b!CD103+ DCs can be selectively ablated upon Diphtheria
toxin (DT) administration (GeurtsvanKessel et al., 2008). There
was no reduction in Th17 cell responses in CD103+ DC-depleted
compared to CD103+ DC-sufficient mice (Figure S5F). Fungal
burdens were assessed by quantitative culture of fungal
colony-forming units (CFU) from homogenized infected lungs
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Supplementary figure 3 Flow cytometric analysis of mouse colonic and small intestinal 
lamina propria 
Analysis of the colonic lamina propria DC compartment for the depicted markers by flow cytometry. Dot plots were 
gated as indicated (n=5) (A). DC and macrophage populations within the SI-LP were labeled with antibodies 
specific for the indicated markers, or an isotype-matched control antibody and analyzed by flow cytometry (n=3) 
(B).  
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Like	
  in	
  the	
  lung,	
  gut	
  CD11b+CD24+CD64–	
  cells	
  are	
  bona	
  fide	
  DCs,	
  
whereas	
  CD11b+CD24–CD64+	
  cells	
  are	
  macrophages	
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Fig.4	
  

Gut	
  lamina	
  propria	
  CD24+CD103+CD11b+	
  DCs	
  are	
  dependent	
  on	
  IRF4	
  
	
  

IRF4-Dependent CD24+CD11b+ DCs Control Th17
Responses in Steady State
The loss of LP CD11b+CD103+ DCs, which correspond to our
IRF4-dependent CD24+CD64!CD11b+CD103+ DC subset, is
associated with reduced IL-17-producing CD4+ T cells in the
intestine (Lewis et al., 2011). We also observed that CD11b+

DCs expressed Th17 cell-polarizing molecules, such as
IL-23p19, IL-6, and TGF-b in our microarray data (Figure 5A).
We quantified IL-23p19 mRNA expression from unstimulated
sorted tissue DC and MAC populations (for sorting strategy,
see Figure S1) and confirmed that lung CD11b+ DCs and SI-LP
CD11b+CD103+ DCs homeostatically expressed IL-23p19,

Figure 4. Gut Lamina Propria CD24+CD103+

CD11b+ DCs Are Dependent on IRF4
(A) Flow cytometry of gut LP to identify CD103+

DCs, CD103+CD11b+ DCs, CD103-CD11b+ DCs,

and CD11b+ MACs (n = 5).

(B) Flow cytometry of MLN to identify DCs and

MACs as described in (A), (n = 5).

(C, D, F, and G) Percentage of CD45.2 and CD45.1

DCs and MACs in the indicated tissues from

indicated BM chimeric mice.

(E) Pooled results from four experiments, n = 10

(mean ± SEM). IRF4 expression on SI-LP DCs

and MACs by flow cytometry (n = 3). See also

Figure S3.

IL-6, TGF-b, and IL-1, but not IL-10 and
only minute amounts of IL-12 mRNA
(Figures 5B–5D), underlining the func-
tional homology between these two sub-
sets. We quantified the proportion of
CD3+CD4+ T cells expressing interferon-g
(IFN-g) or IL-17A in the lung and SI-LP of
WT compared to Itgax-cre Irf4fl/fl by intra-
cellular cytokine staining. As expected
(Lewis et al., 2011), in Itgax-cre Irf4fl/fl

mucosal tissues, the proportion of Th17
cells was reduced in steady state com-
pared to WT, whereas Th1 cells were
concomitantly increased (Figure 5E;
Figure S5E).

IRF4-Dependent CD24+CD11b+

Lung DCs Control Th17 Cell
Responses
Next, we assessed the functional conse-
quences of the absence of lung CD11b+

DCs in an infection model dependent on
Th17 cell responses such as the fungal
pathogen A. fumigatus, a prevalent envi-
ronmental fungus that causes potentially
lethal infections in immunosuppressed in-
dividuals (Hohl and Feldmesser, 2007;
Romani, 2004).
We first infected WT and Itgax-cre

Irf4fl/fl mice with a sublethal dose of live
A. fumigatus conidia and monitored
IFN-g and IL-17A production by

CD3+CD4+ T cells on day 7 of infection. Itgax-cre Irf4fl/fl mice
exhibited decreased effector Th17 T cell responses compared
to WT in the lung (Figure 5F). However, to determine whether
this decreased Th17 cell response was specifically due to the
absence of lung CD11b+ DCs, we performed a similar ex-
periment in a mouse model (langerin-DTR) in which the
CD11b!CD103+ DCs can be selectively ablated upon Diphtheria
toxin (DT) administration (GeurtsvanKessel et al., 2008). There
was no reduction in Th17 cell responses in CD103+ DC-depleted
compared to CD103+ DC-sufficient mice (Figure S5F). Fungal
burdens were assessed by quantitative culture of fungal
colony-forming units (CFU) from homogenized infected lungs

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc. 975
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Fig.5	
  

CD11b+CD24+	
  DCs	
  in	
  SI	
  (and	
  lung)	
  control	
  Th17	
  responses	
  	
  

Figure 5. CD11b+CD24+ DCs in Lung and SI Control Th17 Responses
(A–D) Expression of indicated genes in lung DCs andMACs bymicroarray (A), by Q-PCR in lung (B), and Q-PCR and nanostring in SI-LP (C and D) DCs andMACs

(mean ± SEM, n = 3).

(E) Percentage of IL-17A and IFN-g expressing CD3+CD4+ T cells in steady state from lung, lymph node, SI-LP, and MLN of WT (white bars) and Itgax-cre Irf4fl/fl

(black bars) mice (mean ± SEM, pooled results of two experiments, n = 10). (F) Same as (E) after A. fumigatus challenge.

(F) Representative dot plot shown left and bar graphs show composite data (mean ± SEM, pooled results of four experiments, n = 20).

(legend continued on next page)

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

976 Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc.

Figure 5. CD11b+CD24+ DCs in Lung and SI Control Th17 Responses
(A–D) Expression of indicated genes in lung DCs andMACs bymicroarray (A), by Q-PCR in lung (B), and Q-PCR and nanostring in SI-LP (C and D) DCs andMACs

(mean ± SEM, n = 3).

(E) Percentage of IL-17A and IFN-g expressing CD3+CD4+ T cells in steady state from lung, lymph node, SI-LP, and MLN of WT (white bars) and Itgax-cre Irf4fl/fl

(black bars) mice (mean ± SEM, pooled results of two experiments, n = 10). (F) Same as (E) after A. fumigatus challenge.

(F) Representative dot plot shown left and bar graphs show composite data (mean ± SEM, pooled results of four experiments, n = 20).

(legend continued on next page)

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

976 Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc.

Figure 5. CD11b+CD24+ DCs in Lung and SI Control Th17 Responses
(A–D) Expression of indicated genes in lung DCs andMACs bymicroarray (A), by Q-PCR in lung (B), and Q-PCR and nanostring in SI-LP (C and D) DCs andMACs

(mean ± SEM, n = 3).

(E) Percentage of IL-17A and IFN-g expressing CD3+CD4+ T cells in steady state from lung, lymph node, SI-LP, and MLN of WT (white bars) and Itgax-cre Irf4fl/fl

(black bars) mice (mean ± SEM, pooled results of two experiments, n = 10). (F) Same as (E) after A. fumigatus challenge.

(F) Representative dot plot shown left and bar graphs show composite data (mean ± SEM, pooled results of four experiments, n = 20).

(legend continued on next page)

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

976 Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc.



20	
  
Fig.5	
  

IRF4-­‐dependent	
  CD24+CD11b+	
  lung	
  DCs	
  control	
  Th17	
  cell	
  responses	
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Homology	
  between	
  human	
  CD1c+	
  DCs	
  and	
  murine	
  CD11b+	
  DCs.	
  	
  

Fig.6	
  

Figure 6. Transcriptomic Alignment of Mouse IRF4-Dependent CD11b+ DCs with Human CD1c+ DCs
(A) Scatterplot of mouse CD11b+ DCs versus CD11b+ MACs and human CD1c+ DCs and CD14+ monocytes. Common DEG for mouse CD11b+ DCs and human

CD1c+ DCs are highlighted in red, whereas common DEG for mouse CD11b+ MACs and CD14+ monocytes are highlighted in green. All genes depicted are

regulated < 1.5-fold.

(B) Analysis strategy depicting the number of DEG, which are shared and not shared between mouse CD11b+ DCs, mouse CD11b+ MACs, human CD1c+ DCs,

and human CD14+ monocytes.

(C) Heatmap showing expression in CD14+ monocytes and CD1c+ DCs of common DEG identified between mouse CD11b+ DCs and human CD1c+ DCs.

(D) Same than (C) with mouse CD11b+ DCs and CD11b+ MACs. See also Figure S7 and Tables S2 and S3.

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

978 Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc.

(lung)	
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Fig.7	
  

Human	
  IRF4	
  expressing	
  CD1c+	
  DCs	
  induce	
  IL-­‐17	
  T	
  helper	
  response	
  
	
  

now propose a general gating strategy for analyzing the CD11b+

DCs in gut and lung, which will remove contaminating MHCII+

macrophages.
Investigating the parallel between NLT and LT DCs, we found

that gut CD24+CD11b+CD103+ DCs and lung CD24+CD11b+

DCs expressed IRF4, similar to splenic CD4+CD11b+ DCs.
However, unlike splenic CD4+CD11b+ DCs, both NLT DC popu-
lations were dependent on IRF4 as shown by the decreased
contribution of the IRF4-deficient BM cells to these populations
in mixed BM chimeras and their dramatic reduction in mice lack-
ing IRF4 expression in the DC lineage. Importantly, DC specific
IRF4 deficiency did not fully ablate lung or gut CD24+CD11b+

DCs, suggesting that IRF4 is not involved in their differentiation
but rather in their survival or proliferation. In agreement with
this hypothesis, we found no differences in the relative numbers

Figure 7. Human IRF4 Expressing CD1c+

DCs Induce IL-17 T Helper Response
Flow cytometry of peripheral blood and mechani-

cally dispersed lung. Gating strategy used to

identify three myeloid DC subsets within Lin!HLA-

DR+ fraction (CD123+ pDCs were excluded from

the CD14!CD16! fraction): (1) CD14+ monocytes

(red gate), (2) CD14!CD1c+CD141! DCs (blue

gate), (3) CD14!CD1c!CD141+ DCs (green gate).

(A) Representative from ten blood and three lung

donors are shown. Relative expression of indi-

cated markers by CD14+ monocytes/DCs (red),

CD1c+ DCs (blue), and CD141+ DCs (green).

(B) Representative data from three blood and lung

donors are shown.

(C) Same as (B) for IRF4 expression compared to

isotype (black) from indicated tissues. Represen-

tative data from three blood, lung, and two SI

donors are shown. mRNA expression of IL-23p19

by freshly sorted human DC subsets from lung (n =

3, mean ± SEM).

(D) Expression normalized to IL-23p19 mRNA

expression in unstimulated CD141+ DCs. Intra-

cellular IFN-g and IL-17A expression by PMA/

Ionomycin restimulated CD4+ T cells cultured with

autologous lung indicated DC subsets pulsed with

A. fumigatus hyphae.

(E) Representative dot plot with percentage of

total IL-17+ cells and composite results shown in

bar graph (n = 4, mean ± SEM fold increase

[%+DC/%-DC]).

of DC progenitors in Itgax-cre Irf4fl/fl

versus WT mice suggesting that IRF4
involvement is not at the DC progenitor
level. IRF4 appears to have a prosurvival
effect on NLT CD11b+ DCs because the
remaining lung CD11b+ DCs lacking
IRF4 exhibited enhanced mitochondrial
fragmentation compared to WT cells.
This finding is in agreement with a study
reporting that IRF4-inhibited apoptosis
in myeloid cells (Shaffer et al., 2008).
The exact molecular mechanisms by
which IRF4 regulates mucosal CD11b+

DC survival remain to be investigated.
We could not identify similar IRF4-dependent CD11b+ DCs in

the dermis, kidney, or liver. CD24 and CD64 did not separate the
CD11b+ DC compartment and we did not detect any IRF4-
dependent CD11b+ DCs in both IRF4 mixed BM chimeras and
in mice lacking IRF4 in the DC lineage in these tissues. These
data suggest that IRF4-dependent CD11b+ DCs are specific to
the lung and the SI, suggesting the existence of a mucosal
CD11b+ DC lineage. This implies that CD11b+ DCs may not be
as homogeneous and conserved as the CD8a or CD103 lineage.
It remains to be ascertained if such mucosal specificity is
regulated at the tissue level by local conditioning of common
circulating DC progenitors or through a distinct lineage of
specific mucosal DC progenitors. Local microbiota present in
mucosal tissues could control IRF4 expression that in turn
promotes CD11b+ DC survival. However, we found no difference

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc. 979
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expression in unstimulated CD141+ DCs. Intra-

cellular IFN-g and IL-17A expression by PMA/

Ionomycin restimulated CD4+ T cells cultured with

autologous lung indicated DC subsets pulsed with

A. fumigatus hyphae.

(E) Representative dot plot with percentage of

total IL-17+ cells and composite results shown in

bar graph (n = 4, mean ± SEM fold increase

[%+DC/%-DC]).

of DC progenitors in Itgax-cre Irf4fl/fl

versus WT mice suggesting that IRF4
involvement is not at the DC progenitor
level. IRF4 appears to have a prosurvival
effect on NLT CD11b+ DCs because the
remaining lung CD11b+ DCs lacking
IRF4 exhibited enhanced mitochondrial
fragmentation compared to WT cells.
This finding is in agreement with a study
reporting that IRF4-inhibited apoptosis
in myeloid cells (Shaffer et al., 2008).
The exact molecular mechanisms by
which IRF4 regulates mucosal CD11b+

DC survival remain to be investigated.
We could not identify similar IRF4-dependent CD11b+ DCs in

the dermis, kidney, or liver. CD24 and CD64 did not separate the
CD11b+ DC compartment and we did not detect any IRF4-
dependent CD11b+ DCs in both IRF4 mixed BM chimeras and
in mice lacking IRF4 in the DC lineage in these tissues. These
data suggest that IRF4-dependent CD11b+ DCs are specific to
the lung and the SI, suggesting the existence of a mucosal
CD11b+ DC lineage. This implies that CD11b+ DCs may not be
as homogeneous and conserved as the CD8a or CD103 lineage.
It remains to be ascertained if such mucosal specificity is
regulated at the tissue level by local conditioning of common
circulating DC progenitors or through a distinct lineage of
specific mucosal DC progenitors. Local microbiota present in
mucosal tissues could control IRF4 expression that in turn
promotes CD11b+ DC survival. However, we found no difference

Immunity

IRF4-Dependent DCs Control Mucosal IL-17 Responses

Immunity 38, 970–983, May 23, 2013 ª2013 Elsevier Inc. 979



24	
  

Conclusion	
  

•  IdenGficaGon	
   of	
   FLT3-­‐dependent	
   CD11b+CD24+CD64-­‐	
   bona	
   fide	
   DCs	
   and	
   CSF-­‐1R-­‐
dependent	
   CD11b+CD24-­‐CD64+	
   MACs	
   in	
   steady	
   state	
   lung	
   and	
   SI:	
   existence	
   of	
   a	
  
mucosal	
  CD11b+	
  DC	
  lineage?	
  

	
  
•  DC	
  specific	
  IRF4	
  deficiency	
  did	
  not	
  fully	
  ablate	
  lung	
  or	
  gut	
  CD24+CD11b+	
  DCs,	
  suggesGng	
  

that	
   IRF4	
   is	
   not	
   involved	
   in	
   their	
   differenGaGon	
   but	
   rather	
   in	
   their	
   survival	
   or	
  
proliferaGon.	
  	
  

•  IRF4	
  involvement	
  is	
  not	
  at	
  the	
  DC	
  progenitor	
  level.	
  IRF4	
  appears	
  to	
  have	
  a	
  prosurvival	
  
effect	
   on	
   NLT	
   CD11b+	
   DCs	
   because	
   the	
   remaining	
   lung	
   CD11b+	
   DCs	
   lacking	
   IRF4	
  
exhibited	
  enhanced	
  mitochondrial	
  fragmentaGon	
  compared	
  to	
  WT	
  cells.	
  	
  

•  CharacterizaGon	
  of	
  human	
  and	
  murine	
  IRF4+CD11b+	
  DCs	
  found	
  in	
  mucosal	
  Gssues	
  that	
  
control	
   Th17	
   T	
   cell	
   differenGaGon	
   through	
   the	
   secreGon	
   of	
   IL-­‐23	
   during	
   steady	
   state	
  
and	
  inflammaGon.	
  Human	
  lung	
  and	
  blood	
  CD1c+	
  DCs	
  pulsed	
  with	
  A.	
  fumigatus	
  hyphae	
  
were	
  superior	
  at	
  inducing	
  IL-­‐17A	
  producGon	
  by	
  autologous	
  CD4+	
  T	
  cells.	
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