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SUMMARY

The intestinal immune system discriminates between
tolerance toward the commensal microflora and
robust responses to pathogens. Maintenance of this
critical balance is attributed to mucosal dendritic cells
(DCs) residing in organized lymphoid tissue and
dispersed in the subepithelial lamina propria. In situ
parameters of lamina propria DCs (lpDCs) remain
poorly understood. Here, we combined conditional
cell ablation and precursor-mediated in vivo reconsti-
tution to establish that lpDC subsets have distinct
origins and functions. CD103+ CX3CR1� lpDCs arose
from macrophage-DC precursors (MDPs) via DC-
committed intermediates (pre-cDCs) through a Flt3L
growth-factor-mediated pathway. CD11b+ CD14+

CX3CR1+ lpDCs were derived from grafted Ly6Chi

but not Ly6Clo monocytes under the control of GM-
CSF. Mice reconstituted exclusively with CX3CR1+

lpDCs when challenged in an innate colitis model
developed severe intestinal inflammation that was
driven by graft-derived TNF-a-secreting CX3CR1+

lpDCs. Our results highlight the critical importance of
the lpDC subset balance for robust gut homeostasis.

INTRODUCTION

Mononuclear phagocytes, including macrophages (Mfs) and

dendritic cells (DCs) are critically involved in the maintenance of

tissue integrity, as well as in the initiation and control of innate

and adaptive immunity. These dual activities are especially

important in the mammalian intestinal mucosa, which is sepa-

rated by a single columnar epithelial cell layer from the gut lumen

(Artis, 2008). Specifically, the intestinal immune system has to

maintain tolerance to harmless food antigens and commensal

microorganisms, yet robustly respond to harmful pathogens.

Dysregulation of this balance results in uncontrolled inflammatory

disorders, such as inflammatory bowel disease (IBD) in humans

(Xavier and Podolsky, 2007).

Intestinal mononuclear phagocytes are distributed in orga-

nized lymphoid organs, such as the Peyer’s Patches (PPs) and
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mesenteric lymph nodes (MLNs), but also highly abundant in

the loose connective tissue underlying the epithelium, the lamina

propria (Niess et al., 2005; Coombes and Powrie, 2008; Iwasaki,

2007). Lamina propria DCs (lpDCs) first aroused attention when

they were shown to penetrate epithelial tight junctions to sense

and sample the gut lumen (Rescigno et al., 2001; Niess et al.,

2005). Retinoic acid-producing CD103+ lpDCs were reported

to imprint a4b7 and CCR9 expression on naive lymphocytes to

establish gut tropism, as well as to induce FoxP3+ T regulatory

cells (Coombes and Powrie, 2008). CD11b+ lpDCs were found

to promote TGFb-dependent T helper 1 (Th1) and Th17 cell

differentiation (Denning et al., 2007; Uematsu et al., 2008). The

latter is also supported by a CD70+ CD11b+ lpDC subset driven

by microflora-derived ATP (Atarashi et al., 2008). Furthermore,

TLR5+ CD11b+ lpDCs were shown to induce IgA class switch

recombination of B cells through provision of APRIL (Uematsu

et al., 2008). Notably, these functional assays were performed

ex vivo. It hence remains unclear whether these activities exist

in the physiological tissue and microflora context and whether

lpDCs act upon migration to the local draining MLN (Worbs

et al., 2006) or display these activities within the lamina propria

itself (Uematsu et al., 2008).

The phenotypic classification of lpDC subsets based on only

CD103 and CD11b expression remains unsatisfactory. Given

the recent progress in our understanding of the origins of splenic

DCs (Geissmann et al., 2003; Fogg et al., 2006; Naik et al., 2006;

Onai et al., 2007; Varol et al., 2007; Liu et al., 2007; Waskow et al.,

2008; Liu et al., 2009), we hence sought to investigate the func-

tional organization of lpDCs by probing their in vivo origins with

a combination of conditional cell ablation and engraftment with

defined DC precursors.

Here, we report the differential origin of the two main lamina

propria DC subsets. CD103+ CX3CR1� lpDCs arose via nonmo-

nocytic DC-committed intermediates (pre-cDCs) from MDPs

through a Flt3L-driven pathway. In contrast, CD11b+ CD14+

CX3CR1+ lpDCs were exclusively derived from Ly6Chi but not

Ly6Clo monocytes in a GM-CSF-controlled manner. Interest-

ingly, during the reconstitution process CX3CR1+ lpDCs under-

went massive clonal expansion in the lamina propria layer.

Finally, we provide evidence that mice lacking CD103+ CX3CR1�

lpDCs are uniquely sensitive to DSS-induced colitis because of

the propensity of CX3CR1+ lpDCs to secrete TNF-a. Our data

thus highlight the importance of a critical balance between
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CD103+ CX3CR1� and CX3CR1+ lpDCs for tissue repair and gut

homeostasis.

RESULTS

Phenotypic Characterization of Intestinal Lamina
Propria Dendritic Cell Subsets
Lamina propria dendritic cells (lpDCs) of the mouse intestine have

been divided into two main CD11b� CD103hi and CD11b+

CD103lo subsets (Coombes et al., 2007; Denning et al., 2007;

Jang et al., 2006; Sun et al., 2007; Uematsu et al., 2008). To

further characterize the composition of the lpDC compartment

of the small and large intestine, we took advantage of

Cx3cr1gfp/+ mice, in which one allele of the gene encoding the

CX3CR1 chemokine receptor has been replaced with a green

fluorescent protein gene (gfp) (Jung et al., 2000). Notably, in

both the colon and ileum of Cx3cr1gfp/+ mice (Figure 1 and

Figure S1A available online), CD11b� lpDCs were homoge-

neously CX3CR1-GFP�, whereas CD11b+ lpDCs could be further

divided into three distinct subsets according to size and CX3CR1-

GFP expression: FSChi CX3CR1-GFPhi, FSCint CX3CR1-GFPlo,

and FSClo CX3CR1-GFP� cells (Figure 1). CD11b+ and

CX3CR1-GFP+ CD11b� lpDCs differed considerably with respect

to surface-marker expression. CD11b� lpDCs were CD103hi

CD14� CD8lo, whereas CX3CR1-GFP+ CD11b+ lpDCs (G4 and

G5) were CD103�/lo CD14+ CD8�. The latter subsets, whose

CD11c expression was lower than that on CD11b� lpDCs, also

expressed higher levels of the costimulatory molecules CD80,

CD86, and CD70. Interestingly, CX3CR1-GFP� CD11b+ lpDCs

were CD103hi and CD14� and thus more similar to the CD11b�

lpDC population than the CX3CR1/GFPlo-hi CD11b+ subsets (Fig-

ure 1 and Table S1). Flow cytometric analysis of isolated small

intestinal villi confirmed the existence of both CD11b� and

CD11b+ lpDCs in the lamina propia (Figure S1B).

Differential Origin of CD11b+ and CD11b� lpDCs
Using conditional DC ablation and a complementary adoptive

precursor cell transfer strategy, we previously showed that

grafted monocytes differentiate in the ileal lamina propria of

DC-depleted recipient mice into CD11chi cells (Varol et al.,

2007). The ablation system used in these studies involved

CD11c-DTR transgenic mice that carry a human diphtheria toxin

receptor (DTR) transgene under the murine CD11c promoter,

thereby allowing the inducible ablation of CD11chi DCs (Jung

et al., 2002). Bone marrow (BM) chimeras generated through

reconstitution of irradiated WT recipient mice with CD11c-DTR

BM tolerate repeated DTx injection without adverse side effects,

allowing for prolonged DC ablation without major inflammation

(Zaft et al., 2005). In our original study, monocyte-graft-derived

cells were largely CX3CR1-GFPhi, but also included some

CX3CR1-GFPlo cells (Varol et al., 2007). Given the above refined

lpDC characterization, we performed comprehensive adoptive

transfers of CD45.1 Cx3cr1gfp/+ precursor cells into DC-depleted

recipients (CD45.2). DTx treatment of [CD11c-DTR > WT]

chimeras resulted in the depletion of all lpDC subsets, whereas

the population of CD11c�/ lo CD11b+ lpMF remained unaltered

(Figure 2A). Interestingly, FACS analysis of the recipient’s colonic

lamina propria at day 14 after transfer revealed that Cx3cr1gfp/+

Ly6Chi monocytes differentiated into CD45.1+ CD11b+ but not
Im
into CD11b� lpDCs. Moreover, Ly6Chi monocytes gave rise to

CX3CR1-GFPhi and CX3CR1-GFPlo but not CX3CR1-GFP�

CD11b+ lpDCs (Figure 2B). Ly6Chi monocyte-derived CD11b+

lpDCs featured surface marker comparable to that of the corre-

sponding steady-state lpDC population, including CD14 and

CD80 expression (Figure 2B). These results establish that Ly6Chi

monocytes are in our experimental system precursors of

CX3CR1-expressing CD11b+ lpDCs, but not the CD11b� lpDCs.

Notably, adoptively transferred Ly6Clo monocytes failed to

reconstitute ileal and colonic lpDCs of DC-depleted mice (Fig-

ures S2A and S2B and data not shown). Ly6Clo monocytes

gave, however, rise to Peyer’s Patch DCs, although these cells

were morphologically distinct from the ones generated from Ly6-

Chi monocytes (Figures S2C and S2D).

To elucidate the in vivo origin of the CD11b� lpDCs, we adop-

tively transferred macrophage-DC precursors (MDPs) (Fogg

Figure 1. Phenotypic Characterization of Colonic lpDCs

Flow cytometry analysis of colonic lpDC compartment of Cx3cr1gfp/+ mice.

Top dot blots show division of CD11chi lpDCs into two major CD11b� (G2)

and CD11b+ (G3) subpopulations. CD11b+ lpDCs were further subdivided

into FSChi GFPhi (G4), FSCint GFPlo (G5), and FSClo GFP� cells (G6). Histo-

grams show expression of indicated surface markers by different subsets.

Data are representative of three independent experiments.
munity 31, 502–512, September 18, 2009 ª2009 Elsevier Inc. 503
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Figure 2. In Vivo Reconstitution Revealing Differential lpDC Origins

(A) Flow cytometry analysis documenting DTx-induced lpDC ablation from ileum of [CD11c-DTR > WT] BM chimeras. Data are representative of six independent

experiments.

(B) Flow cytometry analysis of colonic lpDC compartment of DC-depleted mice (CD45.2) with or without engraftment of Ly6Chi monocytes (Cx3cr1gfp/+ CD45.1)

(1.5 3 106 cells; purity: 95%). Mice were analyzed 2 weeks after transfer. Data are representative of three independent experiments.

(C) Flow cytometry analysis of colonic lpDC compartment of DC-depleted mice (CD45.2) with or without engraftment of MDPs (Cx3cr1gfp/+ CD45.1) (2 3 105 cells;

purity: 95%). Mice were analyzed 2 weeks after transfer. Lower histograms in (B) and (C) indicate surface-marker expression of indicated subsets of graft-derived

(blue line) and steady-state DC subpopulations of control animals (red line). Filled gray histograms represent isotype control. Data are representative of three

independent experiments.
et al., 2006) into DC-depleted mice (CD45.2). Flow cytometry

analysis of the recipients’ colonic lamina propria 2 weeks after

transfer revealed that MDPs, isolated from Cx3cr1gfp/+ CD45.1

mice, reconstituted both CD11b� and CD11b+ lpDCs, including

the CX3CR1-GFP� CD11b+ lpDC subpopulation (Figure 2C).

Flow cytometry analysis of the MDP-derived CD11b� lpDCs

confirmed their phenotypic resemblance to steady-state

CD11b� lpDCs (Figure 2C). Analysis of the ileal lamina propria

of monocyte recipients yielded similar results, whereas the ileum

of MDP recipients showed more CX3CR1-GFPint CD11b+ than

CX3CR1-GFPhi CD11b+ lpDCs (Figures S2A and S2B). Fluores-

cent microscopical imaging revealed graft-derived CX3CR1-

GFPhi cells at day 14 after the engraftment of lpDC-depleted

mice with Ly6Chi monocytes or MDPs, but not Ly6Clo mono-

cytes, in the lamina propria of both colon and ileum of the recip-

ient mice (Figures S3A and S3B). These data suggested that
504 Immunity 31, 502–512, September 18, 2009 ª2009 Elsevier Inc.
CD11b� lpDCs arise from MDPs via nonmonocytic circulating

precursor cells. To define this immediate progenitor of CD11b�

lpDCs, we performed adoptive transfers with recently reported

DC-committed precursors (pre-cDCs) (Liu et al., 2009). As

shown in Figure 3, grafted pre-cDCs predominantly gave rise

to CD11chi CX3CR1� but not CD11cint CX3CR1hi lpDCs. Grafted

MDPs gave rise to both CX3CR1� and CX3CR1+ lpDC popula-

tions and grafted Ly6Chi monocytes gave rise only to CX3CR1+

lpDCs. Collectively, these data establish that CD103+ and

CX3CR1+ lpDCs are derived from distinct precursors.

CD11b� and CD11b+ lpDC Generation Depend
on Flt3L and GM-CSF, Respectively
The finding that CD11b� and CD11b+ lpDCs rely on distinct

precursor cells for their reconstitution implies their distinct

ontogeny. Recent data highlight the critical role of GM-CSF
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Figure 3. Definition of Immediate lpDC

Precursors

Flow cytometry analysis of colonic lpDC compart-

ment of DC-depleted mice (CD45.2) with or

without engraftment of monocytes (106), MDPs

(105), and pre-cDCs (105) (Cx3cr1gfp/+ CD45.1).

Data are representative of two independent

experiments.
and Flt3L in DC differentiation pathways (Daro et al., 2000; Miller

et al., 2002; Karsunky et al., 2003; Miller et al., 2003; Hieronymus

et al., 2005; Waskow et al., 2008). To elucidate the involvement

of these factors in the generation of CD11b� and CD11b+ lpDCs,

we analyzed the potential of GM-CSF receptor-deficient

(Csf2a�/�) and Flt3�/� precursor cells to give rise to the two

lpDC subsets. Analysis of the lamina propria of the respective

mutant mice revealed a reciprocal effect on the distribution of

the lpDC subsets (Figure S4A). To compare the contribution of

the respective cytokine-receptor-deficient lpDCs to WT lpDCs

within the same animal, we generated mixed BM chimeras

with WT and Csf2a�/� or Flt3�/� BM that could be distinguished

according to an allotypic CD45 marker (Mackarehtschian et al.,

1995; Robb et al., 1995). FACS analysis revealed decreased

numbers of CD11b+ and CD11b� lpDCs in the Csf2a�/� and

Flt3�/� lpDC populations, respectively. The corresponding WT

lpDC populations were unskewed, indicating that the effects

were cell intrinsic (Figure 4A).

To validate these findings, we tested the effect of excess GM-

CSF or Flt3L on the lpDC distribution. To this end, we inoculated

WT mice with B16 tumor cells genetically manipulated to

express GM-CSF (B16-GM-CSF) or Flt3L (B16-Flt3L) (Mach

et al., 2000). Flow cytometry analysis revealed a profound

increase of the CD11b+ lpDC subset specifically in B16-GM-

CSF bearing mice, whereas B16-Flt3L-bearing mice displayed

an expansion of the CD11b� lpDC subset (Figure 4B), as

compared with mice harboring the parental B16 tumor.

To further investigate the effects of GM-CSF or Flt3L on

lpDC precursors, we performed a transient depletion of lpDCs

in CD11c-DTR mice and allowed for self-reconstitution of the

lpDC compartment from endogenous precursors. For 10 days,

the mice received daily intraperitoneal (i.p.) injections of superna-

tants isolated from B16, B16-GM-CSF, or B16-Flt3L cultures.

Exposure of the mice during the reconstitution phase to exoge-

nous GM-CSF and Flt3L skewed the lpDC balance toward the

CD11b+ and CD11b� colonic lpDCs, respectively (Figure S4B).

Cumulatively, these results suggest that the generation of mono-

cyte-derived CD11b+ lpDCs is controlled by GM-CSF, whereas

pre-cDC-derived CD11b� lpDCs originate through a Flt3L-driven

pathway (Figure S5).

Ly6Chi Monocyte-Derived CD11b+ lpDCs Arise
through Clonal Expansion
Fluorescent microscopy analysis of the monocyte recipients re-

vealed the progressive replenishment of the lamina propria by

CX3CR1-GFP+ cells until day 14, after which they gradually dis-
Im
appeared (Figures S6A and S6B). In the ileum, the number of

graft-derived lpDCs gradually increased from an average of

one to two cells/villus (day 2) up to nearly full reconstitution, sug-

gesting that lpDCs might have undergone proliferation (Fig-

ure S6B). Supporting this notion, transferred CFSE-labeled

CD45.1 monocytes differentiated into CD11chi CD11b+ lpDCs

already at day 2, but gradually lost CFSE only from day 4 on, indi-

cating cell division (Figure S6C). With fluorescent video endos-

copy, similar replenishment kinetics were detected in individual

monocyte recipients over time (Movie S1).

Notably, transfers of Cx3cr1gfp/+ monocytes and MDPs

consistently resulted in a patchy reconstitution of the recipient’s

villi (Figure 5A). This could be due to uneven precursor recruit-

ment to specific villi or to clonal expansion of single-monocyte-

derived cells that seeded given villi. To investigate the latter

option, we performed a transfer with a 1:1 mixture of monocytes

that yield either green fluorescent lpDCs (Cx3cr1gfp/+ mono-

cytes) or red fluorescent lpDCs (CD11c-Cre:R26tdRFP mono-

cytes) (Caton et al., 2007; Luche et al., 2007). This mixed graft

resulted in the generation of villi that were, by large, exclusively

repopulated by green or red fluorescent lpDCs (Figure 5B).

Moreover, even when villi were seeded by both tdRFP+ and

GFP+ lpDCs, the two distinctly labeled populations were orga-

nized into clusters, suggesting clonal expansion. Discrete

GFP- and tdRFP-positive patches in the lpDC network were

also observed in other regions, such as the colon, duodenum,

jejunum, and cecum (Figure 5C and data not shown). Transfers

of mixed monocyte grafts into DTx-treated nonchimeric

CD11c-DTR recipients yielded similar results (Figures S7A and

S7B). Collectively, these findings establish that in our experi-

mental system, individual villi are seeded with a limited number

of circulating monocytes and that the resulting monocyte-

derived lpDCs arise through proliferative DC expansion.

Grafted-Monocyte-Derived lpDCs Restore DC Functions
Small intestinal lpDCs can penetrate the intestinal epithelium and

send trans-epithelial dendrites (TEDs) toward the gut lumen to

sense or sample luminal pathogens (Rescigno et al., 2001;

Chieppa et al., 2006), and TEDs can be readily visualized in the

lamina propria of Cx3cr1gfp/+ mice (Niess et al., 2005; Vallon-

Eberhard et al., 2006). Microscopic analysis of the terminal ileum

of DC-depleted monocyte recipients revealed that graft-derived

CD11b+ lpDCs formed frequent TEDs (Figure 6A).

We recently showed that virulence of the Salmonella typhimu-

rium SL1344 invG mutant strain lacking a functional type 3 secre-

tion system critically requires lpDCs for transepithelial invasion
munity 31, 502–512, September 18, 2009 ª2009 Elsevier Inc. 505
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(Hapfelmeier et al., 2008). Indeed, lpDC-depleted mice featured

a markedly reduced intestinal Salmonella uptake. Notably

however, the colonic invasion of mutant Salmonella was recon-

stituted in mice that had received a monocyte graft (Figure 6B).

Our analysis revealed that grafted monocytes also gave rise to

CD11b+ DCs in MLNs (Figure S8). We therefore next investigated

the functional role of graft-derived DCs in T cell priming. To this

end, we transferred ovalbumin (OVA)-specific TCR transgenic

Figure 4. CD11b� and CD11b+ lpDC Generation Depend on Flt3L and

GM-CSF, Respectively

(A) Flow cytometry analysis of lpDC frequencies and a bar graph summarizing

ratios of CD11b+ and CD11b� DCs in the colonic lamina propria of mixed BM

chimeras reconstituted with 50% WT BM (CD45.1) and BM isolated from WT,

Csf2a�/�, or Flt3�/� mice (CD45.2). Dark-gray columns represent WT CD45.1

lpDC fractions; light-gray columns represent CD45.2 lpDC fractions. (n = 4–5

for each group; Student’s t test, in comparison to corresponding CD45.1 WT

fraction, CD45.2 Flt3�/�: **p = 0.003; CD45.2 Csf2a�/�: p = 0.052). CD45.2 WT

mean: 3.38 ± 0.21; CD45.2 Flt3�/� mean: 5.54 ± 0.68; and CD45.2 Csf2a�/�

mean: 2.64 ± 0.18.

(B) Flow cytometry analysis of lpDC frequencies and a bar graph summarizing

ratios of CD11b+ to CD11b� DCs in the colonic (dark gray) and ileal (light gray)

lamina propria of Cx3cr1gfp/+ mice 14 days after s.c. injection of B16, B16-

GM-CSF, or B16-Flt3L tumor cells (n = 4 for each group; Student’s t test, in

comparison with parental B16; B16-GM-CSF: colon *p = 0.016, ileum **p =

0.009; B16-Flt3L: colon ***p = 0.0004, ileum ***p < 0.0001). B16 mean: 0.99 ±

0.17; B16-Flt3L mean: 0.24 ± 0.01; and B16-GM-CSF mean: 3.91 ± 1.1.
506 Immunity 31, 502–512, September 18, 2009 ª2009 Elsevier Inc
CD4+ T cells (OT-II) (Barnden et al., 1998) into untreated and

lpDC-depleted recipient mice. The T cell graft carried an allotypic

marker (CD45.1) and was labeled with CFSE, thus allowing

detection and assessment of in vivo proliferation, respectively.

FACS analysis of MLNs revealed that the grafted T cells readily

proliferated upon oral OVA challenge in the WT mice, whereas

T cell expansion was abrogated in DC-depleted mice. DC resto-

ration by prior monocyte transfer reconstituted the CD4+ T cell

Figure 5. Clonal Expansion of Ly6Chi Monocyte- and MDP-Derived

CX3CR1hi CD11b+ lpDCs

(A) Fluorescent microscopy image analysis of CMTMR-labeled ileal lamina

propria on day 7 after adoptive transfer of Ly6Chi Cx3cr1gfp/+ monocytes

(1.5 3 106 cells; purity: 95%) and MDPs (2 3 105 cells; purity: 95%). Reconsti-

tuted villi are populated with GFP+ lpDCs.

(B and C) Fluorescent microscopic (left panel), confocal microscopic (middle

panel), and 2P (right panel) imaging analysis of ileal and colonic lamina propria

of DC-depleted recipients 7 days after engraftment with mixture of monocytes

yielding GFP+ and tdRFP+ lpDCs. (C) shows original magnifications 103 and

203. Data are representative of three independent experiments.
.
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priming (Figure 6C). Taken together, these results establish that

Ly6Chi monocytes differentiate in the intestinal lamina propria

and in the associated lymphoid tissue into functional DCs.

Impaired Balance of CD11b+ and CD11b� lpDCs
Predisposes to Colitis Development
LpDCs are considered critical players in the maintenance of gut

homeostasis. In addition, defective lpDC functions and hyper-

responsiveness to microflora are considered a major cause

for IBD (Coombes and Powrie, 2008). Reconstitution of DC-

depleted mice with monocyte grafts resulted in a pronounced

imbalance of the CD11b+ versus the CD11b� lpDC subsets

(Figure 2B), but histological analysis revealed no signs of inflam-

mation (Figure S9). To probe the robustness of gut homeostasis,

we challenged monocyte recipients by oral administration of

dextran sulfate sodium (DSS). This established colitis model

is characterized by ulceration and submucosal inflammation

provoked by disruption of the epithelial barrier and exposure to

luminal microbiota (Okayasu et al., 1990). Notably, if DSS is given

transiently and at low doses, WT mice tolerate the acute DSS-

inflicted damage and restore epithelial integrity (Cooper et al.,

1993). To study the role of the CD11b+/CD11b� lpDC balance

on the initiation phase of colitis, we added DSS (1%) to the

drinking water of DC-depleted and monocyte-reconstituted

mice on day 9 after transfer for 1 week and then analyzed

them by colonoscopy and histology for colitis severity.

Upon DSS challenge, all mice that were not DC depleted,

persistently DC depleted, or transiently DC depleted and left to

self-reconstitute both CD11b+ and CD11b� lpDCs developed

only mild intestinal inflammation. In contrast, mice reconstituted

with monocytes exhibited hallmarks of severe colitis, as evalu-

ated and quantified by colonoscopy (Becker et al., 2006; Becker

Figure 6. Monocyte-Graft-Derived lpDCs Restore

Host lpDC Functions

(A) Confocal imaging analysis of TED formation by monocyte-

derived lpDCs after oral TLR7 agonist challenge (Imiquimod:

20 mg) in DC-depleted recipients (graft 1.5 3 106 cells; purity:

95%) 2 weeks after transfer. Original magnification 203. Data

are representative of three independent experiments.

(B) Bar graphs representing colon load of mutant Salmonella

typhimurium (strain SB161) (challenge 5 3 106 CFU; n = 5

for each group; Student’s t test, **p = 0.003). Data are repre-

sentative of two independent experiments. No DTx mean:

3483000 ± 241400; DTx only mean: 338000 ± 79210; and

DTx with monocytes mean: 17017000 ± 651880.

(C) Flow cytometry analysis of MLNs of WT and DC-depleted

mice that underwent adoptive transfer of CFSE-labeled OT-II

CD4+ T cells (CD45.1) with or without engraftment with Ly6Chi

monocytes. Data are representative of two independent

experiments.

et al., 2005) (Figures 7A and 7B and Movie S2).

Histology examination showed widespread colitis

lesions exclusively in mice reconstituted with

monocytes (Figure 7C). These results suggest

that monocyte-derived CD11b+ lpDCs display

proinflammatory properties that impede tissue

repair and highlight the importance of the lpDC

balance for robust gut homeostasis. This notion is

further supported by the fact that also mice whose lpDC

compartment was skewed toward CD11b+ lpDCs as a result of

the Flt3 deficiency were found more susceptible to DSS-induced

colitis (Figure S10).

Anti-TNF-a treatment ameliorates disease progression in hu-

mans with IBD and murine colitis models (Abe et al., 2007;

Berndt et al., 2007; Garrett et al., 2007), and this cytokine might

also be responsible for the proinflammatory activity in our

system. To specifically test the involvement of monocyte-

derived TNF-a-producing CD11b+ lpDCs, we reconstituted

lpDC-depleted mice with TNF-a-deficient monocytes (Paspara-

kis et al., 1996). In contrast to WT monocyte recipients, mice en-

grafted with Tnf�/� monocytes develop only mild colitis upon

DSS treatment (Figures 7B–7D). To confirm the lpDC reconstitu-

tion by the Tnf�/� lpDCs, we took advantage of the fact that

intestinal IL-12 p40 expression is restricted to lpDCs in steady

state (Becker et al., 2003). Accordingly, IL-12 p40 transcripts

were undetectable by RT-PCR analysis in DC-depleted colons

(Figure 7E). Notably, however, IL-12 p40 transcripts were readily

detected in colonic tissue of mice that were allowed to self-

reconstitute or that reconstituted with WT or Tnf�/� monocyte-

derived lpDCs (Figure 7D). Cumulatively, these findings highlight

the importance of a balanced lpDC compartment and establish

that Ly6Chi monocyte-derived CD11b+ lpDCs exacerbate colitis

by secreting the proinflammatory cytokine TNF-a.

DISCUSSION

In our experiments, we used a combination of conditional cell

ablation and precursor cell engraftment to investigate the

origin and function of murine intestinal lamina propria DCs

(lpDCs) in physiological context. We demonstrate that CD103+
Immunity 31, 502–512, September 18, 2009 ª2009 Elsevier Inc. 507
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Figure 7. TNF-a-Producing Monocyte-Derived CD11b+ lpDCs Induce Colitis after DSS Treatment

(A) Bar graphs representing colitis index as evaluated by colonoscopy of mice that were not DC depleted; persistently DC depleted; transiently DC depleted (and

left to self-reconstitute); or persistently DC depleted and engrafted with WT or Tnf�/�monocytes (n = 5 for each group) that received DSS. Data are representative

of three independent experiments. No DTx mean: 5.4 ± 0.75; DTx x 1 mean: 3.4 ± 0.75; cont. DTx mean: 4.6 ± 0.81; and cont. DTx with WT monocytes mean: 11 ±

0.97; cont. DTx with Tnf�/� monocytes mean: 2.33 ± 0.88.

(B) Representative colonoscopy images of indicated DSS-treated mice that were not DC depleted, persistently DC depleted, and persistently DC depleted and

engrafted with WT or Tnf�/� monocytes.

(C) Corresponding H&E histology of DSS- induced colitis. Data are representative of three independent experiments.

(D) RT-PCR analysis for IL-12 p40 message performed on cDNA of tissue mRNA isolated from mice that were not DC depleted, transiently DC depleted (and left to

self-reconstitute), persistently DC depleted, and persistently DC depleted and engrafted with WT or Tnf�/� monocytes (after the colonoscopy). Data are repre-

sentative of two independent experiments.
CX3CR1� lpDCs originate through a DC-committed nonmono-

cytic intermediate from macrophage-DC precursors (MDPs);

this differentiation pathway is uniquely driven by Flt3L. In contrast,

CD11b+ CD14+ CX3CR1+ lpDCs derived from Ly6Chi but not

Ly6Clo monocytes promoted by GM-CSF, and their derivation

involved extensive local DC expansion in the mucosa. Function-

ally, our results highlight the critical importance of the lpDC subset

balance for robust intestinal homeostasis. Thus, when challenged

in an acute DSS-induced colitis model, mice that harbored exclu-

sively monocyte-derived CX3CR1+ lpDCs failed to cope with the

epithelial damage and developed severe intestinal inflammation,

a process that was dependent on lpDC secretion of TNF-a.

Recent studies established that the murine intestinal lamina

propria contains two major DC subsets: CD11b� CD103hi and

CD11b+ CD103�/lo cells (Denning et al., 2007; Jang et al., 2006;

Sun et al., 2007; Uematsu et al., 2008). Our present examination

of the ileal and colonic lamina propria of Cx3cr1gfp/+ mice re-

vealed further lpDC complexity. Whereas CD11b� CD103hi

lpDCs were homogenously CX3CR1-GFP�, CD11b+ lpDCs could

be subdivided into three distinct subsets, on the basis of CX3CR1

expression. CX3CR1� lpDCs, including CD11b� and CD11b+

cells, were found to be CD103hi, CD14�, and CD8lo. CX3CR1+

lpDCs were mostly negative for CD103 and CD8 and expressed

high levels of CD14 and the costimulatory molecules CD80,

CD86, and CD70.

To define lpDC origins, we resorted to an established deple-

tion and reconstitution strategy (Varol et al., 2007). Adoptive

transfers of MDPs yielded both CD103+ CX3CR1� and CD14+
508 Immunity 31, 502–512, September 18, 2009 ª2009 Elsevier Inc.
CX3CR1+ lpDCs, although the lpDC compartment was consis-

tently skewed toward CX3CR1+ lpDCs and thus did not restore

homeostasis. Transfers of the immediate blood circulating

precursors established that CD103+ CX3CR1� lpDCs arouse

from recently reported DC-committed precursors (pre-cDCs)

(Liu et al., 2009), whereas CD14+ CX3CR1+ lpDCs were derived

from Ly6Chi but not Ly6Clo monocytes. Notably, our experi-

mental system involves the ablation of endogenous lpDCs and

it remains unclear whether and how this manipulation affects

the generation of CX3CR1+ lpDCs from monocytes. However,

monocytes were previously demonstrated to give rise to

mucosal CD11b+ DCs in the lung (Jakubzick et al., 2008;

Landsman et al., 2007; Varol et al., 2007) and in the vagina (Iijima

et al., 2007).

Recent studies have highlighted the critical role of the growth

factors GM-CSF and Flt3L for the in vitro and in vivo generation

of murine DCs (Daro et al., 2000; Hieronymus et al., 2005; Kar-

sunky et al., 2003; Miller et al., 2003; Miller et al., 2002; Waskow

et al., 2008). Our findings lend further support to a dichotomy of

the DC compartment, where GM-CSF and MCSF drive the differ-

entiation of monocytic precursor cells and their descendants,

whereas Flt3L drives an alternative, monocyte-independent

differentiation pathway that involves DC-committed precursors

(pre-cDCs). We thus demonstrate opposing effects of GM-CSF

and Flt3L on the differentiation of the lpDC subsets. Csf2a�/�

mice displayed a significant decrease in CD11b+ lpDCs, whereas

there were fewer CD11b� lpDCs in [Flt3�/� > WT] chimeric mice.

Analysis of BM chimeras harboring WT and mutant lpDCs
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confirmed that both cytokines uniquely control the differentiation

of CD103+ and CX3CR1+ lpDCs in a cell-intrinsic manner. Addi-

tion of exogenous Flt3L and GM-CSF skewed the differentiation

toward CD103+ and CX3CR1+ lpDC subsets, respectively.

Notably, the growth factors could have effects on lpDC precursor

generation in the BM or act locally.

The intestinal reconstitution kinetics of CX3CR1+ lpDCs re-

vealed a progressive replenishment that peaked after 2 weeks

and resulted from proliferative lpDC expansion. Individual ileal

recipient villi were reconstituted by discrete cell clones. The

physiological relevance of this finding remains to be shown,

yet it may potentially relate to the pathogenesis of the patchy

discontinuous inflammation noted in IBD, mainly Crohn’s

disease (Vasquez et al., 2007). In agreement with our findings,

it was reported that CD103� CD11b+ lpDCs are maintained in

part through homeostatic proliferation (Jaensson et al., 2008).

Whereas our experimental approach precluded addressing the

proliferative potential of CD103+ lpDCs, this study indicated

that the maintenance of CD103+ ileal lpDCs relied on circulating

BM-derived precursors, rather than on local proliferation (Jaens-

son et al., 2008). Our results suggest that these cells are the pre-

cDCs.

The combination of lpDC ablation and precursor-mediated

reconstitution allows the study of the impact of graft-derived

lpDCs on the maintenance of gut homeostasis in a steady state

and under challenge. Interestingly, mice persistently or transiently

depleted of lpDCs neither developed spontaneous intestinal

inflammation nor were overtly susceptible to colitis development.

In contrast, mice that predominantly harbored monocyte-derived

CX3CR1+ CD11b+ DCs in their lamina propria developed severe

signs of colitis in response to DSS challenge, as determined by

colonoscopy and histological examination. This suggests that

CX3CR1+ lpDCs interfere with the restoration of epithelial integrity

that limits progression to chronic gut inflammation. Through

adoptive transfer of mutant monocytes, we showed that this

proinflammatory activity was critically dependent on TNF-a,

thus corroborating earlier reports of the central role of this cyto-

kine in innate and T cell-mediated colitis, as well as in human

IBD (Abe et al., 2007; Berndt et al., 2007; Garrett et al., 2007).

Our results establish that the inflammation resulting from the

DSS-inflicted epithelial damage is caused by immune cells, and

represents an innate immunopathology driven by CX3CR1+

lpDCs. They highlight the importance of a delicate balance

between lpDCs subsets to maintain robust intestinal homeostasis

that defies disturbances, as those induced by the breach of the

epithelial barrier. These findings further suggest that CD103+

CX3CR1� lpDCs might harbor regulatory functions, which are

required to curb the activities of CX3CR1+ CD11b+ lpDCs. In

support of this notion, CD103+ lpDCs were reported to produce

anti-inflammatory cytokines, such as TGF-b and IL-10 (Denning

et al., 2007). It remains, however, to be shown whether CD103+

lpDCs act directly on CX3CR1+ lpDCs or indirectly by affecting

other immune cells or the epithelium itself.

In conclusion, we establish the differential origin of the two main

lamina propria DC subsets. CD103+ CX3CR1� lpDCs arise, via

a DC-committed nonmonocytic intermediate (pre-cDCs), from

MDPs through an Flt3L-driven pathway. In contrast, CD14+

CX3CR1+ lpDCs originated exclusively from Ly6Chi but not Ly6Clo

monocytes in a GM-CSF-controlled manner. Mice lacking
I

CD103+ lpDCs were uniquely sensitive to DSS-induced colitis,

highlighting the importance of a critical balance between lpDC

subsets for tissue repair and robust gut homeostasis.

EXPERIMENTAL PROCEDURES

Animals

The study involved the use of the following 8- to 14-week-old mice: wild-type

(WT) C57BL/6 mice, heterozygote mutant Cx3cr1gfp/+ mice (Jung et al., 2000),

CD11c-DTR transgenic mice (B6.FVB-Tg [Itgax-DTR/GFP] 57Lan/J) (Jung

et al., 2002), Rosa26-tdRFP transgenic mice (Luche et al., 2007) crossed

with CD11c-cre transgenic mice (Caton et al., 2007), GM-CSF receptor-defi-

cient Csf2a�/� mice (Robb et al., 1995), Flt3�/� mice (Mackarehtschian

et al., 1995), TNFa�/� mice (B6.129S-Tnftm1Gkl/J) (Pasparakis et al., 1996),

and OT II TCR transgenic mice harboring OVA-specific CD4+ T cells (Barnden

et al., 1998); all mice were backcrossed against a C57BL/6 background. Mixed

[DTR > WT] BM chimeras were generated as reported (Varol et al., 2007). After

BM transfer, the recipients were allowed to rest for 8 weeks before use. All

mice were maintained under specific pathogen-free conditions and handled

according to protocols approved by the Weizmann Institute Animal Care

Committee as per international guidelines.

Isolation of MDPs, Pre-cDCs, and BM Monocytes

BM cells were harvested from the femora and tibiae of Cx3cr1gfp/+ CD45.1,

CD45.1 C57BL/6 WT mice or CD11c-cre/Rosa26-tdRFP mice and enriched

for mononuclear cells on a Ficoll density gradient. The cells were then immuno-

stained with anti-CD117-PE, anti-CD11b-PerCP, and anti-Gr1 (Ly6C/G)-APC,

fluorochrome-conjugated antibodies. MDPs were identified as CX3CR1/GFP+

CD117+ cells negative for CD11b and Ly6C. Cells were purified by high-speed

sorting with a FACS Aria (Beckton-Dickinson) and injected intravenously (i.v.)

into congenic CD45.2 DTx-treated [CD11c-DTR > WT] BM chimeras. Ly6Chi

BM monocytes were isolated by sorting of Ly6ChiCD11bhicKit� CX3CR1-

GFP+ BM cells. Ly6Clo BM monocytes were defined as Ly6CloCD11bhicKit�

CX3CR1-GFPhi BM cells. Pre-cDCs were isolated by sorting of Lin� CD11chi

MHCII� CX3CR1-GFP+ BM cells (Lin: CD3, NK1.1, B220, CD19, and TER119).

Reconstitution of DC-Depleted Lamina Propria

For systemic DC depletion, [CD11c-DTR > WT] BM chimeras were inoculated

i.p. a day before precursor engraftment and then every other day with 8 ng/gram

body weight DTx (Sigma D-2918) (Varol et al., 2007; Zaft et al., 2005). Unless

indicated otherwise, 0.2 ml PBS containing the purified respective cell popula-

tions were injected into the tail vein in the following amounts: 1.5 3 106 BM

Ly6Chi monocytes, 1 3 106 BM Ly6Clo monocytes, 2 3 105MDPs, and 1 3 105

pre-cDCs.

GM-CSF and Flt3L Treatments

The GM-CSF and Flt3L effects were examined by subcutaneous inoculation of

B16 tumor cells (7 3 106) that had been manipulated to overexpress GM-CSF

or Flt3L (Mach et al., 2000). For testing the effects of GM-CSF and Flt3L on

endogenous precursors, DTx-treated BM chimeras that were left to self-

reconstitute were daily injected with the cell-culture supernatant (0.2 ml, i.p.)

of B16, B16-GM-CSF, or B16-Flt3L tumor cells.

Analysis of In Vivo T Cell Priming

TCR transgenic T cells were isolated from spleens and LNs of CD45.1 OT-II

mice, enriched by MACS cell sorting in accordance with the manufacturer’s

instructions (Miltenyi Biotec GmbH), and labeled with Carboxy Fluorescein

Succinimidyl Ester (CFSE, C-1157; Invitrogen) (Jung et al., 2002). T cells

(3 3 106/mouse) were injected into the tail veins of congenic BM chimeras

(CD45.2) that had received a monocyte graft 7 days earlier. Recipient mice

were challenged a day later by gavage with soluble OVA (100 mg; Sigma

Aldrich).

Analysis of Recipient Mice and Flow Cytometry

Small intestinal and colonic lamina propria cells were isolated with a technique

previously described (Denning et al., 2007). MLNs and Peyer’s patches cells

were obtained after collagenase type IV treatment (1.5 mg/ml; Sigma).
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Individual villi were collected by shaving with a razor under the binocular and

lamina propria cells were further isolated, as described above. Fluoro-

chrome-labeled monoclonal antibodies (PharMingen, eBioscience, and

BioLegend) were used in accordance with the manufacturer’s instructions.

Cells were analyzed with a FACS Calibur cytometer (Beckton-Dickinson),

with CellQuest software (Beckton-Dickinson).

Induction and Analysis of Intestinal Transepithelial Dendrites

DC-depleted mice were reconstituted with WT Ly6Chi monocytes for 14 days,

as described. To boost transepithelial dendrite (TED) development mice were

18 hr prior to analysis treated by gavage with a TLR7 agonist (Invitrogen,

C-TLRL-IMQ) (20 mg). Tissue was stained with CMTMR (CellTracker, 0.1 mM;

Invitrogen) and examined for TEDs with a Zeiss confocal microscope and

LSM software.

DSS-Induced Colitis Model and Murine Colonoscopy

Mice received one cycle (7 days) of dextran sulfate sodium salt (DSS) (MP

Biomedicals, C-160110) treatment (1% in drinking water). To monitor colitis,

we used a high-resolution murine video endoscopic system, consisting of

a miniature probe (1.9 mm outer diameter), a xenon light source, a triple chip

camera, and an air pump (‘‘Coloview,’’ Karl Storz) to achieve regulated inflation

of the mouse colon. Digitally recorded video files were processed with

Windows Movie Maker software (Microsoft). Endoscopic quantification of

colitis was graded as described (Becker et al., 2006; Becker et al., 2005).

Reconstitution kinetics in individual mice were determined by fluorescent co-

lonoscopy performed by intrarectal insertion of a 650 mm diameter fluorescent

microendoscope with the Cell-vizio system (Mauna Kea Technologies).

Histology and Immunohistochemistry

Freshly isolated terminal ileum and colon tissues were directly observed on

a slide with a Zeiss Axioscope II fluorescent microscope, a confocal Zeiss

microscope, or a two-photon microscope after longitudinal opening. Image

acquisition was conducted with simple PCI, LSM, and Velocity software. For

histology, tissues were fixed in 4% paraformaldehyde overnight at room

temperature, embedded in paraffin, serially sectioned (4 mm), and stained

with hematoxylin and eosin (Sigma).

Salmonella Infection and Quantitation of Bacterial Load

The isogenic Salmonella variant DTTSS-1 SB161 (DinvG) was grown with low

aeration for 12 hr at 37�C in LB broth (0.3 M NaCl; containing 50 mg/ml ampi-

cillin [Sigma Aldrich]), diluted 1:20 in the same medium, grown for another 4 hr

(late log phase), washed twice, and suspended in cold PBS (5 3 106 CFU/50 ml

for gavage) as described (Hapfelmeier et al., 2008). DC-depleted mice were re-

constituted with monocytes 7 days before gavage with 20 mg of streptomycin

(Sigma Aldrich) as described (Barthel et al., 2003). DTx was given every second

day during the first week. At 24 hr after streptomycin pretreatment, the mice

were inoculated with 5 3 105 CFU of DTTSS-1 S. typhimurium (late log phase

culture) by gavage. Fresh colon tissues were isolated 3 days after infection and

homogenized with the Dispomix system (Medic Tools). Live bacterial loads of

colon were determined as described previously.

Semiquantitative RT-PCR

Total RNA was extracted from murine colons with PerfectPure RNA Tissue Kit

(5 PRIME). cDNA was prepared by reverse transcription of 2 mg of total RNA

sample. Total RNA was reverse transcribed with a mixture of random primers

and oligo-dT with a High-Capacity cDNA Reverse Transcription Kit (Applied

Biosystems). cDNA was amplified by PCR with REDTaq ReadyMix (Sigma-

Aldrich). The following primers were used: IL-12p40 forward, 50-GGAGACCC

TGCCCATTGAACT-30; IL-12p40 reverse, 50-CAACGTTGCATCCTAGGATC

G-30; HPRT1 forward, 50-TCCAACACTTCGAGAGGTCC-30; and HPRT1reverse,

50-GGGGGCTATAAGTTCTTTGC-30. The conditions for amplification were as

follows: 95�C for 2 min, 95�C for 40 s, 55�C for 40 s, 72�C for 2 min and 30 s

(95�C/55�C/ 72�C: 27-33 cycles), and 72�C for 5 min.

Statistical Analysis

The results were analyzed by two-tailed unpaired Student’s t test, and are

expressed as means ± SEM.
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