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1. List of abbreviations
APC

Antigen presenting cell

Ag

Antigen

BM

bone marrow

BRDU

Bromodeoxyuridine

cDC

Classical ( or conventional) dendritic cell

cDNA

Complementary DNA

CFU

Colony Forming Unit

CTLA4

Cytotoxic T lymphocyte-associated antigen 4

DC

Dendritic cell

DNA

Deoxyribonucleic acid

DT(R)

Diphteria toxin (receptor)

DTA

Diphteria toxin A subunit

ELISA

Enzyme Linked Immunoabsorbent Assay

FACS

Fluorescence-activated cell sorter

FCS

Fetal calf serum

FITC

Fluorescein isothyocyanate

Flt3(L)

Fms like tyrosine kinase 3 (ligand)

Foxp3

Forkhead-winged helix transcription factor 3

GFP

Green Fluorescent Protein

Ig

Immunoglobulin

IL

Interleukin

IFN

Interferon

IRF

Interferon Regulatory Factor

LC

Langerhans cell

LCMV

Lymphocytic Choriomeningitis Virus

LM

Littermate

LN

lymph node

MHC

Major histocompatibility complex

MHV

Mouse Hepatitis Virus
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MLR

Mixed Leukocyte Reaction

MMTV

Murine Mammary Tumor Virus

MPD

Myeloid Proliferation Disorder

mTEC

Medullary Epithelial Cells

M

Macrophages

OVA

Ovalbumin

OT

OVA-specific TCR

PBS

Phosphate buffered saline

PCR

Polymerase chain reaction

PDC

Plasmacytoid Dendritic cell

PE

Phycoerythrin

RIP

Rat Insulin Promotor

TCR

T cell receptor

Th

Helper T cells

TLR

Toll-like receptor

Treg

Regulatory T cell

TSA

Tissue Specific Antigen

TSLP

Thymic Stromal Lymphopoietin

WT

Wild type
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2. Abstract
Dendritic cells are specialized migratory mononuclear phagocytes critically involved in the
promotion and regulation of T cell responses. Emerging evidence suggests the existence of
functionally distinct DC subsets with potential unique roles in pathogen recognition and
immuno-stimulation. In depth understanding of the organization of the DC compartment and
the contribution of DC subsets to immunity might eventually allow to harness these powerful
cells for immunotherapeutic approaches in the clinic.
Here we report the characterization of a novel murine CD8+ DC subset that is marked by
high levels of the chemokine receptor CX3CR1 and low expression of the co-stimulator
CD86. CX3CR1+ CD8+ DCs lacked hallmark features of classical CD8 DCs, including the
ability to cross-present antigen. Instead, their gene expression profile, and the presence of
IgH gene rearrangements define CX3CR1+ CD8 DCs as a novel steady state DC population
related to but distinct from plasmacytoid DCs.
In addition, we report a novel mouse strain that lacks classical CD11chigh dendritic cells
(cDC) due to constitutive cell-type specific expression of a suicide gene. As expected, cDCless mice failed to mount effective T cell responses resulting in impaired viral clearance. In
contrast, neither thymic negative selection nor T regulatory (Treg) cell generation were
significantly

affected.

Unexpectedly,

cDC-less

mice

developed

a

progressive

myeloproliferative disorder characterized by prominent extramedullary hematopoiesis and
increased serum levels of the cytokine Flt3 ligand (Flt3L). Our data identify a critical role of
cDCs in the control of steady-state hematopoiesis, revealing a novel feedback loop that links
peripheral cDCs to myelogenesis through soluble growth factors, such as Flt3 ligand.
To study the fate of peripheral Treg cells in the absence of cDCs we established a system that
allowed for specific deletion of B7 costimulation molecules (CD80/CD86) from the DC
compartment. This allowed us to show that cDCs mediate peripheral Foxp3+ Treg cell
maintenance via B7 interactions. Surprisingly however and defying earlier notions, the
reduction of Treg cells in animals lacking cDCs was as such not inherently associated with
lymphocyte activation. Rather than resulting from a tolerance failure, the auto-inflammatory
signatures reported for cDC-deficient mice are thus a consequence of the non-malignant
myeloproliferative disorder these animals develop.
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תקציר
תאים דנדריטים הינם תאים מציגי אנטיגנים ,הממלאים תפקיד בשפעולן של תגובות שונות במערכת החיסון מחד
ובהשתקת מערכת החיסון מאידך.

אוכלוסיית התאים הדנדריטים בגוף הינה מגוונת מאוד בהתבסס על סמנים

שונים המתבטאים על-פני התא ,הפרופיל הגנטי ומיקומם האנטומי .עם זאת ,תפקידיהם השונים של תת
האוכלוסיות של תאים דנדריטים אינם מובנים עד תום .במחקר הנוכחי בוצע שימוש במגוון שיטות למטרת אפיון
אוכלוסיות אלו ותפקידיהן השונים במערכת החיסון.
במחקר זה אפיינו תת -אוכלוסיה חדשה של תאים דנדריטים באיברים לימפואידים בעכבר .אוכלוסיה זו מבטאת את
הסמן  CD8ואת הקולטן .CX3CR1

להפתעתנו אוכלוסיה זו אינה מתאפיינת בפונקציות המוכרות המתבצעות

על-ידי תאים דנדריטים המבטאים את הסמן  ,CD8ואכן הפרופיל הגנטי של אוכלוסיה זו נמצא שונה מתאים אלו
אך דומה לאוכלוסיה של תאים פלסמציטואידיים ) .(PDCsכמו כן באוכלוסיה זו נמצא רה-ארגון של הגן IgH
המאפיין .PDCs
בנוסף אנו מדווחים על יצירת עכבר טרנסגני חדש שבו הוחסרו התאים הדנדריטים באופן תמידי .כמצופה ,עכברים
אלו לא הצליחו להתמודד עם הדבקה ויראלית בשל תפקוד לקוי של מערכת החיסון .באופן מפתיע תהליך
הסלקציה השלילית בתימוס ויצירת תאי  Tרגולטורים נותרו ללא שינוי .בנוסף נמצא כי העכבר ללא התאים
הדנדריטים מתאפיין בהתרבות בלתי מבוקרת של תאים מיילואידים ועלייה משמעותית ברמות פקטור הגדילה
 Flt3Lבסרום .מחקר זה זיהה כי לתאים דנדריטים תפקיד ייחודי בבקרת המטופויאזיס וחשף משוב היזון חוזר
המקשר בין תאים דנדריטים בפריפריה ליצירת תאים מייאלואידים דרך תיווכם של פקטורי גדילה מסיסים כגון
.Flt3L
על-מנת ללמוד אודות גורלם של תאי  Tרגולטורים פריפריאליים בהיעדרם של תאים דנדריטים יצרנו מערכת
המאפשרת את החסרת המולקולות הקו-סטימולטוריות  B7מתאים דנדריטים בלבד .באמצעות מערכת זו הוכחנו כי
תאים דנדריטים אחראים על תחזוק והתרבות תאי  Tרגולטורים בפריפריה בעזרת אינטראקציות של המולקולות
הקו-סטימולטוריות .להפתעתנו נמצא כי הירידה בתאי  Tהרגולטורים בעכברים החסרים בתאים דנדריטים לא
גרמה לאקטיבציה של תאים לימפוציטים .הראנו כי אקטיבציה זו נובעת ,ככל הנראה מתופעת ההתרבות של תאים
מיאלואידים שעליה דיווחנו בעכברים אלו.
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3. Introduction
The mononuclear phagocyte system (MPS), as defined by Van Furth and Cohn (1)
covers non-granulocytic, myeloid cells which collectively play important roles in
tissue remodeling and homeostasis, as well as regulatory and stimulatory aspects of
innate and adaptive immunity. Historically, the MPS has been divided into two major
terminally differentiated cell types, macrophages (M) and dendritic cells (DCs) (2),
which themselves comprise multiple subpopulations principally defined by distinct
anatomic location and phenotypes. An additional key member of the MPS are
monocytes, that develop in the bone marrow (BM) from dividing myeloid precursors
and are subsequently released to the peripheral circulation as non-dividing cells (3)
before they enter tissues, where their fate is under intense investigation. Murine BM
and blood monocytes are best defined by their expression of the macrophage-colonystimulating-factor receptor (MCSF receptor, CD115) and CD11b (Mac1)(4).
Furthermore, all murine blood monocytes express the chemokine receptor CX3CR1
(5).
Ms are generally long-lived, non-proliferating cells. As highly phagocytotic cells
they are involved in clearance and destruction of bacteria, non-microbial foreign
materials and damaged tissue cells. Ms are poor stimulators of T cells in vitro (6, 7).
Moreover, infected Ms are unable to prime naïve cytotoxic T cell responses to the
intracellular pathogens in vivo (8). In contrast, DCs have unrivalled efficacy to
stimulate naïve T cells and this functional difference remains the best distinctive
criterion from M. DCs are present as sentinels in peripheral tissues, where they can
capture antigens that may be processed and presented to CD4+ and CD8+ T cells.
Tissue DCs are believed to have a resting ('immature') phenotype: they can efficiently
take up antigens, but do not process and present these productively to naïve T cells
(9, 10). DCs acquire an activated ('mature') phenotype after interaction with products
of microbial pathogens (LPS, dsRNA, CpG DNA) through their Toll-like receptor
(TLR) family members (11), with pro-inflammatory cytokines (TNF, IL-1) or after
ligation of surface CD40 (12, 13). Activated DCs efficiently migrate into T cell zones
of lymph nodes (LNs) (14, 15). Furthermore, they up-regulate co-stimulatory
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molecules, such as CD86 and CD80, as well as surface expression of MHC I and II
molecules (10, 16). Experimental evidence suggests that antigen presentation by
activated DC is both sufficient and required for the induction of CD8+ T cell
responses in vivo (8, 17).
The phenotypic definition of murine DCs is based on common characteristics such as
morphology and surface expression of MHC class II and the  integrin CD11c, which
are shared by all murine DCs (except for CD11cnegative/low epidermal Langerhans' cells
(LCs)). However, within the DC compartment differential surface marker expression
and location highlight the existence of numerous distinct subpopulations, whose
functions remain largely enigmatic.

DC subsets
Classic splenic dendritic cells (cDCs), also termed conventional DCs are defined by
high expression of CD11c, and their unrivalled ability to stimulate naïve T cells (18,
19). Beyond phenotypic and functional definitions, recent studies indicate that the
short-lived CD11chi cDCs are derived from dedicated non-monocytic bone marrowderived precursors termed pre-cDCs (20, 21). Splenic cDCs display considerable
phenotypic heterogeneity, and their subsets are believed to have distinct functions in
pathogen recognition and immuno-stimulation (22). Splenic CD11b+ cDCs, which
can be further subdivided into CD4+ and CD8/CD4 double negative (DN) cDCs,
efficiently form peptide-MHC class II complexes (23). CD11b+ cDCs secrete IL-10
and have been shown to preferentially induce Th2 CD4 responses (24). Development
and/or maintenance of CD11b+ cDCs require the transcription factors RelB (25),
IRF4 (26, 27) and RBP-J (28). The second main murine cDC subset is characterized
by the expression of CD8α homodimers, as well as the C-type lectin CD205 (22) and
the integrin CD103 (ITGAE). CD8α+ cDCs preferentially endocytose dying cells in
vivo (29), and are considered specialized to cross-present engulfed cellular antigens in
the context of MHC class I to CD8+ T cells (30). CD8α+ cDCs have a predetermined
capacity to secrete IL-12 (p70) and consequently stimulate Th1 CD4+ T cell
responses (31, 32). Generation of CD8α+ cDCs requires the transcription factors IRF-
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8/ICSBP (33, 34) and Id2 (35, 36), and is specifically controlled by the transcription
factor BatF3 (37).
In addition to cDCs, lymphoid organs also harbor plasmacytoid DCs (PDCs), a
unique DC subset specializing in type I interferon (IFN) secretion in response to viral
challenge (38). CD11cint PDCs share a common developmental origin with cDCs
though they branch off before the pre-cDCs (39, 40), develop locally in the bone
marrow and are relatively long-lived in the periphery (41, 42). PDCs display a
number of lymphocytic features, including the presence of immunoglobulin (Ig) D-J
rearrangements as a result of RAG protein expression during their development (43).
The generation of PDCs is controlled by the specific transcriptional regulator E2-2
(44).
Finally, the spleen also contains a population of CD11cint monocyte-derived DCs
(moDCs) that can acquire certain DC characteristics upon pathogen challenge. The
uniqueness of moDCs was brought to the fore through the work of the Pamer group
(45) that established that these cells can be critical sources of tumor necrosis factor-a
(TNFa) and inducible nitric oxide synthase (iNOS) in anti-Listeria responses and
termed them TNF/iNOS-producing (Tip)-DCs. Recently it was shown that in vivo
microbial stimulation can stimulate monocytes to acquire DC morphology and to
differentiate into DC-SIGN+ cells with DC-like features related to pathogen and
antigen handling (46).
The evolution of knowledge of DC subsets has followed parallel tracks in mice and
humans, and understanding them has become a major focus for many investigators
over the past years. DC subsets in the human blood can be distinguished by
differential expression of three surface molecules: BDCA-1 (CD1c), BDCA-2
(CD303) and BDCA-3 (CD141) (47). BDCA-2+ PDCs are considered the front line in
antiviral immunity owing their capacity to rapidly produce high amount of type I
interferon in response to viruses (48). Human BDCA-3+ DCs represent the human
counterpart of mouse CD8+ DCs (49). Indeed, they share with mouse CD8+ DCs the
high capacity to cross-present endogenous antigens (50). BDCA-3+ DCs also share
the expression of chemokine receptor XCR1 (50, 51), the adhesion molecules Necl2
(52) and the C-type lectin DNGR-1 (53).
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Scheme 1

DC functions - Tolerance versus immunity
As critical antigen presenting cells DC have been proposed to play an instructive role
at the interface of innate and adaptive immunity that results in T cell differentiation
and polarization. Specifically, DCs have been shown to decipher the context out of
which they received the antigen and translate it into regulatory signals that polarize
naïve T cells to specific types of immune response or towards tolerance.
DCs as APC
T cells do not recognize native protein antigens but require them to be processed and
presented in the form of peptides in the context of polymorphic MHC molecules.
CD4+ T-helper cells recognize peptides displayed on MHC class II molecules,
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whereas CD8+ cytotoxic T lymphocytes respond to antigenic peptides presented on
MHC class I. APCs thus play a central role in the activation and control of T cell
immunity. The exact reason for the superiority of DCs in the T cell priming process
remains unclear but is probably multi-factorial and in part based on the specific
location of DCs. Strategically positioned at potential pathogen entry sites of the body,
DCs transport pathogen-derived antigens from the sites of infection to T-cell areas in
lymphoid organs. This directed migration in particular to lymph nodes, which
depends on induced expression of the chemokine receptor CCR7 (54, 55), is one of
the key features of DCs, distinguishing them from other APCs, including
macrophages. Moreover, the unique cell biology of DCs ensures efficient antigen
preservation and presentation (56, 57). In addition, cDCs seem to be equipped with a
particular diverse repertoire of pathogen receptors and provide superior costimulation
to the T cells through expression of molecules of the B7 superfamily.
Central tolerance
Naive T cells develop in the thymus, a primary lymphoid organ, whose intricate
anatomic microenvironment is of critical importance for the shaping of the T cell
repertoire. Within the thymus, T cells undergo sequential processes of positive and
negative selection to ensure that (i) the cells, which eventually exit to the periphery,
will recognize peptides in the individual’s MHC context and (ii) do not overtly react
to self-antigens. Positive and negative selection events occur in anatomically defined
areas of the thymus. Positive selection takes place in the cortex on radio-resistant
cortical thymic epithelial cells (cTECs), which are essential to developing thymocytes
(58). Negative selection is generally believed to occur in the thymic medulla, which
comprises radio-resistant medullary thymic epithelial cells (mTECs), as well as radiosensitive hematopoietic cells, most prominently DCs. DCs promoting negative
selection were recently also observed in the cortico-medullary junction (59). Thymic
DCs include CD11cint plasmacytoid DCs and classical CD11chi DCs, which can be
further subdivided into CD8hi Sirp- and CD8lo Sirp+ cells (60). CD8hi Sirp- DCs
derive from intrathymic precursors. In contrast, CD8lo Sirp+ DCs are now believed
to have entered the thymus from the periphery (61), raising the possibility that DCs
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importing peripheral antigens to the thymus might contribute to thymic negative
selection (62). A non-redundant role of thymic DCs in negative selection has been
difficult to establish, since many other cell types in the thymus have been shown to
have the potential to present MHC and induce negative selection, including medullary
epithelium, B-cells, Ms and even CD4+ CD8+ thymocytes (63-65). Nevertheless,
experimentally introduced exclusive expression of MHC class II on DC was shown to
be sufficient to promote thymic negative selection of CD4+ T cells (66). Moreover,
while antigen expression and presentation by mTECs was reported to suffice for the
deletion of auto-reactive CD8+ T cells (67, 68), the cellular requirement for CD4+ T
cell tolerization in the thymus has remained under debate. Data from chimeras in
which paternal BM was transferred into lethally irradiated F1 offspring suggested that
BM-derived cells are dispensable for thymic negative selection (69, 70), while a more
recent study reported the requirement of DCs (67) for CD4+ T cell tolerization in the
thymus.
Peripheral tolerance
Although central tolerance mechanisms eliminate most autoreactive T cells, some
self-reactive T cells escape the thymic negative selection either because they have
low avidity for self-antigen or because the self-antigen they recognize is not
expressed in the thymus (71). The potentially autoreactive T cells then migrate to the
periphery, where they are subjected to peripheral tolerance mechanisms. In steadystate, peripheral antigen presentation by DCs results in tolerance through T-cell
deletion, induction of anergy, or expansion of antigen-specific Treg cells (72-75).
Regulatory T cells
Treg cells are defined as T cells that play an important role in the induction and
maintenance of peripheral immunological tolerance by suppressing the proliferation,
activation and cytokine production of conventional T cells. Up to now, several
subsets of Treg have been described, including type 1 regulatory T cells (Tr1)(76)
and Th3 adaptive Treg(77). The major subset of Treg is the naturally occurring CD4+
CD25+ Foxp3+ Treg (nTreg).
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nTreg cells were first discovered by Shimon Sakaguchi more than a decade ago and
were described as small population of CD4+ T cells that constitutively express high
levels of the IL-2 receptor a-chain (CD25) (78). Treg are further characterized by
their inability to produce IL-2 (79). Although anergic in vitro (80, 81), Treg
proliferate extensively under steady state conditions in vivo (82) and in response to
local antigenic stimuli (83). Their important role in maintaining peripheral tolerance
became apparent when it was shown that elimination of Treg from the periphery of
mice led to the spontaneous development of various autoimmune diseases, which
could be prevented by adoptive transfer of CD4+CD25+ Treg (84-86). In 2003, the
forkhead/winged helix transcription factor Foxp3 was discovered and identified as a
master regulator and lineage specification factor for the genetic programming of
nTreg (87, 88). Thus, ectopic expression of Foxp3 in conventional CD4+ CD25- T
cells converted them into phenotypically and functionally Treg-like cells (87, 88). In
addition, mutations in the Foxp3 gene were shown to be responsible for an X-linked
recessive autoimmune inflammatory disease in scurfy mutant mice (89) and the
lymphoproliferative disease of these animals could be prevented by adoptive transfer
of CD4+ CD25+ Treg (90). Importantly, the autoimmune syndrome of scurfy mice is
very similar to the immune dysregulation observed in patients suffering from IPEX
(immune disregulation, polyendocrinopathy enteropathy, X-linked syndrome), which
is also caused by mutations in Foxp3 (91). Finally it was shown that naïve T cells can
also acquire Foxp3 expression in the periphery in the course of immune responses
yielding so-called inducible Treg cells (iTregs) with suppressive activity (92).
To date, Foxp3 is the most specific marker for murine nTreg, although in the human
also effector T cells weakly express Foxp3 after activation (93). Being a transcription
factor Foxp3 can however not be used to isolate live nTreg due to its intracellular
localization. Therefore, many investigators have searched for a specific membrane
marker for Treg. In addition to the co-expression of CD4 and high levels of CD25,
Treg also express other membrane proteins including GITR and Cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) (94, 95). However, these markers are not
specific for Treg as they are also upregulated on conventional T cells upon activation.
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DCs are believed to play a critical role in the maintenance of peripheral
tolerance by their induction and/or stimulation of Treg cells. Human TSLP-activated
DCs in the thymic medulla were reported to stimulate developing T cells to
differentiate into Treg cells (96). Furthermore, in vitro studies support a unique role
of murine DCs in the generation of CD4+ Foxp3+ Treg cells from peripheral naïve T
cells (75, 97). DCs are most effective in triggering Treg in vitro proliferation (98) and
regulating Treg homeostasis in vivo (99). Additionally, in vivo targeting of antigens to
immature DCs was shown to result in Treg induction (100).
DC, Treg and co-stimulation
The field of co-stimulation has evolved significantly since the original discovery by
Lafferty et al. (101), which established that productive T cell activation required a
second signal provided by co-stimulatory molecules. The best characterized costimulatory molecules that act in combination with the T cell receptor-mediated
signal are CD80 (B7-1) and CD86 (B7-2) (102). CD80 and CD86 are expressed
mainly on B cells, DCs and mTECs, although other cells may have low expression of
B7 superfamily members (102). CD80/86 are the only known ligands of CD28 and
CTLA-4 receptors on T cells.
Foxp3+ Treg cells, whether thymus-derived or induced in the periphery, constitutively
express both CTLA-4 and CD28 (103). In fact it is now well established that
CD80/86 – CD28/CTLA4 interactions are not only required for the activation of
conventional T cells, but also for the development, maintenance and function of Treg
cells (104-107). CD80/86 involvement in Treg cell development and homeostasis is
evidenced by the markedly reduced Treg cell compartment of CD80/86- and CD28deficient animals, as well as that of animals treated with B7 blocking antibodies (104106). Both radio-resistant thymic epithelial cells (TECs) cells and BM-derived
hematopoetic cells seem capable of delivering the critical costimulatory signals that
promote Treg cell generation in the thymus through CD80/86 interactions, with
hematopoetic cells being more efficient (108). In addition to their role in thymic Treg
development, B7 interactions are also required to maintain the peripheral Treg
compartment (105, 106). In vitro studies have revealed that BM culture-derived DCs
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sorted for high expression of CD86 are particularly effective in driving Treg
proliferation (109) and that conversely, DCs isolated from CD80/86 double knockout
mice poorly promote Treg cell division (106). Moreover, emerging evidence supports
a direct correlation between DC numbers and the proliferation rate of peripheral Treg
cells. Thus, Flt3L treatment, which results in the in vivo expansion of the cDC
compartment leads to a concomitant increase in peripheral Treg cells (110, 111).
Furthermore, it was recently demonstrated that the conditional depletion of DCs
results in reduced numbers and impaired homeostatic proliferation of peripheral
Tregs (111). In my PhD studies, I established that peripheral T regulatory cell
maintenance critically depends on the presence of cDCs expressing CD80/86 (Bar-On
et al EJI, in press).

Function-based DC definitions
Functional definitions of DCs were for a long time based mainly on in vitro assays.
Most instrumental was the classic allogeneic mixed leukocyte reaction (MLR), which
was originally used by Steinman (18) to identify DCs and which remains one of the
gold standards in DC research. Most of the unique cell biology of DCs, including
their presence in ‘immature’ and ‘mature’ states (15) and their specialized endocytic
pathways (112), has been revealed using DCs generated from granulocyte–
macrophage colony-stimulating factor (GM-CSF)-driven BM cultures. Although
these studies have yielded important insights, they likely often reflect extreme
oversimplified conditions, the in vivo counterparts of which remain to be shown.
Moreover, we now know that the GM-CSF-driven pathway does not promote the
generation of cDCs but rather that of monocyte-derived DC equivalents (moDCs)
(113). Cells with a higher degree of similarity to cDCs can be derived instead from
BM cultures driven by the growth factor Flt3-ligand (114). Given the complexity of
the in vivo DC compartment, DC functions are however arguably best studied in their
relevant physiologic context. One way to achieve this aim is by adoptive DC transfer
with or without prior pulsing with antigen. In contrast to lymphocytes, which
consistently recirculate in recipient organisms and rapidly integrate into the
respective host cell pool, DCs have however a very limited migration capacity,
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targeting them to draining lymph nodes where they undergo rapid death. Therefore,
adoptively transferred DCs reach their appropriate physiologic locale only
inefficiently, if at all, and conclusions drawn using adoptive DC transfers must hence
be considered with caution. Irrespective of ther limited value of DC transfers for
basic DCs research, vaccinations with antigen-pulsed DCs have proved to be an
excellent means of stimulating T-cell responses both in mouse and human with
respective protocols now in the clinical trial stage (115, 116). An alternative strategy
for studying DC functions in the intact animal is to target them with antigenantibody-conjugates. This approach was pioneered by Steinman and Nussenzweig
(23, 73). Its prototype was based on ovalbumin-conjugates of the CD8α cDC-specific
antibody DEC205, which were used to establish the unique potential of immature and
CD40L-triggered mature DC to induce T-cell tolerization and priming, respectively
(73, 117). Moreover, the approach also established the ability of cDCs to provide
long-lived T cell help for antibody responses (118).
DC functions have also been investigated using transgenesis. In an optimal setting,
transgenic (tg) strategies should use strictly DC-specific promoters, which are
however currently unavailable. The most popular promoter ⁄ enhancer used to achieve
DC-restricted expression is the CD11c itgax promoter driving the b-subunit of
CD11c, which was originally introduced by Karjalainen (66). This promoter has
proved useful to direct DC-restricted MHC II expression (66) and express dominant
negative molecules (17, 119), as well as reporter genes for intravital imaging studies
(120, 121). Moreover with the advent of tg mice expressing the Cre recombinase
under the CD11c promoter (28), allowing in combination with conditionally mutant,
“floxed” alleles DC-restricted gene ablation, the molecular contributions of DCs can
now be addressed in in vivo settings (122). It should however be taken into
consideration, that activity of the CD11c promoter is not absolutely DC restricted, but
can also be found in certain macrophage populations, as well as certain naïve and
activated lymphocytes (123).
To study task division within the mononuclear phagocyte system and
functionally define DCs in their in vivo context, we developed mouse models that
allow the ablation of classical CD11chi DCs. Our cell ablation strategies are based on
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the use of diphtheria toxin (DTx), one of the best characterized of all bacterial
exotoxins produced by Corynebacterium diphtheriae (124). The cytotoxicity of DTx
is strictly dependent on its receptor-mediated endocytosis by a cellular DTx receptor
(DTR), the precursor of the heparin-binding epidermal growth factor (EGF)-like
growth factor (hbEGF) (125). After binding of DT B subunit of the heterodimeric
toxin, the cell surface DTR promotes DTx endocytosis. In the endosomal
compartment the DT A subunit is released and enters the cytoplasm, where it
catalyzes inactivation of elongation factor 2, resulting in termination of protein
synthesis and the apoptotic death of the target cell. DTx-mediated cell ablation is
highly efficient with a single molecule of active DT A in the cytoplasm sufficing to
kill a eukaryotic cell (126). To target DC Jung and colleagues generated a tg mouse
strain harboring a CD11c-DTR transgene and hence DTx-sensitive DCs that could be
conditionally ablated by DTx injection (8). The analysis of transiently DC-depleted
animals established that cDCs play a critical role in the efficient protective immune
defense against pathogens, including bacteria, viruses, and parasites (127). However,
CD11c-DTR mice do not allow for prolonged DC ablation because of the fact that
repetitive DTx application results in adverse side effects. To further understand the in
vivo functions of DCs, in steady state and in different developmental and physiologic
processes, such as immunological tolerance I therefore designed in the frame of my
PhD studies a constitutively DC ablation strategy. To this end, we generated binary
transgenic mice harboring a trangene encoding the DT A toxin subunit whose cDC
restricted expression results in constitutive cDC death (128).
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lassic splenic dendritic cells (cDC), also termed “conventional
DC,” are a subpopulation of mononuclear phagocytes deﬁned
in the mouse by high expression of the β integrin CD11c, migratory
capacity, and an unrivalled ability to stimulate naïve T cells (1, 2).
Beyond phenotypic and functional deﬁnitions, recent studies indicate that the short-lived CD11chi cDC are derived from dedicated nonmonocytic bone marrow-derived precursors termed
“precDC” (3). Splenic cDC display considerable phenotypic heterogeneity, and their subsets are believed to have distinct functions in pathogen recognition and immunostimulation (4). Splenic
CD11b+ cDC, which can be subdivided further into CD4+ and
CD8/CD4 double-negative (DN) cDC, efﬁciently form peptide–
MHC class II complexes (5). CD11b+ cDC secrete IL-10 and have
been shown to induce T-helper cell type 2 CD4 responses preferentially (6). Development and/or maintenance of CD11b+ cDC
require the transcription factors RelB (7), interferon regulatory
factor 4 (IRF4) (8, 9), and RBP-J (10).
The second main murine cDC subset is characterized by the
expression of CD8α homodimers and the C-type lectin CD205 (4).
In vivo, CD8α+ cDC preferentially endocytose dying cells (11) and
are considered specialized to cross-present engulfed cellular antigens in the context of MHC class I to CD8+ T cells (12). CD8α+
cDC have a predetermined capacity to secrete IL-12 (p70) and
consequently stimulate T-helper type 1 CD4+ T-cell responses (13,
14). CD8α+ cDC also were reported to promote the development
of T regulatory cells via production of TGF-β (15). Generation of
CD8α+ cDC requires the transcription factors IRF8/ICSBP (16,
17) and Id2 (18, 19) and is speciﬁcally controlled by the transcription factor BatF3 (20).
In addition to cDC, lymphoid organs also harbor plasmacytoid
DC (PDC) which are specialized in type I IFN secretion in response to viral challenge (21). PDC share a common developmental origin with cDC, although they branch off before the
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precDC (3, 22, 23), develop locally in the bone marrow, and are
relatively long lived in the periphery (24, 25). PDC display a
number of lymphocytic features, including the presence of Ig D–J
rearrangements as the result of RAG protein expression during
their development (26). The generation of PDC is controlled
speciﬁcally by the transcriptional regulator E2-2 (27).
Here we report the characterization of a murine CD8α+ DC
subset that is marked by high-level expression of the chemokine
receptor CX3CR1 and low expression of the costimulator CD86.
CX3CR1+ CD8α+ DC lacked hallmark features of classical
CD8α+ DC, including the ability to produce IL-12, to crosspresent antigen, and BatF3 dependence. Instead, their geneexpression proﬁle, the presence of IgH gene rearrangements, and
dependence on E2-2 deﬁne CX3CR1+ CD8α+ DC as a steadystate DC population related to but distinct from plasmacytoid DC.
Results
Identiﬁcation of the CX3CR1+ CD8α+ DC Subset. Flow cytometric

analysis of spleen cells of Cx3cr gfp mice—a transgenic mouse strain
in which the gene encoding the CX3CR1 chemokine receptor
was replaced by an EGFP reporter gene (28)—allows the subdivision of splenic CD8α+ DC into CX3CR1/GFP− and CX3CR1/
GFP+ cells, respectively (Fig. 1A). Staining with a CX3CL1-Fc
fusion protein conﬁrmed the expression of CX3CR1 on the GFP+
DC but not on the GFP− CD8α+ DC in Cx3crgfp/+ mice (Fig. 1B).
CX3CR1+ CD8α+ DC generally comprised 15–30% of splenic
CD8α+ DC in naïve adult C57BL/6 mice but reached 50% depending on the genetic background and housing facility. CX3CR1−
and CX3CR1+ CD8α+ DC populations also could be detected in
lymph nodes of Cx3cr gfp C57BL/6 mice (Fig. 1C) and Cx3cr1gfp
BALB/c mice (Fig. 1D). Moreover CX3CR1+ CD8α+ DC were
present in CX3CR1-deﬁcient Cx3cr1 gfp/gfp mice, indicating that the
CX3CR1 chemokine receptor is dispensable for their generation
(Fig. 1E). In WT mice that lack the CX3CR1/GFP label, the
CX3CR1+ subset of CD8α+ DC can be identiﬁed by low side
scatter, low levels of the costimulatory molecule CD86, and the
lack of the integrin CD103 (Fig. 1F).
CX3CR1+ CD8α+ DC Lack Hallmark Features of Classical CD8α+ DC. We
ﬁrst investigated whether CX3CR1+ and CX3CR1− CD8α+ DC are
distinct entities. CX3CR1+ CD8α+ expressed high levels of MHC
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Lymphoid organs are characterized by a complex network of
phenotypically distinct dendritic cells (DC) with potentially unique
roles in pathogen recognition and immunostimulation. Classical
DC (cDC) include two major subsets distinguished in the mouse by
the expression of CD8α. Here we describe a subset of CD8α+ DC in
lymphoid organs of naïve mice characterized by expression of the
CX3CR1 chemokine receptor. CX3CR1+ CD8α+ DC lack hallmarks of
classical CD8α+ DC, including IL-12 secretion, the capacity to crosspresent antigen, and their developmental dependence on the transcriptional factor BatF3. Gene-expression proﬁling showed that
CX3CR1+ CD8α+ DC resemble CD8α− cDC. The microarray analysis
further revealed a unique plasmacytoid DC (PDC) gene signature
of CX3CR1+ CD8α+ DC. A PDC relationship of the cells is supported
further by the fact that they harbor characteristic D–J Ig gene
rearrangements and that development of CX3CR1+ CD8α+ DC requires E2-2, the critical transcriptional regulator of PDC. Thus,
CX3CR1+ CD8α+ DC represent a unique DC subset, related to but
distinct from PDC. Collectively, the expression-proﬁling data of
this study reﬁne the resolution of previous DC deﬁnitions, sharpen
the border of classical CD8α+ and CD8α− DC, and should assist the
identiﬁcation of human counterparts of murine DC subsets.

Fig. 1. Identiﬁcation of the CX3CR1+ CD8α+ DC subset. (A) Flow cytometric
analysis of splenocytes from Cx3cr1gfp/+ mice. cDC were identiﬁed as CD11chi cells.
Histogram shows GFP expression in CD11chi CD8α+ DC. (B) Staining of splenic cDC
subpopulations for surface expression of CX3CR1 using a CX3CL1-Fc fusion protein. (C) Flow cytometric analysis of lymph node cells from Cx3cr1gfp/+ mouse. (D)
Flow cytometric analysis of splenocytes from Cx3cr1gfp/+ BALB/c mouse. (E)
Flow cytometric analysis of splenocytes from CX3CR1-deﬁcient Cx3cr1gfp/gfp
mice. (F) Flow cytometric analysis of splenocytes from Cx3cr1gfp/+ mouse. Note
characterization of CX3CR1/GFP+ CD8α+ DC as a CD86lo CD103neg population.

class II and could stimulate naïve alloreactive CD4+ T cells efﬁciently, establishing that they are bona ﬁde DC (2) (Fig. 2A). Classical CD8α+ DC have been reported to be overrepresented in
spleens of young mice (29). Interestingly, this age-related skewing
of the cDC subset balance was restricted to the CX3CR1− CD8α+
cDC; CX3CR1+ CD8α+ DC were found at equal frequencies in
young and old mice (Fig. 2B).
A prominent functional feature of classical CD8α+ DC is IL12 production in response to microbial challenge (13, 14). We
previously reported that after mice were injected with Toxoplasma gondii tachyzoite extract only CX3CR1− CD8α+ DC, but
not CX3CR1+ CD8α+ DC, produce IL-12 (28). This difference
could result from a general inability of the latter cells to produce
IL-12 or their lack of the speciﬁc Toxoplasma sensor TLR11 (30).
To address this issue, we sorted CX3CR1+ CD8α+, CX3CR1−
CD8α+, and CD8α− cDC and exposed them in vitro to a Toll-like
receptor 9 (TLR9) agonist. As seen in Fig. 2C, C–phosphate–G
(CpG) stimulation in the presence of accessory cytokines induced
IL-12 production as measured by secretion of the p70 subunit speciﬁcally by classical CD8α+ but not CX3CR1+ CD8α+ or
CD8α− cDC. Interestingly, however, the TLR9 stimulus boosted
production of the p40 subunit (indicative of IL-23) by all the
populations tested, conﬁrming the TLR9 responsiveness of the
14746 | www.pnas.org/cgi/doi/10.1073/pnas.1001562107

cells (Fig. 2C). This result establishes that, like cDC, CX3CR1+
CD8α+ DC respond to TLR9 engagement but, unlike classical
CD8α+ DC, do not produce IL-12.
The main functional hallmark of classical CD8α+ DC is their
unique capability to channel exogenous antigens into the MHC
class I presentation pathway for cross-presentation (12). Lew and
colleagues recently established an elegant method that allows the
identiﬁcation of cross-presenting cells in the in vivo context based
on their unique sensitivity to extracellular cytochrome c (CytC)
(31). However, in this study only a fraction of splenic CD8α+ DC
was depleted; the remainder was unable to cross-present and
therefore was deemed functionally impaired, as indicated by impaired IL-12 production (31). To explore the possibility that the
CytC-resistant CD8α+ DC were, in fact, CX3CR1+ CD8α+ DC,
we injected Cx3cr gfp/+ mice with CytC. Flow cytometric analysis of
the CytC-challenged mice revealed that only CX3CR1− CD8α+
cDC were ablated by this procedure, whereas the percentage of
CX3CR1+ CD8α+ DC remained unchanged (Fig. 2D). This result
suggests that CX3CR1+ CD8α+ DC lack characteristic cytosolic
export mechanisms assigned to classical CD8α+ DC that allow
them to cross-present antigens.
Classical CD8α+ DC are expanded preferentially upon systemic exposure to the growth factor Fms-related tyrosine kinase
3 ligand (Flt3L) (32). Interestingly, however, CX3CR1+ CD8α+
DC were signiﬁcantly underrepresented among CD11chi cells of
mice bearing an Flt3L-secreting tumor (Fig. 2E). This ﬁnding
suggests that CX3CR1+ CD8α+ DC arise from developmental
pathways distinct from those of classical CD8α+ DC. Development of the latter has been shown to require the basic leucine
zipper transcription factor BatF3 (20). However, closer examination revealed that Batf3−/− mice retain a sizable population of
CD8α+ DC. Moreover, subsequent ﬂow cytometric analysis of
Cx3cr1gfp Batf3−/− mice showed that these residual CD8α+ DC
almost uniformly expressed CX3CR1 (Fig. 2F). Together with the
results of the Flt3L exposure, this result indicates that developmental requirements of CX3CR1+ CD8α+ DC are distinct
from those of classical CD8α+ DC. Collectively these ﬁndings
establish that CD11chi CX3CR1+ CD8α+ cells are DC but lack
hallmark features assigned to classical CD8α+ DC, such as IL12 production, the ability to cross-present, and developmental
BatF3 dependence.
Gene Expression Proﬁling of Splenic DC Subsets. To compare the
expression proﬁles of CX3CR1+ and CX3CR1 CD8α+ DC and
to study their relationship to the CD8α− cDC subsets, we next
isolated CD11chi DC from spleens of heterozygous mutant
Cx3cr1gfp/+ C57BL/6 mice and sorted the two CD8α+ DC populations, as well as the CD4+ and DN cDC, to purity (Fig. 3 A
and B). RNA was extracted from the four samples and subjected
to gene-expression proﬁling using Mouse Genome 430.2 Affymetrix GeneChip arrays. Notably, all samples expressed equal
levels of mRNAs encoding CD11c, MHC class II (I-Ab), Flt3,
and CD40 (Table S1) but lacked expression of B- and T-cell
markers such as CD19 and CD90. Moreover CX3CR1, CD4, and
CD8α mRNAs were all expressed by the appropriate populations; the expression of CD8α mRNA establishes that the
CD8α molecules on the CX3CR1+ population result from cellintrinsic expression and not from passive acquisition from CD8+
T cells (33). Microarray results of selected genes were validated
by RT-PCR analysis (Fig. S1).
Four-way comparison of all splenic DC subsets revealed only
a few genes preferentially expressed in both CX3CR1+ and
CX3CR1− CD8α+ DC as compared with CD8α− DC, including
CD8α, CD24, and Sca1 (Table S2). Interestingly, however, expression of many hallmark proteins of classical CD8α+ DC, such
as CD103, CD205, TLR3, XCR1, IL-15, and IL-12 (34), was absent
from CX3CR1+ CD8α+ DC (Table S3), supporting the notion that
CX3CR1+ CD8α+ DC are distinct entities. Rather, the microarray
expression proﬁle of CX3CR1+ CD8α+ DC revealed a signiﬁcant
overlap with the proﬁle of both CD4+ and DN cDC (Fig. 3C). Thus,
molecules that have been associated with the DN cDC, including
Bar-On et al.
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Sirpβ, Notch3, TLR5, TLR7, DCIR2, and CD209 (34), were all
expressed at >3-fold higher levels in CX3CR1+ than in CX3CR1−
CD8α+ DC (Table S4). Notably, the expression of the transcription
factors IRF4 and RelB, which are critical for the generation of
CD4+ cDC but reportedly are dispensable for CD8α+ cDC production (8, 9), was also elevated (Table S4). Conversely, IRF8/
ICSBP and Id2, reported to be essential for CD8α+ cDC development (16, 18, 19, 17), were prominently expressed in
CX3CR1− CD8α+ cDC but were absent from CX3CR1+ CD8α+
DC (Table S3). Collectively, these results establish that, according
to their gene-expression proﬁle, CX3CR1+ CD8α+ DC are more
closely related to CD4+ and DN cDC than to CD8α+ cDC.
CX3CR1+ CD8α+ DC Share Gene Expression and Somatic Rearrangements with Plasmacytoid Dendritic Cells. We next used the micro-

array data to deﬁne gene sets overexpressed in each population.
These high-conﬁdence sets then were compared with published
expression proﬁles of DC populations (35). Principal component
analysis (PCA) of the genes overexpressed speciﬁcally in the
CD8+ CX3CR1+ population revealed a striking enrichment for
PDC-speciﬁc genes (Fig. 4A and Table S5), including the surface
markers Klra17/Ly-49Q, SiglecH, Bst2/mPDCA-1, and Ly-6C, as
well as the transcription factors Tcf4/E2-2 and SpiB. Thus, PDCspeciﬁc genes were highly enriched in the CX3CR1+ subset,
whereas classical CD8+ DC-speciﬁc genes were enriched only in
the CX3CR1− subset (Fig. 4B). In further support of a potential
link between PDC and CX3CR1+ CD8α+ DC, we identiﬁed
a signiﬁcant list of genes that were silent in these two populations
but were expressed in both CD8α+ and CD8α− cDC (Table S6).
A prime function of PDC is their production of type I interferons in antiviral responses (36). To probe for a functional
overlap of CX3CR1+ CD8α+ DC and PDC, we tested their response to viral challenge. As seen in Fig. 4C, only PDC, but not

CX3CR1+ CD8α+ DC, produced type I IFN upon in vitro exposure to inﬂuenza virus. In accordance with this ﬁnding, quantitative PCR analysis revealed that CX3CR1+ CD8α+ DC express
lower levels of TLR9, TLR7, and IRF-7 than do PDC (Fig. 4D).
Moreover, CX3CR1+ CD8α+ DC lacked surface expression of
classical PDC markers such as B220 and mPDCA (Fig. S2). These
ﬁndings establish that CX3CR1+ CD8α+ DC are phenotypically
and functionally distinct from PDC.
As a result of the activation of a unique “lymphoid” geneexpression program, PDC, unlike cDC, harbor Ig heavy-chain
(IgH) D–J rearrangements that can serve as distinctive and stable genetic lineage markers (37, 26). To probe for a developmental connection between CX3CR1+ CD8α+ DC and PDC, we
investigated whether these two populations share this genetic
feature by probing the rearrangement status of their IgH loci
using a genomic PCR assay. As shown in Fig. 4E, D–J rearrangements were detected readily in both PDC and CX3CR1+
CD8α+ DC, whereas classical CD8α+ DC and CD8α− DC harbored only germline IgH alleles. This ﬁnding suggests that
CX3CR1+ CD8α+ DC are developmentally related to PDC.
We next decided to probe for potential developmental connections between the two cell populations. Because the transcription factor E2-2 is required for PDC generation (27), we
tested whether CX3CR1+ CD8α+ DC develop in the absence of
E2-2. We found both PDC and CX3CR1+ CD8α+ DC were absent in chimeras established from E2-2–deﬁcient fetal livers (38)
(Fig. 4F). We also examined a conditional strain in which E2-2
was deleted using a DC/PDC-speciﬁc CD11c-Cre transgene (10,
27). In these animals, some PDC develop in the bone marrow but
disappear from the spleen because of spontaneous differentiation. In these animals, splenic PDC were absent, but SSClow
CD86lo CD8α+ DC were present at the same frequencies as in the
control animals (Fig. S3). These data suggest that CX3CR1+
PNAS | August 17, 2010 | vol. 107 | no. 33 | 14747
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Fig. 2. CX3CR1+ CD8α+ DC lack hallmarks of classical
CD8α+ DC. (A) Mixed leukocyte reaction with indicated
numbers of sorted splenic DC subsets isolated from
Cx3cr1gfp/+ C57BL/6 mice and BALB/c CD4+ T cells (105). Data
are representative of two experiments. (B) Flow cytometric
analysis of splenic DC subsets in 3- and 8-wk-old Cx3cr1gfp/+
C57BL/6 mice. Bars represent the percentages of CX3CR1−
CD8α+ and CX3CR1+ CD8α+ subsets out of total cDC
(CD11chi cells). Data are representative of two experiments. (C) Analysis of IL-12p70 (Left) and IL-12p40 (Right)
secretion by sorted splenic DC subsets in response to in vitro
exposure to CpG. Data are representative of two experiments.(D) Selective deletion of CX3CR1− CD8α+ splenic DC
by CytC injection. Bars represent the percentages of
CX3CR1− CD8α+ and CX3CR1+ CD8α+ subsets out of total DC
(CD11chi cells). Data are representative of two experiments. (E) Flow cytometric analysis of splenic DC subsets of
Cx3cr1gfp/+ C57BL/6 mice bearing a WT tumor or a tumor
secreting FLt3L. Bars represent the percentages of CX3CR1−
CD8α+ and CX3CR1+ CD8α+ subsets out of total cDC
(CD11chi cells) (n = 3). Data are representative of two
experiments. (F) Flow cytometric analysis of splenic DC
from Batf3+/+Cx3cr1gfp/gfp, Batf3+/−Cx3cr1gfp/gfp, and
Batf3−/−Cx3cr1gfp/gfp mice. cDC were gated as CD11chi
B220− cells.

Fig. 3. Sorting strategy and gene-expression matrix of splenic cDC subsets.
(A) Flow cytometric analysis of magnetic bead-enriched CD11chi cells isolated
from Cx3cr1gfp/+ mice indicating sorting gates. (B) Analysis of sorted DC
subsets. Percentages indicate purity of the respective cDC populations. (C)
Expression matrix of the 500 modulated genes. Rows represent individual
genes, and columns represent splenic cDC subsets. Colors indicate the relative expression levels of the genes in the different subsets, according to the
code shown on the right.

CD8α+ DC may be generated independently of mature PDC,
possibly from a common bone marrow progenitor.
Collectively, these results show that CX3CR1+ CD8α+ DC
share with PDC a signiﬁcant expression signature, the presence
of unique Ig rearrangements, and the dependence on the transcription factor E2-2. However, they are functionally distinct
from PDC in that they are not specialized in IFN-α production.
Discussion
Here we report the identiﬁcation and characterization of a
CX3CR1+ CD8α+ DC subpopulation that coexists with cDC in
lymphoid tissues of naïve mice and can comprise a major fraction
of splenic and lymph node CD8α+ DC. CX3CR1+ CD8α+ DC
lacked hallmark features assigned to classical CD8α+ DC, such
as the ability to produce IL-12 and cross-present, as well as the
14748 | www.pnas.org/cgi/doi/10.1073/pnas.1001562107

developmental dependence on the transcription factor BatF3.
Moreover, their gene-expression proﬁle also conﬁrmed that
CX3CR1+ CD8α+ DC are distinct from CD8α+ cDC but rather
resemble CD8α− cDC. Comparative microarray analysis and the
presence of characteristic Ig gene rearrangements established
that CX3CR1+ CD8α+ DC are ontologically related to PDC.
This notion is supported further by the fact that development of
both PDC and CX3CR1+ CD8α+ DC depends on the transcription factor E2-2. However, conditional ablation of E2-2
using CD11c-Cre revealed that, in contrast to PDC, the maintenance of CX3CR1+ CD8α+ DC does not require continuous
E2-2 expression. Analysis of these conditional E2-2–deﬁcient
animals furthermore established that CX3CR1+ CD8α+ DC can
emerge without an obligatory PDC intermediate and that their
numbers remain unaffected by the lack of splenic PDC. Notably,
PDC have been reported to give rise to cells with phenotypic and
functional cDC features upon microbial challenge in vitro and
in vivo (25, 39, 40). Speciﬁcally, these PDC-derived DC were
shown to express CD8α, but, unlike classical CD8α+ DC, to lack
CD205 expression (25). However, our data argue that steadystate CX3CR1+ CD8α+ DC arise from Rag-expressing immature
bone marrow precursors shared with PDC, possibly the CD11c−
Ly-6C+ B220− subset (27) (Fig. S4). Supporting this notion,
Irf8−/−-deﬁcient mice that lack both classical CD8α+ cDC and
PDC (16, 8, 41) were reported to retain a residual population of
CD8α+ DC. Moreover, these cells share striking similarity with
the CX3CR1+ CD8α+ DC reported in this study, including lowlevel expression of CD86, absence of TLR3, and the inability to
produce IL-12 (8). Together with our results of the constitutive
and conditional E2-2 animals, this ﬁnding strongly suggests that
CX3CR1+ CD8α+ DC share developmental pathways with PDC
but develop in absence of the latter.
Importantly, our analysis revealed that the expression of
a number of genes previously assigned to classical CD8α+ DC (34)
are, in fact, restricted to the CX3CR1+ CD8α+ subset. By removing contaminating PDC-related CX3CR1+ CD8α+ DC from
the CX3CR1− CD8α+ cDC population, our study thus signiﬁcantly
reﬁnes the resolution of previous expression proﬁle-based DC
deﬁnitions (5, 34) and sharpens the border between classical
CD8α+ and CD8α− DC. Our ﬁndings should assist the identiﬁcation of human correlates of murine DC subsets as exempliﬁed by
the recent reports on the human equivalent of classical mouse
CD8α+ DC (42). Taken together, we identiﬁed and molecularly
deﬁned an additional steady-state DC subset in the mouse that is
developmentally related to PDC but is functionally distinct. Future
studies should reveal potential unique roles of CX3CR1+ CD8α+
DC in pathogen recognition and immunostimulation.
Materials and Methods
Mice. The following mice were used in this study: WT C57BL/6 mice; heterozygous and homozygous mutant Cx3cr1gfp C57BL/6 mice, Cx3cr1gfp BALB/c
mice (28), and E2-2+/− (38) and Batf3−/− mice (20) crossed with Cx3cr1gfp mice.
Fetal liver chimeras were established as described (10, 27) by intercrossing
E2-2+/− parents, one of which was Cx3cr1gfp/WT. All animals were maintained
under speciﬁc pathogen-free conditions and handled according to protocols
approved by each of the investigator’s institutions in accordance with
international guidelines.
Microarrays. After collagenase D digestion, spleens from Cx3cr1gfp/+ C57BL/6
mice were enriched for CD11c+ cells by magnetic separation according to the
manufacturer’s protocol (Miltenyi Biotec GmbH). Splenic CD11chi cells were
isolated using the FACS ARIA high-speed sorter (Becton-Dickinson). Total
RNA was extracted and subjected to gene-expression proﬁling using the
Mouse Genome 430.2 Affymetrix GeneChip. We then applied the Sorting
Points into Neighborhoods (SPIN) algorithm, an unsupervised analysis tool
for organization and visualization of the data. For pairwise comparison of
the two CD8α+ DC subsets, microarray data from two independently sorted
samples were combined and analyzed using NIA Array software (43).
Flow Cytometric Analysis. Staining reagents used in this study included the
phycoerythrin-coupled antibodies anti-MHC II, CD8, CD24, CD11c, CD103,
and mPDCA1, the biotinylated antibodies anti-Ly6c, CD4, and CD8, the
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Fig. 4. CX3CR1+ CD8α+ DC share expression proﬁle, somatic Ig gene rearrangements, and E2-2 dependence with PDC. (A) PCA of the genes overexpressed in
CX3CR1+ CD8α+ cells compared with CD8α+ cDC. Shown are the three principal component sets of genes analyzed against the expression data of Robbins et al.
(35). Note the preferential expression in PDC (Top), in CD8α− DC (Middle), and in both PDC and CD8α− DC (Bottom). (B) Distribution of genes speciﬁc for CD8α+
DC or PDC in the two CD8α+ DC subsets. Shown is pairwise comparison of average probe intensities in CX3CR1+ and CX3CR1− CD8α+ DC; genes speciﬁc for
CD8α+ DC or PDC were selected based on reference 35. (C) IFN-α production by sorted splenic DC subsets after incubation for 20 h in the presence or absence
of 400 HAU/mL inﬂuenza virus. (D) Expression of the TLR/IFN signaling genes in sorted CD8α− cDC, PDC, and CX3CR1+ CD8α+ DC as determined by quantitative
RT-PCR (mean ± SD of triplicate reactions). Expression levels are normalized relative to the CX3CR1+CD8α+ subset. (E) D–J rearrangement of IgH gene in sorted
DC subsets. IgH D–J rearrangements were detected by genomic PCR using primer sets for the DHQ52 element. Data are representative of three experiments.
(F) Absence of CX3CR1+ CD8α+ DC and PDC in absence of the transcription factor E2-2. (Left) Gated donor-derived (CD45.2+) splenocytes from E2-2−/− chimeras
or control E2-2+/+ chimeras mice were analyzed for the presence of CD11cint Bst2+ PDC. (Right) Gated CD11chi CD8α+ DC comprise the CD86lo SSClo and the
CD86hi SSChi subsets (corresponding to CX3CR1+ and CX3CR1− populations, respectively). Data are representative of three independent experiments.

Allophycocyanin (APC)-coupled antibodies anti-CD11c, CD4, and CD8, the
APC-Alexa750–coupled antibody anti-B220, and peridinin chlorophyll protein complex (PerCP)-coupled streptavidin. Unless indicated otherwise, the
reagents were obtained from eBioscience, Biolegend, BD Biosciences, and
Caltag. For CX3CR1 surface staining, cells were incubated with an CX3CL1-Fc

fusion peptide (NTN-Fc; kindly provided by Millennium Biotherapeutics) and
subsequently stained with Cy5-conjugated F(ab)2 goat anti-human Ig G1
(IgG1; Jackson ImmunoResearch Laboratories). The cells were analyzed on a
FACSCalibur cytometer (Becton-Dickinson) using CellQuest software (BectonDickinson).

PNAS | August 17, 2010 | vol. 107 | no. 33 | 14749

Bar-On et al.

23

Mixed Leukocyte Reactions. We cultured 104 and 5 × 104 splenic DC (C57BL/6)
with 105 responder CD4+ T cells (BALB/c). Cultures were pulsed after 72 h
with 1 μCi of [H3] thymidine, and incorporation was measured 16 h later.
In Vivo Exposure to FLT3L. To test the impact of Flt3L exposure on the distribution of CD8α+ DC subsets, Cx3cr1gfp/+ C57BL/6 mice were inoculated with B16
tumor cells (3 × 106) that had been manipulated to overexpress Flt3L (44).
In Vitro Cytokine Secretion Assay. We cultured 5 × 104 sorted DC subsets in
200 uL RPMI (Gibco/BRL) with CpG (5 ug/mL) for 24 h. Supernatant IL-12
levels were measured using IL-12 p40/p70 ELISA Abs (554476; BD Pharmingen) or the IL-12 p70 ELISA kit (88–7121-22; eBioscience). For IL-12 p70
production, the stimulation consisted of the cytokines IL-4 (200 ng/mL), GMCSF (40 ng/mL), and IFN-γ (20 ng/mL).
Ablation of Cross-Presenting Cells. To ablate cross-presenting cells, mice were
injected i.v. with 7.5 mg equine CytC dissolved in PBS (C2506; Sigma) (31).
Animals were analyzed 24 h after the CytC injection.

Type I IFN Assay. Sorted cells were cultured at 2 × 106 cells/mL in complete RPMI
1640 for 20 h, with 400 hemagglutinin (HA) units/mL inﬂuenza virus A/Texas/
1/77 (kindly provided by R. Arnon, The Weizmann Institute, Rehovot, Israel).
Supernatants were assayed using an IFN-α ELISA kit (Performance Biomedical
Laboratories).
Real-Time PCR. Splenocytes from Cx3cr1gfp mice were stained with antibody
conjugates, including Bst2-APC (Miltenyi Biotec) and sorted by a FACSAria ﬂow
sorter (BD Immunocytometry Systems) into CD11cint Bst2+ (PDC), CD11chi CD8α−
CD11b+ GFP+ (CD8α− DC), and CD11chi CD8α+ CD11b− GFP+ (CX3CR1+ CD8α+ DC)
fractions. Cells were sorted directly into TRIzol LS reagent (Invitrogen). Total RNA
from the sorted cells was extracted and reverse transcribed. Gene-expression
levels were assayed by SYBR Green-based real-time PCR on an MX3000P instrument (Stratagene). All expression was normalized to β-actin and is presented
relative to the CX3CR1+ CD8α+ DC sample using the ΔΔCT method. All primers
were validated for linear ampliﬁcation (sequences are available on request).

Diagnostic Genomic PCR for Ig Loci Rearrangements. Genomic DNA was
extracted from 2 × 105 sorted cells by incubation with proteinase K at 55 °C for
2 h followed by heat inactivation for15 min at 95 °C. PCR primers speciﬁc for
the DHQ52 element were used to amplify rearranged IgH D–J as previously
described (45).
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Fig. S1. Conﬁrmative RT-PCR analysis for expression of selected genes by splenic dendritic cell (DC) populations sorted from spleens of Cx3cr1gfp/+ mice.

Fig. S2. Flow cytometric analysis of CX3CR1− CD8α+ classical DC (cDC), CX3CR1+ CD8α+ DC, CD8α− cDC, and plasmacytoid DC (PDC) of CX3CR1+ CD Cx3cr1gfp/+
mice for surface expression of PDC surface markers (BST-2, B220).
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Fig. S3. Persistence of CX3CR1+ CD8α+ DC in the absence of the transcription factor E2-2. (Left) Splenocytes from CD11c-Cre+, R26-EYFP+ E2-2 conditional or
control E2-2 WT mice were analyzed for the presence of CD11cint Bst2+ PDC. (Right) Gated B220− CD11chi CD8α+ DC comprise the CD86lo SSClo and the CD86hi
SSChi subsets (corresponding to CX3CR1+ and CX3CR1− populations, respectively). Data are representative of three independent experiments.

Fig. S4. Schematic showing the presumed origin of CX3CR1+ CD8α+ DC. DN, double negative. MDP, macrophage dendritic cell precursors; CDP, common DC
precursors.

Table S1. Genes expressed equally among splenic DC subsets
Gene
CD11c
H2-Ab1
CD80
Flt3
CD40
Stat3

AFFY_ID

CX3CR1+ CD8

CX3CR1− CD8

CD4

Double negative

1419128_at
1451721_a_at
1451950_a_at
1419538_at
1449473_s_at
1460700_at

4399
8151
213
3749
820
983

3271
9210
183
2580
500
542

6415
9581
160
1717
949
735

4042
8703
165
1477
695
660

Table S2. Genes expressed by CX3CR1+ and cCX3CR1− CD8α+ DC
Gene
CD8
Sca1
CD24a
Hspe1
Nfe2l3
Laf4
Bcl2l14

AFFY_ID

CX3CR1+ CD8

CX3CR1− CD8

CD4

Double negative

1444078_at
1417185_at
1416034_at
1422579_at
1417520_at
1430435_at
1429347_at

1572
1870.2
509
119.7
177.4
157.8
249.4

1942
1180.2
966
193.7
110.6
121.3
205.5

—
646.2
—
—
—
5.1
—

—
406.7
283
—
—
8.6
—
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Table S3. Genes highly expressed by cCX3CR1− CD8α+ DC but low or absent from CX3CR1+ CD8α+ DC
Gene
IRF8
Id2
Notch4
Tlr3
Tlr12
DEC205
CD103
Langerin
CD36
IL12p40
IL15
CD86
CD81
XCR1
Cxcl9
Cxcr3
Cyst C
CD1d1
Ppt1

AFFY_ID

CX3CR1pos

CX3CR1neg

CD4

Double negative

Gene type

1416714_at
1422537_a_at
1449146_at
1422782_s_at
1438329_at
1449328_at
1449216_at
1425243_at
1450883_a_at
1449497_at
1418219_at
1420404_at
1416330_at
1422294_at
1418652_at
1449925_at
1426195_a_at
1449130_at
1422468_at

1408
55
—
98
—
—
—
—
57
—
—
312
786
—
506.2
121.9
3459
382
302

13284
1161
545
1337
196
135
1130
724
1454
165
191
3099
4819
519
4429.6
1819
12870
1506
5708

616
354
—
—
—
—
—
—
—
—
—
811
1712
—
447.2
229.4
3533
515
326

4847
481
—
214
—
—
—
—
165
—
—
1071
587
—
800.4
311.4
5790
552
921

Transcription factor

Toll-like receptor
Membrane protein

Cytokine
Costimulation
Chemokine

Other

Table S4. Genes expressed in CX3CR1+ CD8α+ DC and cCD8α− DC
Gene
Irf4
Relb
Sirpb
Stat4
Tlr1
Tlr5
Tlr7
CD209a
DCIR
DCIR3
Clecsf6
Clecsf12
Clecsf10
CCR2
CCR6
CCL3
CD115
F4/80
F4/80-like
CD71
Plxnb2
Ltb
Iﬁtm3
Bcl3
S100a4
S100a6
Cyp4f16
Cybb

AFFY_ID

CX3CR1pos

CX3CR1neg

CD4

Double negative

Gene type

1421173_at
1417856_at
1458683_at
1448713_at
1449049_at
1450242_at
1422010_at
1426172_a_at
1425407_s_at
1429954_at
1425407_s_at
1420699_at
1419627_s_at
1421186_at
1450357_at
1419561_at
1419873_s_at
1451161_a_at
1451563_at
1452661_at
1416683_at
1419135_at
1423754_at
1418133_at
1424542_at
1421375_a_at
1417277_at
1436778_at

880
2264
1223
882
745
261
184
995
1173.4
853
1173
4128
348
705
342
55.6
3086
578
223
1327.4
1402.5
2146.3
3752.7
1264
8947.1
1873.5
2466.3
4727.8

—
630
—
—
75
—
—
—
—
34
—
406
—
225
55
—
90
143.1
—
408.7
218
—
436.8
146
—
139.7
241.2
107.7

304
3119
3468
593
1165
338
452
651
1054.8
1446
1054
4425
868
142
1094
200
3336
3068
444.8
1452.6
1009.9
1567.7
4934.5
674
7229.6
1217
3064
3569.2

407
1782
2382
612
991
85
146
768
1560.6
967
1560
3240
287
539
957
163
2071
1692
521
1448.5
776.2
1112.3
3893.3
655
7578
1359.8
2479.9
3064.2

Transcription factor
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Lectin

Chemokine receptor

Other

Calcium binding
Cytochrome
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Table S5. Genes expressed by PDC and CX3CR1+ CD8α+ DC as compared with cDC
Gene
E2-2
Ly-49Q
Ly6c
Spib
CD209d
CD209e
Cyp7b1
Lefty1
Ptprf
Blnk
CD62L
Ccr1
Siglech
Bst2
Il7r
Kdr
Runx2
Atp1b1
Snag1
Hpse
Igk-C

AFFY_ID

CX3CR1pos

CX3CR1neg

CD4

Double negative

1416723_at
1425888_at
1421571_a_at
1460407_at
1426183_a_at
1420582_at
1421074_at
1417638_at
1420843_at
1451780_at
1419480_at
1419609_at
1457786_at
1424921_at
1448575_at
1449379_at
1424704_at
1451152_a_at
1416359_at
1433930_at
1427455_x_at

2178
1519
1929
1577
1336
950
838
503
378
334
1040
274
114
660
559
717
419
206
1071
1787
935

126
52
168
60
—
—
—
—
—
—
313
—
—
235
106
—
—
—
164
232
248

388
155
200
577
—
—
—
—
—
—
99
—
71
90
228
—
79
—
250
468
252

462
311
587
704
179
187
28
—
—
78
292
52
56
232
259
94
142
68
189
452
185

Table S6. Genes silent in PDC and CX3CR1+ CD8α+ DC as compared with cDC
Gene
Id2
CCR7
Tgfbi
Adam8
Fgl2
Apob48r
Atf3
Nr4a2
CD81

AFFY_ID

CX3CR1+ CD8

CX3CR1− CD8

CD4

Double negative

1422537_a_at
1423466_at
1448123_s_at
1416871_at
1421855_at
1420382_at
1449363_at
1455034_at
1416330_at

55
359
2276
128
64
450
158
32
786

1161
983
5753
2548
419
1907
461
344
4820

354
844
7043
856
205
1284
428
138
1713

481
1015
4501
875
313
1396
516
372
588
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Antigens have to be processed and presented in the form of
peptides bound to major histocompatibility complex (MHC) molecules to be recognized by T cells. Antigen-presenting cells
(APCs) thus play a central role in the activation and control of
T cell immunity. Dendritic cells (DCs), a morphologically distinct
APC described by Steinman and colleagues (Steinman and
Witmer, 1978), belong to the body-wide network of mononuclear
phagocytes (van Furth and Cohn, 1968) and seem to have
coevolved with adaptive T cell immunity. Beyond their unique
potential to stimulate naive T cells in vitro (Steinman and Witmer,
1978), in vivo antigen targeting to DCs elicits strong T cell priming
and long-lived T cell help for antibody responses (Bonifaz et al.,
2002; Boscardin et al., 2006). Furthermore, vaccination with antigen-pulsed DCs proved to be a potent way to stimulate T cell

responses both in mouse and man with respective protocols being in clinical trials (Gilboa, 2007; Palucka et al., 2007). Finally,
conditional in vivo DC ablation established that splenic conventional DCs (cDCs) are required for the initiation of naive CD4+ and
CD8+ T cell responses to protein antigens and pathogens (Jung
et al., 2002; Probst and van den Broek, 2005; Sapoznikov et al.,
2007).
Beyond their role in T cell stimulation, DCs are also involved in
controlling the inherent autoreactivity of the T cell compartment.
DCs were reported to play a critical role in the establishment of
central T cell tolerance (Brocker et al., 1997), although more
recent studies highlight the contribution of medullary thymic
epithelial cells (mTECs) that promiscuously express tissuerestricted self-antigens (Kyewski and Klein, 2006). Immature or
resting DCs that did not encounter pathogen signatures and
hence lack expression of costimulatory molecules were shown
to induce peripheral tolerance, both of CD4+ and CD8+ T cells
(Hawiger et al., 2001; Probst et al., 2005). In addition, thymic
and peripheral DCs were proposed to play a critical role in the
generation of T regulatory (Treg) cells that suppress effector
T cell responses (Coombes et al., 2007; Fehervari and Sakaguchi, 2004; Mahnke and Enk, 2005; Yamazaki et al., 2007). Finally,
peripheral DCs were reported to support homeostatic proliferation and survival of T cells (Brocker et al., 1997; Gruber and
Brocker, 2005). Although the role of DCs in T cell activation
has been well established through transient DC depletion
and/or DC-specific antigen targeting, the study of DC functions
in T cell development and homeostasis requires long-term DC
elimination in the steady state. Similarly, any potential DC functions outside of bona fide antigen presentation may be revealed
only after early-onset DC deletion during development. Thus, an
experimental model of constitutive DC deletion is required so
that the immunological and developmental in vivo functions of
this critical immune cell type are fully understood.
Here, we report the generation and characterization of a binary
transgenic mouse model that constitutively lacked conventional
CD11chi DCs. cDC-less mice were born at normal Mendelian
frequencies and showed unimpaired development. The lack of
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SUMMARY

Dendritic cells are critically involved in the promotion
and regulation of T cell responses. Here, we report
a mouse strain that lacks conventional CD11chi dendritic cells (cDCs) because of constitutive cell-type
specific expression of a suicide gene. As expected,
cDC-less mice failed to mount effective T cell responses resulting in impaired viral clearance. In contrast, neither thymic negative selection nor T regulatory
cell generation or T cell homeostasis were markedly
affected. Unexpectedly, cDC-less mice developed
a progressive myeloproliferative disorder characterized by prominent extramedullary hematopoiesis and
increased serum amounts of the cytokine Flt3 ligand.
Our data identify a critical role of cDCs in the control
of steady-state hematopoiesis, revealing a feedback
loop that links peripheral cDCs to myelogenesis
through soluble growth factors, such as Flt3 ligand.
INTRODUCTION

Immunity
Constitutive Ablation of Dendritic Cells in Mice

Figure 1. Constitutive Dendritic Cell Depletion in the CD11c:DTA Mice
(A) Flow-cytometry analysis of cells isolated from
spleen, LNs, and thymi of CD11c:DTA mice or
littermate controls. DCs were identified as CD11chi
MHC-IIhi cells. Percentages refer to CD11chi cDCs
out of total cells. n = 3 for each group. p < 0.001.
The bar diagram summarizes numbers of cDCs
in CD11c:DTA mice and littermate controls.
(B) Mixed leukocyte reaction with 5 3 105 splenocytes (left) or thymocytes (right) isolated from
CD11c:DTA and littermate mice (C57BL/6 background, H2b), cultured with 105 allo-reactive
BALB/c CD4+ T cells for 72 hr, after which thymidine incorporation was measured. The bar graph
represents means ± SD (n = 3). Controls include
T cells cocultured with splenocytes isolated from
DTx-treated DTR mice and syngeneic splenocytes
(BALB/c, H2d). One representative experiment out
of three is shown. p values are < 0.001.

cDCs resulted in a deficiency to mount efficient and antivirally
protective T cell responses. Surprisingly, however, the steadystate T cell compartment and T cell homeostasis remained
largely unaffected by the absence of DC, as did thymic negative
selection and the generation of natural T regulatory cells. Finally,
we report the unexpected finding that cDC-less mice developed
a myeloid proliferative syndrome by triggering a hithertounknown hematopoetic feedback regulation linking peripheral
cDC to myelogenesis through soluble growth factors, such
as Flt3 ligand. Importantly, our finding might explain other DCdeficiency-associated myelo-proliferative disorders, such as
the one reported for IRF8-deficient mice.
RESULTS
Generation of Mice that Constitutively Lack
Conventional DCs
In order to probe for potential functions of cDCs during the development of the vertebrate organism and subsequent homeostasis, we generated a mouse model that constitutively lacks
CD11chi cells. To this end, we crossed CD11c-Cre BAC transgenic mice (Caton et al., 2007) to mice that harbor a conditional
diphtheria toxin A (DTA) transgene in the constitutively active
Rosa26 locus (Brockschnieder et al., 2006). Cre-recombinasemediated deletion of the loxP signal-flanked transcriptional
STOP cassette in these mice results in specific toxin activation
in Cre-expressing cells. DTA inhibits protein synthesis (Holmes,
2000) and CD11c-expressing cells of CD11c-Cre;R26-DTA animals (called ‘‘CD11c:DTA mice’’ hereafter) are thus expected
to undergo spontaneous apoptosis. CD11c:DTA double-transgenic mice were born at normal Mendelian frequencies. Flow-
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cytometry analysis of CD11c:DTA mice
revealed the essential absence of MHC
II+ CD11chi cells from spleens, peripheral
and mesenteric LNs, thymi, and nonlymphoid tissues of CD11c:DTA mice
(Figure 1A and Figures S1A and S1B
available online). Histological analysis
confirmed the lack of CD11chi cells in
lymphoid organs of CD11c:DTA mice (Figures S2A and S2B).
Importantly, the bulk of plasmacytoid DCs (PDCs) and epidermal
Langerhans’ cells (LCs) were still present in CD11c:DTA
mice (Figures S1C and S1D). Classical in vitro DC depletion
experiments have shown that splenic DCs are of critical importance as stimulators in a primary mixed leukocyte reaction
(MLR) (Steinman and Witmer, 1978). Moreover, conditional
in vivo cDC ablation results also in the inability of splenocytes
to prime alloreactive T cells (Jung et al., 2002). To obtain a functional confirmation for the absence of cDCs in CD11c:DTA mice,
we therefore assayed cell suspensions of splenocytes and
thymocytes in an MLR. When the respective cells were isolated
from CD11c:DTA mice, they failed to stimulate alloreactive
responder T cells, as compared to single-transgenic littermate
controls (Figure 1B). Taken together, our results show
that CD11c:DTA mice lack CD11chi conventional DCs (cDCs),
but develop normally, suggesting that during development
the cells are not required for processes beyond their immune
functions.
cDC-less Mice Are Immunodeficient
The requirement of cDCs in the MLR reaction highlights their role
as unique APCs in the priming of naive T cell responses. To investigate the in vivo immune status of cDC-less mice, we next
tested their ability to respond to antigen and pathogen challenge.
Ovalbumin (OVA)-specific TCR transgenic CD4+ and CD8+
T cells (OT-I and OT-II [Barnden et al., 1998; Hogquist et al.,
1994]) were transferred into CD11c:DTA mice or littermate
controls and the recipients were challenged by intravenous
OVA injection (10 mg). Both CD4+ and CD8+ T cell responses
were impaired in the spleens of CD11c:DTA mice (Figure S3A).
Immunity 29, 986–997, December 19, 2008 ª2008 Elsevier Inc. 987
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Figure 2. Unimpaired Steady-State T Cell
Compartment in CD11c:DTA Mice
(A) Flow-cytometric analysis of T cells isolated
from thymi of CD11c:DTA mice and WT LM
controls, stained for CD4 and CD8. Numbers in
quadrants show mean percentage of respective
cells ± SD (n = 5).
(B) Flow-cytometric analysis of T cells isolated
from spleens of CD11c:DTA mice and WT LM
controls, stained for CD4 and CD8. Numbers
in quadrants show mean percentage of respective cells out of CD3-positive splenocytes ± SD
(n = 5).
(C) Bar graph represents means ± SD (n = 5) of
T cell numbers in the spleen and inguinal LNs of
CD11c:DTA mice and LM controls. T cells
are identified as CD3-positive cells. Results are
representative example of three independent
experiments.
(D) In vitro proliferation assay of CD4+ and CD8+
T cells isolated from spleens and LNs of
CD11c:DTA mice and littermate controls. Cells
were exposed to plate-bound anti-CD3 after
coating with indicated concentrations. Bar graphs
represent means ± SD (n = 3).
(E) Flow-cytometric analysis of cotransferred
CFSE-labeled CD4+ T cells (2 3 106 each) isolated
from OT-II;CD11c:DTA mice (Thy1.1 CD45.2+)
and OT-II LM controls (Thy1.1 CD45.1+), respectively into Thy1.2 WT B6.Cg-IghaThy1aGpi1a/J
recipients. The recipients were analyzed 3 days after immunization with soluble OVA or without immunization. Histograms show splenocytes analyzed for
presence of the grafted cell populations identified by their allotypic markers as shown in the dot blots. n = 4 for each group.

This result confirms earlier reports that splenic CD4+ and CD8+
T cell responses depend on the presence of CD11chi DCs
(Jung et al., 2002; Sapoznikov et al., 2007). Noteworthy, however, was that CD4+ T cell responses in the LNs of CD11c:DTA
mice persisted (Figure S3B), as reported for cDC-depleted
CD11c-DTR mice (Sapoznikov et al., 2007).
To test the impact of the absence of cDCs on T cell-mediated
protection against pathogens, we challenged CD11c:DTA mice
and littermate controls with the noncytopathic lymphocytic choriomeningitis virus (LCMV). LCMV protection strictly depends on
a rapidly developing cytotoxic T lymphocyte (CTL) response
(Kagi et al., 1994). CD11c:DTA mice failed to generate efficient
virus-specific CTL responses, thereby resulting in impairment
of viral clearance (Figure S4A). To test the ability of cDC-less
mice to cope with a cytopathic viral infection, we challenged
the CD11c:DTA mice with a mouse hepatitis virus (MHV) A59
strain. The defense against the MHV requires type I IFN-producing PDCs (Cervantes-Barragan et al., 2007) but also involves
a CTL component, as indicated by the impaired MHV clearance
in MHC class I deficient (B2m / ) mice (Figure S4B). Although
CD11c:DTA mice mounted a considerable response of MHVspecific IFN-g-secreting effector T cells in the liver, this response
was impaired in the spleen (Figure S4C). Moreover, three out of
five MHV-infected CD11c:DTA mice failed to clear the MHV from
the liver, although they did not manifest MHV-mediated liver
damage (Figure S4C). These data are consistent with the key
role of PDCs in the response to MHV (as PDCs are present in
CD11c:DTA mice), but also demonstrate an important role of
cDCs in anti-viral CTL priming in the spleen. Collectively, our
results support the prominent role of cDCs in the stimulation of

cDC-less Mice Have an Unimpaired T Cell Compartment
T cells not only require MHC-expressing peripheral APCs for the
triggering of adaptive T cell immunity, but also for the maintenance of homeostasis and steady-state survival, ensuring the
conserved size of the peripheral naive T cell pool. Given their
prominent role in T cell priming, DCs are prime candidates for
this activity because they are known to interact with T cells
even in the absence of antigen (Bousso and Robey, 2003). Interestingly, thymic morphology and organization into medulla and
cortex were unimpaired in CD11c:DTA mice (Figure S5A). Moreover, percentages of thymic T cell subpopulations were unchanged, with both immature CD4+CD8+ double positive (DP)
and mature single positive (SP) cells present in similar frequencies and undisturbed CD4+/CD8+ T cell ratios (wild-type [WT]
littermate: 2.72 ± 0.55; CD11c:DTA 2.91 ± 0.54) (Figure 2A).
Spleens of cDC-less mice generally showed a well-preserved
segregation into red and white pulp, as well as T and B cell zones
(Figure S5B and S5C). Furthermore, when compared to littermate controls, CD11c:DTA mice exhibited normal T cell numbers
in peripheral lymphoid organs (Figure 2B). Within the peripheral
T cell compartment, the ratio between CD4+ and CD8+ T cells
was found to be slightly elevated (WT littermate: 1.8 versus
CD11c:DTA: 2.4) (Figure 2C).
To probe the functionality of T cells developed in the absence
of cDCs, we investigated their ability to respond to in vitro stimulation and in vivo antigen challenge after transfer into WT mice.
As shown in Figure 2D, CD4+ and CD8+ T cells isolated from
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cDC-less mice and littermate controls responded equally well to
anti-CD3-driven in vitro stimulation. For the in vivo assay of T cell
function, we generated TCR transgenic CD11c:DTA mice by
crossing the OT-II transgene, encoding the OVA-specific TCR
(Barnden et al., 1998) onto the CD11c:DTA background. We
then isolated CD4+ T cells from the OT-II;CD11c:DTA mice and
littermate OT-II controls harboring cDCs, labeled them with
CFSE, and cotransferred the cells into WT recipient mice. The
use of the respective allotypic CD45 markers allowed us to identify the two grafted cell populations in the host (Figure 2E). Upon
antigen challenge, OVA-specific CD4+ T cells isolated from the
cDC-less mice responded in this competitive assay as well as
the respective cells isolated from DC-proficient animals. Collectively, these data indicate that, despite their deficiency in T cell
priming, cDC-less mice have a predominantly unimpaired
T cell compartment with functionally intact T cells.

(Luckashenak et al., 2008) by transfer of CFSE-labeled polyclonal CD4+ and CD8+ T cells from CD11c:DTA mice and littermate controls into CD45.1-congenic WT mice. Analysis of the
recipients 10 days after transfer revealed the presence of both
grafted populations at similar frequencies; moreover, neither of
them had undergone substantial proliferation (Figure 3E). Taken
together, these results demonstrate the absence of overt autoreactivity from the peripheral CD4+ and CD8+ T cell compartment
of cDC-less mice.
In addition to their role in thymic selection, cDCs were proposed to play a critical role in the generation of Treg cells, both
in the thymus and the periphery (Coombes et al., 2007; Fehervari
and Sakaguchi, 2004; Mahnke and Enk, 2005; Yamazaki et al.,
2007). Notably, however, the frequency of CD4+ T cells with
Treg phenotype (FoxP3+) was similar in thymi and spleens of
CD11c:DTA mice and of littermate controls (Figure 3F). Moreover, when subjected to a characteristic functional in vitro assay,
these cells suppressed the proliferative response of CD25 responder CD4+ T cells as did Treg cells isolated from littermate
controls (Figure 3G). Collectively, these data establish that
cDCs are neither required to establish thymic negative selection
nor required for the generation of functional natural Treg cells.

cDCs Are Dispensable for Thymic Negative Selection
and the Generation of Natural T Regulatory Cells
To obtain a global view on the TCR repertoire of CD11c:DTA
mice, we next determined the Vb chain usage of their thymic
and peripheral T cells. As shown in Figure 3A, the absence of
cDCs did not affect the CD4+ or the CD8+ T cell repertoire, which
remained similar to WT littermate controls. Notably, certain Vb
chains, such as Vb5, Vb11, and Vb12, are underrepresented in
C57BL/6 mice (H2b) because of the presence of superantigens
(SAg) encoded by endogenous MMTV proviruses (Scherer
et al., 1993). The fact that CD11c:DTA mice exhibited unchanged
Vb distributions thus suggested that cDCs are dispensable for
this SAg-induced T cell depletion in the thymus. This notion is
further supported by that fact that introduction of an MHC H2b
allele, through intercross with BALB/c WT mice, resulted in
a comparable MMTV SAg-induced reduction of Vb3-positive
cells in cDC-proficient and cDC-deficient mice (Figure 3B). To
directly test the role of cDCs in thymic negative selection, we
resorted to a transgenic system that involves the expression of
a de novo self-antigen (RIPmOVA mice [Kurts et al., 1996]). We
generated mixed bone marrow (BM) chimeras by transferring either WT OT-II or CD11c:DTA OT-II BM into lethally irradiated WT
or RIPmOVA recipient mice. In these chimeras, the OVA antigen
is in the thymus exclusively expressed by medullary epithelial
cells (mTECs). Recent studies had indicated that negative selection of CD4+ T cells in such chimeras requires crosspresentation
of the mTEC-derived antigen by BM-derived cells, presumably
DCs (Gallegos and Bevan, 2004). [OT-II > RIPmOVA] chimeras
displayed as reported (Gallegos and Bevan, 2004) a substantial
reduction of Va2 Vb5+ OVA-reactive T cells in their thymus and
periphery, as compared to [OT-II > WT] control chimeras (Figure 3C). More importantly, antigen-induced deletion of OVAreactive CD4+ T cells was also observed in [OT-II;CD11c:DTA >
RIPmOVA] chimeras and was thus independent of graft-derived
thymic or peripheral DCs.
To directly test for the potential existence of autoreactivity in
the T cell compartment of CD11c:DTA mice, we exposed CD4+
T cells isolated from cDC-deficient (CD11c:DTA, H2b) and
cDC-sufficient (LM, H2b) mice to syngeneic (H2b) and allogeneic
(H2d) splenocytes. In both cases, T cell proliferation was restricted to the H2-mismatched stimulator cells (Figure 3D).
T cell autoreactivity was further assayed as recently reported

cDC-less Mice Develop a Myeloid-Proliferative Disorder
Young CD11c:DTA mice (up to 5 weeks of age) showed no difference in size and behavior when compared with littermate
controls. However, with time the mice developed sporadic alterations of secondary lymphoid organs and by the age of 3 months,
all CD11c:DTA mice displayed lymphadenopathies and their
spleens weighed approximately three times that of littermate
controls (WT, 78.6 g ± 11.31; CD11c:DTA, 280.53 g ± 63.35
[n = 5]). Correlating with the increased organ size, spleen and
LN cell numbers were significantly elevated in 3-month-old
CD11c:DTA mice compared to age-matched littermate controls.
However, BM cellularity remained essentially unaffected by the
absence of cDCs (Figure 4A). Flow-cytometric analysis of
CD11c:DTA spleens and LNs revealed a dramatic increase in
the numbers of CD11b+ myeloid cells comprising Gr1int monocytes and Gr1hi neutrophils (Figure 4B). Furthermore, we
observed a minor but significant elevation of these cells in the
BM (Figure 4C). Blood counts of CD11c:DTA mice revealed a
myeloid shift toward neutrophils, monocytes, and eosinophils
(Figure 4D), which progressed with age (Figure 4E). Morphologically, leukocytes of CD11c:DTA mice appeared normally (data
not shown). Myeloid cell infiltration was also observed in peripheral nonlymphoid organs of 3-month-old CD11c:DTA mice, such
as liver and kidney (Figure S6A). However, interestingly we did
not find increased polymorphnuclear or mononuclear myeloid
infiltrates over littermate controls in the thymi of CD11c:DTA mice
(Figure S6B). In accordance with the phenotype of other mice
harboring myelo-hyperproliferation (Holtschke et al., 1996), the
number of splenic erythrocytes, detected by Ter119 expression,
was significantly elevated in 3-month-old CD11c:DTA mice,
whereas their BM, which appeared anemic exhibited lower numbers of these cells (Figure 4F). Also, histological examination of
CD11c:DTA BM revealed myeloid hyperplasia and a reduction
of erythroid precursors (Figure S7).
To investigate the effect of the constitutive cDCs’ absence
on hematopoesis, we performed colony-forming unit (cfu)
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Figure 3. Unimpaired Repertoire Distribution, Thymic Negative Selection, and Treg Cell Generation in cDC-less Mice
(A) Bar graph summarizing means ± SD of flow-cytometric analysis (n = 4) for Vb distribution among (left) total CD8+ T cells and (right) CD4+ T cells in the thymus
and spleen of CD11c:DTA mice and LM controls.
(B) Bar graph summarizing means ± SD (n = 4) of Vb3 distribution among total CD4+ T cells in the thymus and spleen of C57BL/6 CD11c:DTA mice (gray), (C57BL/
6 3 BALB/c) F1 mice (white), and (C57BL/6 3 BALB/c) F1 CD11c:DTA mice (black).
(C) Unimpaired thymic negative selection of OVA-reactive CD4+ T cells in CD11c:DTA mice. BM cells were isolated from OT-II and CD11c:DTA;OT-II donors and
transferred into irradiated WT or RIPmOVA recipients for generation of BM chimeras. Dot blots represent flow-cytometric analysis of Va2+Vb5+-specific T cells
isolated from BM chimeras. Bar graphs summarize means of percentages ± SD (n = 3) of OT-II T cells out of total CD4+ T cells in the thymus and spleen of the
chimeras.
(D) Mixed-leukocyte reaction with CD4+ T cells isolated from CD11c:DTA mice or littermate controls and allogeneic and syngeneic stimulator splenocytes. The
bar graph shows mean of triplicates ± SD. Results are representative of two independent experiments.
(E) Flow-cytometric analysis of spleens of WT mice (CD45.1) that received an adoptive transfer of polyclonal CFSE-labeled CD4+ or CD8+ T cells isolated from
CD11c:DTA mice or littermate controls (CD45.2) for the presence of graft-derived cells (CD45.2) and their proliferation status. Note absence of CD11c:DTA T cell
proliferation in recipients. Results are representative example of two independent experiments with two mice per group.
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assays and compared hematopoietic precursor frequencies of
CD11c:DTA mice and littermate controls. The analysis revealed
a significant increase of cfu counts in the blood, the spleen,
and the BM, although the elevation in the first two organs was
more pronounced (Figure 5A). In accordance with this finding,
a 2 hr BrdU pulse resulted in an increased label of myeloid cells
in the spleens of CD11c:DTA mice as compared to littermate
controls, whereas the percentage of proliferating myeloid BM
cells was hardly affected (Figure 5B). Extramedullary hematopoesis was also confirmed by a histological examination of spleens
of 3-month-old CD11c:DTA mice (Figure S8). Moreover, flowcytometric analysis of 3-month-old CD11c:DTA spleens
revealed a significant increase of the lineage marker-negative
(Lin ) Sca-1+ c-Kit+ LSK cell subset representing hematopoetic
stem cells (Kondo et al., 2003) (Figure 5C). However, even with
progressing age, CD11c:DTA mice did not spontaneously progress into a transplantable leukemia (data not shown). Rather,
cDC-less mice develop a nonmalignant chronic, nonfatal myeloproliferative disorder (MPD).
The Myeloid-Proliferative Disorder Is Triggered
by the Absence of Functional cDCs
The observed MPD could be a response to ongoing cDC apoptosis in the CD11c:DTA mice. Alternatively, it could result from
activation of a hitherto-unknown mechanism sensing the absence of peripheral cDCs and triggering myeloid regeneration.
To distinguish between these options, we generated mixed BM
chimeras through reconstitution of lethally irradiated WT recipient mice with an equal mixture of CD11c:DTA (CD45.2)
and WT (CD45.1) BM. For controls, we included mice reconstituted with CD11c:DTA or WT BM only. [CD11c:DTA > WT]
chimeras, which constitutively lacked cDCs (Figure 6A), displayed markedly elevated frequencies of monocytes and
CD11b+ myeloid cells in blood and spleen, when compared to
[WT > WT] chimeras (Figures 6B and 6C). In contrast, in the
mixed [CD11c:DTA-WT > WT] BM chimeras, which retained
CD45.1+ cDC of WT donor origin (Figure 6A), blood monocyte
and myeloid cell counts were similar to the [WT > WT] controls
(Figure 6C). The direct linkage between the MPD development
and the absence of cDCs is further corroborated by the fact
that additionally, extended conditional cDC ablation—as
achieved through repetitive DTx treatment of [CD11c-DTR >
WT] chimeras (Zaft et al., 2005)—resulted in the significant elevation of myeloid cells in blood and spleen (Figure 6D). Collectively,
these data establish that the chronic myeloproliferation observed in CD11c:DTA mice is a response to the lack of cDCs,
suggesting the existence of a feedback mechanism that ensures
appropriate myelogenesis in homeostasis.
Mice deficient for the interferon (IFN) regulatory factor (IRF)-8
(also known as interferon consensus sequence binding protein
[ICSBP]) display a severe myeloid hyper-proliferation (Holtschke
et al., 1996). Interestingly, Irf8 / mice also exhibit a DC deficiency comprising CD11b CD8a+ cDCs, as well as LCs and
PDCs (Aliberti et al., 2003; Schiavoni et al., 2002). The MPD in

mice lacking IRF-8 is thought to result from the tumor-suppressive activity of the transcription factor (Hao and Ren, 2000),
rather than from its role in cDC development. In the light of our
present findings, we decided to readdress this issue and test
the possibility that the MPD of Irf-8 / mice could be triggered
by a DC-restricted deficiency. To this end, we generated irradiation chimeras with BM obtained from Irf8 / mice (Holtschke
et al., 1996), CD11c:DTA mice, and WT mice. Mice reconstituted
with Irf8 / BM developed MPD similar to mice that received
CD11c:DTA BM, as indicated by the prominent accumulation
of splenic CD11b+ cells 8 weeks after reconstitution
(Figure 6E). Mixed [Irf8 / -WT > WT] chimeras displayed normal
numbers of CD11b+ cells in their blood and spleens. In contrast,
mixed [Irf8 / -CD11c:DTA > WT] chimeras displayed myelohyperproliferation. The MPD reported for Irf8 / mice can thus be
explained as a result of a specific defect in the DC compartment
of these mice, such as the absence of CD8a+ cDCs or an additional functional DC impairment (Mattei et al., 2006). Together
with the results obtained from the CD11c:DTA mice, this finding
highlights the existence of a feedback mechanism sensing
peripheral cDC numbers in the steady state.
Absence of Functional cDCs Triggers
a Flt3-Ligand-Associated Feedback
Loop Resulting in Myeloproliferation
Our data suggest a critical link between the size control of myeloid compartment and the presence of functional peripheral
cDCs. In search for a soluble factor that could mediate this feedback loop, we analyzed the sera of CD11c:DTA mice suffering
from MPD and healthy littermate controls for the elevation of
growth factors that have been implied in myeloid or DC differentiation, e.g., M-CSF (Wiktor-Jedrzejczak et al., 1990), GM-CSF
(Vremec et al., 1997), and Flt3 ligand (McKenna et al., 2000). In
addition, we tested the serum of the mice for TNFa, which recently has been associated with MPD development (Walkley
et al., 2007). Interestingly of the factor tested we found only the
serum concentrations of Flt3 ligand consistently and markedly
increased in the CD11c:DTA mice as compared to age-matched
littermate controls (Figure 7A). Moreover, the Flt3-ligand serum
elevation was observed also in young CD11c:DTA mice (<5
weeks of age) and thus considerably preceded overt development of a disorder in the animals. This finding supports a scenario
in which Flt3L causes MPD, as shown in other settings (Brasel
et al., 1996). The Fms-like tyrosine kinase 3 (Flt3) receptor is expressed by immediate cDC precursors (Naik et al., 2007; Onai
et al., 2007) and peripheral cDCs (Tussiwand et al., 2005), and
its corresponding ligand has been identified as a critical factor
in the control of DC development (Maraskovsky et al., 1997;
McKenna et al., 2000) and peripheral cDC maintenance (Waskow et al., 2008). Notably, Flt3 is also expressed in hematopoietic stem or progenitor cells.
To obtain further evidence for a link between Flt3 ligand and
the chronic myeloproliferation, we tested the serum titers of
the growth factor in the set of BM chimeras that was described

(F) Flow-cytometric analysis of thymi and spleens of CD11c:DTA mice and LM controls indicating percentages of Foxp3+ Treg cells out CD4+ T cells. n = 3 for each
group; results are representative of three independent experiments.
(G) In vitro suppression assay with CD25+ CD4+ Treg cells isolated from CD11c:DTA mice and littermate controls and WT CD25 CD4+ T responder cells (Tresp).
Cells are stimulated with splenic DCs and soluble anti-CD3. The bar graph shows mean of triplicates ± SD.
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Figure 4. CD11c:DTA Mice Develop a Myeloid-Proliferative Disorder
(A) Bar graph showing total cell numbers of spleen, LN, and BM cells of 3-month-old CD11c:DTA mice and LM controls ± SD (n = 5).
(B) Myeloid cell number (identified as CD11b+ cells) in the spleen and inguinal LNs of 3-month-old CD11c:DTA mice and LM controls (n = 5 for each group). Bar
graphs represent mean ± SD (n = 4).
(C) Flow-cytometry analysis of BM neutrophils (Gr1hi CD115 ) and monocytes (CD115+) of 3-month-old CD11c:DTA mice and LM controls. Bar graphs summarize means of cell numbers ± SD (n = 4).
(D) Bar graph representing data obtained from blood cell count ± SD (n = 2) of 3-month-old CD11c:DTA mice and LM controls.
(E) Comparison of neutrophil and monocyte percentages (±SD, n = 3) in the blood of 3-month-old versus 1-month-old CD11c:DTA mice and LM controls.
(F) Flow-cytometric analysis of BM and spleen of 3-month-old CD11c:DTA mice and LM controls for Ter119+ erythrocytes. Bar graph shows means ± SD (n = 6).

above and that we generated with CD11c:DTA and Irf8 / BM.
The Flt3-ligand elevation was restricted to [Irf8 / > WT] and
[Irf8 / -CD11c:DTA > WT] chimeras (Figure 7B) and thus correlated with MPD development (Figure 6E). Flt3-ligand-driven expansion of myeloid precursor cells thus could provide a causative
explanation for the observed myeloid expansion. Taken together, our results show a critical role of cDCs in the control of
steady-state hematopoiesis, revealing a feedback loop that links
peripheral cDCs to myelogenesis through soluble growth
factors, such as Flt3 ligand.

Here, we report the use of a binary transgenic system to generate
mice that constitutively lack CD11chi DCs. cDC-less mice were
born at normal Mendelian frequencies and displayed no developmental abnormalities. Confirming the critical role of cDCs as
APCs in the efficient activation of naive T lymphocytes, T cell responses in CD11c:DTA mice were severely impaired. However,
surprisingly, cDCs were largely dispensable for T cell homeostasis and repertoire shaping including thymic negative selection for

autoreactivity. Moreover, T cells that developed in CD11c:DTA
mice, i.e., in absence of cDCs, did not show overt functional impairments. With time, however, CD11c:DTA mice developed
a progressive MPD as a direct result of the absence of cDCs.
On the basis of shared progenitors and differentiation
markers, DCs have been grouped together with monocytes
and macrophages into the mononuclear phagocyte system
(van Furth and Cohn, 1968; Gordon and Taylor, 2005), although
the exact categorization and relation of the subpopulations remains controversial. Two properties that distinguish DCs from
related cell types such as macrophages are their unrivaled capacity to stimulate naive T cells (Steinman and Witmer, 1978) and
their unique migration propensity. Murine cDCs can furthermore
also be genetically defined in transgenic animals on the basis of
the activity of the CD11c promoter (Brocker, 1999; Caton et al.,
2007; Jung et al., 2002; Lindquist et al., 2004), although this
definition is not absolute (Sapoznikov and Jung, 2008).
Homeostasis of naive CD4+ and CD8+ T cells is critically dependent on MHC expression and the presence of distinct cytokines (Boyman et al., 2007; Dummer et al., 2001; Gruber and
Brocker, 2005). Moreover, among the various APCs, DCs have
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Figure 5. Enhancement of Peripheral Hematopoiesis in CD11c:DTA
Mice
(A) Number of colonies per 2 3 105 seeded blood cells (left), 1.5 3 104 seeded
BM cells (middle), and 16.7 3 105 splenocytes (right) of (black bar) CD11c:DTA
mice and (white bar) LM control. Bar graphs represent duplicates ± SD.
Results are representative of three independent experiments.
(B) Percentages of BrdU+ cells out of myeloid (CD11b+) cells in the (left) spleen
and (right) BM of CD11c:DTA mice and LM controls 2 hr after BrdU pulse. Bar
graphs represent mean ± SD (n = 3).
(C) Flow-cytometric analysis of hematopoietic stem cells (defined as Lin Sca1+ and c-kit+ cells) (LSK cells) in spleens of CD11c:DTA mice and LM controls.
Bar graphs represent LSK mean percentages ± SD (n = 4) out of splenic cells.

Figure 6. Absence of Functional cDCs Results in Myeloproliferation
(A) Flow-cytometric analysis of splenic DCs of [WT > WT], [CD11c:DTA > WT]
and [CD11c:DTA-WT > WT] chimeras. DCs are gated as CD11chi cells. Donor
BM is indicated above the dot blots.
(B) Flow-cytometric analysis of percentage of blood monocytes (CD115+) out
of total nongranular white blood cells (ngWBC) in the three chimeras. Splenic
myloid cells defined as CD11b+ cells were analyzed in the same way. Donor
BM is indicated above the dot blots.
(C) Bar graphs summarizing mean ± SD percentages (n = 3) of CD115+ monocytes in the blood (out of total ngWBC) and CD11b+ cells in the spleen of
indicated chimeras. Results are representative example of three independent
experiments.
(D) Myeloproliferative disorder after persistent conditional cDC ablation. Flowcytometric analysis of splenic and blood cells of [CD11c-DTR > WT] chimeras
treated for 2 weeks with diphtheria toxin (DTx) (every second day). Controls
were left untreated. FACS analysis representing percentages of CD11c hi
splenic DCs in DTx-treated and untreated mice is shown. The bar graph
represents mean percentages ± SD (n = 3) of blood monocytes and splenic
myeloid cells in (black bar) DTx-treated CD11c-DTR mice versus (white bar)
nonreated mice.
(E) Flow-cytometric analysis of BM chimeras generated with CD11c:DTA
BM and Irf8 / BM. Bar diagrams summarize mean percentages ± SD
(n = 3) of CD11b-positive cell out of total splenocytes in the indicated BM
chimeras.

been proposed to play a unique role in the maintenance of the
steady-state T cell repertoire (Brocker et al., 1997; Gruber and
Brocker, 2005; Zaft et al., 2005). Surprisingly however, CD11c:DTA
mice displayed a largely unimpaired CD4+ and CD8+ T cell compartment, with respect to naive T cell numbers, subset ratios,
and Vb TCR representation. Although this finding does not generally negate a role of DCs in thymic selection, it establishes that in
contrast to the current notion, steady-state T cell survival and
T cell homeostasis can be maintained largely without cDCs.
Exclusive expression of MHC class II on DCs was shown to
promote thymic negative selection of CD4+ T cells (Brocker
et al., 1997). Moreover, although antigen expression and presentation by mTEC was reported to suffice for the deletion of autoreactive CD8+ T cells (Gallegos and Bevan, 2006), the cellular requirement for CD4+ T cell tolerization in the thymus has remained
under debate. Data from chimeras in which paternal BM was
transferred into lethally irradiated F1 offspring suggested that
BM-derived cells are dispensable for thymic negative selection

(Gao et al., 1990; Sprent et al., 1992), although a more recent
study reported the requirement of DCs (Gallegos and Bevan,
2004) for CD4+ T cell tolerization. Here, we showed that thymic
DCs were dispensable for the establishment of deletional tolerance, including the clearance of the T cell repertoire from endogenous MMTV super antigen-reactive T cells, polyclonal
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Figure 7. Absence of cDC Results in
Increase of Serum Titers of Flt3 Ligand
(A) Serum analysis of CD11c:DTA mice and littermate controls for Flt3 ligand by ELISA. The bar
graph shows means of triplicates ± SD (n = 3).
(B) Serum Flt3-ligand titers as analyzed by ELISA
of lethally irradiated mice reconstituted with WT,
Irf8 / , Irf8 / -WT, or Irf8 / -CD11c:DTA BM.
The bar graph shows means of triplicates ± SD
(n = 3).

autoreactive CD4+ and CD8+ T cells, as well as CD4+ T cells responsive to a model self-antigen (OVA).
DCs are believed to play a critical role in the maintenance of
peripheral tolerance by their induction and/or stimulation of
Treg cells. Human TSLP-activated DCs within the thymic medulla were reported to stimulate developing T cells to differentiate into Treg cells (Watanabe et al., 2005). Furthermore, in vitro
studies support a unique role of murine DCs in the generation
of CD4+Foxp3+ Treg cells from peripheral naive T cells (Coombes
et al., 2007; Yamazaki et al., 2007). DCs are most effective in triggering Treg in vitro proliferation (Fehervari and Sakaguchi, 2004)
and regulating Treg homeostasis in vivo (Cong et al., 2005). Additionally, in vivo targeting of antigens to immature DCs was
shown to result in Treg cell induction (Mahnke et al., 2003). Surprisingly however, CD11c:DTA mice harbored normal numbers
of functional CD4+Foxp3+ Treg cells in the thymus and periphery.
This establishes that DCs are dispensable for homeostasis and
generation of natural Treg cells, supporting the notion that other
cells might perform this task as well, including thymic mTECs
(Aschenbrenner et al., 2007). Collectively, our results do not support an essential role of cDCs in T cell homeostasis, survival, and
negative selection, as well as in the generation of natural Treg
cells, that cannot be compensated by other cells.
Mice that constitutively lack cDCs developed a MPD. Until recently MPD were considered to be hematopoietic cell intrinsic,
a notion supported by the involvement of Bcr-Abl in human
CML (Van Etten and Shannon, 2004) and various murine MPD
models (Passegue et al., 2004; Wernig et al., 2006). In contrast,
the MPD developed by CD11c:DTA mice is not cell autonomous
but arises as a response of the organism to the lack of cDCs. This
notion is supported by the results obtained from mixed BM
chimeras generated with WT and CD11c:DTA BM, as well as
the studies involving persistent conditional cDC ablation. As
such, CD11c:DTA mice resemble reported models of microenvironment-induced, stroma-regulated MPD (Rupec et al., 2005;
Walkley et al., 2007). Moreover, we provide evidence that the
MPD in mice deficient for the transcription factor IRF-8
(Holtschke et al., 1996) may also develop as a consequence of
their impaired cDC compartment. Taken together, these results
argue that the absence of cDCs triggers a feedback loop resulting in systemic myeloid expansion.
Interestingly, serum analysis of CD11c:DTA mice and mice
that were reconstituted with Irf8 / BM revealed a marked elevation of the growth factor Flt3 ligand, which probably caused constitutive activation of Flt3 receptor expressed on hematopoietic
stem or progenitor cells. Importantly, activating Flt3 mutations
are frequently involved in human myeloid leukemia (Stirewalt

and Radich, 2003); moreover, constitutive activity of endogenous Flt3 through an activating knockin mutation was recently
shown to cause MPD (Lee et al., 2007; Li et al., 2008). Finally,
experimentally induced elevation of Flt3-ligand concentrations
causes a disorder similar to the one observed in CD11c:DTA
mice (Brasel et al., 1996). Thus, elevated serum levels of Flt3 ligand provide a potential explanation for the MPD observed in
CD11c:DTA mice. A unique role of Flt3 ligand in the feedback
loop is supported by the fact that we failed to detect an elevation
of serum titers of other candidate growth factors and cytokines,
such as M-CSF, GM-CSF, and TNFa.
Several mutually nonexclusive scenarios may explain the increased Flt3-ligand levels in the absence of DCs. First, cDCs
(along with the less numerous PDCs) are the only mature peripheral hematopoietic cells expressing Flt3 (Karsunky et al., 2003)
and therefore might serve as a major constitutive ‘‘ligand sink.’’ Alternatively, cDCs might provide a secreted or membrane-bound
signal that regulates Flt3-ligand production by stromal cells or
lymphocytes. In the absence of such DC-mediated feedback,
Flt3-ligand production would be increased, ultimately resulting
in MPD. Although these possibilities remain to be tested, our current findings describe a critical and unexpected role of DCs in the
feedback regulation of steady-state hematopoiesis. Future elucidation of the molecular mechanism linking the cDC loss to the myeloproliferative disorder might provide critical insight in the etiology of MPDs and help develop novel strategies for therapeutic
interventions of chronic nonmalignant myeloid disorders.
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EXPERIMENTAL PROCEDURES
Mice
The following mice were used in this study: 8- to-12 week-old C57BL/6 mice,
BALB/c mice, CD11c-DTR transgenic mice (B6.FVB-Tg Itgax-DTR/GFP
57Lan/J) carrying a transgene encoding a human DTR-GFP fusion protein under the control of the murine CD11c promoter (Jung et al., 2002); CD11c-Cre
mice (Caton et al., 2007); R26-DTA mice (backcrossed for ten generations onto
C57BL/6) (Brockschnieder et al., 2006); OT-I (C57BL/6) TCR transgenic mice
harboring OVA-specific CD8+ T cells (Hogquist et al., 1994); OT II (C57BL/6)
TCR transgenic mice harboring OVA-specific CD4+ T cells (Barnden et al.,
1998); RIPmOVA transgenic mice expressing a membrane-bound form of
OVA (residues 139–385) under control of the rat insulin promoter (RIP) (Kurts
et al., 1996); MHC class I-deficient B2m / mice (Koller et al., 1990); Irf8 /
mice (Holtschke et al., 1996); and B6.Cg-IghaThy1aGpi1a/J mice (kindly
provided by H.-W. Mittruecker, Berlin). R26-DTA mice were crossed with
CD11c-Cre transgenic mice for generating CD11c-Cre:DTA mice. Mixed
[CD11c-DTR > WT], [WT > WT], [DTA > WT], [50% DTA-50% WT > WT],
[Irf8 / > WT], [50% DTA-50% Irf8 / > WT], [DTA OTII > RIPmOVA], [DTA
OTII > WT], [OTII > RIPmOVA], and [OTII > WT] BM chimeras were generated
as reported (Zaft et al., 2005). For conditional DC ablation, [CD11c-DTR > WT]
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BM chimeras were inoculated intraperitoneally every second day for 2 weeks
with 16 ng diphtheria toxin (DTx) per g body weight. For BrdU labeling, mice
were i.p. injected with 1 mg/ml of BrdU (Sigma) and analyzed for incorporation
2 hr later by FACS analysis. All animals were maintained under specific pathogen-free (SPF) conditions and handled according to protocols approved by
the Weizmann Institute Animal Care Committee as per international guidelines.
Flow-Cytometry Analysis
Staining reagents used in this study included the PE-coupled antibodies antiMHC II, mPDCA-1 (Milteny Biotec), CD4, CD8, Va2, Vb3, Vb5, Vb6, Vb8.1,
Vb8.3, Vb11, Vb12, CD11b, CD115, Ter119, and Sca1; the biotinylated antibodies anti-CD45.1, CD4, CD3, and Thy1.2; the APC-coupled antibodies
anti-SA, CD11c, CD45.1, CD4, Foxp3, CD19, Gr1(Ly6C/G), and CD117
(c-Kit); the PerCP-coupled antibodies anti-CD8, CD11b; and the FITC-coupled
antibodies anti-Brdu (BD PharMingen), CD8, CD4, Gr1, B220, NK1.1, and
CD11b. Unless indicated otherwise, the reagents were obtained from eBioscience or Biolegend. The cells were analyzed on a FACS Calibur cytometer
(Becton Dickinson) with CellQuest software (Becton Dickinson).
Mixed-Leukocyte Reactions
Stimulator cells were isolated from spleens and thymi of CD11c:DTA mice,
CD11c-DTR transgenic mice, and littermates controls as indicated. Responder T cells were enriched from spleens of BALB/c mice by positive selection with anti-CD4 microbeads (Miltenyi Biotec). A total of 5 3 105 splenocytes
or thymocytes were cultured with 105 responder CD4+ T cells (BALB/c).
Cultures were pulsed after 72 hr with 1mCi of [H3] thymidine incorporation
was measured 16 hr later.
Histology and Immunohistochemistry
Tissues were fixed in 4% para-formaldehyde for 24 hr, embedded in paraffin,
sectioned serially (4 mm), and stained with hematoxyline and eosin (Sigma).
Photographic documentation was performed with and E800 microscope
equipped with a digital camera (DXM 1200, NIKON, Japan). For immunohistochemistry, freshly removed organs were immersed in Hank’s balanced-salt solution and were ‘‘snap-frozen’’ in liquid nitrogen. Tissue sections that were 5 mm
in thickness were air-dried, fixed for 10 min with acetone, and stored at 70 C.
Cryosections were blocked for 30 min with 1 g Fc-blocking antibody 2.4G2 per
sample, washed in PBS, and incubated for 1 hr at 4 C with the appropriate fluorescent antibodies. Where needed, streptavidin-tetramethyl rhodamine isothiocyanate was added in a second step. After sections were washed with
PBS, and they were mounted with fluorescence mounting solution (Dako).
Analysis of In Vivo T Cell Proliferation
TCR transgenic T cells were isolated from spleens and LNs of respective mice,
enriched by MACS cell sorting with anti-CD8 or anti-CD4 antibodies according
to the manufacturer’s protocol (Miltenyi Biotec GmbH), and labeled with carboxy
fluorescein succinimidyl Ester (CFSE, C-1157; Invitrogen) (Lyons, 2000). CFSElabeled T cells (1 to 2 3 106 cells/mouse) were injected into the tail veins of the
recipient mice. Cells were analyzed 4 days later for CFSE dilution with FACS.
Viral Infection
Mice were injected with indicated pfu of MHV A59 (i.p.) and with 200 pfu of
LCMV WE (i.v.) and sacrificed at the indicated time points. Organs were stored
at 70 C until further analysis. For measuring the amount of the liver enzyme
alanine 2-oxoglutarate-aminotransferase (ALT), which is indicative of liver
damage, blood was incubated at RT to coagulate and centrifuged, and serum
was used for ALT measurements with a Hitachi 747 auto-analyzer (Tokio,
Japan). MHV titers were determined by standard plaque assay on day 8 after
infection with L929 cells. LCMV titers in the spleens were determined 4 days
after i.v. infection in an LCMV infectious focus assay. MHC class I (H-2Db)
monomers complexed with GP33 were produced as described (Krebs et al.,
2005) and tetramerized by addition of streptavidin-PE (Molecular Probes). At
the indicated time points after immunization, animals were bled and singlecell suspensions were prepared from spleens and lymph nodes. Aliquots of
5 3 105 cells or three drops of blood were stained with 50 ml of a solution
containing tetrameric class I-peptide complexes at 37 C for 10 min and then
stained with anti-CD8-FITC (BD PharMingen) at 4 C for 20 min. The cells
were analyzed by flow-cytometry gating on viable leukocytes.
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Analysis of IFN-g Production
Specific ex vivo production of IFN-g was determined by intracellular cytokine
staining. Organs were removed at the indicated time points after infection. For
intracellular cytokine staining, single-cell suspensions of 1 3 106 splenocytes
were incubated for 5 hr at 37 C in 96-well round-bottom plates in 200 ml
culture medium containing 25 U/ml IL-2 and 5 mg/ml Brefeldin A (Sigma). Cells
were stimulated with phorbol-myristate acetate (PMA, 50 ng/ml) and ionomycin (500 ng/ml) (both purchased from Sigma, Buchs, Switzerland) as a positive
control or left untreated as a negative control. For analysis of peptide-specific
responses, cells were stimulated with 1 mM of GP33 peptide or 100 mM of MHV
S598 peptide. The percentage of CD8+ T cells producing IFN-g was determined with a FACSCalibur flow cytometer. Both S598 (RCQIFANI) and GP33
(KAVYNFATC) peptides were purchased from Neosystem.
Analysis of In Vitro T Cell Proliferation
CD4+ and CD8+ T cells were isolated from spleens and LNs of respective mice,
enriched by MACS cell sorting with bead-coupled anti-CD4 or anti-CD8
antibodies according to the manufacturer’s protocol (Miltenyi Biotec GmbH).
A total of 105 cells were plated on 96-well round-bottom plates coated with
anti-CD3 antibody in different concentrations (10.1, 0.5, and 0.1 mg/ml) (BD
PharMingen). Cultures were pulsed after 72 hr with 1mCi of [H3] thymidine,
incorporation was measured 16 hr later.
Treg Cell-Suppression Assay
CD25 and CD25+ CD4+ T cells were isolated from WT or CD11c:DTA mice by
magnetic depletion according to the manufacturer’s protocol (Miltenyi Biotec
GmbH). CD4+CD25 WT responder T cells (105) were cultured in 96-well
round-bottom plates in a total volume of 0.2 ml in the presence or absence
of freshly isolated CD4+CD25+ Treg cells (105). A total of 2 3 104 splenic
CD11c+ DCs/well isolated by MACS (Miltenyi Biotec GmbH) were used as accessory cells, and anti-CD3 mAb (145-2C11; 2 mg/ml) was used as stimulus.
Cultures were pulsed after 96 hr with 1mCi of [H3] thymidine; incorporation
was measured 16 hr later.
Colony-Forming-Unit Assay
Semisolid cultures were performed as previously described (Petit et al., 2005).
In brief, murine splenocytes (5 3 105 cells/ plate), peripheral blood cells (2 3
105 cells/plate), and BM cells (1.5 3 104 cells/plate) were plated in 0.9% methylcellulose (Sigma), 30% FCS (Biological Industries), 50 ng/ml SCF, 5 ng/ml
IL-3, 5 ng/ml GM-CSF (Kirin), and 2 u/ ml Erythropoietin (Orto Bio Tech). The
cultures were incubated at 37 C in a humidified atmosphere containing 5%
CO2 and scored 7 days later according to morphologic criteria.
Detection of Serum Titers of Growth Factors and Cytokines
Sera of CD11c:DTA mice and age matched littermate controls were tested by
ELISA for Flt3L and M-CSF (catalog #DY416; R&D Systems), as well as GMCSF and TNFa (catalog #555167, 555268; Becton Dickinson) according to
the manufacturer’s protocol. The detection levels as determined by analysis
of the respective recombinant standards diluted in PBS-BSA or 20% serum/
80% PBS-BSA were 15 pg/ml; 22 pg/ml (GM-CSF); 10 pg/ml; 14 pg/ml
(M-CSF); and 15 pg/ml, 20 pg/ml (TNFa). Note that dilution of the standard
in serum lowered the sensitivity of the commercial ELISA kits.
Statistical Analysis
All statistics were generated with a Student’s t test. All error bars in diagrams
and numbers following a plus-minus sign are standard deviations (SD).
SUPPLEMENTAL DATA
Supplemental Data include eight figures and can be found with this article
online at http://www.immunity.com/supplemental/S1074-7613(08)00503-7.
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Figure S1. Flow cytometry analysis of CD11c:DTA mice for presence of CD11chigh
MHC-IIhigh cells (cDC).
(A) Flow cytometric analysis of kidneys of CD11c:DTA mice and littermate controls. Bar
diagram summarizes percentages of CD11chi cDCs out of total kidney cells. Bar graph
represents means ± s.d. (n=3). Results are representative example of 2 independent
experiments.
(B) Flow cytometric analysis of colon of CD11c:DTA mice and littermate controls. Bar
diagram summarizes percentages of CD11chi cDCs out of total lamina propria cells. Note
absence of CD11b- and CD11b+ CD11chi cells in CD11c:DTA mice. Bar graph represents
means ± s.d. (n=3). Results are representative example of 2 independent experiments.
(C) Flow cytometric analysis of spleen and lymph node of CD11c:DTA mouse and
littermate control for CD11chi cDCs and PDCs, as defined as CD11cint and mPDCA-1+
cells. Results are representative example of 6 independent experiments.
(D) Flow cytometric analysis of epidermal sheets of CD11c:DTA mouse and littermate
control. Note presence of Langerhans’ cells defined as epidermal MHCIIhi cells and
Thy1+MHC class II- dendritic epidermal T cells (DETC). Results are representative
example of 3 independent experiments.
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Figure S2. Immunohistochemistry analysis of CD11c:DTA mice.
(A) Immunohistochemistry analysis of spleens and lymph nodes of CD11c:DTA mice,
littermate controls and CD11c-DTR mouse (24hrs after DTx-treatment). Note presence of
MOMA-1+ metallophillic macrophages in CD11c:DTA, but not DTx-treated CD11c-DTR
mouse. B220+ B cells (blue), CD11c+ DCs (red); MOMA-1+ metallophilic macrophages
demarcating marginal zone (green). Pictures are representative of 2 independent sections
with 2 animals per group.
(B) Immunohistochemistry analysis of thymus of CD11c:DTA mouse and littermate control
(6 weeks of age). MHC class II staining (I-Ab) identifies thymic epithelial cells (mTECs) and
DCs in WT littermate. Note absence of MHC classII+ CD11c+ cells (yellow) in medulla of
CD11c:DTA mouse. Pictures are representative of 2 independent sections with 2 animals
per group.
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Figure S3. Impaired splenic immunity but persistence of CD4+ T cell responses in
LNs of CD11c:DTA mice.
(A) Flow cytometric analysis of co-transferred CFSE-labeled CD45.1+ OT-II CD4+ and
OT-I CD8+ T cells retrieved from spleens after engraftment of CD11c:DTA and littermate
control recipient mice, 3 days after i.v. immunization with soluble OVA (10 μg) or without
immunization. Cells are gated according to scatter, CD45.1 and CD8 or CD4 expression.
(B) Flow cytometric analysis of transferred CFSE-labeled CD45.1+ OT-II CD4+ (2x106) in
popliteal LNs after engraftment of CD11c:DTA and littermate control recipient mice, 3 days
after s.c. immunization with soluble OVA (10 μg) or without immunization. DCs and PDCs
from LN are shown in CD11c:DTA and LM controls. n=3 for each group. Cells are gated
according to scatter, CD45.1 and CD4 expression.
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Figure S4. Impaired anti-viral immunity in CD11c:DTA mice.
(A) Analysis of CD11c:DTA mice and littermate controls infected with 200 pfu LCMV WE.
Left bar diagram represents LCMV-specific CTL responses as determined by gp33tetramer analysis in spleens and blood on day 8 post infection. Middle bar diagram
represents measurement of IFN-γ secreting CD8+ T cells on day 8 post infection following
in vitro restimulation with LCMV gp33 peptide. Bar graph represents mean percentages ±
s.d. of IFN-γ secreting CD8+ T cells in spleens (n=3-4). Right bar graph represents mean
LCMV titers ± s.d. in spleens on day 8 post infection (n=3-4). Note that LCMV represents a
very strong stimulus to CTL that is known to result in TCR down-modulation; the anti-viral
CTL response is thus notoriously underestimated when studied by tetramer staining, as
opposed to ELISPOT evaluation.
(B) Protection against infection with the cytopathic MHV A59 depends on the presence of
CD8+ T cells. B2-microglobulin-deficient (B2m-/-) and C57BL/6 (B6) control mice were
infected intraperitoneally with 50 pfu MHV A59. Curve indicates survival of mice lacking
CD8+ T cells. Health status was monitored twice daily and moribund animals were
euthanized (n=5 per group). Bar graph represents mean MHV titers in the liver as
measured on day 8 post infection ± s.d. (n=5).
(C) Analysis of CD11c:DTA mice and littermate controls infected with 50 pfu MHV A59.
Left bar diagram represents measurement of IFN-γ secreting CD8+ T cells on day 8 post
MHV infection following in vitro restimulation with MHV S598 peptide. Bar graph
represents mean percentages of IFN-γ secreting CD8+ T cells ± s.d. in indicated organs
(n=5). Middle bar graph represents mean MHV titers in livers on day 8 post infection ± s.d.
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(n=5). Right bar graph represents mean ALT values in serum on day 8 post MHV infection
± s.d. (n=5).
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Figure S5. Histological analysis of thymi and spleens of CD11c:DTA mice and
littermate controls.
(A) Hematoxylin/ Eosin - stained sections of CD11c:DTA thymus and littermate control
thymus. Note preservation of cortex and medulla. Pictures are representative of 2
independent sections with 2 animals per group.
(B) Hematoxylin/ Eosin - stained sections of CD11c:DTA spleen and littermate control
spleen. Note preservation of red and white pulp. Pictures are representative of 2
independent sections with 2 animals per group.
(C) Immunohistochemical analysis of CD11c:DTA spleen and littermate control spleen for
presence of B cells (B220) and T cells (CD3). Note presence of B cell follicles and T cell
zones in CD11c:DTA mouse. Pictures are representative of 2 independent sections with 2
animals per group.
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Figure S6. Accumulation of myeloid cells in peripheral non-lymphoid organs but not
in the thymi of old CD11c:DTA mice
(A) Myeloid cell numbers (identified as CD11b+ cells) in the liver (left) and kidney (right) of
3 month old CD11c:DTA mice and LM controls. Bar graphs represent the mean cell
numbers in livers and kidneys ± s.d. (n=5).
(B) Flow cytometry analysis of spleens and thymi of 5 month-old CD11c:DTA mouse that
suffered from severe MPD. Bar graphs represent the mean cell numbers in thymi and
spleens ± s.d. (n=4). Note absence of polymorph- and mononuclear myeloid cell infiltrate
(identified as Gr1+ CD11b+ cells) from thymi of CD11c:DTA mice.
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Figure S7. Histological analysis of bone marrow of CD11c:DTA mouse that suffered
from MPD and healthy age-matched littermate control.
(A, B) Analysis of WT littermate bone marrow for the presence of erythroid precursors that
can be identified by their dark round nuclei (which are indistinguishable from mature
lymphocytes). The boxed area is shown magnified in B. Erythroid precursor cell clusters
are circled.
(C, D) Analysis of CD11c:DTA bone marrow. Note that number of erythroid precursors is
markedly diminished. Two clusters of erythroid precursors are circled. The boxed area is
shown magnified in D. The vast majority of hemopoietic cells in this field are blasts and
myeloid precursors (with lobulated nuclei). Very few erythroid precursors are present
(circled and arrowheads). Representative pictures of three analyzed mice per group are
shown.
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Figure S8. Histological analysis of CD11c:DTA mouse that suffered from MPD
indicating extramedullary hematopoesis
Hematoxylin/ Eosin - stained section of CD11c:DTA mouse (5 month old) (right) and LM
control (left) splenic white pulp. Note the abundant extramedullary hematopoiesis (EMH)
in CD11c:DTA spleen as indicated by the frequency of megakaryocytes. A representative
picture of three analyzed mice per group is shown.
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Abstract
Classical dendritic cells (cDCs) are required for efficient protective T cell immunity.
Moreover, recent data indicate that cDCs also play a critical role in mediating homeostatic
proliferation and maintenance of peripheral T regulatory cells (Treg). Here we corroborate
these findings by defining CD80/ CD86 co-stimulation as an essential molecular
component required for the cDC-Treg interactions. Interestingly though, and defying
earlier reports, the reduced Treg compartment of mice lacking cDCs or selective CD80/86
expression on cDCs, as such, did not render the respective animals prone to systemic
lymphocyte hyper-activation or autoimmunity. Rather, we provide evidence that elevated
immunoglobulin titers, as well as changes in T cell subset prevalence and activation status
are strictly associated with the non-malignant myeloproliferative disorder triggered by the
absence of cDCs.
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Introduction
Productive T cell activation requires in addition to the TCR stimulus a second signal
provided by co-stimulatory molecules, the best characterized of which are CD80 (B7-1)
and CD86 (B7-2). CD80 and CD86, which are expressed mainly on B cells, dendritic cells
(DCs) and thymic medullary epithelial cells (mTECs) [1], are the only known ligands of
CD28 and CTLA-4 receptors on T cells. Functions of CD28 and CTLA-4 are distinct with
CD28 promoting T cell activation and CTLA-4 negative regulating T cell responses.
Peripheral self- tolerance and immune homeostasis are maintained, at least in part,
by a delicate balance of T effector and T regulatory cells. CD25+CD4+ T regulatory cells
(Treg), which arise spontaneously as so-called natural Tregs (nTreg) in the thymus,
express the transcription factor forkhead box P3 (Foxp3), and can suppress the activation
and proliferation of T lymphocytes in multiple ways. In addition, naïve T cells can also
acquire Foxp3 expression in the periphery in the course of immune responses yielding
inducible Tregs (iTreg) with suppressive activity. Foxp3+ Treg, whether thymus-derived
or induced in the periphery, constitutively express both CTLA-4 and CD28 [2]. Moreover,
CD80/86 – CD28/CTLA4 interactions are required for the development, maintenance and
function of Tregs [3-6]. Thus, the absence of CD80/86 results in a severe reduction of
thymic Tregs with no apparent changes in the percentages and distribution of conventional
T cell subsets [4]. Furthermore, animals treated with B7 blocking antibodies and CD28deficient mice display a markedly reduced Treg compartment [3-6]. Available data
suggest that both radio-resistant mTECs and BM-derived hematopoetic cells can deliver
costimulatory signals that promote Treg generation in the thymus through CD80/86
interactions, with hematopoetic cells being more efficient [7].
In addition to their role in thymic Treg development, B7 interactions are also
required to maintain the peripheral Treg compartment [3]. Thus, administration of anti-
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CD80/86 antibodies reduces the percentage of peripheral Tregs even in thymectomized
mice lacking nTregs [4]. Furthermore, adoptively transferred Tregs show a reduced turnover in recipient mice subjected to B7-blockade [4, 8] and conversion of polyclonal naive
T cells into Foxp3+ Tregs was found to be abrogated in B7-deficient recipient animals [9].
In vitro studies have revealed that BM culture-derived DCs selected for high expression of
CD86 are particularly effective in driving Treg proliferation [10] and that conversely DCs
isolated from CD80/86 double knockout mice poorly promote Treg division [4].
Moreover, emerging evidence supports a direct correlation between DC numbers and the
proliferation rate of peripheral Tregs. Thus, Fms-like tyrosine kinase 3 ligand (Flt3L)
treatment, which results in the in vivo expansion of classical DC (cDCs) [11] leads to a
concomitant increase in peripheral Tregs [12, 13]. Furthermore, it was recently
demonstrated that the conditional ablation of cDCs from otherwise intact animals results
in reduced numbers and impaired homeostatic proliferation of peripheral Tregs [13].
Here we re-addressed the role of classical DCs in the maintenance of peripheral
Tregs focusing on the role of CD80/86 costimulation. Using constitutive and conditional
cDC ablation strategies we established that peripheral T regulatory cell maintenance
critically depends on the presence of cDCs expressing CD80/86. Surprisingly however and
defying earlier notions [13, 14], the reduction of Tregs in animals lacking cDCs as such
was not inherently associated with lymphocyte activation. Rather than resulting from a
tolerance failure, the auto-inflammatory signatures reported for cDC-deficient mice are
thus a consequence of the non-malignant myeloproliferative disorder these animals
develop.
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Results
Reduced peripheral Treg numbers in the absence of DCs
We and others recently reported that animals that constitutively lack classical DCs
(CD11c-DTA mice) display normal percentages and numbers of thymic Foxp3+ Tregs [14,
15], thereby establishing that DCs are dispensable for the generation of natural Tregs.
Moreover, CD11c-DTA mice retained functional peripheral Tregs [15]. However, closer
examination of the blood circulation and lymph nodes (LNs) of cDC-deficient animals and
comparison to their littermate controls revealed a two-fold reduction in the frequencies of
Tregs out of CD4+ T cells, whose numbers are unaltered [15] (Fig 1A). This reduction of
peripheral Foxp3+ Tregs was also observed upon conditional cDC ablation, as achieved
through repetitive diphtheria toxin (DTx) treatment of [CD11c-DTR > WT] bone marrow
(BM) chimeras (Fig 1B) [16], thereby confirming a recent report that established the
critical role of cDCs in promoting the homeostatic Treg proliferation [13]. Re-examination
of Treg frequencies in cDC-deficient animals by staining for both FoxP3 and CD25
revealed a two-fold reduction of Foxp3+CD25+ (double positive) Tregs in all organs
tested, including the spleen (Fig 1C-E). Interestingly though, the decrease of splenic
Foxp3+CD25+ Tregs was uniquely associated with a concomitant elevation in the
frequencies of Foxp3+CD25- (single positive) cells out of CD4+ T cells (Fig 1E). This
finding explains why the splenic FoxP3+ T cell compartment of cDC-deficient
CD11c:DTA mice had in previous studies appeared unaffected [14, 15]. Collectively,
these data establish that whereas cDCs are not required for the generation of nTregs in the
thymus, they are - in agreement with recent reports [13, 17] - critically involved in the
maintenance of peripheral Foxp3+CD25+ Tregs.
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CD80/CD86 expression by classical DCs is crucial for peripheral Treg maintenance.
To probe whether DCs mediate peripheral Treg homeostasis in a B7-dependent
mechanism and whether the reported peripheral Treg reduction in animals under CD28/B7
blockade [4] is hence specifically due to the lack of the B7 costimulation provided by
cDCs, we designed an experimental model, in which the CD80/86 deficiency is restricted
to CD11c-expressing cDCs. The latter was achieved by generation of mixed BM chimeras
through reconstitution of lethally irradiated WT recipient mice with an equal mixture of
B7-deficient (CD80-/-CD86-/-) BM [17] and CD11c:DTA (CD45.1) BM [15]. For controls,
we included mice reconstituted with a mixture of B7- and WT (CD45.1) BM or
CD11c:DTA, B7- and WT BM only (Fig 2A). In the resulting mixed [B7- / CD11c:DTA >
WT ] BM chimeras, wt cDCs are constantly ablated due to DTA expression. The cDC
compartment of these animals thus consists exclusively of CD80-/-CD86-/- cDCs. In
contrast, B cells and other hematopoetic cells in these animals are comprised of both B7proficient and -deficient cells, while non-hematopoetic cells, including the radio-resistant
thymic epithelium are exclusively of WT recipient genotype.
Notably, the specific absence of CD80-/-CD86-/- from cDCs in [B7- / CD11c:DTA > wt]
BM chimeras had no effect on the percentages of thymic Foxp3+ Tregs out of single
positive (SP) CD4+ thymocytes (Fig 2B). This corroborates earlier notions that medullary
thymic epithelial cells (mTECs) and other, BM-derived APCs can mediate the generation
of nTregs in the thymus via B7 interactions [7, 18] and that thymic DCs are dispensable
for the generation of nTregs [14, 15]. In contrast, peripheral Foxp3+ Tregs in
[CD11c:DTA > WT] chimeras, constitutively lacking cDCs, and [B7 - > WT] chimeras
lacking CD80/CD86 expression on all BM-derived cells displayed markedly reduced Treg
frequencies, when compared to [WT > WT] control chimeras (Fig 2C,D). Moreover,
importantly, also the specific absence of CD80/CD86 on cDCs, in the mixed [B7- /
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CD11c:DTA > wt] BM chimeras, resulted in a more than two-fold reduction of peripheral
Foxp3+ Tregs. In contrast, mixed [B7- / WT > WT] BM chimeras retaining both B7proficient and -deficient cDCs displayed elevated percentages of Foxp3+ Tregs, as
compared to [B7- / CD11c:DTA > wt] chimeras (Fig2C,D). Of note, the only difference
between these two groups of mixed BM chimeras is the absence of CD80/CD86-proficient
cDCs in [B7- / CD11c:DTA > wt] chimeras. To substantiate our findings, we next
generated mixed chimeras using BM of B7- mice (CD45.2) and CD11c-DTR mice
(CD45.1) that allow for the conditional ablation of cDCs [19]. The resulting chimeras
harbor a mixed DC-compartment consisting of DTx-sensitive WT DCs and DTx-resistant
B7- DCs. DTx injection, which leaves the chimeras only with CD80/CD86 - deficient
cDCs resulted in a reduction of peripheral Treg (Fig 2E). Collectively, these data establish
that the peripheral Treg reduction observed in DC-ablated mouse models and B7- chimeras
is due to the specific absence of the costimulatory molecules from cDCs and that cDCs
mediate peripheral Foxp3+ Treg maintenance via CD80 and CD86 (B7) interactions.

The reduced frequencies of peripheral Tregs caused by DC deficiency do not result
in autoimmunity
Foxp3+ Tregs are functionally defined by their suppressive activity on effector T cells
directed against foreign and self-antigens [20]. The observed reduced Treg compartment
of mice lacking cDCs or selected CD80/86 expression on cDCs could hence render these
animals prone to develop autoimmunity. Indeed, CD11c-DTA mice, which as shown
above have a Treg deficiency, display features of systemic lymphocyte activation, such as
the accumulation of cells with memory T cell phenotype (CD62Llo CD44hi) (Fig. 3A),
prevalence of TH17 and TH1 cells (Fig. 3B) and elevated IgG1, but not IgM serum titers
(Fig. 3C). Notably, Ohnmacht and colleagues interpreted these findings as an indication of
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a general tolerance failure in cDC-less mice resulting in fatal autoimmunity [14].
Furthermore, also animals transiently depleted of cDCs have been reported to display
elevated Th1 and Th17 cells supporting the notion of impaired peripheral tolerance [13].
In the latter study the authors specifically suggested that these features result from the
impaired Treg compartment of cDC-depleted animals (13). However, as we recently
reported [15], CD11c:DTA mice that constitutively lack cDCs also develop a progressive
non-malignant myeloproliferative disorder, driven by elevated systemic Flt3L levels. In
the absence of measurable T cell autoreactivity in DC-depleted mice [15], we hence had
interpreted their above-mentioned features of lymphocyte activation, as consequences of
the pathological systemic accumulation of myeloid cells, rather than as a result of a
breakage of adaptive immune tolerance. Given our present finding that CD11c:DTA mice
harbor an impaired Treg compartment (Fig. 1), we decided to revisit this issue and
investigate whether the Treg deficiency resulting from cDC ablation causes lymphocyte
hyper-activation or autoimmunity. Specifically, we took advantage of the fact that the
above mentioned [B7- / CD11c:DTA > wt] BM chimeras display a similar reduction of
their Treg compartment, as DC- or B7-deficient animals, but due to the presence of CD80/-

CD86-/- cDCs do not develop a myeloproliferative disorder (Fig. 4A). Importantly, [B7- /

CD11c:DTA > wt] chimeras lacked all "autoimmune signatures” previously reported for
CD11c:DTA and DTx treated CD11c-DTR mice (13, 14, 15). This included the elevated
frequencies of CD4+ CD62Llo CD44hi “memory” T cells (Fig. 4B), the increased
prevalence of IFN-- and IL-17-producing cells (Fig. 4C) and the elevated IgG1 titers
(Fig. 4D). These data thus establish that the "autoimmune signatures” of cDC-deficient
mice are strictly associated with the development of the Flt3L-driven myeloproliferation
and hence likely a consequence thereof. In support of this notion, we observed that also a
myeloid expansion induced by inoculation of WT mice with Flt3L-secreting tumor cells
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[21] resulted in the accumulation of CD62Llo CD44hi T cells (Fig. 4E). Collectively, we
conclude that the reduction of peripheral Tregs resulting from their lack of B7-expressing
cDC plays no causative role in the lymphocyte hyperactivation observed in these animals.
Rather, the reported autoimmune deviations of cDC-less animals [13, 14] are related to
their development of a chronic myeloproliferative disorder.

Discussion
Here we established that expression of the costimulatory molecules CD80 and CD86 by
classical DCs is required for peripheral T regulatory cell maintenance. As such our studies
complement a recent study demonstrating that classical DCs control Treg homeostasis in
dependence of MHC II expression [13]. Using CD80/CD86 mutant animals and a strategy
that restricts the B7 deficiency to cDCs, we show here that cDCs also have to provide a
critical costimulatory signal to the Tregs.
Animals that constitutively lack cDCs display features of systemic lymphocyte activation
including hyper-gammaglobulinemia, the accumulation of CD62Llo CD44hi T cells and an
increased prevalence of TH17 and TH1 cells [14, 15]. Ohnmacht and colleagues
interpreted these findings as an indication of a general tolerance failure in these animals
resulting in fatal autoimmunity [14]. Furthermore, after establishing that cDCs are
required for Treg homeostasis, Darrasse-Jeze and coworkers suggested that the elevation
in Th1 and Th17 in cDC-depleted animals is a result of their impaired Treg compartment
[13]. However, as we recently reported [15], constitutive and conditional ablation of
cDCs triggers a systemic elevation of the growth factor Flt3L causing a progressive nonmalignant myeloproliferative disorder. Here we show that the feedback-loop that links the
peripheral cDC compartment to myelogenesis is not mediated through CD80/86
interaction, since animals that exclusively harbored B7-deficient cDCs did not develop the
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myeloproliferation. We had previously interpreted the lymphocyte activation in cDCdepleted mice as consequence of the systemic pathological accumulation of myeloid cells,
rather than as a result of a breakage of adaptive immune tolerance. In support of this
notion, we had despite major efforts failed to detect T cell autoreactivity in these animals
[15]. Taking advantage of mice that harbor the cDC-restricted B7 deficiency and display a
reduction of Tregs without associated myeloproliferation, we show in the present study
that the Treg reduction resulting from impaired cDC /T cell crosstalk does as such not
result in lymphocyte hyper-activation. Rather than reflecting a tolerance failure or
autoimmunity, our results suggest that the latter is a secondary consequence of the Flt3Ldriven myeloproliferative disorder observed in cDC-deficient animals. This notion is
supported by the fact that also other animals displaying myeloproliferative disorders, such
as IRF8-deficient mice, have been reported to suffer from hyper-gammaglobulemias [22].
Moreover FLT3L-treated mice which were reported to develop a MPD similar to the one
observed in cDC-deficient animals also display an elevation in the frequencies of CD62Llo
CD44hi memory phenoptype CD4+ T cells although they retain elevated DC number and
normal Treg numbers.
It could be argued that T lymphocyte activation and hence the priming of potentially
autoreactive CD4+ T cells could be impaired in the mixed [B7- / CD11c:DTA > WT ] BM
chimeras due to the absence of cDC-derived costimulation. However, as shown in the
present study and reported by Ohnmacht et al. [14], activation of T cells can occur in the
complete absence of cDCs. Thus cells other than cDC, i.e. MHC class II+ hematopoietic
APCs, including plasmacytoid DCs [15], B cells and macrophages, as well as nonhematopoietic MHC class II+ enterocytes seem sufficient to activate T lymphocytes in
particular under pathological conditions.
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Notably, our data do not dispute the role of Tregs in the control of autoreactive T cell
immunity, as for instance established by direct Treg ablation strategies [23-25]. Rather,
they discriminate these systems from the partial Treg impairment induced by cDC
deficiencies, which seems to be well buffered and tolerated by the organism. We believe
our finding should spur a general re-evaluation of current classifications of the
spontaneous immune disorders observed in mouse models. In the clinic many diseases,
previously labelled “autoimmune” are gradually re-defined due to the lack of MHC- and
autoantibody associations. According to a suggested refined nomenclature [26],
autoimmunity should be seen as a result of aberrant B and T cell responses in primary and
secondary lymphoid organs breaking tolerance, with development of immune reactivity
towards native self-antigens. Adaptive immune responses play a predominant role in these
diseases. In contrast, self-directed inflammation, in which local factors at predisposed sites
lead to activation of innate immune cells, such as macrophages and neutrophils, resulting
in target tissue damage, should be considered autoinflammation. Examples of the latter are
the disturbed homeostasis of canonical cytokine cascades (as in periodic fevers [27] and
aberrant bacterial sensing or barrier functions (as in Crohn’s disease). Drastic systemic
aberrations, such as the progressive FLt3L-driven myeloid proliferative disorder observed
in cDC-less mice [15], likely predispose to site-specific inflammation, which is initially
independent of adaptive immune responses. Along these lines it is noteworthy, that
neutrophils have been reported to express B-cell activating factor (BAFF) [28] and that
mere BAFF overexpression in mice results in a SLE-like syndrome [29]. Interestingly and
in accordance with the notion that their disorder could have an innate origin, the
spontaneous disease manifestations reported for cDC-deficient animals [13, 14] are
restricted to the intestine suggesting the microflora-driven processes that might be
amenable to antibiotic treatment. Whereas in the clinic the discrimination of auto-
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inflammation and auto-immunity has important implications in the choice of the
appropriate therapeutic strategies, such as anti-lymphocyte or anti-cytokine treatment, we
believe it could also advance our understanding of animal disease models and hence
benefit their use in respective pre-clinical studies.

Materials and Methods
Mice
The following mice were used in this study: C57BL/6 mice, CD80/86-/- [17], CD11c-DTR
transgenic (B6.FVB-Tg Itgax-DTR/GFP 57Lan/J) mice carrying a transgene encoding a
human DTR-GFP fusion protein under the control of the murine CD11c promoter [19];
CD11c-Cre mice [30]; R26-DTA mice [31]; R26-DTA mice were crossed with CD11cCre transgenic mice to generate CD11c-Cre:DTA mice [15]. For conditional DC ablation
[CD11c-DTR > wt] BM chimeras were inoculated intra-peritoneally every second day for
2 weeks with 16 ng DTx/g body weight. For BM chimera generation recipient mice were
lethally irradiated with a 950rad dose and a day later i.v. injected with 5.106 BM cells
isolated from donors femora and tibiae. BM recipients were then allowed to rest for eight
weeks before use. All mice were maintained under specific pathogen-free conditions and
handled under protocols approved by the Weizmann Institute Animal Care Committee
according to international guidelines.

Flow cytometry analysis.
Staining reagents used in this study included the PE-coupled antibodies anti-MHC II,
CD25, CD62L, CD8, CD11b, CD115, CD80, IL-17; the biotinylated antibodies: anti
CD45.1, CD4, CD3; the APC-coupled antibodies: anti CD11c, CD4, CD44, IFN-, CD19
and Gr-1 (Ly6C/G); and PerCP-coupled streptavidin (SA). Foxp3 intracellular staining
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was performed according to the manufacturer’s protocol (eBioscience 77-5775-40).
Unless indicated otherwise, the reagents were obtained from eBioscience or Biolegend.
The cells were analyzed on a FACS Calibur cytometer (Becton-Dickinson) using
CellQuest software (Becton-Dickinson).

Intracellular cytokine staining.
Cells obtained from mesenteric LNs were incubated at 37C for 4 h in 10% FBS DMEM
medium with 50 ng/ml PMA (Sigma-Aldrich) 1 µg/ml ionomyicin (Sigma-Aldrich).
Brefeldin A (5µg/ml; Sigma-Aldrich) was added after 2 hours. Cells were resuspended in
fixation/permeabilization solution (Cytofix/Cytoperm kit; BD). Intracellular cytokine
staining using anti-IL-17 and anti-IFN- was performed according to the manufacturer’s
protocol.

ELISA.
Serum immunoglobulin isotypes were determined using commercial ELISA antibodies
(SouthernBiotech).

In vivo exposure to FLT3L.
C57BL/6 mice were inoculated with B16 tumor cells (3x106) that had been manipulated to
over-express Flt3L [21].

Statistical analysis.
All statistics were generated using a Student’s t-test. All error bars in diagrams and
numbers following a ± sign are standard deviations (s.d.).
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Figure Legends
Figure 1. Reduced peripheral Foxp3+CD25+ Tregs in the absence of classical DCs
(A) FACS-gating strategy used to define Foxp3+ Tregs. Bars represent the percentages of
Foxp3+ Tregs out of blood CD4+ T cells of CD11c:DTA mice and littermate controls. n=5
for each group. P < 0.001 using 2 tails t-test; (B) Bars represent the percentages of Foxp3+
T cells out of blood CD4+ T cells of DTx/PBS- treated chimeras for 2 weeks; (C-E) Bars
represent the percentages of Foxp3+CD25+ and Foxp3+CD25- Tregs out of CD4+ T cells in
the mesenteric LNs (C), blood (D) and spleen (E) of CD11c:DTA mice (black bars) and
littermate control (white bars). Dot blots (E) reprsent CD25/Foxp3 staining gaiting on
CD4 T cells Data are representative of three experiments.

Figure 2. DC-restricted B7 deficiency results in reduced peripheral Treg
(A) Flow cytometric analysis of splenic cDCs of the indicated chimeras. DCs are gated as
CD11chigh cells. Donor BM is indicated above the dot blots. Bar diagram summarizes the
percentages of WT DC (CD45.1) and B7-/- DC (CD45.2) in the indicated chimeras. (B)
Bars represent the percentages of Foxp3+ Tregs out of single positive CD4+ thymocytes in
the indicated chimeras (cells were gated as shown in Figure 1). (C) Bars represent the
percentages of Foxp3+ Tregs out of CD4+ T cells in the blood of indicated chimeras. (D)
Bar diagrams represent the percentages of Foxp3+CD25+ Tregs out of CD4+ T cells in the
spleen of indicated chimeras (E) [50% B7-/-/ 50% CD11c:DTR > WT] mix chimeras were
treated with DTx/PBS for 10 days. Bar diagrams summarizing percentages of Foxp3+
Tregs out of CD4+ T cells in the blood (left) and spleen (right) of DTx/PBS treated mix
chimeras. Data show mean + SD, n=4 (B-E) and are representative of three (D) to four
(A,B,C,E) independent experiments.
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Figure 3. Phenotype of lymphocyte activation in CD11c:DTA mice
(A) Flow cytometry analysis of CD4+ T cells isolated from the spleen of 5-month-old
CD11c:DTA mice or littermate controls. Bars represent percentages of activated CD4+ T
cells (CD62LlowCD44high) out of CD4+ T cells. n=3 for each group. Data show mean +SD
and are representative of 4 independent experiments. (B) Flow cytometry analysis of
mesenteric LNs CD4+ T cells (gated as in figure 3A). Bars represent the frequencies of
IFN-- or IL-17-expressing cells out of CD4+ T cells in the mesenteric LNs of 5-monthold CD11c:DTA mice and littermate controls. Data show mean +SD and are
representative of 3 independent experiments. (C) Serum IgM (left) and IgG1 (right) titers
of CD11c:DTA mice and age-matched littermate controls as determined by ELISA. Data
show mean +SD and are representative of 4 independent experiments.

Figure 4. The reduced frequencies of peripheral Tregs caused by DC deficiency do not
result in autoimmunity.
(A) Bars represent the percentages of CD11b+Gr-1+ myeloid cells out of total splenocytes
in the indicated BM chimeras. Donor BM is indicated below the bars. Data show mean
+SD, n=4, and are representative of 3 independent experiments. (B) Serum IgG1 titers of
indicated chimeras as determined by ELISA. (C) IFN--expressing cells (left) and IL-17expressing cells (right) out of total CD4+ T cells in the mesenteric LNs of the indicated
BM chimeras. Donor BM is indicated below the bars. Gating as indicated in Fig 3-B. Data
show mean +SD, n=4, and are representative of 3 independent experiments. (D) Bar
diagrams represent frequencies of activated CD4+ T cells (CD62Llow CD44high) out of
CD4+ T cell in the spleen of the indicated BM chimeras. Donor BM is indicated below the
bars. Gating as indicated in Fig 3-A and 4-E. Data show mean +SD, n=4, and are
representative of 3 independent experiments. (E) Flow cytometry analysis of splenic CD4+
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T cells from C57BL/6 mice bearing a tumor secreting FLt3L. Numbers indicate the mean
frequencies of CD62Llow CD44high activated cells out of CD4+ T cells. Bars represent the
percentages of neutrophils (CD11b+Gr-1high) and monocytes (CD11b+Gr-1low/-) out of total
splenic cells. Data show mean +SD, n=3, and are representative of 3 independent
experiments.
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CX3CR1 is a chemokine receptor with a
single ligand, the membrane-tethered chemokine CX3CL1 (fractalkine). All blood
monocytes express CX3CR1, but its levels differ between the main 2 subsets,
with human CD16ⴙ and murine Gr1low
monocytes being CX3CR1hi. Here, we report that absence of either CX3CR1 or
CX3CL1 results in a significant reduction
of Gr1low blood monocyte levels under
both steady-state and inflammatory conditions. Introduction of a Bcl2 transgene

restored the wild-type phenotype, suggesting that the CX3C axis provides an
essential survival signal. Supporting this
notion, we show that CX3CL1 specifically
rescues cultured human monocytes from
induced cell death. Human CX3CR1 gene
polymorphisms are risk factors for atherosclerosis and mice deficient for the CX3C
receptor or ligand are relatively protected
from atherosclerosis development. However, the mechanistic role of CX3CR1 in
atherogenesis remains unclear. Here, we

show that enforced survival of monocytes and plaque-resident phagocytes,
including foam cells, restored atherogenesis in CX3CR1-deficent mice. The fact
that CX3CL1-CX3CR1 interactions confer
an essential survival signal, whose absence leads to increased death of monocytes and/or foam cells, might provide a
mechanistic explanation for the role of
the CX3C chemokine family in atherogenesis. (Blood. 2009;113:963-972)

Introduction
Chemokines are a family of chemotactic cytokines that activate
specific G-protein-coupled 7-transmembrane receptors1 and
have been categorized into C, CC, CXC, and CX3C families.
The only known CX3C chemokine, CX3CL1, also known as
fractalkine,1-3 is expressed by activated vascular endothelial
cells,3 neurons,4 epithelial cells,5,6 smooth muscle cells,7 dendritic cells (DCs),8 and macrophages.9 The single known
CX3CL1 receptor, CX3CR1,10 is expressed by T-cell and natural
killer (NK) cell subsets,10,11 brain microglia,4,12,13 DC subsets13-15 as well as blood monocytes.10,13
Classical small-molecular-weight chemokines are secreted proteins considered to form gradients by binding to extracellular
matrix proteoglycans. In contrast, CX3CL1 is synthesized as a
transmembrane protein with its chemokine domain presented on an
extended mucin-like stalk.2,3 In this form, CX3CL1 promotes tight,
integrin-independent adhesion of CX3CR1-expressing leukocytes.7,16 In addition, constitutive and inducible cleavage by
metalloproteases can result in release of a soluble CX3CL1 entity
from the cell membrane.17-19 CX3CL1 thus potentially acts as an
adhesion molecule and a chemoattractant; albeit the differential
importance of these activities for the physiologic role of CX3CL1
remains unknown. In cell lines and cultured microglia, CX3CR1
engagement triggers the phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway resulting in cell survival and proliferation.20-23
However, the significance of this activity for the in vivo role of the
CX3C chemokine system remains to be determined.

Atherosclerosis is characterized by the accumulation of lipids
and fibrous elements in the large arteries and involves diverse
factors, including components of the immune system.24 Human
CX3CR1 gene polymorphisms were shown to be genetic risk
factors for coronary artery diseases and atherosclerosis.25,26 Moreover, mice deficient for either CX3CR1 or CX3CL1 display a
relative resistance to atherosclerosis development in the respective
murine disease models.27-30 However, the mechanistic explanations
for these phenotypes remain under debate.31
Monocytes are mononuclear phagocytes that are generated in
the bone marrow (BM) and released to the bloodstream.32,33 From
there they enter peripheral tissues, where they can give rise to
macrophages and DCs.15,32-35 Undifferentiated monocytes represent a short-lived transitional state, with an estimated circulation
half-life of approximately 71 hours in human36 and approximately
17 hours in mice.32,37 They are heterogeneous and can be divided
into at least 2 main subpopulations,38 with human monocytes
comprising CD14⫹⫹CD16⫺ and CD14⫹CD16⫹ cells.39 Murine
monocytes have been divided into Gr1hi (Ly6Chi) and Gr1low
(Ly6Clow) subsets,35,40 which are functionally distinct with respect
to both their migration ability and differentiation potential.15,35,41,42
Although all monocytes express CX3CR1, the 2 subsets differ by
distinct surface CX3CR1 levels, with human CD14⫹CD16⫹ and
murine Gr1low monocyte subsets displaying significantly higher
CX3CR1 amounts.35 The role of this prominent CX3CR1 expression for monocyte physiology remains unknown, although our own
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studies and reports by others suggest that CX3CR1-CX3CL1
interactions might control monocyte levels35,43 and be involved in
monocyte migration.44,45
Here, we investigated the role of CX3CL1-CX3CR1 interaction
during steady state and atherogenesis, using mutant mice as well as
human blood monocyte isolates. We show that mice deficient for
either CX3CR1 or CX3CL1 display a specific reduction in the
frequency of circulating Gr1low blood monocytes, whereas Gr1hi
monocytes remain unaffected. Using forced Bcl2 expression, we
provide genetic evidence that this phenotype results from enhanced
cell death. The protective CX3C signal is direct and evolutionary
conserved, as addition of soluble CX3CL1 inhibits cell death of
cultured human monocytes. Altered CX3CR1 function was reported to affect atherosclerosis progression in both humans and
mice. Here, we show that the absence of the CX3C signal results in
increased apoptosis of plaque-resident cells, including macrophages, whereas introduction of a Bcl2 transgene allows disease
progression in the absence of CX3CR1. We suggest, therefore, that
CX3CR1 plays a central role during monocyte homeostasis and
atherogenesis by promoting essential cell survival.

Methods
Mice
This study involved the use of the following C57BL/6 mouse strains:
Cx3cr1gfp mice13; cx3cl1⫺/⫺ mice46; hMRP8bcl2 mice47 and apoe⫺/⫺ mice
(B6.129P2-Apoetm1Unc/J; The Jackson Laboratory, Bar Harbor, ME). Wildtype (wt) C57BL/6 mice were purchased from Harlan Laboratories
(Rehovot, Israel). Mice used were 7 to 10 weeks of age. All mice were
maintained under specific pathogen–free conditions and handled under
protocols approved by the Weizmann Institute Animal Care Committee
according to international guidelines.
BM chimera generation
For blood cell analysis, wt or cx3cl1⫺/⫺ recipient mice were lethally
irradiated with a 950-rad dose and 1 day later were intravenously (IV)
injected with 5 ⫻ 106 BM cells isolated from donor femora and tibiae. BM
recipients were allowed to rest for 8 weeks before analysis. For atherosclerosis studies, apoe⫺/⫺ recipient mice were lethally irradiated 2 times with
650-rad doses, injected IV 1 day later with 5 ⫻ 106 donor BM cells, and
allowed to rest for 4 weeks before being placed on high-fat diet.
Mouse model of atherosclerotic disease progression

cyte and neutrophil removal through a Ficoll density gradient, monocyte
subsets were magnetically separated using the Monocyte Isolation Kit II
and CD16⫹ Monocyte Isolation Kit (both Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s protocols. For serum
deprivation studies, the cells were washed with PBS to remove serum
residues, and 5 ⫻ 104 cells per well were plated in RPMI supplemented
with nonessential amino acids. RPMI was further supplemented with FCS
(10%; Beit Haemek Industries, Israel) or recombinant mouse CX3CL1
(amino acids [aa] 1-337; R&D Systems, Minneapolis, MN). Cells were
incubated for 4 hours before harvesting. For pertussis toxin (PTx) studies,
cells were incubated 1 hour with PTx (Calbiochem, San Diego, CA) in
serum supplemented medium, washed with PBS, and incubated as previously described. For the oxysterol studies 5 ⫻ 104 cells/well were incubated
with serum-supplemented RPMI either further supplemented or nonsupplemented with rCX3CL1 for 6 hours, followed by incubation with 7-␤hydroxycholesterol (Sigma-Aldrich, St Louis, MO) for an additional
16 hours.
Flow cytometric analysis
The following monoclonal antibodies and staining reagents were used
according to the manufacturers’ protocols: human-specific biotinconjugated anti-CD14 (Caltag Laboratories, Burlingame, CA), fluorescein
isothiocyanate (FITC)–conjugated anti-CD16 (Caltag Laboratories), and
phycoerythrin (PE)–conjugated anti-Bcl2 (Santa Cruz Biotechnology, Santa
Cruz, CA) and mouse-specific PE-conjugated anti-CD115 (eBioscience,
San Diego, CA) and allophycocyanin (APC)–conjugated anti-Gr1 (Ly6C/G;
eBioscience). Propidium iodide (Sigma-Aldrich) was added to 5 minutes
before sample acquisition. Cells were analyzed on a FACSCalibur cytometer (Becton Dickinson, Franklin Lakes, NJ) using CellQuest software
(Becton Dickinson).
Immunohistochemistry
Plaque cellular composition was analyzed in transverse sections through the
aortic root. Sections were stained with anti-MOMA-2 (AbD Serotec,
Raleigh, NC) and anti–human Bcl2 (BD Biosciences, San Jose, CA)
monoclonal antibodies, detected by alkaline phosphate substrate and the
Vector Red Substrate Kit (Vector Laboratories, Burlingame, CA). Apoptotic
nuclei were detected by terminal deoxynucleotidyl nick-end labeling
(TUNEL) kit (Roche Applied Science, Indianapolis, IN), and nuclei were
counterstained by 4⬘,6-diamidino-2-pheylindol (DAPI) when indicated.
Images were recorded with a Leica DMLB fluorescence microscope and
CCD camera (JVC).

Results

Apoe⫺/⫺ mice were fed an atherogenic diet containing 21% fat (0.15%
cholesterol, 19.5% casein; Altromin, Lage, Germany), and after 12 weeks
were fixed by in situ perfusion. The extent of atherosclerosis was quantified
by Oil Red O staining of thoracoabdominal aortas prepared en face and in
serial sections through the aortic root by computerized image analysis
(MetaMorph version 6.0; Universal Imaging-Molecular Devices or Diskus
software, Downingtown, PA), as previously described.48
Mouse cell isolation
Mice were bled from their tail veins, and blood was subjected to a Ficoll
density gradient (Amersham Biosciences, Sunnyvale, CA) for erythrocyte
and neutrophil removal. BM cells were isolated from mouse femora,
followed by erythrocyte lysis using ACK buffer (0.15 M NH4Cl, 0.01 M
KHCO3). Cells were suspended in phosphate-buffered saline (PBS) supplemented with 2 mM ethylenediaminetetraacetic acid (EDTA), 0.05% sodium
azide, and 1% fetal calf serum (FCS).
Human blood cell studies
Human blood monocytes were isolated from white blood cell (WBC)–
enriched blood (Israeli Blood Bank, Tel Hashomer, Israel). After erythro-
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Absence of CX3CR1-CX3CL1 interactions results in a specific
reduction of Gr1lowCX3CR1hi blood monocytes

To study the physiologic role of CX3CR1, we took advantage of
knockin mice that carry a targeted replacement of the cx3cr1 gene
by a gene encoding green fluorescent protein (GFP).13 All circulating blood monocytes, as defined by expression of CD115 (also
known as MCSF [CSF1] receptor, Figure 1A), express CX3CR1
and are, therefore, GFP-positive in cx3cr1gfp mice.13 The comparative analysis of leukocytes of wt and cx3cr1gfp/gfp mice
revealed a slight, but consistent and significant, reduction of the
absolute monocyte numbers in the absence of CX3CR1 (Figure
1B). This was also reflected in their reduced percentage among
total nongranular WBCs (ngWBC; Figure 1C). Blood monocyte
levels of heterozygote mutant mice were comparable with wt
mice (Figure 1C).
Murine blood monocyte subsets differ in their level of CX3CR1
surface expression with Gr1hi monocytes expressing intermediate
amounts of CX3CR1 and Gr1low monocytes being CX3CR1hi.35
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Figure 1. Reduced numbers of Gr1low monocytes in CX3CR1-deficient mice under steady-state conditions. (A) Flow cytometric analysis of blood monocytes. Left dot
plot shows total Ficoll-fractionated wt blood cells. Cells gated in region R1 are living, nongranular white blood cells (ngWBCs). Middle and right dot plots show CD115 and Gr1
staining of blood cells gated in R1. Region R2 gates monocytes, as indicated by their CD115 expression. Cells gated in R3 and R4 regions are Gr1hi and Gr1low monocytes,
respectively. (B) Comparison of blood monocyte population size of wt (F) and cx3cr1gfp/gfp (E) mice. Diagram shows number of monocytes, identified as CD115⫹ cells (R2 gated
cells), in 1 mL blood. Each circle represents a single mouse. (C,C⬘) Comparison between monocyte population size of wt (f), cx3cr1gfp/⫹ ( ) and cx3cr1gfp/gfp ( ) mice. Bar
diagram (C) shows for each group of mice the percentage of total blood monocytes (R2 gated cells), Gr1hi monocytes (R3 gated cells) and Gr1low monocytes (R4 gated cells)
out of ngWBC gated in R1. (C⬘) Alternative presentation of the data showed in panel C. Bar diagram shows the percentage of Gr1low monocytes (R4 gated cells) among total
monocytes (R2 gated cells) for each of the mouse strains; n ⫽ 5. (D) Comparison between blood monocytes of wt (f), cx3cr1gfp/gfp ( ) and cx3cl1⫺/⫺ mice (䊐). Bar histogram
shows for each group the percentage of Gr1low monocytes (R4 gated cells) of total monocytes (R2 gated cells) for each mouse strain; n ⫽ 5. *P ⬍ .05, **P ⬍ .005,
**P ⬍ 5 ⫻ 10⫺5, all as compared with wt mice (Student t test).

Interestingly, Gr1hi monocyte levels remained unaffected by the
CX3CR1 deficiency (Figure 1C). In contrast, Gr1low monocytes of
CX3CR1 KO mice were found to be 3-fold reduced, as compared
with wt and cx3cr1gfp/⫹ mice (Figure 1C). To avoid indirect effects
on these quantifications due to a potential CX3CR1 requirement by
other leukocytes,10,11,13 we plotted the fraction of Gr1low monocytes
among the total monocyte population in individual mice
(Gr1lowCD115⫹ cells out of total CD115⫹ cells). While in wt and
cx3cr1gfp/⫹ naive mice approximately one-third of blood monocytes
are Gr1low, in cx3cr1gfp/gfp mice the latter comprise only 15% of the
total monocyte population (Figure 1C⬘). This way of presentation
will be used throughout the remainder of this study.
Mice deficient for CX3CL1, the single known CX3CR1 ligand,3,10 have fewer F4/80⫹ blood monocytes than their wt
littermates.46 We therefore next tested whether also the cx3cl1⫺/⫺
phenotype is restricted to the Gr1lowCX3CR1hi monocytes. Indeed,
cx3cr1gfp/gfp and cx3cl1⫺/⫺ mice showed similar fractions of the
Gr1low subset, which were significantly lower than in wt controls
(Figure 1D).
The observed Gr1low monocyte reduction could result from a
systemic defect in CX3CR1- and CX3CL1-deficient mice or be a
direct outcome of the absence of the receptor on Gr1low monocytes.
To test these options, we generated mixed BM chimeras by
reconstituting lethally irradiated wt mice with a 1:1 mixture of wt
and cx3cr1gfp/gfp BM cells. Eight weeks after transfer, the recipients’
blood contained both GFP-positive (cx3cr1gfp/gfp) and GFP-negative
(wt) monocytes (Figure 2A), allowing the comparison of cells of
distinct genetic background in the same environment. As shown in
Figure 2A, compared with their wt counterpart, CX3CR1-deficient
Gr1low monocyte numbers were reduced 3-fold. Next, we transferred wt and cx3cr1gfp/gfp BM cells into irradiated cx3cl1⫺/⫺ and wt
recipients. In the absence of CX3CL1 expression by host cells, wt
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Gr1low monocyte levels were significantly lower compared with
wt ⬎ wt chimeras and similar to those found in cx3cr1gfp/gfp ⬎ wt
mice (Figure 2B). To conclude, CX3CR1- and CX3CL1-deficient
mice display a specific reduction of their Gr1low monocytes, which
is a direct result of CX3CR1 requirement by BM-derived cells.
Gr1low blood monocytes require CX3CR1 expression for their
survival

Next, we investigated the cause for the decrease of Gr1low
monocytes in the absence of CX3CL1-CX3CR1 interactions. Comparison of cx3cr1gfp/gfp and cx3cr1gfp/⫹ BM by us and others did not
reveal any differences in Gr1low BM monocyte levels (Figure 2C).43
This indicates that, as opposed to other chemokine receptors such
as CCR2,49 CX3CR1 is not required for BM egress.
The adoptive cotransfer of wt and CX3CR1-deficient Gr1low
monocytes allows the comparison of monocyte fate, bypassing
differences in monocyte production. We previously reported such
cotransfers, 2 days after which we analyzed the recipients for the
presence of grafted cells.35 We observed a 2.5-fold reduction in the
level of retrieved grafted cx3cr1gfp/gfp monocytes as compared with
cotransferred cx3cr1gfp/⫹ monocytes in recipient’s blood and peripheral organs.35 The overall reduction in the level of grafted
cx3cr1gfp/gfp monocytes suggested impaired survival.
To directly address increased monocyte apoptosis as the cause
of the CX3CR1 knockout (KO) phenotype, we took advantage of
mice transgenic for the human antiapoptotic factor Bcl2 under the
control of the neutrophil- and monocyte-specific MRP8 promotor
(hMRP8bcl2 mice47). As reported, enforced Bcl2 expression resulted in increased blood monocyte levels47 (Figure S1, available
on the Blood website; see the Supplemental Materials link at the
top of the online article). Interestingly, although intracellular
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Figure 2. Reduction of Gr1low monocytes in absence of CX3CR1 is due to impaired cell survival. (A) Comparison of wt and cx3cr1gfp/gfp monocytes in mixed BM chimera
blood. BM cells were isolated from either wt or cx3cr1gfp/gfp donors, mixed to 1:1 ratio from each genotype and transferred into irradiated wt recipients. Eight weeks after transfer
recipient mice were bled, and their blood content was analyzed. Dot plot shows discrimination between GFP-positive cx3cr1gfp/gfp monocytes (R5 gated cells) and GFP-negative
wt monocytes (R6 gated cells). Bar diagram shows percentage of Gr1low monocytes (as gated in R4, Figure 1A) of either total wt (R6 gated cells, f) or cx3cr1gfp/gfp (R5 gated
cells, ) monocytes; n ⫽ 8. (B) Comparison of monocyte levels in presence and absence of CX3CL1. Wt and cx3cl1⫺/⫺ irradiated mice received 1:1 mix of BM cells from wt and
cx3cr1gfp/gfp mice, and were bled 8 weeks later. Bar histogram shows percentage of Gr1low monocytes (R4 gated cells, Figure 1A) of total monocytes (R2 gated cells, Figure 1A)
of wt (f) and cx3cl1⫺/⫺ (䊐) recipients of either wt or cx3cr1gfp/gfp BM cells; n ⫽ 5. (C) Comparison of blood and BM monocytes of cx3cr1gfp/⫹ ( ) and cx3cr1gfp/gfp ( ) littermates.
Bar diagram shows the percentage of Gr1low cells (gated in R4, Figure 1A) out of total blood or BM monocytes (cells gated in R2, Figure 1A); n ⫽ 4. (D) Comparison
of monocytes of hMRP8bcl2-transgenic cx3cr1gfp/gfp and cx3cr1gfp/⫹ mice. Bar histogram shows percentage of Gr1low monocytes (cells gated in R4, Figure 1A) of total
monocytes (cells gated in R2, Figure 1A) of cx3cr1gfp/⫹ ( ) and cx3cr1gfp/gfp ( ) mice, either hMRP8bcl2-transgenic (right bars) or nontransgenic (left bars); n ⫽ 3.
*P ⬍ .0013 **P ⬍ .001, ***P ⬍ ⬍ .005 (Student t test).

staining for human Bcl2 revealed that both monocyte subsets
expressed comparable transgene levels (Figure S1A), the observed
increment was significantly more pronounced for the Gr1low subset
(Figure 1B). This might indicate that Gr1low monocytes are more
prone to die than Gr1hi monocytes, a notion also recently invoked
by others.43
To test the influence of enforced Bcl2 expression on the
CX3CR1 KO phenotype, we generated double transgenic
cx3cr1gfp/gfp;hMRP6bcl2 and cx3cr1gfp/⫹;hMRP6bcl2 mice. Interestingly, analysis of the blood of these animals revealed that Bcl2
transgenic CX3CR1 knockout mice displayed Gr1low monocyte
levels comparable with Bcl2-transgenic cx3cr1gfp/⫹ mice, levels
which comprised approximately 70% of their respective total blood
monocytes (Figure 2D). This was in contrast to the significant
reduction of monocyte levels observed in nontransgenic
cx3cr1gfp/gfp mice (Figures 1C⬘ and 2D). Hence, enforced monocyte
survival restores Gr1low cell numbers of CX3CR1-deficient mice to
the levels observed in CX3CR1-proficient mice, thus rescuing their
phenotype.
To conclude, our results suggest that the specific reduction of
Gr1low monocytes in cx3cr1gfp/gfp mice reflects impaired survival
due to the absence of antiapoptotic CX3CR1-CX3CL1 interactions.
CX3CL1 has an antiapoptotic effect on cultured human blood
monocytes

CX3CL1 has been shown to act as a survival factor for transformed cell
lines,20,22 as well as cultured brain microglia.21 To directly study the role
of CX3CR1-CX3CL1 interactions in monocyte survival, we resorted to
an ex vivo model. In this system, we studied the ability of recombinant
soluble CX3CL1 to rescue cultured isolated human blood monocytes
from cell death induced by serum deprivation or exposure to oxysterol,50
a cytotoxic oxygenated cholesterol derivative known to accumulate in
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atherosclerosis lesions.51 Cultured monocytes underwent major apoptosis after 4 hours of serum deprivation (Figure 3B), which led us to
choose this time point for our analysis. Independent repeats of these
experiments resulted in distinct percentages of serum-deprived dying
cells (compare Figure 3B,D, and G), presumably as a consequence of
genetic variation among human donors and different blood bank storage
periods. Addition of recombinant soluble CX3CL1 (full length without
transmembrane anchor, aa 1-337) to monocytes either incubated with
serum-free medium (Figure 3B) or with 7-␤-hydroxycholesterol (Figure
3C) resulted in a significant reduction of the percentage of PI⫹ dying
monocytes, as compared with nonsupplemented media. Decreased
percentage of dead cells with the rising concentration of supplemented
CX3CL1 (Figure 3D) indicated dose-dependency of its activity. Since
CX3CR1 is a member of the 7-transmembrane G-protein coupled
receptor (GPCR) family,10 its activity should be blocked in the
presence of Pertussis toxin (PTx), a G␣-protein inhibitor. Indeed,
addition of PTx to the cultured monocytes reversed the antiapoptotic effect of CX3CL1 (Figure 3E). This indicates that G␣-protein–
dependent signaling by CX3CR1 is required for CX3CL1-mediated
monocyte survival.
Similarly to those of mouse, human blood monocytes comprise
2 subsets that are distinct in their CX3CR1 expression levels.38
CD14⫹⫹CD16⫺ monocytes express intermediate levels of CX3CR1,
and CD14⫹CD16⫹ monocytes express high levels of CX3CR1.35 In
contrast to those of mouse, human CX3CR1high monocytes comprise
only 5% of the total monocyte population in healthy individuals.38 We
next compared the effect of CX3CL1 on the 2 human monocyte subsets
(Figure 3F) upon serum depravation. Interestingly, both subsets responded similarly to 10 nM chemokine addition, as indicated by
comparable levels of surviving cells (Figure 3G). In addition, no
significant differences between monocyte subsets could be observed
upon incubation with additional CX3CL1 concentrations (1, 5, or
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Figure 3. CX3CL1 rescues human blood monocytes
from experimentally induced death. (A) Flow cytometric analysis of cultured human blood monocytes stained
with propidium iodide (PI). Cells gated in region R7 (left
dot plot) represent total analyzed population. Region R8
(right dot plot) gates PI⫹ cells. All bar diagrams shown in
this figure present the portion of R8 gated PI⫹ dying cells
out of R7 gated total cells. (B) Human blood monocytes
(CD14⫹⫹CD16⫺) were incubated in RPMI supplemented
with 10% FCS, 10 nM soluble recombinant CX3CL1
(rCX3CL1), or nonsupplemented medium for 4 hours;
n ⫽ 3. (C) Human blood monocytes (CD14⫹⫹CD16⫺)
were incubated in serum-supplemented RPMI either
further supplemented or nonsupplemented with 10 nM
soluble recombinant CX3CL1 (rCX3CL1). Six hours later,
30 M 7-␤-hydroxycholesterol (7␤-OH-CH) was added
to the cultures, and cells were analyzed after additional
16 hours; n ⫽ 3. (D) Human blood monocytes
(CD14⫹⫹CD16⫺) were incubated with RPMI supplemented with 1, 5, 10, or 100 nM CX3CL1. Diagram shows
percentage of PI⫹ cells; n ⫽ 3. (E) Human blood monocytes (CD14⫹CD16⫹) were incubated in RPMI supplemented with 1 g/mL pertussis toxin (PTx) for 1 hour
followed by incubation with 10% FCS, 10 nM soluble
recombinant CX3CL1 (rCX3CL1) or unsupplemented medium for additional 4 hours; n ⫽ 3. (F) Flow cytometric
analysis of isolated CD14⫹⫹CD16⫺ (top dot plot) and
CD14⫹CD16⫹ (bottom dot plot) human blood monocytes, before culture. Numbers indicate percentage of
gated cells out of total population. (G) Isolated
CD14⫹⫹CD16⫺ and CD14⫹CD16⫹ human blood monocytes incubated in RPMI (Medium; 䊐) or RPMI supplemented with either 10% FCS (⫹FCS; f) or 10 nM
recombinant CX3CL1 (⫹CX3CL1; ); n ⫽ 3. *P ⬍ .005,
**P ⬍ .01, ***P ⬍ .05, NS ⫽ not significant (Student t
test).

100 nM, not shown). Therefore, in contrast to the murine in vivo data,
the protective effect of CX3CL1 on cultured human monocytes is not
restricted to CX3CR1hi cells.
To conclude, CX3CL1 specifically acts as a human blood
monocyte survival factor. However, at least in vitro, it has similar
effect on both monocyte subsets. Importantly, this activity does not
require cell-cell interactions.
CX3CR1 deficiency causes increased apoptosis in
atherosclerotic plaques

Mice deficient for apolipoprotein E (ApoE) develop atherosclerosis
if subjected to a Western high-fat diet.52 However, when on a
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CX3CR1-deficient genetic background, apoe⫺/⫺ mice display reduced atherosclerotic plaque formation.27,28 Moreover, CX3CL1deficient mice also are relatively protected from atherosclerosis.29,30
To probe for a potential connection between the abovedescribed prosurvival effect of CX3CL1 and the reported atherosclerosis phenotype of CX3CR1- and CX3CL1-deficient mice, we
sublethally irradiated apoe⫺/⫺ mice and reconstituted them with
cx3cr1⫹/⫹, cx3cr1gfp/⫹, or cx3cr1gfp/gfp BM cells. Four weeks after
BM transfer, the chimeras were exposed to a high-fat diet, and
3 months later their arteries were analyzed for the formation of
atherosclerotic plaques. No differences in plaque areas between
recipients of wt and cx3cr1gfp/⫹ BM were detected (Figure S2).
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Notably, the presence of ApoE-expressing donor cells in ApoEdeficient hosts alters disease progression in these mixed chimeras,53 potentially preventing the detection of subtle differences
detected by others. However, importantly and in agreement with
the published data,27,28,31 apoe⫺/⫺ recipients of cx3cr1gfp/gfp BM
cells developed significantly reduced atherosclerotic plaque area
levels in both thoracoabdominal aorta and aortic roots, as
compared with apoe⫺/⫺ recipients of cx3cr1⫹/⫹ BM (Figure S2
and data not shown).
Atherosclerotic plaques display a complex composition of mononuclear phagocytes, including monocytes, DCs, and unique plaqueassociated macrophages, the so-called foam cells.24,31,54 Immunohistochemical analysis of atheroma of the cx3cr1gfp/⫹ ⬎ apoe⫺/⫺ BM chimeras
revealed abundant CX3CR1/GFP expressing cells (Figure 4A); among
them were cells displaying the marker MOMA-2, which is known to be
expressed by monocytes and foam cells,55 as well as Oil Red O–positive
fat deposits, a foam cell characteristic (Figure 4B). Interestingly, the
number of both CX3CR1/GFP-positive and MOMA-2–positive cells
was significantly reduced in apoe⫺/⫺ recipients of cx3cr1gfp/gfp BM
(Figures 4C,D non-tg bars).
Similar to steady-state conditions (Figure 1), analysis of
apoe⫺/⫺ recipients of wt or cx3cr1gfp/gfp BM cells subjected to
high-fat diet revealed that the CX3CR1 deficiency caused a
significant reduction of blood monocytes levels also under systemic inflammatory conditions (Figure 5A non-tg bars). Furthermore, this reduction was again more pronounced for the Gr1low
monocyte population (Figure 5B non-tg bars).
The observed decrease of CX3CR1/GFP-positive cells in atherosclerotic plaques could thus result from impaired monocyte recruitment. Alternatively, but not mutually exclusively, CX3CL1CX3CR1 interactions might be required locally for cell survival
within the atheroma. The latter is an inherently hostile environment
due to the abundant presence of oxidized cholesterols.56 Of note,
both activated endothelium and intimal smooth muscle cells
express CX3CL13,7,57,58 and, therefore, could serve as a source of
survival signals for plaque-resident CX3CR1-expressing cells.
To probe for this local scenario, we analyzed plaque apoptotic
cell content using a TUNEL assay on tissue sections of the various
apoe⫺/⫺ BM chimeras. As seen in Figure 4E, atheromas of
(cx3cr1gfp/gfp ⬎ apoe⫺/⫺) BM chimeras displayed a significantly
increased frequency of TUNEL⫹ apoptotic cells, as compared with
atheromas of (wt ⬎ apoe⫺/⫺) BM chimeras. Notably, we could
detect apoptotic cells, which were also CX3CR1/GFP⫹ in
(cx3cr1gfp/gfp ⬎ apoe⫺/⫺) chimera, further indicating a CX3CR1
requirement during cell survival (Figure 4F).
To investigate the involvement of cell death in the reduced
plaque cell levels in the absence of CX3CR1, we took advantage of
the hMRP8bcl2-transgenic mice, which express human Bcl2 tg
under monocyte- and macrophage-specific promotors.59 To this
end, we sublethally irradiated apoe⫺/⫺ mice and reconstituted them
with hMRP8bcl2-transgenic cx3cr1⫹/⫹, cx3cr1gfp/⫹, or cx3cr1gfp/gfp
BM. After recovery the mice were subjected to high-fat diet as
described earlier. As in steady state (Figure 2D), introduction of the
hBcl2 transgene increased the frequency of total monocytes
(Figure 5A) and restored the ratio of the monocyte subsets in
CX3CR1 BM-deficient atherosclerotic mice (Figure 5B). Immunostaining for hBcl2 protein indicated that in addition to the blood,
the transgene is also expressed in the atheroma (Figure 4G).
Furthermore, hBcl2⫹ plaque cells were large in size, reminiscent of
foam cells.
Next, we assessed the influence of enforced cell survival on
plaque cellular composition. Immunohistochemical analysis re-
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vealed that the level of TUNEL⫹ apoptotic cells in apoe⫺/⫺
recipient of cx3cr1gfp/gfp;hMRP8bcl2-transgenic BM was restored
to that found in CX3CR1-proficient mice (Figure 4E). Importantly,
the frequency of plaque-resident CX3CR1/GFP (Figure 4A,C) and
MOMA-2 (Figure 4D) expressing cells was increased to wt levels,
rescuing the cx3cr1gfp/gfp phenotype.
Taken together, our data indicate that atherosclerotic plaques
contain CX3CR1-expressing cells, among them foam cells, that
depend on CX3CL1-CX3CR1 interaction for their survival.
Enforced survival of plaque resident cells causes enhanced
atherosclerosis in CX3CR1-deficient mice

We have shown requirement of CX3CR1 for the survival of blood
and atheroma cells, including monocytes and foam cells. To test
whether the absence of CX3C-mediated cell survival signals could
provide the mechanistic explanation for the reduced atherosclerosis
susceptibility of CX3CR1-deficient mice, we asked whether enforced cell survival would affect their protection from disease
progression. To this end, we sublethally irradiated apoe⫺/⫺ mice
and reconstituted them with hMRP8bcl2-transgenic BM, either
cx3cr1⫹/⫹ or cx3cr1gfp/gfp. Plaques of CX3CR1-deficient mice showed
a decreased acellular area, also known as necrotic core (Figure 4H
non-tg bar), indicating less progressed disease,56 a phenotype that
was restored upon hBcl2 expression (Figure 4H). As seen in Figure
6, Bcl2 transgenesis raised total plaque area levels in both the aorta
and the aortic roots of apoe⫺/⫺ recipients even in the presence of
CX3CR1-expressing BM cells. Most importantly, recipients of both
cx3cr1⫹/⫹;hMRP8bcl2 and cx3cr1gfp/gfp;hMRP8bcl2 BM cells
showed similar disease scores (Figure 6A⬘,B⬘). Thus, expression of
the Bcl2 transgene, leading to enforced monocyte and foam cell
survival (Figure 4), overrode the protection imposed by the
CX3CR1 deficiency in cx3cr1gfp/gfp BM recipients.
To conclude, our results suggest that increased cell death in
absence of CX3CR1-CX3CL1 interactions is the cause for the
reduced atherogenesis observed in mice deficient for this chemokine receptor/ligand pair. Our results thus provide a mechanistic
explanation for the well-established requirement for CX3CR1
during atherogenesis, in both mice and humans.

Discussion
The physiologic function of the CX3C chemokine family, as
represented by the membrane-tethered ligand CX3CL1 (fractalkine) and its sole receptor, CX3CR1, remains poorly understood.
Here, we establish a novel role for CX3CR1-CX3CL1 interactions
in mononuclear phagocyte survival. First, we show that in the
blood of both CX3CL1- and CX3CR1-deficient mice, Gr1low
monocyte levels are specifically reduced. Enforced monocytic
expression of the antiapoptotic factor Bcl2 reverted the phenotype,
providing genetic evidence that this reduction results from impaired monocyte survival. In support of the in vivo data, recombinant CX3CL1 specifically rescued cultured human monocytes from
serum deprivation and oxysterol-induced death. This indicates a
direct and evolutionary conserved role for CX3CR1-CX3CL1
interaction in cell survival. Finally, we demonstrate that CX3C
survival signals can provide the mechanistic explanation for one of
the few known phenotypes of CX3CR1- and CX3CL1-deficient
mice (ie, their relative protection from diet-induced atherosclerosis).27-30 Thus, enforced survival of monocytes and foam cells in
CX3CR1 knockout mice restored atherogenesis scores to those
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Figure 4. CX3CR1-deficient atheromas show changes in cellular composition and increased apoptosis. Irradiated apoe⫺/⫺ recipients of indicated BM cells were subjected to
high-fat diet for 12 weeks, after which their plaque content was analyzed. (A) Histology of atherosclerotic plaque of representative recipient of cx3cr1gfp/⫹, cx3cr1gfp/gfp, and
cx3cr1gfp/gfp;hMRP8bcl2 (cx3cr1gfp/gfp;hBcl2) BM cells. CX3CR1/GFP expression is shown in green; DAPI stain in blue. (B) Immunohistochemistry of atherosclerotic plaque of
representative recipient of cx3cr1gfp/⫹ BM cells. CX3CR1/GFP expression is shown in green, anti–MOMA-2 staining in red, and DAPI in blue. Brightfield shows orange oil (Oil Red O)
deposit. Arrows indicate large CX3CR1/GFP⫹ cells also positive for MOMA-2 expression and orange oil deposit. (C) Histology-based quantification of CX3CR1/GFP⫹ cells per total plaque
areas. Bar diagram shows recipients of cx3cr1gfp/⫹ ( ) and cx3cr1gfp/gfp (f), both on either wt (non-tg) or hMRP8bcl2-transgenic background (hBcl2 tg); n ⫽ 12. (D) Immunohistochemistrybased quantification of MOMA-2 positive area out of total plaque area. Bar diagram shows recipient of wt (䊐) and cx3cr1gfp/gfp (f), both either on wt (non tg) or hMRP8bcl2 (hBcl2
tg)–transgenic background; n ⫽ 12. (E) Immunohistochemistry-based quantification of TUNEL⫹ cells out of total plaque cells (identified by DAPI staining). Bar diagram shows recipient of
wt (䊐) and cx3cr1gfp/gfp (f), both on either wt (non-tg) or hMRP8bcl2-transgenic background (hBcl2 tg); n ⫽ 12. (F) Immunohistochemistry of atherosclerotic plaque of cx3cr1gfp/gfp BM cell
recipient. CX3CR1/GFP expression is shown in green, TUNEL staining is shown in red. Right panel shows higher magnification of area marked by white rectangular. Arrows indicate cells
double positive for CX3CR1/GFP and TUNEL. (G) Immunohistochemistry of atherosclerotic plaque of wt (non-tg) or hMRP8bcl2-transgenic (hBcl2 tg) BM were stained with an antibody
specific for human Bcl2 (red). DAPI is shown in blue. Arrow indicates human Bcl2-positive cells. (H) Histology-based quantification of acellular plaque area. Bar diagram shows recipient of
wt (䊐) and cx3cr1gfp/gfp (f), both on either wt (non-tg) or hMRP8bcl2-transgenic background (hBcl2 tg); n ⫽ 12. *P ⬍ .05, **P ⬍ .01, ***P ⬍ .005 (Student t test).
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Figure 5. Reduced numbers of Gr1low monocytes in
CX3CR1-deficient mice under atherosclerotic condition
and rescue by Bcl2 expression. Blood monocyte levels of
irradiated apoe⫺/⫺ recipients of wt (䊐) and cx3cr1gfp/gfp (f)
BM cells, either transgenic (hBcl2 tg) or nontransgenic
(non-tg) for hMRP8bcl2. (A) Summary of total monocytes,
identify as CD115⫹ cells (R2 gated cells, Figure 1A), as a
percentage of ngWBC (R1 gated cells, Figure 1A); n ⫽ 12.
(B) Summary of Gr1low monocytes levels (R4 gated cells,
Figure 1A) as a percentage of total CD115⫹ monocyte levels
(R2 gated cells, Figure 1A); n ⫽ 12. *P ⬍ .01, **P ⬍ .05
(Student t test).

found in wt mice, suggesting that CX3CL1-CX3CR1–mediated
survival signals are critical for atheroma formation and progression.
CX3CR1-proficient mice expressing the human Bcl2 transgene
show higher blood monocyte levels as well as increased atherosclerosis compared with nontransgenic controls (Figures 2,5). The Bcl2
phenotype could, thus, mask the CX3CR1 KO phenotype rather
than rescuing it. However, if those 2 phenotypes are not linked,
CX3CR1-deficient mice would be expected to have, at least to some
extent, lower monocyte levels and decreased atherosclerosis even
on a Bcl2-transgenic background. Yet, in both cases, despite
dramatic discrepancies between CX3CR1-proficient and -deficient
mice, no difference could be observed between groups of Bcl2transgenic mice, supporting an antiapoptotic role for CX3CR1.
Moreover, the direct involvement of CX3CR1 in cell survival
control is also implied by the increased level of apoptotic cells in
the plaques of atherosclerotic CX3CR1-deficient mice (Figure 4E).
Although chemokines were originally defined as chemoattractants, a growing body of evidence indicates their additional
involvement in the control of cell survival.60 Interestingly, addition
of the G␣-protein inhibitor PTx in our study increased apoptosis of
serum-cultured monocytes (Figure 3E), which is compatible with
the notion that serum contains chemokines that trigger survival
promoting GPCRs. CX3CL1 itself was reported to promote the
survival of cancer cell lines,20,22 as well as cultured microglia.21
Other chemokines, such as CXCL12/SDF1 and CXCL9/MIG
protect CXCR4- and CXCR3-expressing cultured tumor cells from
death.61,62 Furthermore, CCL5/RANTES was shown to contribute
to the in vivo survival of pulmonary macrophages during viral

Figure 6. Enforced cell survival promotes atherogenesis in the absence of CX3CR1. Quantitative analysis of
atherosclerotic lesion area in apoe⫺/⫺ recipients of wt (䊊)
and cx3cr1gfp/gfp (䊉) BM cells, either from hMRP8bcl2transgenic (hBcl2 tg) or nontransgenic (non tg) donors.
Mice were subjected to high-fat diet for 12 weeks, after
which atherosclerotic plaques were analyzed in aortic
roots (A,A’) and en face prepared aortas (B,B⬘) by Oil
Red O staining. Panels A⬘ and B⬘ show a summary of Oil
Red O⫹ plaque area for each group, a representative of
which is shown in panels A and B, respectively; n ⫽ 12,
representative of 2 independent experiments. *P ⬍ .05,
**P ⬍ .01 (Student t test).
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infection.63 Interestingly, our recent finding of impaired foam cell
levels and atherosclerotic lesion formation in ccr5⫺/⫺ mice48,64
might suggest a potential role of CCR5-mediated survival also
under these conditions.
We show that CX3CL1 can protect both human monocyte
subsets from cell death in vitro. In contrast, in vivo survival of the
murine Gr1hi monocytes subset did not depend on CX3CR1
engagement (Figure 1). Of note, Gr1hi monocytes, as well as their
human CD14⫹⫹CD16⫺ counterpart, have an extensive chemokine
receptor repertoire, as compared with Gr1low and CD14⫹CD16⫹
cells.35,38 Therefore, their survival in vivo could be ensured by
other factors, including chemokines, to which Gr1low and
CD14⫹CD16⫹ monocytes might not respond. The differential
sensitivity to CX3CR1 deficiency of the monocyte subsets might
also result from their distinct propensity to die, a notion supported
by their distinct response to Bcl2 overexpression in this study as
well as in other reports.43
Monocytes are critical for the development, maintenance, and
resolution of atherosclerosis.65,66 In the plaque, they are believed to give
rise to foam cells, a special macrophage subset found in those
structures.54 Foam cells were shown to play a key role in the development of early atherosclerotic plaques and their maintenance.65 Accordingly, foam cell death during early disease stages has been shown to
correlate with decreased atherogenesis, whereas their death during late
stages leads to thrombosis and disease progression.56 CX3CL1 is
prominently expressed by multiple nonhematopoetic cell types in the
lesions, including muscle and endothelial cells.5,7 Here, we suggest that
in absence of its sole receptor, CX3CR1, monocytes and foam cells
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undergo increased cell death, which together with potential effects on
recruitment leads to a reduced foam cell load and the inhibition of
plaque progression.
Our results suggest that inhibition of CX3CR1-CX3CL1 interactions during early atherogenesis stages might be beneficial in
controlling this disease. However, since CX3C signals are likely to
be required for foam cell survival also during later atheroma stages,
such inhibition could result in disease exacerbation. The development of therapeutic protocols based on interference with the
CX3CR1-CX3CL1 axis will, therefore, require an in-depth understanding of the system.
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rewarding in this respect have been studies investigating DC origins,
based on the identification of transcription factor and growth factor
requirements, as well as direct demonstrations of precursor ⁄ progeny
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Dendritic cells (DCs) were discovered in the mid 1970s by
Steinman (1), who found cells in the mouse spleen with a
unique morphology that displayed an unrivaled ability to
stimulate naive T cells. These cells, which in the mouse are
characterized by high-level expression of the b integrin
CD11c, are now termed classical (or conventional) dendritic
cells (cDCs). Murine cDCs can be further subdivided according to phenotype into three subpopulations: CD11b+ cDCs,
CD11b+ CD4+ cDCs and CD11b)CD8+ cDCs (2). The original
rather arbitrary grouping of these cells was recently substantiated by the definition of dedicated circulating cDC precursors,
the so-called pre-cDCs, that upon their differentiation in the
spleen give rise to all three cDC subsets (3) (Fig. 1). Other
shared features of cDCs are their limited self-renewal potential
and short half-life (4). The notion that beyond their mere
phenotypic heterogeneity, the cDC subsets represent distinct
entities is supported by their differential dependence on key
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Fig. 1. The origin-based definition of classical dendritic cells (cDCs).
In the bone marrow, MDPs give rise to monocytes and an intermediate
(CDPs) that differentiates further into pre-cDCs and plasmacytoid DC
(PDCs). Monocytes, pre-DCs, and PDCs leave to the circulation. In both
lymphoid and non-lymphoid tissues, pre-cDCs give rise to cDCs.
Monocytes give rise to monocyte-derived DCs.

transcription factors. The development or maintenance of
CD11b+CD4+ cDCs and CD11b)CD8+ cDCs relies on the
interferon (IFN) regulatory factor-4 (IRF-4) and IRF-8,
respectively (5). Moreover, among the cDCs, only the development of CD11b) CD8+ cDCs is impaired by a mutation of
transcription factor Batf3 (6).
In addition to cDCs, the spleen contains plasmacytoid DCs
(PDCs), a unique DC subset specializing in type I IFN secretion in response to viruses (7). CD11cint PDCs share a common developmental origin with cDCs but branch off before
the pre-cDC at the common DC precursors (CDP) stage (3)
(Fig. 1). Moreover, they develop in the bone marrow (BM).
As opposed to cDCs, PDCs are relatively long-lived in the
periphery (8). Another feature allowing a distinction to be
made between cDCs and PDCs is the presence of immunoglobulin (Ig) D–J rearrangements in the latter, owing to their
recombination-activating gene (RAG) protein expression at a
PDCs precursor stage (9). The development of PDCs is controlled by the specific transcriptional regulator E2–2 (10).
Upon viral activation, PDCs were reported to differentiate into
cells with cDC characteristics (11). However, it remains
unknown whether these cells co-exist for extended periods of
time with pre-cDC-derived cDCs in the steady-state. Finally,
the spleen also contains a population of CD11cint monocyte-

derived DCs (moDCs) that can acquire certain DC characteristics upon pathogen challenge (Fig. 1). The uniqueness of
moDCs was brought to the fore through the work of the
Pamer group (12) that established that these cells can be critical sources of tumor necrosis factor-a (TNFa) and inducible
nitric oxide synthase (iNOS) in anti-Listeria responses and
termed them TNF ⁄ iNOS-producing (Tip)-DCs.
While cDCs are now reasonably defined in lymphoid
organs, in particular in the spleen, DCs populations in peripheral non-lymphoid tissues remain less well understood. Identification of the distinct origins of DCs subpopulations (Fig. 1)
has recently allowed for the identification of the potential correlates of cDCs and moDCs within the complex tissue DCs
compartment. Using adoptive precursor cell transfers of
macrophage/DCs progenitors (MDPs), pre-cDCs, and monocytes, Miriam Merad’s group and our group showed that
intestinal lamina propria DCs can be subdivided into pre-cDCsderived CD103+ CD11b) DCs and monocyte-derived CD103)
CD11b+CX3CR1+ DCs (13, 14).

Function-based DC definitions
Functional definitions of DCs were for a long time based
mainly on in vitro assays. Most instrumental was the classic allogeneic mixed leukocyte reaction (MLR), which was originally
used by Steinman (1) to identify DCs and which remains one
of the gold standards in DC research. In this assay, which is
based on the in vitro exposure of naive T cells to major histocompatibility complex (MHC)-disparate stimulator cells, bona
fide cDCs are generally superior in stimulating the T cells to any
other cell type, including close relatives, such as macrophages.
Most of the unique cell biology of DCs, including their
presence in ‘immature’ and ‘mature’ states (15) and their specialized endocytic pathways (16), has been revealed using
DCs generated from granulocyte–macrophage colony-stimulating factor (GM-CSF)-driven BM cultures. Although these
studies have yielded important insights, they likely often
reflect extreme oversimplified conditions, the in vivo counterparts of which remain to be shown. Moreover, we now know
that the GM-CSF-driven pathway does not promote the generation of cDC but rather of moDC equivalents. Cells with a
higher degree of similarity to cDCs can be derived instead
from BM cultures driven by growth factor Flt3-ligand (17).
Given the complexity of the in vivo DC compartment, DC
functions are best studied in the relevant physiologic context.
One way to achieve this aim is by adoptive DC transfer with
or without prior pulsing with antigen. In contrast to lymphocytes, which consistently recirculate in recipient organisms
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and rapidly integrate into the respective host cell pool, DCs
have a very limited migration capacity, targeting them to
draining lymph nodes where they undergo rapid death.
Therefore, adoptively transferred DCs reach their appropriate
physiologic locale inefficiently if at all, and conclusions drawn
using adoptive DC transfers must be considered with caution.
Irrespective of their limited value for basic DCs research, DC
transfers and vaccinations with antigen-pulsed DCs have
proved to be an excellent means of stimulating T-cell
responses both in mouse and human with respective protocols
now in the clinical stage (18, 19).
An alternative strategy for studying DC functions in the intact
animal is to target them with antigen-antibody-conjugates.
This approach was pioneered by Steinman and Nussenzweig
(20, 21). Its prototype was based on ovalbumin-conjugates of
the CD8a cDC-specific antibody DEC205, which were used
to establish the unique potential of immature and CD40L-triggered mature DC to induce T-cell tolerization and priming,
respectively. Moreover, the approach also established the ability of cDC to provide long-lived T-cell help for antibody
responses (22).
DC functions have also been investigated using transgenesis.
In an optimal setting, transgenic (tg) strategies would use
strictly DC-specific promoters, which are unavailable. The
most popular promoter ⁄ enhancer used to achieve DCrestricted expression is the CD11c itgax promoter driving the
b-subunit of CD11c, which was originally introduced by Karjalainen (23). This promoter has proved successful in expressing dominant negative molecules (24, 25). Moreover, it has
been used to express a model antigen by immature DCs to
establish their inherent potential to tolerize T cells (26). However, as discussed in detail below, the 5.5-kb promoter fragment of the Itgax gene used in many of these studies is not
absolutely DC specific.
With the advent of tg mice expressing the site-specific Crerecombinase under the CD11c promoter (27), allowing in
combination with conditional mutant (floxed) alleles DCrestricted gene ablation, the molecular contributions of DCs in
the in vivo setting are now being addressed (28). This area is
likely to yield major insights in the near future.

Studying DC functions by cell ablation and in vivo
reconstitution
To study task division within the mononuclear phagocyte system and functionally define DCs in an in vivo context, we
developed mouse models that allow the conditional and constitutive ablation of classical CD11chi DCs. Our cell ablation
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strategy is based on the use of diphtheria toxin (DTx), one of
the best characterized of all bacterial exotoxins produced by
Corynebacterium diphtheriae (29). The cytotoxicity of DTx is
strictly dependent on its receptor-mediated endocytosis by a
cellular DTx receptor (DTR), the precursor of the heparinbinding epidermal growth factor (EGF)-like growth factor
(hbEGF) (30) (Fig. 2A). The critical need for the host component in the internalization process is highlighted by the fact
that murine cells that harbor an hbEGF polymorphism impairing DTx binding are insensitive to killing by the toxin. After
binding to the DT B subunit of the heterodimeric toxin, the
cell surface DTR promotes DTx endocytosis. Upon exiting the
endosomal compartment and entering the cytoplasm, the
released DT A subunit then catalyzes inactivation of elongation
factor 2, resulting in termination of protein synthesis and the
apoptotic death of the target cell. DTx-mediated cell ablation
is highly efficient: a single molecule of active DT A in the
cytoplasm sufficing to kill an eukaryotic cell (31). We used
two independent strategies to target DC: (i) tg mice harboring
a CD11c-DTR transgene and therefore having DTx-sensitive
DCs that could be conditionally ablated by DTx injection (32)
(Fig. 2B) and (ii) mice expressing the DT A toxin subunit in
cDCs causing constitutive DCs death (33) (Fig. 2C). A major
aspect of both approaches is that it is based on a genetic definition of the target cells, as the sensitivity to ablation is determined by the choice of the promoter ⁄ enhancer elements,
which drive the expression of the DTR or DT A gene.

Conditional DC ablation
Transgenic expression of a primate hbEGF renders naturally
DTx-resistant mouse cells DTx sensitive, providing a system
for inducible toxin-induced cell ablation (32, 34). To apply
the DTx approach to target cDCs, we generated mice harboring a human DTR transgene [fused to a green fluorescent protein (GFP) reporter gene] under the CD11c (Itgax) promoter
(Fig. 2B). The ax subunit of the b integrin CD11c is expressed
on all classical CD11chi DCs, and the CD11c promoter has
been exploited by various researchers to target transgenes to
the DC compartment. Although the 5.5-kb promoter fragment of the Itgax gene was considered DC-specific, closer
evaluation of the CD11c-DTR tg mice revealed an activity of
the promoter in defined macrophage populations, such as
alveolar macrophages (35) and splenic marginal zone and
metallophillic macrophages (36). Moreover, the Itgax promoter is also active in a subset of activated T cells (37) and
plasmablasts (38). However, the 5.5-kb promoter fragment
does not appear to span the entire battery of control elements
 2010 John Wiley & Sons A/S • Immunological Reviews 234/2010
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Fig. 2. Schematic illustrating the diphtheria toxin system and approaches that apply cell ablation to the study of in vivo dendritic cell (DC)
biology. (A) Obligatory receptor-mediated entry of heterodimeric diphtheria toxin (DTx) into eukaryotic cells, release of catalytic DT A subunit, and
fatal poisoning of protein synthesis. (B) Transgene allowing DTx-induced conditional DC ablation of classical CD11chi DCs. (C) Binary transgenic
approach resulting in constitutive ablation of classical CD11chi DCs. (D) Definition of molecular DCs contributions by use of conditional cell ablation
and the generation of mixed bone marrow (BM) chimeras. The respective DC-restricted mutation is induced by DTx-mediated ablation of the wildtype
DCs. (E) Combined use of cell ablation and adoptive precursor transfers to study graft-derived DCs in a physiologic context.

required for CD11c expression in all cells and is inactive in
certain cells that transcribe their endogenous Itgax alleles.
These include CD11cint moDCs (Varol C, unpublished observation), CD11cint PDCs (39), and natural killer (NK) cells (40,
41). Injection of DTx into CD11c-DTR tg mice results in the
rapid ablation of cDCs from the otherwise intact organism,
allowing the assessment of their function in various physiologic processes (32). However, CD11c-DTR mice do not tolerate prolonged DC ablation because of the fact that repetitive
DTx application results in adverse side effects. This problem
can be overcome by the use of mixed BM chimeras generated
by reconstitution of lethally irradiated wildtype (WT) mice

with CD11c-DTR tg BM (42). Indeed, these syngeneic
(CD11c-DTR ﬁ WT) BM chimeras can be treated with DTx
for prolonged periods of time without any adverse side
effects. Moreover, mixed BM chimeras with WT, mutant, and
CD11c-DTR tg BM can serve as a powerful means of investigating the molecular contributions of DCs (43) (Fig. 2D).

Constitutive DC ablation
To achieve constitutive DC ablation, we resorted to a binary tg
system. Specifically, we generated mice harboring a CD11cCre-recombinase bacterial artificial chromosome transgene
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(27) and a conditionally active Rosa26-DTA (44) (Fig. 2C).
The resulting CD11c-Cre:R26-DTA mice (subsequently
referred to as CD11c-DTA mice) lack the classical CD11chi
DCs, as confirmed by flow cytometry analysis of lymphoid
and non-lymphoid tissues and immunohistochemistry (33).
Moreover, as previously shown for DTx-treated CD11c-DTR
spleens, spleens of CD11c-DTA mice failed to stimulate alloreactive T cells in an MLR assay. However, like in the CD11cDTR mice, the bulk of the PDCs and Langerhans cells was not
affected by the ablation strategy. Very similar CD11c-Cre:R26DTA mice, differing only in the origin of their DTA transgene
(45), were generated in parallel by another research team
(46). As described below, the discrepancies between our
report and that of the Voehringer group (46) are most likely
ascribable to the interpretation of the data obtained and the
respective genetic background and housing conditions of the
mice.

In vivo reconstitution of the DC compartment
The past two decades have yielded major advances in our
understanding of in vivo B-and T-lymphocyte functions,
owing, not in the least, to efficient adoptive transfer and tracing of grafted cells in recipient animals, thereby allowing their
study in a physiologic context. DCs have remained, however,
refractory to this approach, and adoptive transfer studies have
yielded limited insights. Lymphocytes continuously recirculate through the organism, enabling their integration into the
host immune system. In contrast, adoptively transferred DCs
do not recirculate and only inefficiently seed recipient tissues.
A second major obstacle to the successful application of adoptive DC transfer is DC heterogeneity. Emerging data suggest
that most lymphoid and non-lymphoid organs are characterized by a distinct and specific make-up of their DC compartment. Tissue-specific distinct DC subpopulations probably
arise under local cues from circulating non-monocytic and
monocytic precursors. Although FLT3L- and GM-CSF-driven
systems are available to generate distinct DCs in vitro (15, 17),
the broad physiologic spectrum of DC subpopulations cannot
be recapitulated in these cultures. DCs that truly reflect their
organ-specific in vivo counterpart, therefore, can not be generated in vitro. To overcome these limitations of DC transfer, we
developed an alternative strategy for studying graft-derived
DCs in the physiologic context. Specifically, we took advantage of the recent progress in our understanding of DC origins and the definition of DC progenitors, such as monocyte
subsets, MDPs, and pre-cDCs (47) to reconstitute the DCs of
DC-depleted mice by adoptive transfer of DC precursors

(Fig. 2E). This approach allowed us to establish the distinct
functions of pre-cDC-derived CD103+ and monocyte-derived
CX3CR1+ lamina propria DC subsets (13).
DC functions
Cell ablation has been instrumental in revisiting the role of
DCs as highly specialized antigen-presenting cells (APCs). We
provide below a short review of the prevailing notions of DC
functions and close with a paragraph that summarizes the
present knowledge in the light of the results obtained from
DCs ablation studies.
DCs as APCs
T cells do not recognize native protein antigens but require
them to be processed and presented in the form of peptides in
the context of polymorphic MHC molecules. CD4+ T-helper
cells recognize peptides displayed on MHC class II molecules,
whereas CD8+ cytotoxic T lymphocytes respond to antigenic
peptides presented on MHC class I. APCs thus play a central
role in the activation and control of T-cell immunity. The
unique role of DCs as APCs was already suggested in early
experiments (1). The exact reason why DCs are superior for
priming naive T cells remains to be elucidated. In part, it
might be a result of their strategic positioning and efficiency
in providing necessary costimulatory signals. In addition, the
unique cell biology of DCs ensures efficient antigen preservation and presentation (48, 49). CD8a+ cDCs have a unique
ability to channel exogenous antigens into the MHC class I
presentation pathway for so-called cross-presentation (50,
51). Cross-presentation is of critical importance for immune
defense against intracellular pathogens that do not infect DCs
(52).

APC functions in the thymus
Naive T cells develop in the thymus, a primary lymphoid organ
of which the intricate anatomic microenvironment is of critical
importance for the shaping of the T-cell repertoire. Within the
thymus, T cells undergo sequential processes of positive and
negative selection to ensure that (i) the cells, which eventually
exit to the periphery, recognize peptides in the individual’s
MHC context and (ii) they do not overtly react to self-antigens.
Positive and negative selection events occur in anatomically
defined areas of the thymus. Positive selection takes place in the
cortex on radioresistant cortical thymic epithelial cells (cTECs),
which are essential to developing thymocytes (53). Negative
selection is generally believed to take place in the thymic
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medulla, which comprises radioresistant medullary TEC
(mTEC), as well as radiosensitive hematopoietic cells, most
prominently DCs. The distinct presence of DCs promoting negative selection was recently also observed in the cortex (54).
Thymic DCs include CD11cint plasmacytoid DCs and conventional CD11chi DCs. CD11chi thymic DCs can be divided into
CD8hi Sirpa) and CD8lo Sirpa+ cells (55). CD8hi Sirpa) DCs
derive from intrathymic precursors. In contrast, CD8lo Sirpa+
DCs enter the thymus from the periphery (56), raising the possibility that DCs carrying peripheral antigens contribute to thymic negative selection (57).
Immature T cells are generated in the thymus with an unrestricted repertoire of life-long antigen specificities. Because of
the randomness of the somatic gene segment assembly generating the clonotypic T-cell receptor (TCR)a and TCRb chains,
the primary T-cell repertoire includes cells with strongly selfreactive TCR that can potentially trigger autoimmunity. To
prevent such an outcome, the thymus resorts to several strategies that act in parallel to enforce self-tolerance. The two most
efficient mechanisms to induce and maintain immunologic
central tolerance are the intrathymic deletion of strongly selfreactive thymocytes and the generation of natural regulatory T
(Treg) cells that control autoreactivity in the periphery. A
number of different thymic cell types have been implicated in
mediating these two processes. The function of thymic DCs
and mTECs, in particular in both negative selection and Treg
cell generation, has become the focus of recent studies.
Thymic negative selection of CD8+ T cells is independent of
BM-derived cells. This finding is supported by the analysis of
chimeras in which paternal BM with an MHC mismatch were
transferred into lethally irradiated F1 offspring (58, 59).
Antigen expression and presentation by mTECs were reported
to suffice for the deletion of autoreactive CD8+ T cells (60). In
contrast, studies aimed at determining which cells are responsible for the negative selection and clonal deletion of CD4+
thymocytes have led to conflicting results. The earliest experiments on negative selection of CD4+ T cells exploited endogenous superantigens to induce a high-affinity signal. However,
because of the unique nature of superantigen recognition, this
system may provide a qualitatively different signal from TCR
ligation by self-peptide ⁄ MHC. The subsequent development
of TCR tg mice enabled the study of negative selection in
response to exogenous peptide injection or endogenous highaffinity self-antigens (61). WT thymocytes do not express a
surface TCR until the double positive stage, whereas conventional TCR tg mice express both the TCRa and TCRb chains at
the early double negative stage. As a consequence, negative
selection occurs prematurely in TCR tg mice. This observation

emphasizes the limitations of the available experimental systems in direct study of the negative selection of T cells. In fact,
perhaps the most reliable way to judge the efficiency of central
tolerance is to analyze the periphery for the presence of highaffinity autoreactive T cells that exhibit autoimmunity against
syngeneic APCs (62), although this reactivity could be masked
by peripheral tolerance mechanisms.
Negative selection generally occurs in the thymic medulla.
Indeed, several strains of mice lacking an organized medulla
develop severe autoimmune disease (63–65). Moreover, in
mice expressing MHC class II only on cTEC but not on mTEC
and BM-derived cells, CD4+ T cells were positively but not
negatively selected and exhibited significant autoreactivity to
syngeneic APCs (62). In contrast to the cortex, the medulla is
characterized by an abundance of BM-derived APCs. The differential contribution of mTECs and these BM-derived cells to
the establishment of central tolerance remains debatable. The
mTECs constitutively display MHC class II and costimulatory
molecules. Moreover, they express a unique transcription factor, the autoimmune regulator (AIRE), which drives the ectopic expression of otherwise tissue-restricted antigens. AIRE
was shown to be crucial for the establishment of central tolerance, as AIRE-deficient humans suffer from an autoimmune
dystrophy (APECED) (66) and AIRE-deficient mice develop
autoimmunity (67). However, induction of tolerance toward
AIRE-driven antigens may not necessarily operate through
direct antigen recognition on mTEC but could result from
cross-presentation of mTECs-derived antigens by BM-derived
cells. Indeed, recent data indicate the existence of a unique
constitutive, unidirectional transfer of self-antigens from
mTECs to thymic DCs (68). However, mTEC also play a critical role in negative selection by direct antigen presentation on
MHC class II (69). Moreover, genetic interference with autophagy in mTECs led to defective negative selection of certain
MHC class II-restricted T cells, resulting in an alteration of the
CD4+ T-cell repertoire, whereas CD8+ T cells were not
affected (70).
Experiments with BM chimeras originally identified BMderived cells as being responsible for negative selection of
CD4+ thymocytes (58, 71). Indeed, exclusive expression of
MHC class II on B cells or DCs was found to promote thymic
negative selection of CD4+ T cells (72, 73). In addition, deletion of TCR tg CD4+ thymocytes in response to the ovalbumin
model antigen expressed in mTECs was shown to require antigen presentation by hematopoietic cells (60).
Collectively, these findings show that clonal deletion can
be induced by mTECs and BM-derived cells. Moreover, among
the latter, DCs are considered the main players, given their

81

 2010 John Wiley & Sons A/S • Immunological Reviews 234/2010

102

Bar-On & Jung Æ Defining dendritic cells by cell ablation

prominent role in the T-cell priming process and high level
expression of MHC class II and costimulatory molecules
(CD80 and CD86). However, it is still not clear whether DCs
play a crucial, non-redundant role in the negative selection of
CD4+ T cells and the establishment of CD4+ T-cell tolerance.
If so, constitutive ablation of DCs should result in an aberrant
TCR repertoire and the survival of autoreactive T cells that
proliferate after exposure to self-antigen.
The second major thymic mechanism, which ensures tolerance, is based on TCR-MHC class II interactions that commit
developing CD4+ thymocytes to the Treg cell lineage (74). As
unique roles in this process have been ascribed to thymic DCs,
mTECs, and cTECs, the contribution of distinct MHC class IIexpressing cell types to the differentiation process of Foxp3+
thymocytes remains controversial (75). The absence of MHC
class II on mTEC was reported to result in fewer polyclonal
Treg cells. Furthermore, Klein et al. (76) showed that direct
targeting of antigen to AIRE+ mTECs led to the generation of
specific Treg cells independently of antigen transfer to DCs. In
contrast to mTECs, the absence of MHC class II on BM-derived
DCs did not significantly affect the numbers of Foxp3+ thymocytes (75, 77, 78). Therefore, although DCs are critically
involved in the generation of peripherally induced Treg
(iTreg) cells (79), their role in the induction of ‘natural’ Treg
cells in the thymus remained unclear. Human thymic DCs
were shown to induce Treg cells in vitro (80). Assessment of
the potential of DCs to induce natural Treg cells requires their
study in the in vivo context using mouse models.

Results obtained from DC ablation
Analysis of CD11c-DTA mice revealed that the constitutive
ablation of DCs had no major discernable impact on the CD4+
or the CD8+ T-cell repertoire, which remained similar to that
of the WT littermate controls. This included the numbers of
CD4+ or the CD8+ T cells and their ratio in the periphery. Certain Vb chains, such as Vb5, Vb11, and Vb12, are underrepresented in C57BL ⁄ 6 mice (H2b) because of the presence of
superantigens encoded by endogenous mouse mammary
tumor proviruses (MMTV) (81). The finding that DC-deficient
mice exhibited unchanged Vb distribution suggests that cDC
are dispensable for superantigen-induced T-cell depletion in
the thymus. The introduction of an MHC H2b allele, through
intercross with BALB ⁄ c WT mice, resulted in a comparable
MMTV superantigen-induced reduction of Vb3-positive cells
in cDC-sufficient and cDC-deficient mice, further supporting
this notion. Moreover, use of the OVA ⁄ anti-OVA TCR system
previously reported by Gallegos et al. (60) also resulted in effi-

cient antigen-induced deletion of autoreactive CD4+ T cells.
To directly test for the existence of T-cell autoreactivity in the
absence of cDCs, CD4+ T cells isolated from cDCs-deficient
and -sufficient mice (CD11c:DTA, H2b; WT, H2b) were
exposed to syngeneic (H2b) and allogeneic (H2d) splenocytes.
In both cases, T-cell proliferation was restricted to the H2mismatched stimulator cells, indicating the absence of overt
self-reactivity. Furthermore, we probed for potential autoreactivity in the T-cell compartment by transfer of labeled polyclonal CD4+ and CD8+ T cells from cDC-deficient mice into
WT mice. Analysis of the recipients 10 days after transfer
revealed the presence of both grafted populations at similar
frequencies, although neither of them had undergone substantial proliferation. The results of our study did not provide
any evidence of impaired negative selection and the resulting
overt autoreactivity in the peripheral CD4+ and CD8+ T-cell
compartment of cDCs-less mice.
The second central tolerance mechanism, the induction of
natural Treg cells, was unaffected by the absence of DCs. DCdeficient mice harbored normal numbers and percentages of
functional CD4+ Foxp3+ Treg cells in the thymus (33, 46).
This observation indicates that DCs are dispensable for generation of natural Treg cells.
These findings show that although thymic cDC can clearly
mediate the negative selection of CD4+ thymocytes (23), in
their absence, other thymic cells (including TECs, but potentially also BM-derived cells, such as B cells and PDCs) can perform this task. Our results do not exclude the presence of a
particular MHC-II ‘ligandome’ derived from rare antigens that
might require amplification through cross-presentation by
cDC for efficient negative selection (68). Yet, such autoreactivity is undetectable by conventional means and is likely to
require a special experimental design for its detection. An
additional unique role for DCs in thymic negative selection
might be their ability to transfer peripheral antigens to the
thymus (57). The contribution of this process to the establishment of central tolerance awaits direct experimentation.

APC functions in the periphery
DCs were originally defined by their unrivaled potential to
stimulate naive T cells (1). Indeed, analysis of DC-deficient
animals has largely confirmed this unique function and established that cDC play a critical role in the efficient protective
immune defense against pathogens, including bacteria,
viruses, and parasites (Table 1). However, organs vary in their
requirement for cDCs. It appears to be absolute for the spleen,
although priming in other lymphoid organs and sites can

82

 2010 John Wiley & Sons A/S • Immunological Reviews 234/2010

103

Bar-On & Jung Æ Defining dendritic cells by cell ablation

Table 1. The critical role of dendritic cells (DCs) in the protection against pathogens – results from cell ablation
Pathogen
Viruses
Bacteria
Parasites

cDCs requirement for efficient defense against: lymphocytic choriomeningitis virus (125),
herpes simplex 1 (126), vesicular stomatitis virus (127), influenza (128, 129), respiratory
syncytial virus (128), herpes simplex (83) and murine hepatitis virus (33)
cDCs requirement for defense against: Listeria (32, 130), Mycobacteria (131) and Salmonella (132, 133)
cDCs requirement for response to: Plasmodium (30), Leishmania (134, 135),
Toxoplasma gondii (136) and Nippostrongylus brasiliensis (46)

persist in the absence of cDCs. We thus showed that in lymph
nodes, PDCs could promote CD4+ but not CD8+ T-cell priming in the absence of cDCs (39). Moreover, our recent results
obtained in collaboration with the Shakhar group indicate that
in immune niches of the BM (43) even non-hematopoietic
cells might contribute to T-cell stimulation (Milo I, Sapoznikov A, unpublished observation). Using DC-restricted expression of MHC class II, Laufer et al. (82) established that cDCs
are sufficient to raise Th1 effector cell production that control
protozoan infection. However, the same group showed that
cDCs were not required to elicit a Th1 response in the vagina
(83). cDCs alone could not drive the development of Th2
cells, as the stimulation of effective Th2 immunity requires an
additional MHC-II signal (84). According to recent findings,
this signal appears to be provided by basophils (85).
As noted above, the exact reason for the superiority of DCs
in the T-cell priming process remains unclear but is probably
multi-factorial and in part based on the specific location of
DCs. Strategically positioned at potential pathogen entry sites
of the body, DCs transport pathogen-derived antigens from
the sites of infection to T-cell areas in lymphoid organs. This
directed migration, which depends on induced expression of
the chemokine receptor CCR7 (86, 87), is one of the key features of DCs, distinguishing them from other APCs, including
macrophages.
cDCs seem to be equipped with a particular diverse repertoire of pathogen receptors and provide superior costimulation to the T cells. cDCs are also very efficient in the uptake
and processing of apoptotic cells (88). Indeed, a number of
studies identified DCs that engulf apoptotic tissue cells and
transport them to tissue draining lymph node (LN). The
cross-presentation of cell-associated antigens contributes to
the establishment of peripheral CD8+ T-cell tolerance (25).

Peripheral T-cell homeostasis
Homeostasis of naive CD4+ and CD8+ T cells is critically dependent on MHC expression and the presence of distinct cytokines
(89–91). DCs have been suggested to play a unique role in the
maintenance of the steady-state T-cell repertoire (42, 72, 91).

However, surprisingly, CD11c:DTA mice that constitutively
lack cDCs have a largely unimpaired CD4+ and CD8+ T-cell
compartment, with respect to T-cell numbers and subset distribution. Moreover, T cells that developed and were maintained
in the absence of cDC responded to in vitro stimulation and in vivo
antigen challenge after their transfer into WT mice as efficiently
as T cells isolated from WT mice. However, recent data from
our laboratory suggest that the turnover rate of the CD4+ and
CD8+ T-cell compartment in cDCs-deficient mice is increased
(Birnberg T, Bar-On L unpublished observation).
DCs efficiently support the in vitro generation of CD4+
Foxp3+ Treg cells from peripheral naive T cells, particularly
upon the addition of the inducing cytokine transforming
growth factor-b (TGFb) (79, 92). Furthermore, DCs are most
effective in triggering Treg cell in vitro proliferation (93) and
regulating Treg cell homeostasis in vivo (94). Study of peripheral, induced CD4+ Foxp3+ Tregs (iTreg) is hampered by the
fact that in situ these cells are indistinguishable from natural
Tregs generated in the thymus. The absence of MHC class II
expression on BM-derived cells was reported to result in a significant reduction in Treg cells in the periphery (72). In the
respective mice, thymic Treg cell numbers remained
unchanged, suggesting reduced peripheral Treg cell generation or impaired homeostatic proliferation. Emerging evidence supports a direct correlation between DC numbers and
the proliferation rate of peripheral Treg cells. Thus, Flt3L
treatment, which results in the expansion of the in vivo cDC
compartment (95), leads to a concomitant increase in peripheral Treg cells (96, 97).
Mice lacking cDCs exhibit normal numbers and percentages
of thymic Foxp3+ Treg cells (33, 46). Furthermore, the
peripheral Treg cell compartment appeared to be unimpaired
in size and function, when isolated and subjected to a characteristic functional in vitro assay measuring the suppression of
CD4+ T-responder cell proliferation (33). However, we
recently observed that mice, which constitutively lack cDCs,
exhibit a significant reduction in Treg cells in their blood
circulation (Bar-On L, unpublished observation). This finding warrants more detailed studies into the turnover rate
and homeostatic proliferation of peripheral Treg cells in
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cDCs-deficient mice. In this respect, it is interesting that the
conditional ablation of DC results in the concomitant loss of
Treg cells, accompanied by the accumulation of T cells producing pro-inflammatory cytokines (97). These data support
the notion mentioned above of a link between the sizes of the
DC and peripheral Treg cell compartment, although cDCs do
not appear to be absolutely required for the generation and
maintenance of functional Treg cells in the periphery (33).

Peripheral tolerance
DCs that are activated or matured by Toll-like receptor ligands,
CD40 ligation, Fc receptor signaling, or inflammatory cytokines trigger protective T-cell immunity (98). However, in
the steady-state peripheral antigen presentation by DCs results
in tolerance through T-cell deletion, induction of anergy, or
expansion of antigen-specific Treg cells (20, 26, 99). Interestingly, the constitutive ablation of cDCs results in a complexgeneralized lymphoproliferative and myeloproliferative
syndrome with certain features of autoimmune disease,
including increased numbers of granulocytes and inflammatory mediators (33, 46).
A major fraction of the CD11c-DTA mice generated by
Voehringer et al. (45) die by the age of 2 months, which led
the authors to conclude that mice which constitutively lack
cDCs develop spontaneous fatal autoimmunity. Ohnmacht
et al. (46), however, do not provide evidence for self-antigenspecific T-cell reactivity. Furthermore, the reported tissuereactivity of auto-antibodies could be a result of a general
hyper-immunoglobulinemia (see below) rather than a breakage of tolerance in CD11c-DTA mice. The exact reason for the
lethality of the CD11c-DTA mice remains unclear. The pronounced intestinal inflammatory cell infiltrates of the Munich
CD11c-DTA mice, in both the small and large intestine as well
as the mesenteric LN, suggests a gut flora-driven innate
immune process. In fact, we predict that the autoimmune-like
features observed by Ohnmacht et al. (46) and the severe
lethality of their CD11c-DTA mice are preventable by antibiotic treatment.
CD11c-DTA on inbred C57BL ⁄ 6 background housed in the
special pathogen facility of the Weizmann Institute show no
significant increase of mortality over their WT littermates
(33). However, with time the mice develop a myeloproliferative disorder (MPD). As mentioned above, we failed to obtain
experimental evidence for T-cell autoreactivity in CD11c-DTA
mice. We therefore consider the CD11c-DTA mouse phenotype a result of a general imbalance of the immune system
triggered by innate immune mechanisms potentially related to

the myeloproliferation. Our conclusion is based on the
reported phenotypes of mice that display a severe myeloid
hyperproliferation, in particular mice deficient for IRF-8 (also
known as IFN consensus sequence binding protein) (100).
Like the CD11c-DTA mice (46; Birnberg T, Bar-On L, unpublished observation), Irf-8-deficient mice also develop increased
serum Ig titers. In the absence of detectable T-cell autoreactivity, we interpret the CD62LloCD44hi ‘memory’ phenotype of
CD11c-DTA T cells as a consequence of changes in the T-cell
homeostasis (101).
The controversy over the phenotype of mice that constitutively lack cDC raises an interesting issue and should spur a
general re-evaluation our current classification of the spontaneous immune disorders observed in mouse models. Notably,
in the clinic, many human diseases, previously labeled ‘autoimmune’ are gradually redefined because of the lack of MHC
and autoantibody associations. According to a suggested
refined nomenclature (102), autoimmunity should be seen as
a result of aberrant B- and T-cell responses in primary and secondary lymphoid organs breaking tolerance, with development of immune reactivity toward native self-antigens.
Adaptive immune responses play a predominant role in these
diseases. In contrast, self-directed inflammation, in which local
factors at predisposed sites lead to activation of innate immune
cells, such as macrophages and neutrophils, resulting in target
tissue damage, are considered autoinflammation. Examples of
the latter are the disturbed homeostasis of canonical cytokine
cascades (as in periodic fevers) (103) and aberrant bacterial
sensing or barrier functions (as in Crohn’s disease), which predispose to site-specific inflammation independent of adaptive
immune responses. Discrimination of autoinflammation and
autoimmunity has important implications in the choice of the
appropriate therapeutic strategies, such as anti-lymphocyte or
anti-cytokine treatment. However, we believe it could also
advance our understanding of animal disease models and make
their use in preclinical studies more beneficial.
DC functions beyond APCs
B-cell activation and maintenance
DCs have been implied in antigen delivery and presentation to
B cells. Thus, not all antigens that are ingested by DCs are processed into peptides, and a fraction can be regurgitated in its
native form (104, 105). Bergtold et al. (106) proposed that
mature DCs retain the antigen in its native state via the FcRIIB
receptor and that efficient T-independent type 2 responses
require immune complexes presented by cDCs. Accordingly,
extrafollicular antigen-specific B-DC interactions could be

84

 2010 John Wiley & Sons A/S • Immunological Reviews 234/2010

105

Bar-On & Jung Æ Defining dendritic cells by cell ablation

visualized by intravital microscopy (107). Finally, circulating
CD11clo DCs were shown to capture blood-borne T-independent type 2 antigens and to provide critical survival signals to
antigen-specific marginal zone B cells, promoting their differentiation into IgM-secreting plasma blasts (108). Using in vivo
cDCs ablation, we showed that plasma cell differentiation in
T-independent type 2 immune responses is independent of
cDCs (38).
Murine BM harbors dedicated immune niches characterized
by perivascular DC clusters and recirculating B and T cells
(43). This microenvironment can act in conjunction with the
splenic marginal zone in the immune defense against bloodborne pathogens. The DCs in these BM niches (bmDCs) are
related to cDCs, as adoptive precursor transfer experiments
established that they are derived from MDPs via a non-monocytic intermediate, presumably pre-cDCs (Sapoznikov A,
unpublished observation). Surprisingly, DTx-induced ablation
of bmDCs in CD11c-DTR tg mice led to a specific loss of
mature recirculating B cells from the BM, whereas B-cell precursors and BM-resident T cells remained unaffected. Adoptive
transfer of bcl2 tg B cells subsequently established that the
bmDC were not required for B-cell homing to the BM but
apparently provided a unique survival factor. A mixed chimera
approach identified this factor as macrophage migration
inhibitory factor, which is known to control mature B-cell
and tumor cell survival through triggering of the CD74–CD44
receptor complex (109). These experiments revealed a novel,
previously unappreciated role of DCs in lymphocyte homeostasis that is independent of their APC function.
NK cell activation
NK cells are important effector cells in the control of viral
infections. Mice deficient in interleukin (IL)-15 or IL-15R
were shown to lack peripheral NK cells (110, 111). Indeed,
in vitro studies suggested that DCs trans-present IL-15 on the
high-affinity IL-15R to mediate NK activation (112). In vivo
ablation of cDCs confirmed that NK cell responses to viral and
bacterial pathogens depend on the presence of cDCs (40). In
these experiments, activated cDCs produced and trans-presented IL-15 in vivo, a signal necessary and sufficient for NK
cell priming. Moreover, cDCs-derived IL-15 also appears to be
important for the homeostatic proliferation of NK cells (113).
DCs control of myeloid homeostasis
The Fms-like tyrosine kinase 3 (Flt3) receptor is expressed by
immediate cDC precursors (114, 115) and peripheral cDCs
(116). Its corresponding ligand has been identified as a critical

factor in the control of DC development (95, 117) and
peripheral cDC maintenance (118). Flt3 is also expressed in
hematopoietic stem or progenitor cells. Mice that constitutively lack cDCs and also mice in which cDCs are conditionally
ablated for extended periods of time develop a MPD. This
MPD is not cell-autonomous, does not progress to malignancy, but develops as a direct response of the organism to
the lack of cDCs. The absence of cDCs thus triggers a feedback
loop resulting in systemic myeloid expansion. Serum analysis
of such mice revealed a marked elevation in the growth factor
Flt3 ligand. Activating Flt3 mutations are frequently involved
in human myeloid leukemia (119). Moreover, the constitutive
activity of endogenous Flt3 through an activating knockin
mutation was recently shown to cause MPD (120, 121).
Finally, an experimentally induced increase in Flt3-ligand
concentration causes a disorder similar to the one observed in
CD11c:DTA mice (122). Thus, elevated serum levels of Flt3
ligand may provide an explanation for the MPD observed in
CD11c:DTA mice. The unique role of the Flt3 ligand in the
feedback loop is supported by the finding that we failed to
detect augmented serum titers of other candidate growth factors and cytokines, such as M-CSF, GM-CSF, and TNFa. Several mutually non-exclusive scenarios may account for the
increased Flt3-ligand level in the absence of DCs. First, cDC
(along with the less numerous PDCs) are the only mature
peripheral hematopoietic cells expressing Flt3 (123) and
therefore might serve as a major constitutive ‘ligand sink’, as
has been described for platelets in TPO control (124). Alternatively, cDC might provide a secreted or membrane-bound signal that regulates Flt3-ligand production by stromal cells or
lymphocytes. In the absence of such a DC-mediated feedback,
Flt3-ligand production would be increased, ultimately resulting in MPD. Future elucidation of the molecular mechanism
linking cDC loss to the MPD might provide critical insights
into the etiology of MPD and facilitate develop novel strategies
for therapeutic interventions in chronic non-malignant myeloid disorders.

Contribution of DC to tissue remodeling
Implantation is a key stage during pregnancy, as the fate
of the embryo is often determined upon its first contact
with the maternal endometrium. Around this time, DCs
accumulate in the uterus. Ablation of these uterine DCs
(uDCs) during the implantation window resulted in a
severe impairment of the implantation process, leading to
embryo resorption (41). uDCs depletion also caused
embryo resorption in syngeneic and T-cell-deficient preg-
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nancies, arguing against a failure to establish immunologic
tolerance during implantation in the absence of uDCs.
Moreover, even in the absence of embryos, experimentally
induced deciduae failed to form adequately. The implantation failure was associated with impaired decidual proliferation and differentiation. Dynamic contrast-enhanced

magnetic resonance imaging revealed perturbed angiogenesis characterized by reduced vascular expansion and attenuated maturation. Subsequent analysis established that uDCs
directly fine-tune decidual angiogenesis by providing two
critical factors that synergistically promote coordinated vascular expansion and maturation: sFlt1 and TGF-b1 (41).
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Chapter 28
Defining In Vivo Dendritic Cell Functions Using CD11c-DTR
Transgenic Mice
Liat Bar-On and Steffen Jung
Abstract
The study of dendritic cell involvement in complex phenomena that rely on multi-cellular interactions,
such as immune homeostasis, stimulation, and tolerization, called for the investigation of dendritic cell
functions within physiological context. To this end we have developed a conditional cell ablation strategy that is based on dendritic cell-restricted expression of a Diphtheria Toxin receptor (DTR) using
the CD11c/Itgax promoter. Here, we provide basic protocols that describe the use of this prototypic
dendritic cell ablation model and highlight pitfalls and strengths of the approach.
Key words: Dendritic cells, Diphtheria Toxin, cell ablation.

1. Introduction
Much of our knowledge about DC biology is based on observations made with in vitro generated DCs and these systems
continue to provide exciting insights into the unique cell biology of DCs (1–3). In parallel intra-vital imaging approaches
(4) and genetic strategies (5–7) have been developed to study
DC involvement in complex multi-parameter-driven physiological processes, such as immune responses, the establishment of
self-tolerance or its failure resulting in autoimmunity, as well as
other hitherto unappreciated processes (8, 9). A major challenge,
when moving into the intact organism is the fact that DCs have
to be identified in the context of other cells. Furthermore, the in
vivo DC compartment itself is characterized by considerable heterogeneity. In the past, DC definitions and classification schemes
S.H. Naik (ed.), Dendritic Cell Protocols, Methods in Molecular Biology 595,
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were largely based on phenotypic features, like the expression of
surface markers, such as CD8␣, and anatomic location in lymphoid and non-lymphoid organs. More recently, major advances
in our understanding of DC in vivo differentiation pathways have
led to DC genealogy tree charts based on distinct origins (10,
11). However, arguably the ultimate evidence to categorize a certain cell type within the DC family and define DC subsets derives
from function-based definitions. Accordingly, the classical experiments of Steinmann et al. defined DCs as “potent stimulators of
the primary leukocyte reaction” (12) and ever since their superior
ability to act as APC in the priming of naı̈ve T cells has remained
the best criterion to distinguish DCs from close relatives, such
as macrophages. To achieve a similar function-based DC definition in physiological context we generated a transgenic mouse
model that allows the conditional DC ablation in the intact organism. These CD11c-DTR mice harbor a human Diphtheria Toxin
(DTx) receptor (DTR) transgene under the CD11c (Itgax) promoter (5).
Cytotoxicity of the Corynebacterium diphtheriae-derived heterodimeric Diphtheria Toxin (DTx) is strictly dependent on
receptor-mediated endocytosis by a cellular DTx receptor (DTR),
the heparin-binding EGF-like growth factor (hbEGF) (13)
(Fig. 28.1A). The critical need of this host component for toxicity is highlighted by the fact that murine cells, which harbor an
hbEGF polymorphism that impairs DTx binding, are insensitive
to killing by the toxin (14). Moreover, mere transgenic expression
of a primate hbEGF with high affinity for DTx renders naturally
DTx-resistant mouse cells DTx-sensitive (5, 15). The cell surface

Fig. 28.1. (A) Scheme illustrating the obligatory receptor-mediated Diphtheria Toxin (DTx) uptake in cells expressing a
high-affinity DTR (heparin-binding EGF-like growth factor (hbEGF). Endosomal release of the DT A subunit blocks protein
synthesis. (B) Schematic illustration of the CD11c-DTR transgene with the DTR–GFP cassette inserted as an EcoR1
fragment into a rabbit ␤-globin gene fragment providing the cDNA with an intron and a polyadenylation signal (see
Ref. (17)). (C) Sequence of the DTR–GFP cassette, indicating the location of the PCR primers used for the identification of
CD11c-DTR transgenic mice (see Note 1). Bold amino acid sequence: Human hbEGF gene/ DTR (Gene bank accession no.
NM 001945 (grey boxed); GFP gene. . Bold nucleotide sequence – EcoR1 restriction sites, framed nucleotide sequence,
location of PCR primers.
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DTR binds the B subunit of DTx and promotes DTx endocytosis. Upon entry into the cytoplasm, the DTx-A subunit catalyzes
an inactivating ADP-ribosylation of elongation factor 2 resulting
in termination of protein synthesis and apoptotic death of the target cell within hours. A single molecule of active DTx-A in the
cytoplasm is sufficient to kill a eukaryotic cell (16) making DTxmediated cell ablation very sensitive and efficient.
CD11c-DTR mice harbor a gene that encodes the human
DTx receptor as a GFP fusion under the control of the
CD11c/Itgax promoter (Fig. 28.1B, C). DTx injection of
CD11c-DTR mice results in the rapid ablation of DTR–GFP+
cells (Fig. 28.2). The ␣x subunit of the ␤ integrin CD11c
is expressed on all DCs and the CD11c promoter has been
exploited by various researchers to target transgenes to the DC
compartment (4, 17). Notably, however, while the 5.5-kbp
promoter fragment of the Itgax gene had been considered to
be DC-specific (17), closer evaluation of the CD11c-DTR
transgenic mice revealed additional activity in defined

Fig. 28.2. In vivo depletion of CD11chigh cells in CD11c-DTR transgenic mice. Flow cytometric analysis of untreated
controls and CD11c-DTR transgenic C57BL/6 mice 1 day after injection of DTx (4 ng/body weight). Colon, lung, and
BAL cells were analyzed for CD11c and CD11b expression. Spleen and BM cells were analyzed for CD11c and MHC-II
expression. Numbers indicate percentage of gated cells from total cells. Immunohistochemistry of popliteal LNs from
untreated controls and CD11c-DTR transgenic C57BL/6 mice 1 day after footpad injection of 20 ng DTx. Sections are
stained with anti-GFP antibody (brown) (Reproduced with permission from Ref. (23)).
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Table 28.1
Toxin sensitivity of mononuclear phagocytes in CD11c-DTR mice∗
Organ

DTx-sensitive

DTx-resistant

Spleen

Conventional DC (cDC)
(incl. CD4+ , CD8+ , and DN cDC)
Metallophilic M
Marginal zone M

Plasmacytoid DC (80%)
Monocyte-derived CD11cint DC
Red pulp M

BM

F4/80+ bmDC

Perivascular M

+

+

Lung

CD11c CD11b DC
CD11c+ alveolar M

Intestinal lamina propria

CD11chigh CD11b+ DC
CD11chigh CD11b− DC

Skin

CD11c− CD11b+ M
Langerhans cells

∗ Note

that in addition to the above-mentioned DC and macrophage populations, the 5.5-kbp CD11c promoter
fragment is also transcribed in activated T cell, NK cell subsets, and plasmablasts.

Fig. 28.3. DTx resistance of CD11c-expressing non-cDC in CD11c-DTR transgenic mice. (A) GFP expression profiles
of splenic CD11chigh conventional DC and PDC isolated from CD11c-DTR tg mice that were untreated or treated with
DTx. cDCs are gated as CD11chigh , mPDCA-1neg cells; PDCs are defined as CD11cint mPDCA-1pos cells. Note that the
CD11cint PDC population is split into a DTR–GFP+ DTx-sensitive and DTR–GFP− DTx-resistant subsets (reproduced with
permission from Ref. (23)). (B) Flow cytometric analysis of uterine tissue from CD11c-DTR tg mice that were untreated
or treated with DTx. Uterine DCs were gated as CD11chigh cells, uNK cells were defined by the expression of the pan-NK
marker, NK1.1. Note that uNK are homogeneous CD11cint , but only a fraction of them expresses the DTR–GFP transgene
and is hence DTx-sensitive (9).
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macrophage populations, such as alveolar macrophages (18, 19),
as well as splenic marginal zone and metallophilic macrophages
(20) (see Table 28.1). Moreover, the Itgax promoter is also active
in a subset of activated T cells (21), NK cells, and plasmablast
(22). On the other hand, the specific Itgax promoter fragment
used for the generation of the CD11c-DTR transgenic mice (5)
seems to lack control elements required for expression in all cells
that express CD11c. Thus, the DNA fragment is inactive in some
cells, which transcribe their endogenous Itgax alleles, including monocyte-derived splenic CD11cint cells (10), CD11cint
PDCs (23), and most NK cells (9, 24) (Fig. 28.3A, B).
Collectively, these observations highlight the fact that when
investigating DC functions with the CD11c-DTR mice, one
should perform a thorough analysis of the cell types that are
targeted in a given tissue. This can be readily achieved through
flow cytometric or histological analysis of the expression pattern
of the DTR–GFP fusion protein (Fig. 28.2). CD11c-DTR mice
have become a popular addition to our toolbox to study in vivo
DC function (for a recent summary see Ref. (25)). Below we
provide basic protocols that outline the use of the CD11c-DTR
system highlighting the strengths and limitations of the model.

2. Materials
2.1. Animals

Our approaches involve the use of the following mouse strains (see
Note 1).
1. CD11c-DTR
transgenic
mice
(B6.FVB-Tg(ItgaxDTR/GFP)57Lan/J, Jackson laboratory, stock # 004509)
that carry a human Diphtheria Toxin receptor (DTR)–
GFP transgene under control of the murine CD11c
promoter (5).
2. OT-I TCR transgenic mice (C57BL/6) harboring OVAspecific CD8+ T cells that recognize the OVA peptide SIINFEKL in H2b context (26).
3. OT-II TCR transgenic mice (C57BL/6) harboring OVAspecific CD4+ T cells that recognize the OVA323–339 epitope
in I-Ab context (27).

2.2. Media

1. Diphtheria Toxin (DTx; Sigma), 1 mg/ml in PBS, stored
in 10 l single-use aliquots at −80◦ C. Aliquots are diluted
in PBS prior to use.
2. Collagenase D (Roche, Germany), 200 mg/ml in PBS,
stored in 20 l (4 mg) single-use aliquots at −20◦ C.
Aliquots are diluted in PBS with Ca+2 and Mg+2 (PBS+/+ )
prior to use, to achieve 1 mg/ml working solution.
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3. Collagenase type VIII (digestion of intestinal tissue),
1.5 mg/ml in PBS+/+ (Sigma Aldrich, Germany).
4. Pre-digestion solution: HBSS, 2 mM EDTA, 1 mM DTT,
5% FBS.
5. Uterine digestion buffer, collagenase type IV 1 mg/ml
(Sigma), 0.2 mg/ml DNase (Roche), 1 mg/ml bovine
serum albumin (Sigma) in PBS+/+ .
6. ACK buffer, 0.15 M NH4 C, 0.01 M KHCO3 , 8 g of
NH4 Cl/1 g of KHCO3 (Merck, Germany)/1 l DDW.
Stored in 50-ml aliquots at −20◦ C.
7. 1 mM DTT (Sigma Aldrich, Germany), 0.1543 mg
DTT/ml in PBS without Ca+2 and Mg+2 (PBS−/− )
8. FACS buffer, 1% fetal bovine serum (FBS), 2 mM
Na2 EDTA (Merck, Darmstadt, Germany), 0.05% sodiumazide (Merck, Darmstadt, Germany). Fluorochromeconjugated antibodies used include CD11c-APC or
CD11c-PE (eBioscience, clone N418), MHCII-PE (eBioscience, clone M5/114.15.2), mPDCA (eBioscience, clone
eBio927), and CD11b-APC (eBioscience, clone M1/70),
stored at 4◦ C. Dilutions are performed in FACS buffer.
9. FACS-blocking reagent: anti-mouse CD16/32-FC (Fc)
block (eBioscience, clone 93) or goat IgG (Sigma Aldrich,
Israel), stored at 4◦ C.
10. Magnetic cell sorting (MACS) buffer, 1% fetal bovine
serum, 2 mM Na2 EDTA (no azide!) (5 ml of 100 mM
EDTA is added to 10 ml of FBS, incubated for 10 min at
RT, and then added to 500 ml of PBS without Ca++ and
Mg++ (PBS−/− ), sterile filtered and degassed.
11. Magnetic cell sorting (MACS) instruments and reagents
(Miltenyi Biotec, GmbH, Germany): MiniMACS separator, MS columns, and CD4 microbeads, which should be
stored at 4◦ C and protected from light are used according
to the manufacturer’s protocols.

3. Methods
Conditional ablation of CD11chigh DCs is achieved using a Diphtheria Toxin (DTx)-based cell ablation strategy (5). After entry
into the cytoplasm the Diphtheria Toxin A subunit inactivates
elongation factor 2 by catalyzing its ADP-ribosylation. The resulting blockade of protein synthesis triggers programmed cell death,
with dying cells silently removed by neighboring macrophages.
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1. For systemic short-term depletion of CD11chigh DCs, mice
are injected once intra-peritoneally (i.p.) with 4 ng/g body
weight DTx (5).
2. Eight hours after i.p. injection, toxin-induced depletion of
CD11chigh DCs is detected in the spleen, intestine, BM, and
LNs (Fig. 28.1). cDC depletion persists for 2 days, after
which cDC numbers are gradually restored (5).
3. Notably, other cells except DCs, which make use of the Itgax
promoter are deleted in CD11c-DTR transgenic mice upon
administration of DTx (Table 28.1). These include alveolar macrophages (18, 19), splenic metallophilic and marginal
zone macrophages (20, 22), activated CD8+ T cells (unpublished observation), a subset of PDCs (23), and a subset of
uterine NK cells (9). Cells which are sensitive to DTx can
be detected by flow cytometric or histological analysis for
expression of the DTR–GFP (Fig. 28.2).
4. On the other hand, the 5.5-kbp Itgax promoter fragment
(17) is not active in all CD11c-expressing cells, including monocyte-derived splenic CD11cint cells (10), CD11cint
PDCs (23), and most NK cells (9, 24), which transcribe
their endogenous Itgax alleles, but are resistant to DTx (Fig.
28.2; Table 28.1).
5. Notably, CD11c-DTR mice as such do not allow for prolonged DC ablation due to the fact that repetitive DTx application results in adverse side effects (28, 29). If the experimental set up allows, this problem can be overcome by use
of mixed bone marrow (BM) chimeras generated by reconstitution of lethally irradiated wild-type mice with CD11cDTR tg BM (28, 29) (see Section 3.2). An alternative way
to circumvent DTx-induced lethality is the development of
protocols that aim at local ablation by restricted toxin delivery, as exemplified by the ablation of alveolar macrophages
through intra-tracheal installation of DTx (18, 19) and the
ablation of DC from skin-draining LNs (23).

3.2. Conditional
Long-Term Ablation
of CD11chigh DC

1. In contrast to CD11c-DTR transgenic mice, syngeneic
[DTR > wt] BM chimeras, generated by reconstitution
of lethally irradiated wt-recipient mice with CD11c-DTR
BM, can be treated with DTx for prolonged periods of
time without adverse side effects (28, 29). Moreover, the
generation of mixed BM chimeras with wt, mutant, and
CD11c-DTR transgenic BM can be a powerful means to
investigate molecular contributions of DCs (as exemplified
in Ref. (8)).
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2. BM chimera generation: C57BL/6 WT mice are exposed to
a single-lethal total body irradiation of 950 rad, followed by
intra-venous (i.v.) transfer (see Note 2) of 5 × 106 CD11cDTR transgenic BM cells one day after. Mice are allowed to
rest for 8 weeks before use (see Note 3).
3. For systemic long-term DC depletion [DTR > wt] BM
chimeras are injected every other day i.p. with DTx (8 ng/g
body weight).
3.3. Analysis of
Depletion Efficiency
by FACS

1. Tissues to be examined are isolated, single-cell suspensions
are prepared (see Sections 3.3.1 and 3.3.2) and stained with
fluorochrome-conjugated monoclonal antibodies (see Notes
4 and 5).
2. Prior to the staining, cells are incubated with a 1:100 dilution of goat IgG or FC block, for 15 min on ice to block Fc
receptors (staining volume ∼10 l/106 cells).
3. Cells are then stained for cell-specific markers. We routinely
add a 2X concentrated mix of fluorochrome-conjugated
CD11c and MHCII or CD11b antibodies and keep the cells
for 15 min on ice (final staining volume ∼ 20 l/106 cells).
All dilutions are performed in FACS buffer.
4. Following staining, cells are washed with FACS buffer
(∼50X staining volume) and centrifuged at 1,200 rpm for
7 min at 4◦ C.
5. Cells are resuspended in FACS buffer and analyzed by multicolor flow cytometry on an FACS Calibur cytometer (BD
Biosciences) using CellQuest Pro software (BD Biosciences)
(Fig. 28.1).

3.3.1. Lymphoid Organs
(Spleen, LN, BM,
Thymus)

1. Mice are sacrificed and the spleen, LNs, BM, and thymus are
removed and placed in PBS on ice.
2. The efficient isolation of DCs requires, as opposed to
lymphocytes, prior digestion of the tissues with matrixdegrading proteases. To this end the spleen and thymus are
injected with 1 ml of collagenase D (1 mg/ml in PBS+/+ )
using a 28-ga 1/2 in needle and incubated for 45 min at
37◦ C. LNs were mechanically disrupted into 300 l of the
same collagenase D solution for 45 min at 37◦ C. Collagenase digestion is not required for isolation of BM cells. For
BM cells isolation protocol see Note 6.
3. Following collagenase D digest, spleen, thymus, and LNs
are minced and transferred via passage of an 80-m mesh
strainer into a 15-ml tube.
4. The cell suspension is then washed with 10 ml of PBS−/−
and centrifuged at 1,200 rpm, 4◦ C, for 7 min.
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5. Erythrocytes in the spleen and BM cell suspensions are
lysed by incubation with 1 ml of hypotonic ACK buffer for
2 min at room temperature (RT). Lysis is stopped by dilution of the ACK buffer with PBS−/− (tenfold volume at
least). The suspension is then centrifuged and the pellet is
washed.
3.3.2. Analysis of
Uterine Dendritic Cells

1. Uterine horn are minced into fragments of 1 mm3 and
digested for 35 min at 37◦ C using uterine digestion buffer.
Then, tissues are passed through a mesh and washed in
PBS (9).

3.3.3. Analysis of
Intestinal Lamina Propria
Dendritic Cells

1. Mice are sacrificed and the intestines are isolated. By choosing proximal, central, or distal portions of the intestine the
analysis can be focused on the duodenum, jejunum, ileum,
and colon, respectively.
2. Mesenteric tissue (lymph nodes) and fat are removed.
3. The intestine is flushed with PBS−/− to remove all its fecal
content.
4. The intestine is opened longitudinally and cut into 0.5-cm
pieces.
5. The pieces are incubated in pre-digestion solution for 20 min
at 37◦ C. Incubation is repeated once more, using a fresh
solution and a new 50-ml tube. This incubation removes the
epithelial cell layer (30).
6. The pieces are incubated for 20 min in 5 ml of digestion
solution. This stage is performed at 37◦ C under rotation
(250 rpm) in a thermal incubator.
7. After incubation the cell solution is being vortexed intensively for 30 s and passed through an 80-m mesh strainer
into a 15-ml tube. The dish is washed with PBS−/− in order
to collect all released cells.
8. The cells are centrifuged at 1,200 rpm, 10 min, 4◦ C.

3.3.4. Analysis of
Dendritic Cells in the
Broncho-Alveolar Space
and the Lung
Parenchyma

1. Mice are sacrificed, their abdomen is opened and the main
artery is cut to allow a maximum blood volume to exit the
circulation (see Note 7).
2. The mouse head is fixed on a Styrofoam board and the
neck-skin and salivary glands are removed to expose the
trachea.
3. The thin tissue layer covering the trachea is carefully
removed using watch-maker forceps and scissors. The trachea rings are now exposed.
4. A 20-cm long sewing thread is placed beneath the trachea and tied around it in proximity to the mouse head.
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Holding the string will allow to stretch the trachea for the
next stages.
5. Using fine scissors a small hole is cut in the upper side of
the trachea, next to, but below, the string.
6. A blunted (cut) 21-ga butterfly needle is inserted into the
hole in trachea, and a 3-ml syringe, filled with 1.5 ml of
PBS−/− , is attached to the needle.
7. A volume of 1 ml PBS−/− is slowly inserted into the mouse
trachea through the infusion needle, resulting in the filling
of the lungs with liquid.
8. The broncho-alveolar lavage (BAL) containing the cells is
slowly withdrawn by pulling the syringe plunger.
9. The syringe is then removed from the infusion needle tube
and the BAL is transferred into a 15-ml tube.
10. Steps 7–9 should be repeated three times.
11. The isolation procedure for DCs from the lung
parenchyma is similar to the procedure for the splenic DCs,
except that the lung tissue is injected with 1 ml of collagenase D solution (4 mg/ml in PBS+/+ ).

3.4. Functional
Assays for Absence
of Conventional DC
3.4.1. Mixed Leukocyte
Reaction (MLR)

To obtain a functional confirmation for the absence of cDCs upon
DTx treatment, cell suspensions of different tissues from DTxtreated CD11c-DTR mice can be tested for their ability to stimulate a mixed leukocyte reaction (MLR), as compared to untreated
controls (5).
1. Stimulator cells are isolated from spleens, LNs, thymi,
and BM of DTx-treated and non-treated CD11c-DTR
transgenic C57BL/6 mice (H2b ) after collagenase
digestion.
2. Responder CD4+ T cells are enriched from spleens of
BALB/c mice (H2d ) by positive selection with anti-CD4
microbeads according to the manufacturer’s protocol (see
Notes 8 and 9).
3. 5 × 105 stimulator cells are irradiated (2,500 rad) and cultured with MHC-mismatched 1 × 105 responder CD4+
T cells (f.i. BALB/c). Cultures are pulsed after 72 h with
1 Ci of [H3 ]. Thymidine incorporation is measured 16 h
later.

3.4.2. Priming of
Antigen-Specific T Cells

1. Ovalbumin (OVA)-specific TCR transgenic CD8+ and
CD4+ T cells are isolated from spleens and LNs of OT-I and
OT-II mice, respectively (26, 27), enriched by MACS cell
sorting with anti-CD8 or anti-CD4 antibodies according to
the manufacturer’s protocol.
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2. Donor mice should carry an allotypic marker, such as
CD45.1 that will allow detection of the transferred cells in
the recipient mice. Before transfer, the T cells are labeled
with the intra-cellular dye CFSE, which allows the monitoring of in vivo proliferation (31). 2 × 106 T cells are cotransferred into WT and CD11c-DTR transgenic C57BL/6
mice. The grafted mice are treated with DTx and, 8 h later,
immunized by i.v. injection of soluble OVA (10 g) or OVAloaded splenocytes (32).
3. Four days after immunization, the mice are sacrificed,
spleens are isolated and analyzed for the proliferation status
of the T-cell grafts (23).

4. Notes
1. All mice are maintained under specific pathogen-free
(SPF) conditions and handled under institutional protocols according to international guidelines. CD11cDTR transgenic mice are generally used as heterozygotes. Note that homozygote CD11c-DTR transgenic
mice are more sensitive to DTx. Offspring of intercrosses of heterozygote CD11c-DTR mice with WT mice
is screened by PCR on tail DNA using the following primers: DTR1, 5 -GCCACCATGAAGCTGCTGCCG3 ; DTR2, 5 -CGGGTGGGAATTAGTCATGCC-3 (Fig.
28.1C). PCR protocol: 94◦ C 4 min [35 cycles: 30 s 95◦ C,
1 min 58.5◦ C, 30 s 72◦ C], 15 s 72◦ C, hold at 4◦ C yielding
a product of 625 bp. Tail DNA is prepared as follows: Tails
are lysed in eppendorf tube in 500 l lysis buffer (100 mM
Tris–HCL pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl,
100 g/ ml Proteinase K) by agitated overnight incubation at 55◦ C; samples are spun at 13,000 rpm for 10 min
to obtain firm pellet; supernatant is removed and transferred
to fresh eppendorf tube and supplemented with 500 l isopropanol; samples are mixed until viscosity is gone; DNA is
recovered as aggregated precipitate (using pipette tips) and
transferred to a tube containing 400 l of TE; samples are
incubated at 37 or 55◦ C, until fully dissolved.
2. Following their isolation, BM cells are resuspended in 200 l
of PBS−/− . Recipient mice are moderately heated with an
infra-red lamp in order to promote vasodilatation to ease tail
vein injection. Cells are injected into recipient mice via the
tail vein. Volumes lower than 200 l can also be injected.
3. Irradiated mice receive transiently (for 1 week) an antibiotic (Ciproxin 0.2%) in their drinking water (20 g/ml) to
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prevent bacterial infections during the period of immunodeficiency (the water bottle should be either dark or
covered with aluminum foil to protect the light-sensitive
drug).
4. Antibodies are used according to the manufacturer’s protocols. All antibodies should be tested and titrated in advance
to determine the best staining conditions, before analysis of
samples from recipient mice.
5. The suggested total staining volume is 20 l for up to
2 ×106 cells, 50 l for 5×106 cells. A staining time of
10–15 min on ice is usually sufficient.
6. Femura and tibiae are isolated from donor mice and bone
surface is exposed by removing the surrounding soft tissue.
Bone is opened at both ends and using a 27-ga fitted to
a 1-ml syringe filled with 1 ml of cold PBS−/− , the marrow is flushed out of the bone cavity into a 15 ml tube.
This step is repeated several times until the bone is empty
and becomes white. BM cells are then gently resuspended
using 21G1 3-ml syringe until the suspension is homogenous. Cells are washed with 10 ml of PBS−/− by centrifugation at 1,200 rpm at 4◦ C for 7 min.
7. Blood is absorbed using Kim wipes, in order to prevent
blood contamination of BAL fluid at later stages.
8. When working with less than 107 cells, use the indicated
volumes. When working with higher cell numbers, scale up
all of the reagents and total volumes, accordingly.
9. To increase the purity of the magnetically labeled fraction, it
can be re-passed over a freshly prepared column.
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Abstract
Inflammatory Bowel Diseases (IBDs) including Crohn’s disease and Ulcerative colitis
represent a major challenge to clinicians and immunologists trying to understand why in
certain individuals the peaceful coexistence of the commensal microflora and its host
breaks down and results in chronic inflammation. Here we summarize the recent
progress in our understanding of the organization of the intestinal mononuclear
phagocytes with dendritic cells and macrophages of distinct phenotype, origin and
function. Finally, we discuss potential strategies to translate the recent findings into the
management of chronic inflammation in animal models of IBD.
1. Introduction
The intestinal tract is the largest internal surface of the human body lined by a single
layer of columnar epithelial cells, which forms the barrier between the gut lumen and
the host connective tissue. Constantly exposed to dietary and environmental antigens,
the intestine also harbors a complex community of commensal bacteria contributing to
intestinal tract development and providing metabolic contributions well in excess of the
human genome. It is in this unique, complex and vulnerable setting that inflammatory
bowel diseases (IBD), such as Crohn’s disease (CD) and ulcerative colitis (UC), occur
in genetically predisposed individuals [1, 2]. Moreover, the intestinal tract is also a
major site of microbial and parasitic pathogen exposure [3]. To cope with these
challenges, the mammalian organism has evolved robust balanced immune
mechanisms that efficiently prevent detrimental collateral damage by inflammatory
responses against the commensal microbiota and food antigens, while enabling
protection against invading pathogens. Intestinal mononuclear phagocytes, comprising
dendritic cells (DCs) and macrophages, are crucial for maintaining gut homeostasis and
immune defense. These cells are strategically positioned in the intestine, residing in the
gut associated lymphoid tissue (GALT) and are also dispersed throughout the
subepithelial connective tissue, the lamina propria.
Understanding how intestinal mononuclear phagocytes interact with the
microbiota, lymphocytes and the epithelium to maintain the peaceful steady state and
shape when needed intestinal immune responses is critical for identifying therapeutic
targets for Crohn’s disease and ulcerative colitis. Here we focus our attention on
intestinal lamina propria mononuclear phagocytes, describing the recent insights into
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the ontogeny and function of mouse intestinal mononuclear phagocytes. Finally, we will
discuss how this progress might spur the development of novel strategies to ameliorate
inflammatory bowel disorders in the clinic.
2. Mononuclear phagocytes
The mononuclear phagocyte system was originally defined as a population of bone
marrow–derived myeloid cells that circulate in the blood as monocytes and seed tissues
as macrophages in the steady state and during inflammation [4]. The discovery DCs as
a distinct lineage of mononuclear phagocytes which is specialized in antigen
presentation to T cells and the initiation and control of immunity [5], revealed additional
roles of these cells in shaping immune responses. Collectively, mononuclear
phagocytes are now well appreciated to be key players in the initiation, perpetuation
and resolution of innate and adaptive immune reactions. Moreover, interestingly,
emerging evidence indicates that macrophages and DCs, or even their subsets, harbor
distinct physiological activities. Strategies aiming at manipulating the mononuclear
phagocyte compartment in the in vivo context might thus bear significant therapeutic
potential. In light of the recent progress in our understanding of mononuclear phagocyte
development and the relationship of monocytes, macrophages and DCs, such
approaches have come – at least in animal models - within reach.
Before we will turn our focus to the intestinal compartment, we will shortly
summarize the current state of the art of the mononuclear phagocyte landscape of the
spleen, as a representative of a lymphoid organ.
3. Mononuclear phagocytes in the mouse lymphoid organs (spleen)
DCs were first discovered in the mid 70’s by Ralph Steinman in the mouse spleen and
ever since our understanding of DC functions and DC subset definitions has remained
most advanced for this organ. Classic splenic DCs (cDCs) are in the mouse defined by
high expression of the β integrin CD11c, their migratory capacity due to CCR7
chemokine receptor expression and an unrivalled ability to stimulate naïve T cells [5, 6].
Beyond phenotypic and functional definitions, recent studies established that short-lived
CD11chi cDCs are derived from dedicated non-monocytic bone marrow-derived
precursors termed pre-cDCs [7]. Splenic cDCs display considerable phenotypic
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heterogeneity, and their subsets are believed to have distinct functions in pathogen
recognition and immuno-stimulation [8]. Splenic CD11b+ cDCs - further subdividable
into CD4+ and CD8/CD4 double negative (DN) cDCs - efficiently form peptide-MHC
class II complexes, secrete IL-10 and have been shown to preferentially induce Th2
CD4 responses [9, 10]. Development and/or maintenance of CD11b+ cDCs require the
transcription factors RelB [11], IRF4 [12, 13] and RBP-J [14].
The second main murine splenic cDC subset is characterized by the expression
of CD8α homodimers, as well as the C-type lectin CD205 [8] and the integrin CD103
(ITGAE). CD8α+ cDCs are specialized in the endocytosis of dying cells in vivo [15], and
efficiently cross-present engulfed cellular antigens in the context of MHC class I to
CD8+ T cells [16, 17]. CD8α+ cDCs have a predetermined capacity to secrete IL-12
(p70) and as a result stimulate Th1 CD4+ T cell responses [18, 19]. CD8α+ cDCs were
also reported to promote the development of T regulatory cells via production of TGFβ
[20]. Generation of CD8α+ cDCs requires the transcription factors IRF-8/ICSBP [21, 22]
and Id2 [23, 24], and is specifically controlled by the transcription factor BatF3 [25].
In addition to cDCs, lymphoid organs also harbor plasmacytoid DCs (PDCs)
which are specialized in type I interferon (IFN) secretion in response to viral challenge
[26]. PDCs share a common developmental origin with cDCs, although they branch off
before the pre-cDCs [7, 27, 28], develop locally in the bone marrow and are relatively
long-lived in the periphery [29, 30]. Generation of PDCs is specifically controlled by the
transcriptional regulator E2-2 [31].
Though we have a reasonable understanding of the splenic DC compartment,
unknowns remain. This includes the interrelation of DN DCs and CD4+ DCs and the
function of an intriguing new subset of CD103- CD8α+ CD11chi DCs that is marked by
expression of the CX3CR1 chemokine receptor and shares similarities with CD8αCD11b+ DCs but is according to ontogeny related to PDCs [32].
4. Mononuclear phagocytes in the mouse intestine
Recently, mononuclear phagocytes from the lamina propria of the mouse small and
large intestine have gained much attention. Notably, they are notoriously difficult to
isolate and often only retrieved after extensive enzymatic digestions. Moreover,
classification these intestinal mononuclear phagocytes according to surface marker
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profiles has been a challenge. Thus, although mouse studies have long relied on
expression of CD11c for definition of DCs, the adequacy of this marker to track DCs
depends highly on the anatomical site in question. Myeloid cells with high levels of
CD11c expression in lymphoid organs are classical DCs, functionally distinct from
macrophages through their unrivaled T cell stimulation potential. However, in nonlymphoid tissues such as the lung macrophages can express high levels of CD11c as
well. Moreover, moderate expression of CD11c has also been reported for certain T
cells, NK cells and eosinophils [33]. Accordingly, the CD11c expression marker that
had been useful for the characterization of gut associated lymphoid tissue, such as the
Peyer’s Patches [34], turned out to be insufficient for the definition of intestinal tissue
DCs. Rather intestinal mononuclear phagocytes populations have more recently, been
defined based on the expression of the αE integrin (CD103) and the fractalkine
receptor CX3CR1.
The emerging nomenclature of steady state intestinal tissue mononuclear phagocytes
now classifies CX3CR1+ cells as macrophages and CD103+CD11chi cells as DCs.
Intestinal CD103+ CD11chi DCs that are uniformly CX3CR1- can be further subdivided
into CD11b+ cells and CD11b- cells. Intestinal CX3CR1+ macrophages have been
further subdivided according to expression of CD68 [35], however it remains unclear
whether these two monocyte-derived CX3CR1+ subpopulations represent distinct
entities and how they are related to each other. Clearly, CX3CR1+ macrophages are a
heterogeneous population that can be further subdivided according to size (forward
scatter), as well expression of the surface markers CD11c, CX3CR1 CD70 and CD14.
The exact definition of these subpopulation will however require further study.
In the following sections 4.1 - 4.3 we summarize the experimental evidence for the
above nomenclature that is based on the origin, function, location and gene expression
profile of murine intestinal mononuclear phagocytes. For a more detailed discussion
see also Varol, Zigmond & Jung Nature Reviews Immunology 2010 [36].
4.1. Ontogeny of lamina propria mononuclear phagocytes
Recent progress in our understanding of the origins and ontogeny of intestinal
mononuclear phagocytes elucidated the overall organization of the mononuclear
phagocyte system [37]. Studies using small intestinal tissue transplants had established
that the lamina propria mononuclear phagocytes pool is maintained by circulating
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precursors from the blood, rather than local tissue-resident precursors [38]. The exact
definition of intestinal mononuclear phagocyte origins profited from insight into lymphoid
organ DCs. An important breakthrough was the identification of bone marrow-resident
myeloid precursors, the Macrophage–Dendritic cell Progenitors (MDPs), which lost
granulocyte potential and are committed to give rise to monocytes, classical lymphoid
organs DCs and macrophages [39, 40]. Together with the discovery of dedicated
precursors of classical lymphoid tissue DCs (pre-cDCs) [7], it is now established that
developmental pathways of monocytes and DCs diverge early in the bone marrow,
downstream of MDPs [37]. Using a diphtheria toxin-based conditional cell ablation
strategy and complementary precursor cell engraftment, we had shown that Ly6Chi
monocytes fail to differentiate into splenic cDCs but give rise to CX3CR1+ small
intestinal lamina propria mononuclear phagocytes [40]. Subsequently, we and others
elucidated the in vivo genealogy of small intestinal and colonic lamina propria
mononuclear phagocyte populations [41, 42]. According to adoptive precursor transfers
and the analysis of respective mutant animals, both CD11b– CD103+ DCs and CD11b+
CD103+ intestinal DCs arise from classic DC precursors, without monocytic
intermediates, in a developmental pathway governed by FmS-related tyrosine kinase 3
ligand (FLT3L) [41, 42]. In contrast, intestinal CX3CR1+ macrophages do not derive
from classic DC precursors (pre-cDCs), but are progeny of circulating Ly6Chi
monocytes, with their differentiation driven by macrophage colony-stimulating factor (MCSF; also known as CSF1) [41, 42] (see Scheme).
4. 2. Intestinal tissue dendritic cells
Intestinal CD11c+CD103+ DCs whether they are CD11b+ or CD11b-, expand in
response to Flt3-L and GM-CSF and are generated from pre-DCs and not monocytes
[41, 42]. As for their functional definition, several studies suggest that CD103+ intestinal
DC are superior in their capacity to induce effector and regulatory T (Treg) cell
differentiation, although these notions are still mainly based on ex vivo read outs.
CD103+ DCs also have an enhanced ability to induce the expression of the gut homing
receptors CCR9 and α4β7 integrin on naïve T cells during priming [38, 43, 44]. In
addition, CD103+ lamina propria DCs can induce the de novo differentiation of Foxp3+
regulatory T cells (Tregs) [43, 45], and contribute to IgA+ B cell differentiation from
naïve precursors in vitro [46]. All of these functions of CD103+ DCs appear to be
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dependent on the production of the metabolite retinoic acid (RA) and TGFβ by the DCs.
Importantly, RA production is considered a specialized function of CD103+ lamina
propria DCs [47], although stromal cells in the mesenteric lymph nodes can also
produce RA [48]. Whereas the induction of Treg cells is considered to occur in the
mesenteric lymph nodes [43], CD103+ DCs are thought to be ‘conditioned’ by factors in
the lamina propria environment to promote the Treg cell generation [49]. These
conditioning factors can be derived from epithelial cells [50], but could notably also be
provided by lamina propria resident CX3CR1+ macrophages.
4.2.1. CD11b- CD103+ dendritic cells
CD11b- CD103+ DCs are generally rare in lamina propria cell preparations of the small
intestine, but can represent major fractions of CD103+ DCs in colon preparations [43,
45, 51]. Importantly, CD11b- CD103+ DCs also prevail in the GALT, including Peyer’s
Patches, colonic lymphoid aggregates and small intestinal isolated lymphoid follicles
(ILFs). It is therefore likely that their detection in intestinal tissue single cell suspensions
is due to contaminating GALT. The conclusion that CD11b– CD103+ and CD11b+
CD103+ DCs are distinct entities is supported by the fact that only CD11b+ CD103+ DCs
depend on GM-CSF for their generation [41, 42]. Moreover, the generation of CD11b–
CD103+ cells is uniquely affected by deficiencies in the transcription factors ID2, IRF8
and BATF3 [42, 52]. As such, CD11b–CD103+ lamina propria DCs are similar to
classical lymphoid organ resident CD8α+ DCs [37]. Like the classical lymphoid organ
CD8+ DCs, CD11b- CD103+ gut DCs seem to co-localize with T cells. A unique nonredundant role of CD11b- CD103+ DCs remains however to be established, since Batf3deficient mice that specifically lack these cells so far have not been reported to harbor
specific defects in mucosal T cell responses or Treg cell prevalence in steady state
[52]. Moreover, BatF3-/- mice also show no altered colitis development in response to
oral DSS challenge [52].
4.2.3. CD11b+ CD103+ dendritic cells
Recently, an elegant multiphoton microscopy study revealed that only CD103+ lamina
propria DCs are found migrating in afferent lymphatic vessels [53]. Moreover,
CD11b+CD103+ lamina propria DCs are the only intestinal mononuclear phagocytes
that express the chemokine receptor CCR7, which is required for migration to the
mesenteric lymph nodes [42, 53, 54]. Consistent with these findings, CD11b+CD103+

131

DCs are markedly reduced in the mesenteric lymph nodes of CCR7-deficient mice, and
these animals fail to establish oral tolerance [54, 55]. CCR7-expressing DCs are also
required for the transport of orally administrated bacteria to the mesenteric lymph nodes
[56]. Moreover, although orally administered Salmonella spp. is ingested by both
CD11b+CD103+ DCs and CX3CR1+ macrophages in the lamina propria, bacteria are
only detected in CD11b+CD103+ DCs in the mesenteric lymph nodes [42]. Generally
CD11b+CD103+ DCs are considered critical for the suppression of colitis development
by Treg cells [42, 53, 55, 57]. Of note, lymphoid organs other than the mesenteric LNs
including the spleen lack a DC population equivalent to the BatF3-independent
CD11b+CD103+ DCs, supporting the notion that this subset is a migratory population
derived from the lamina propria.
4.3. Intestinal tissue macrophages
As originally highlighted by the use of CX3CR1gfp reporter mice [58], CX3CR1+ cells are
the prevalent mononuclear phagocyte population scattered throughout the intestinal
lamina propria. In steady state intestinal CX3CR1+ cells express F4/80, CD115 and
CD14 but lack CD103 expression. CX3CR1+ cells have been further subdivided into
CD11c+ and CD11c- cells [35], but the relevance of this discrimination and the
interrelation of these populations remains to be established. Based on their CD11c
expression and their formation of characteristic trans-epithelial dendrites penetrating
the epithelial barrier, CX3CR1+ macrophages had earlier been termed DCs [58, 59].
Recently, however this notion was challenged by studies that revealed that these cells
harbor high phagocytic capacity, characteristic digestive vacuoles and a poor ability to
support naïve T cell stimulation and differentiation [42, 53]. In addition, only few if any
CX3CR1+ cells could be detected in the MLN-afferent lymphatic vessels either in the
steady state or following oral administration of the TLR7/8-ligand R848 [53]. CX3CR1+
cells hence do not migrate to draining MLNs, but represent a tissue-resident population.
As non-migratory cells incapable to prime naïve T cells, we hence tend to consider
intestinal CX3CR1+ cells now macrophages.
CX3CR1+ macrophages first attracted attention when they were as mentioned shown to
project dendritic extensions into the gut lumen to sense and potentially sample its
bacterial content [59]. Subsequent studies ascribed these transepithelial dendrites
(TEDs) specifically to CX3CR1+ cells - then termed DCs - and reported that efficient
TED formation in the terminal ileum depended on CX3CR1 expression [58, 60]. A role
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of intestinal CX3CR1+ macrophages in the uptake of bacteria from the gut lumen is
supported by the fact that these cells are critical for the entry of a noninvasive mutant
strain of Salmonella enterica [61]. Consistent with a role in the sampling luminal
antigens, ileal CX3CR1+ macrophages are found adjacent to the intestinal epithelium,
whereas CD103+ DCs generally reside in the villus core [53]. However, the absence of
TEDs in CX3CR1-deficient animals, as such, does not impair pathogen entry or T cell
priming in the mesenteric LNs [53], suggesting the existence of alternative pathways of
antigen entry into the intestinal lamina propria [54, 60]. At present it remains unclear
whether these distinct antigen acquisition routes are redundant, or whether specific
antigen entry modes affect the nature of the ensuing immune responses.
4.4. Opposing contributions of intestinal monocyte-derived cells to steady state
and inflammation
4.4.1. Steady state.
In steady state, monocyte-derived CX3CR1+ macrophages have a unique antiinflammatory signature and for instance constitutively produce the immuno-regulatory
cytokine IL-10 [51]. In vitro, isolated lamina propria macrophages were shown to induce
the differentiation of Foxp3+ Tregs in the presence of exogenous TGFβ and suppress
the differentiation of Th17 by CD11b+ DCs [51]. Moreover, IL-10-secreting CD11c+
CD11b+ F4/80+ cells (probably representing CX3CR1+ macrophages) were recently
shown to support the in vivo maintenance and suppressive activity of Foxp3+ Treg cells
during colitis [62]. At present it remains, however, unclear how these lamina propria
resident macrophages tune adaptive immunity, if they do not migrate to lymph nodes.
They could support the local maintenance of intestinal TH17 cells and Treg cells within
the tissue. IL-10 may be important for maintaining the survival and function of Foxp3+
Tregs at this site, particularly during early inflammation [62]. Alternatively, the CX3CR1+
macrophages might locally impinge on the migratory CD103+ CD11b+ DCs that
subsequently act in the mesenteric LNs. Considering their highly phagocytic capacities
and the well documented role of macrophages in bacterial recognition and elimination,
CX3CR1+ cells are likely to phagocytose and kill commensal bacteria that penetrated
the epithelial barrier, probably without inducing significant inflammation. Indeed, under
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resting condition macrophages in the lamina propria do not produce TNFα in response
to stimulation [63]. Moreover, colitis development in IL-10-/- mice has been shown to
result from the absence of suppression of MyD88-dependent commensal-induced
inflammation by IL-10 [64]. Along the same argument, gut inflammation has been
shown to results from the ablation of many immuno-regulatory key genes. An
interesting example is the T-bet-/- Rag-/- ulcerative colitis (TRUC) model [65], in which a
restricted hematopoietic deficiency of the T-bet transcription factor in the absence of
adaptive immunity results in a spontaneous and communicable colitis. Notably, in this
system the selective restoration of T-bet expression in CD11c+ cells was sufficient to
decrease colonic inflammation and prevent colonic neoplasia [66]. T-bet negatively
regulated TNF production by CD11c+ intestinal mononuclear phagocytes, thereby
moderating host–commensal relationships; however the specific intestinal mononuclear
phagocyte subset involved has not been identified [65].
Recent data from our group has suggested that intestinal homeostasis depends
on the maintenance of a delicate equilibrium between CD103+ DCs and CX3CR1+
macrophages [41]. Taking advantage of a diphtheria-toxin based ablation strategy for
CD11c+ cells [67], we showed that mice persistently or transiently depleted of lamina
propria CD103+ DCs and CX3CR1+ macrophages did not develop spontaneous
intestinal inflammation and were not overtly susceptible to intestinal inflammation [58].
These findings highlight the crucial importance of a balanced lamina propria
mononuclear phagocyte compartment for the maintenance of intestinal homeostasis.
Moreover they also demonstrate the critical role of mononuclear phagocytes both in the
development of disease as well as in its control.
4.4.2. Inflammation
Intestinal macrophages isolated during the course of intestinal inflammation display proinflammatory profiles including the production of IL-12, IL-23, iNOS and TNFα [68, 69].
Interestingly, recent data from the Powrie group established that monocytes recruited
under inflammatory conditions seem locally imprinted to acquire pro-inflammatory
signatures [70]. Specifically, Siddiqui et al. identified a population of E-Cadherin+ cells
that accumulated in the colon and the mesenteric LNs of mice suffering from colitis.
Interestingly though, the summoning of E-cadherin+ monocyte-drived cells was
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restricted to T cell-driven colitis and the engagement of CD40 on innate cells, but did
not occur in a merely innate Helicobacter hepaticus-driven colitis model. When taken
into culture the E-Cadherin+ cells spontaneously produced significant amounts of
colitogenic cytokines, such as IL-6 and IL-23. Moreover, E-Cadherin+ cells also
expressed a uniquely broad pattern of Toll - like receptors (TLRs) rendering them highly
receptive for microbial products that could potentially exacerbate their activities. The
accumulation of E-Cadherin+ cells was found to be prevented by the regulatory cytokine
TGFβ, as well as by transfer of T regulatory cells paralleling protection from colitis.
Siddiqui et al. highlight a key detrimental role of these E-Cadherin+ cells in the
perpetuation of the chronic inflammatory process and established through adoptive
transfer experiments that the cells were derived from Ly6C+ monocytes. These results
thus suggest that depending on the conditions under which they are recruited Ly6C+
monocytes can acquire anti- and pro- inflammatory profiles. We, in fact, observed a
similar plasticity of Ly6C+ monocytes in our own studies, where the cells when recruited
to sterile spinal chord lesions exhibited an IL-10 dependent healing activity [71], while
when recruited to the gut monocyte-derived cells promoted colitis development through
TNFα expression [41].
5. Managing gut inflammation through manipulation of the intestinal
mononuclear phagocyte compartment
Animal models of Ulcerative colitis (UC) and Crohn’s disease (CD) have considerably
contributed to our understanding of acute and chronic bowel inflammation. Although
arguably none of these IBD models truly reflects CD or UC, their use can critically
complement clinical IBD research. As exemplified above for the intestinal mononuclear
phagocyte compartment, we have accumulated significant and detailed knowledge
about the organization of the murine immune system and its various cellular players in
the GALT and the lamina propria. While much remains to be discovered, animal models
thus allow the study of intestinal inflammation at unprecedented resolution. The use of
mouse models allows IBD research to capitalize on these advances to develop novel
rationale therapeutic strategies. Moreover, studies involving animal models can (and
arguably should) be performed in the in vivo context - an aspect of particular relevance
for IBD research, as arguable mucosal events are best studied in the complex
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physiological triad of microbiota, epithel and immune system. IBD models can provide
insights into the dynamics of disease development as they allow studying immediate
events following pathogen or irritant challenge. They can be instrumental in studying
the impact of emerging IBD candidate gene mutations [2] and in the development of
new IBD treatment modalities in preclinical studies.
Given the key role of mononuclear phagocytes in the initiation, perpetuation and
resolution of gut inflammation and the above-mentioned emerging evidence for distinct
physiological activities of intestinal macrophages and DCs [41], manipulation the
intestinal mononuclear phagocyte composition could have therapeutic potential. In the
below, we list some of such approaches and discuss their pro’s and con’s.
5. 1. Manipulation of the DC / macrophage balance by growth factor treatments
The recent demonstration that the myeloid growth factors FLT3L, GM-CSF and MCSF/Csf1 reciprocally regulate the balance of intestinal CD103+ DCs and CX3CR1+
macrophages provides a direct means to manipulate the prevalence of these two
populations in the in vivo context [41, 42]. Interestingly, we recently showed that the
complete absence of intestinal mononuclear phagocytes, including all CD11c+ cells
even for extended periods of time does not result in spontaneous gut inflammation [72].
Notably though, the robustness of this homeostasis seems to depend on the microflora
context, as animals lacking intestinal DCs and macrophages when housed under
different conditions can develop intestinal inflammation [73]. Mice that exclusively
harbor monocyte-derived CX3CR1+ macrophages in their lamina propria but lack
intestinal CD103+ DCs are prone to develop colitis [41]. Moreover, in the same study
we showed that also an under-representation of intestinal CD103+ DCs caused by a
Flt3L-receptor deficiency enhances susceptibility of the respective animals to DSSinduced colitis [41]. Conversely it could be expected that treatment of animals with
Flt3L, which leads to a preferential expansion of CD103+ DCs will have an ameliorating
effect on colitis development. While the efficacy of this approach should be tested in
IBD models, it is important keep in mind that systemic exposure of the organism to
Flt3L not only results the expansion of classical DCs and their related populations [74]
but also in a non-malignant myelo-proliferative disorder [72]. Moreover recent data from
our laboratory indicate that chronically Flt3L-treated animals develop signs of autoinflammation (Bar-On et al submitted).
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GM-CSF treatment specifically expands the CD11b+ CD103+ lamina propria DC
population [42]. Interestingly, GM-CSF treatment was also found to ameliorate DSSinduced experimental colitis [75]. It is tempting to speculate that the latter might be due
to the manipulation of the intestinal mononuclear phagocyte balance. Noteworthy
though, the effect of GM-CSF in the study by Sainathan and colleagues could be
abrogated by antibody-mediated depletion of plasmacytoid DCs, implying this nonclassical type I interferon producing DC population in the protection mechanism [75].
Interestingly, GM-CSF-/- mice show also increased susceptibility to infection with the
attaching-and effacing (A&E) pathogen Citrobacter rodentium. This effect was
associated with significantly fewer CD11c+ DCs in the colon mucosa of the GM-CSF-/infected mice in comparison to WT mice [76].
M-CSF/ Csf-1 is critical for the development of monocytes and deficiencies of
severely impair the generation of monocte-derived CX3CR1+ macrophages. The role of
M-CSF in the control of gut inflammation has previously been addressed in
osteopetrotic mice (op/op) mice [77]. Interestingly, when challenged either with
dinitrobenzene sulfonic acid (DNBS) or dextran sulfate sodium (DSS) op/op animals
showed diametral opposing responses. While DNBS induced a more severe colitis in
M-CSF-deficient mice compared with controls, op/op mice were less susceptible to
colitis induced by DSS. While it is likely an oversimplification to assume that the M-CSF
deficiency only affected the intestinal CX3CR1+ macrophages given the general state of
the op/op animals, these results support the above notion that M-CSF-dependent
macrophages may play both pro- or counter-inflammatory role in experimental systems,
depending on the stimulus used to induce colitis. As such these results highlight the
need for a thorough understanding of the underlying mechanism when using a systemic
growth factor based approach.
5. 2. Interference with monocyte recruitment
An alternative way to manipulate the composition of the intestinal mononuclear
phagocyte landscape could be to interfere with the recruitment of defined precursor
cells. Although chemokine receptors and their ligands are generally attractive targets
for IBD therapy [78], the exact molecules required by monocytes or pre-cDCs to be
recruited to the steady state and inflamed gut tissue remain to be defined. Interestingly,
both CCR2 and CCR5-deficient animals are protected from DSS-induced colitis [79].
However, no specific defect in the intestinal mononuclear phagocyte prevalence has
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been reported for these animals. On the other hand, Siddiqui and colleagues found that
the accumulation of the above mentioned colitogenic monocyte-drived E-cadherin+ cells
was restricted to T cell-driven colitis and the engagement of CD40 on innate cells, but
did not occur in a merely innate Helicobacter hepaticus-driven colitis model [70]. This
suggests the existence of a specific recruiting molecule, interference with which might
indeed have therapeutic potential. In this context it is also worth mentioning that a
deficiency of the CX3CR1 receptor, which is prominently expressed by the intestinal
macrophages protects animals from DSS-induced colitis [80]. The underlying
mechanism of this relative protection and its robustness when tested under distinct
microflora conditions remains however to be elucidated. Moreover, CX3CR1 is neither
required for the recruitment of Ly6C+ monocytes to the lamina propria, nor for the
expansion of monocyte-derived CX3CR1+ macrophages in mononuclear phagocytedepleted tissue [41], Varol et al, unpublished observation).
5. 3. Adoptive immunotherapy with autologous manipulated cells
Interestingly, the literature harbors many reports in which deficiencies of the intestinal
mononuclear phagocyte compartment have been reconstituted by intra-peritoneal
transfer of (generally poorly defined) myeloid cell populations [62, 81, 82]. Notably,
despite the restoration of the respective deficiencies in these studies, the fate of the
graft in the recipient animals remained obscure and it is unclear whether the engrafted
cells act locally or systemically. While these strategies can be valuable to define
molecular players and their cellular sources, they arguably are - given these unknowns
- as such not be applicable in clinical settings.
With the definition of the precursors of intestinal CD103+ DCs and CX3CR1+
macrophages as pre-cDCs and monocytes, respectively [41, 42], engraftment of these
progenitors that were shown to efficiently reach the desired anatomic site and
differentiate in situ along physiological pathways have become an attractive alternative
for adoptive transfer strategies. Specifically, monocyte transfers have become a
standard approach in mouse research, yet their potential for therapeutic approaches is
only beginning to surface. Interestingly, we could recently show that the mere increase
of Ly6C+ monocytes in the blood circulation had a beneficial effect of the healing
process from a spinal cord injury. However, adoptive transfer strategies could of course
also be extended to cells that have been manipulated prior to engraftment by short term
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ex vivo exposure to defined differentiation stimuli or activation signals that do not
hamper or even improve their homing potential. An alternative approach to the ex vivo
manipulation of specific cells could be the regulation of mononuclear phagocytes
function by direct drug delivery. This method can potentially reduce side effects
associated with systemic treatment and may enable provision of high dose of drug
directly to the inflamed tissue / cells. The highly phagocytic activity of these cells, their
proximity to the intestinal lumen and their interaction with the microbiota marks them as
a primary candidates for targeted treatment. Interestingly, modalities such as immunomodulatory drug-loaded nanoparticles and trans-kingdom immunity manipulation have
recently demonstrated efficacy in murine models of IBD [83, 84]. We believe that this
avenue merits further study and that engraftment with autologous monocytes that
underwent ex vivo manipulations or in vivo manipulation of these cells via targeted drug
delivery could be an interesting approach for the treatment of chronic intestinal
inflammation.
Conclusions
Intestinal mononuclear phagocytes are central players in homeostasis maintenance,
immune defense and pathology in the gut. Recent studies have defined distinct subsets
of macrophage and dendritic cell populations with different developmental origins and
growth factor requirements. Moreover emerging evidence, although so far largely based
on ex vivo assays, suggest distinct acticities of these cells. The challenge ahead is to
investigate the functions of the diverse intestinal mononuclear populations in vivo
context and explore their interactions with the microbiota, epithelium and other cells in
the tissue. The availability of increasingly sophisticated conditional gene-targeting
approaches and adoptive cell transfer strategies should enable major breakthroughs in
this area. Equally important, are the efforts to align the intestinal mononuclear
phagocyte subsets identified in mouse with their equivalents in the human mucosa.
Given the collective central role of these cells in inflammation, as well as innate and
adaptive immune reactions, strategies aiming at a rationale manipulation of the
Intestinal mononuclear phagocytes might bear significant therapeutic
potential for IBD management.
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Schematic of development origin, growth and transcription factor requirements of
intestinal lamina propria dendritic cells and macrophages
A common precursor, the macrophage and dendritic-cell precursor (MDP), gives rise to precDCs and monocytes in the bone marrow, which enter the blood circulation and home to the
gut. Locally, pre-cDCs give rise to CD103+ lamina propria DCs that can be subdivided into a
CD11b- and a CD11b+ population, which reside in the GALT or in both GALT and lamina
propria, respectively. Differentiation of CD11b+ and CD11b- lamina propria DCs requires FLT3L,
generation of CD11b+ CD103 lamina propria DCs in addition depends on GM-CSF receptor
signalling. Formation CD11b- CD103+ lamina propria DCs furthermore requires the transcription
factors IRF-8, Id2 and BatF3. Ly6C+ monocytes differentiate locally into CX3CR1+ lamina
propria macrophages comprising several yet to be defined subsets. Generation of these cells
depends on the presence of M-CSF.
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5. Discussion
Myeloid lineage-derived mononuclear phagocytes play a critical role in the host protection
against pathogens, participating in both innate and adaptive immune defense. These
pleiotropic functions are likely to be covered by distinct subsets. Here we report the
identification and characterization of a novel CX3CR1+ CD8α+ DC subpopulation that
coexists with cDCs in lymphoid tissues of naïve mice and can comprise a major fraction of
splenic and lymph node CD8α+ DCs. CX3CR1+ CD8α+ DC lacked hallmark features assigned
to classical CD8α+ DC, such as the ability to produce IL-12 and cross-present, as well as the
developmental dependence on the transcription factor BatF3. Moreover, their geneexpression profile also confirmed that CX3CR1+ CD8α+ DC are distinct from CD8α+ cDC
but rather resemble CD8α− cDC. Comparative microarray analysis and the presence of
characteristic Ig gene rearrangements established that CX3CR1+ CD8α+ DCs are
ontologically related to PDCs. This notion is further supported further by the fact that the
generation of both PDCs and CX3CR1+ CD8α+ DC depends on the presence of the
transcription factor E2-2. Interestingly however, conditional ablation of E2-2 using CD11cCre mice revealed that, , once generated the maintenance of CX3CR1+ CD8α+ DCs does in
contrast to PDCs not require continuous E2-2 expression. Analysis of these conditional E2-2
deficient animals furthermore established that CX3CR1+ CD8α+ DC can emerge without an
obligatory PDC intermediate and that their numbers remain unaffected by the lack of splenic
PDCs. Notably, PDCs have been reported to give rise to cells with phenotypic and functional
cDC features upon microbial challenge in vitro and in vivo (129-131). Specifically, these
PDC-derived DCs were shown to express CD8α, but, unlike classical CD8α+ DC, to lack
CD205 expression (41). However, our data argue that steady state CX3CR1+ CD8α+ DC arise
from Rag-expressing immature bone marrow precursors shared with PDC, possibly the
CD11c-Ly-6C+ B220− subset (44) (see scheme 2). Supporting this notion, Irf8−/− deficient
mice that lack both classical CD8α+ cDCs and PDCs (26, 34, 132) were reported to retain a
residual population of CD8α+ DCs. Moreover, these cells share striking similarity with the
CX3CR1+ CD8α+ DCs I have identified, including a low level expression of CD86, absence
of TLR3, and the inability to produce IL-12 (26). Together with our results of the constitutive
and conditional E2-2 animals, this finding strongly suggests that CX3CR1+ CD8α+ DC share
developmental pathways with PDCs but can develop in absence of the latter. Importantly, our
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analysis revealed that the expression of a number of genes previously assigned to classical
CD8α+ DCs (133) are, in fact, restricted to the CX3CR1+ CD8α+ subset. By removing
contaminating PDC-related CX3CR1+ CD8α+ DCs from the CX3CR1− CD8α+ cDC
population, our study thus significantly refines the resolution of previous expression profilebased DC definitions (23, 133) and sharpens the border between classical CD8α+ and CD8α−
DC. Our findings should assist the identification of human correlates of murine DC subsets
as exemplified by the recent reports on the human equivalent of classical mouse CD8α + DCs
(134). Taken together, we identified and molecularly defined an additional steady-state DC
subset in the mouse that is developmentally related to PDC but is functionally distinct. Future
studies should reveal potential unique roles of CX 3CR1+ CD8α+ DCs in pathogen recognition
and immunostimulation.

Scheme 2
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To study task division within the mononuclear phagocyte system and functionally define
DCs in an in vivo context, we developed a novel mouse model that allows the constitutive
ablation of classical CD11chi DCs. Specifically, we generated binary transgenic mice
harboring a CD11c-Cre recombinase bacterial artificial chromosome (BAC) transgene (28)
and a conditionally active Rosa26-DTA cassette (135). The resulting CD11c-Cre:R26-DTA
(in short CD11c-DTA) mice lack classical CD11chi DCs, as confirmed by flow cytometry
analysis of lymphoid and non-lymphoid tissues and immunohistochemistry (128). Moreover,
as previously shown for DTx-treated CD11c-DTR mice (8), spleens of CD11c-DTA mice
failed to stimulate alloreactive T cells in an MLR assay. CD11c-DTA mice developed a
progressive myeloproliferative disorder (MPD) characterized by significant elevation in
neutrophils and monocytes. This MPD does not progress to malignancy and is not cellautonomous, but develops as a direct response of the organism to the lack of cDCs. The
absence of cDCs thus triggers a feedback loop resulting in systemic myeloid expansion (see
scheme 3). Serum analysis of CD11c-DTA mice revealed a marked systemic elevation of the
growth factor Flt3 ligand previously identified as a critical promoting factor of DC
development (136, 137) and peripheral cDC maintenance (138). Activating mutations of the
Flt3L receptor FLT3 are frequently involved in human myeloid leukemia (139). Moreover,
also in mice the constitutive activation of Flt3 was shown to cause MPD (140, 141).
Interestingly, human patientss with a novel selective DC deficiency due to IRF8 null
mutation were recently reported to develop a myeloproliferative disorder which accompanied
with elevated Flt3L serum levels and reduced Treg (Matthew Collin, DC 2010 Lugano).
Finally, also the experimentally induced increase of Flt3L concentration in animals causes a
disorder similar to the one observed in CD11c:DTA mice (142). Thus, elevated serum levels
of Flt3L provide an explanation for the MPD observed in CD11c:DTA mice. A unique role
of the Flt3L in the feedback loop is supported by the finding that we failed to detect
augmented serum titers of other candidate growth factors and cytokines, such as M-CSF,
GM-CSF and TNFα, although other factors could contribute that we did not test for.
Several mutually non-exclusive scenarios may account for the increased Flt3L level in cDC
absence. First, cDCs (along with the less numerous PDCs) are the only mature peripheral
hematopoietic cells expressing the Flt3L receptor (143) and therefore might serve as a major
constitutive ‘ligand sink’, as has been described for platelets in TPO control (144).
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Alternatively, cDCs might provide a secreted or membrane-bound signal that regulates Flt3L
production by stromal cells or lymphocytes. In collaboration with Dior Kingston and Markus
Manz (IRB, Belinzona) we recently established through the use of [wt/CD11cDTA>Flt3L -/-]
BM chimeras that the elevated serum Flt3L titers in the cDC deficient animals can be
exclusively derived from lymphocytes. However, interestingly the elevation was not
accompanied by enhanced Flt3L transcription. Together with the recent results of the Garbi
group (145), these unpublished findings suggest either a post-transcriptional regulation of
Flt3L abundance on the protein level or should be interpreted – as we currently do - in
support of the ligand sink model. Future elucidation of the molecular mechanism linking the
cDC loss to the MPD might provide critical insights into the etiology of chronic nonmalignant myeloproliferative disorders and facilitate the development of novel strategies for
therapeutic interventions.

Scheme 3
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DCs were originally defined by their unrivaled potential to stimulate naive T cells (18).
Indeed, the analysis of DC-deficient animals has largely confirmed this unique function and
established that cDCs play a unique critical role in the efficient protective immune defense
against pathogens, including bacteria, viruses, and parasites. However, emerging evidence
indicates that the requirement for cDCs considerably varies between lymphoid organs.
Whereas it appears to be absolute for the spleen, T cell priming in other lymphoid organs and
sites can persist in the absence of cDCs. Our laboratory thus showed that in lymph nodes,
PDCs could promote CD4+ but not CD8+ T-cell priming in mice that lack cDCs (146). Using
DC-restricted expression of MHC class II, Laufer et al. (147) established that cDCs are
sufficient to raise Th1 effector cell production that control protozoan infection. However, the
same group showed that cDCs were not required to elicit a Th1 response in the vagina (148).
cDCs alone could not drive the development of Th2 cells, as the stimulation of effective Th2
immunity requires an additional MHC-II signal (149). According to recent findings, this
signal appears to be provided by basophils (150), although this remains controversial (151).
Homeostasis of naive CD4+ and CD8+ T cells is critically dependent on MHC expression and
the presence of distinct cytokines (152-154). DCs have been suggested to play a unique role
in the maintenance of the steady-state T cell repertoire (66, 154, 155). However, surprisingly,
CD11c:DTA mice that constitutively lack cDCs have a largely unimpaired CD4 + and CD8+
T-cell compartment, with respect to T-cell numbers and subset distribution. Moreover, T
cells that developed and were maintained in the absence of cDC responded to in vitro
stimulation and in vivo antigen challenge after their transfer into WT mice as efficiently as T
cells isolated from WT mice.
CD11c:DTA mice exhibited unchanged V distributions suggesting that cDCs are
dispensable for superantigen-induced T cell depletion in the thymus. Supporting this notion,
the introduction of an MHC H2b allele, through intercross of C57BL/6 mice with BALB ⁄ c
WT mice, resulted in a comparable MMTV superantigen-induced reduction of V3-positive
cells in cDC-sufficient and cDC-deficient mice. Moreover, the use of the OVA⁄ anti-OVA
TCR system previously reported by Gallegos et al. (67) also resulted in efficient antigeninduced deletion of autoreactive CD4+ T cells in the absence of cDCs. Thus collectively, the
results of our study did not provide any evidence of impaired negative selection or a resulting
overt autoreactivity of the CD4+ and CD8+ T cell compartment of cDCs-less mice. These
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findings show that although thymic cDCs can clearly mediate the negative selection of CD4+
thymocytes (66), in their absence, other thymic cells (including TECs, but potentially also
BM-derived cells, such as B cells and PDCs) can perform this task. Our results do not
exclude the presence of a particular MHC-II ‘ligandome’ derived from rare antigens that
might require amplification through cross-presentation by cDC for efficient negative
selection (156). Yet, such autoreactivity is undetectable by conventional means and is likely
to require a special experimental design for its detection. An additional unique role for DCs
in thymic negative selection might be their ability to transfer peripheral antigens to the
thymus (62). The contribution of this process to the establishment of central tolerance awaits
direct experimentation.
Animals that constitutively lack cDCs display features of systemic lymphocyte activation
including hyper-gammaglobulinemia, the accumulation of CD62Llo CD44hi T cells and an
increased prevalence of Th17 and Th1 cells (157), (Bar-On et al EJI, in press). Ohnmacht and
colleagues who generated similar CD11c:DTA mice interpreted these findings as an
indication of a general tolerance failure in these animals resulting in fatal autoimmunity
(157).To directly test for the existence of T cell autoreactivity in the absence of cDCs, CD4 +
T cells isolated from cDCs-deficient and-sufficient mice were exposed to syngeneic (H2b)
and allogeneic (H2d) splenocytes. In both cases, T cell proliferation was restricted to the H2mismatched stimulator cells, indicating the absence of overt self-reactivity. Furthermore, we
probed for potential autoreactivity in the T-cell compartment by transfer of labeled
polyclonal CD4+ and CD8+ T cells from cDC-deficient mice into WT mice. Analysis of the
recipients 10 days after transfer revealed the presence of both grafted populations at similar
frequencies, although neither of them had undergone substantial proliferation. Thus, with no
signs of autoreactivity, we therefore consider the lymphocyte activation features observed in
CD11c-DTA mice as a result of a general imbalance of the immune system triggered by
innate immune mechanisms potentially related to the myeloproliferation (see discussion
below).
Mice lacking cDCs exhibit normal numbers and percentages of thymic Foxp3+ Treg cells
(128, 157), thereby establishing that cDCs are dispensable for the generation of nTregs.
Moreover, CD11c-DTA mice retained functional peripheral Tregs. However, more recently,
we detect a two-fold reduction in the frequencies of peripheral Tregs of CD11c:DTA mice
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(Bar-On et al EJI, in press). This reduction of peripheral Foxp3+ Tregs was also observed
upon conditional cDC ablation, thereby confirming a recent report that established the critical
role of cDCs in promoting the homeostatic Treg proliferation (111).
Furthermore, using CD80/CD86 mutant animals and a strategy that restricts the B7
deficiency to cDCs, we established that expression of the costimulatory molecules by
classical DCs is required for peripheral T regulatory cell maintenance (Bar-On et al EJI, in
press). As such our studies complement a recent report demonstrating that classical DCs
control Treg homeostasis in dependence of MHC II expression, i.e. cell cell contact based
interactions (111).
After establishing that cDCs are required for Treg homeostasis, Darrasse-Jeze and coworkers
suggested that the elevation in Th1 and Th17 in cDC-depleted animals is a result of their
impaired Treg compartment (111). However, as we recently reported (128), constitutive and
conditional ablation of cDCs triggers a systemic elevation of the growth factor Flt3L causing
a progressive non-malignant myeloproliferative disorder. Here we show that the feedbackloop that links the peripheral cDC compartment to myelogenesis is not mediated through
CD80/86 interaction, since animals that exclusively harbored B7-deficient cDCs did not
develop the myeloproliferation. We had previously interpreted the lymphocyte activation in
cDC-depleted mice as consequence of the systemic pathological accumulation of myeloid
cells, rather than as a result of a breakage of adaptive immune tolerance. In support of this
notion, we had despite major efforts failed to detect T cell autoreactivity in these animals
(128). Taking advantage of mice that harbor the cDC-restricted B7 deficiency and display a
reduction of Tregs without associated myeloproliferation, we show that the Treg reduction
resulting from the impaired cDC /T cell crosstalk does as such not result in lymphocyte
hyper-activation. Rather than reflecting a tolerance failure or autoimmunity, our results
suggest that the latter is a secondary consequence of the Flt3L-driven myeloproliferative
disorder observed in cDC-deficient animals. This notion is supported by the fact that also
other animals displaying myeloproliferative disorders, such as IRF8-deficient mice, have
been reported to suffer from hyper-gammaglobulemias (158). Moreover FLT3L-treated mice
which were reported to develop a MPD similar to the one observed in cDC-deficient animals
also display an elevation in the frequencies of CD62Llo CD44hi memory phenoptype CD4+ T
cells although they retain elevated DC number and normal Treg numbers.
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Notably, our data do not dispute the role of Tregs in the control of autoreactive T cell
immunity, as for instance established by direct Treg ablation strategies (84, 159, 160).
Rather, we discriminate these systems from the partial Treg impairment induced by cDC
deficiencies, which seems to be well buffered and tolerated by the organism. We believe our
finding should spur a general re-evaluation of current classifications of the spontaneous
immune disorders observed in mouse models. In the clinic many diseases, previously labelled
“autoimmune” are gradually re-defined due to the lack of MHC- and autoantibody
associations. According to a suggested refined nomenclature (161), autoimmunity should be
seen as a result of aberrant B and T cell responses in primary and secondary lymphoid organs
breaking tolerance, with development of immune reactivity towards native self-antigens.
Adaptive immune responses play a predominant role in these diseases. In contrast, selfdirected inflammation, in which local factors at predisposed sites lead to activation of innate
immune cells, such as macrophages and neutrophils, resulting in target tissue damage, should
be considered autoinflammation. Examples of the latter are the disturbed homeostasis of
canonical cytokine cascades (as in periodic fevers) (162) and aberrant bacterial sensing or
barrier functions (as in Crohn’s disease). Drastic systemic aberrations, such as the
progressive FLt3L-driven myeloid proliferative disorder observed in cDC-less mice (128),
likely predispose to site-specific inflammation, which is initially independent of adaptive
immune responses. Along these lines it is noteworthy, that neutrophils have been reported to
express B-cell activating factor (BAFF) (163) and that mere BAFF overexpression in mice
results in a SLE-like syndrome (164). Interestingly, and in accordance with the notion that
their disorder could have an innate origin, the spontaneous disease manifestations reported
for cDC-deficient animals (111, 157) are restricted to the intestine suggesting the microfloradriven processes that might be amenable to antibiotic treatment. Whereas in the clinic the
discrimination of auto-inflammation and auto-immunity has important implications in the
choice of the appropriate therapeutic strategies, such as anti-lymphocyte or anti-cytokine
treatment, we believe it could also advance our understanding of animal disease models and
hence benefit their use in respective pre-clinical studies.
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