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Summary 
Dendritic cell (DC) are professional antigen presenting cells, which play major roles in both 

the induction of primary immune responses and tolerance. The in-vivo DC compartment is 

highly heterogeneous with respect to cell surface markers, gene expression profiles and 

anatomic locations. Differential DC functions remain however poorly understood. Here we 

used various approaches to further define the organization of DC and understand their roles 

in immune homeostasis, as well as specific non-immune phenomena.  

(1) To study the in-vivo role of DC we generated mice that constitutively lack 

CD11chigh conventional DC (cDC). cDC-less mice were born at normal Mendelian 

frequencies and displayed no developmental abnormalities. Confirming the critical role of 

cDC as antigen presenting cells (APC) in the efficient activation of naïve T lymphocytes, T 

cell responses in CD11c:DTA mice were severely impaired. However, surprisingly cDC 

were largely dispensable for T cell homeostasis and repertoire shaping including thymic 

negative selection for autoreactivity and regulatory T cells (Treg) generation. Moreover, T 

cells that were raised in CD11c:DTA mice, i.e. in absence of cDC, did not show overt 

functional impairments. With time, however, CD11c:DTA mice developed as a direct result 

of the absence of cDC a progressive Myeloid Proliferative Syndrome (MPS). Importantly, 

the MPS developed by CD11c:DTA mice is not cell autonomous, but arises as a direct 

response to the lack of cDC. Moreover, we provide evidence that also the MPS reported 

earlier for mice deficient for the transcription factor IRF-8 might be a consequence of their 

impaired cDC compartment.  Interestingly, serum analysis of CD11c:DTA mice revealed a 

significant elevation of the cytokine Flt3 ligand, providing a potential mechanistic 

explanation for the MPS observed in CD11c:DTA mice. Our current findings describe a 

critical and unexpected role of DC in the feedback regulation of steady-state hematopoiesis.  

 (2) We performed a gene expression profiling study to characterize a novel 

subpopulation of splenic CD8α+ DC which expresses the chemokine receptor CX3CR1 (i.e, 

CD8α+ CX3CR1hi subset). This subset was shown to express heterogenic levels of CD8α, 

CD11b and CD4 genes and found to exist in variable percentages in different individual mice 
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(5%-30% of CD8α+ DC). This may suggest that we are dealing with a population arising 

during differentiation or maturation process. Interestingly, the expression profile of the 

CD8α+ CX3CR1high cells resembles a previously published profile of CD8α- (CD11b+) DC. 

This suggests that CD8α+CX3CR1high and CD8α- are closely related, whereas 

CD8+CX3CR1low DC might represent a more distant lineage. However, CD8α+CX3CR1high 

DC are not the precursor of CD8α- DC since the reconstitution of CD8α- DC in DC-depleted 

mice is not affected by the absence of CD8α+ DC. Moreover, genes that were thought to be 

expressed by all CD8α+ DC, were shown to be expressed only by the CD8α+CX3CR1high 

subset. Thus, by removing the contaminating CD8α+CX3CR1high DC, our analysis refines the 

resolution of previously performed studies. 

Finally, (3) we investigated the role of uterine DC (uDC) during prenancy. Through 

conditional uDC ablation, we demonstrated that uDC are required for embryo implantation. 

The presence of immune cells at the implantation site (IS) has long been associated with the 

response of the maternal immune system to the semi-allogenic fetus. However, according to 

our model this is unlikely to be the case during implantation since also in syngeneic and T 

cell-deficient pregnancy models, conditional uDC ablation resulted in the embryo resorption. 

Furthermore,  uDC depletion impaired the decidualization process in pseudo-pregnancies 

induced in the absence of an embryo. These findings suggesting a direct  role for uDC in the 

formation of the decidua and receptivity of the uterus to the implanting embryo. Accordingly, 

uDC-depleted IS exhibited impaired proliferation and decidual differentiation. Moreover, 

also angiogenesis was significantly perturbed upon uDC depletion. Upon uDC depletion, the 

blood volume fraction was significantly reduced on E5.5 and vascular maturation was 

impaired, showing high permeability, a characteristic of the implantation process initiation 

(E4.5). Therefore, uDC ablation results in a delay in the angiogenic response during 

decidualization. DC of various origins have been reported to express angiogenic factors 

among them Flt1, a natural VEGF trap. It may be that uDC express sFlt1 and thereby 

gradually sequester the VEGF effect on permeability, and thus, allow vessel stabilization. In 

the present study, sFlt1 expression was shown to be reduced due to uDC- depletion. In the 

absence of uDC- derived sFlt1 the permeability effect of VEGF would remain. These results 

provide a new perspective on DC functions during pregnancy beyond their anticipated 

tolerogenic effect, suggesting an active role in tissue renewal and development. 
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Abreviations 
APC - Antigen Presenting Cells 

BM - Bone-Marrow 

BrdU - Bromodeoxyuridine 

CCR - Chemokine (c-c motif) Receptor 

cDC - Conventional Dendritic Cells 

CFU - Colony- Forming Unit 

CTL - Cytotoxic T Lymphocytes 

CX3CR - Chemokine (c-x3-c motif) Receptor 

CX43 - Connexin 43 

DC - Dendritic cells 

DTA - Diphtheria Toxin A subunit 

DTx - Diphtheria Toxin 

DTR - Diphtheria Toxin Receptor 

E - Embryonic day 

ELISA - Enzyme Linked Immunosorbent Assay 

fBV - Blood Volume Fraction 

Flt3 - Fetal liver tyrosine kinase 3 

Flt3L - Fetal liver tyrosine kinase 3 Ligand 

GFP - Green Fluorescent Protein 

GM-CSF - Granulocyte-Macrophage Colony-Stimulatory Factor 

HSC - Hematopoetic Stem Cells 

IL - Interleukine 

iNOS - Inducible Nitric-Oxide Synthase 

IFN - Interferone 

IRF - Interferon Regulatory Factor 

IS - Implantation Sites 

LC - Langerhans Cells 

LCMV - Lymphocytic Choriomeningitis Virus 

LN - Lymph-Nodes 

MHC - Major Histocompatibility Complex 

MHV - Mouse Hepatitis Virus 
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MLR - Mixed Lymphocyte Reaction 

MMTV - Murine Mammary Tumor Virus 

MPD - Myeloid Proliferation Disorder 

MPS - Myeloid Proliferation Syndrom 

MRI - Magnetic Resonance Imaging  

mTEC - Medullary Epithelial Cells 

MΦ - Macrophages 

NK - Natural-Killer cells  

NKT - Natural Killer T cells 

OD - Optical Density 

OVA - Ovalbumine 

OT - OVA specific TCR 

pDC - Plasmacytoid Dendritic Cells 

P4 - Progesterone 

PS - Permeability Surface 

PTA - Peripheral Tissue Antigens 

RAG - Recombinase Activating Gene 

RIP - Rat Insulin Promoter 

SAg - Superantigen 

sFlt1 - Soluble Fms-like tyrosin kinase 1 

STAT - Signal Transducer and Activation of Transcription 

TGF β - Transforming Growth Factor β 

Th - T helper cell 

TCR - T Cell Receptor 

TLR - Toll Like Receptor 

TNF - Tumor-Necrosis Factor 

Treg - Regulatory T cells 

TSA - Tissue Specific Antigen 

TSLP - Thymic Stromal Lymphopoietin 

uDC - Uterine Dendritic Cells 

uNK - Uterine Natural Killer cells 

VEGF - Vascular Endothelial Growth Factor 
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1 Introduction 
Myeloid-lineage derived mononuclear phagocytes play a critical role in innate and adaptive 

host protection. They have been divided into two distinct subsets: macrophages (Mφ) and 

dendritic cells (DC) (1, 2). Mφ  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 (1). Mφ are poor stimulators of T cells in-vitro (3). 

Moreover, infected Mφ are unable to prime naïve cytotoxic T cell responses to intracellular 

pathogens in-vivo (4) In contrast, DC have unrivaled efficacy to stimulate naïve T cells and 

this functional difference remains the best distinctive criterion from Mφ. DC are present as 

sentinels in peripheral tissues, where they can capture antigens that may be processed and 

presented to CD4+ and CD8+ T cells. DC in peripheral tissues 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 (5, 6). After interaction with products of microbial 

pathogens (LPS, dsRNA, CpG DNA) through Toll-like receptor (TLR) family members (7), 

with pro-inflammatory cytokines (TNFα, IL-1β) or after ligation of surface CD40 (8, 9), DC 

acquire an activated ('mature') phenotype. Activated DC efficiently migrate into T cell zones 

of lymph nodes (LNs) (10, 11). Furthermore, they up-regulate co-stimulatory molecules, 

such as CD86 and CD80, as well as surface expression of MHC I and II molecules (5, 12). 

Recent experimental evidence suggests that antigen presentation by activated DC is both 

sufficient and required for the induction of CD8+ T cell responses in-vivo (4, 13). The 

phenotypic definition of murine DC is based on common characteristics, such as morphology 

and surface expression of MHC class II and the β integrin CD11c, which are shared by all 

murine DC (except for CD11cnegative/low epidermal Langerhans' cells (LC)). However, within 

the DC compartment differential surface marker expression and location highlight the 

existence of numerous distinct subpopulations, whose functions remain largely enigmatic. 

1.1  DC  types and subtypes 
The in vivo DC compartment is heterogenous (14). Thus , although all DC should per 

definition be capable of antigen uptake, processing and presentation to naive T cells, DC 

subtypes differ in location, migratory pathways, detailed immunological functions and 

dependence on infectious or inflammatory stimuli for their generation. DC have been divided 
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into two main categories: Conventional DC including migratory and lymphoid-tissue 

resident DC, and Inflammatory DC (Table 1). 

1.1.1. Conventional DC (cDC) 
1.1.1.1 Migratory versus lymphoid-tissue resident cDC. 

Migratory DC have the “classical DC history”, i.e. they  served as antigen-sampling 

sentinels in peripheral tissues, then migrated through the lymph to LNs in response to danger 

signals (or at lower rate in steady-state)(15). Langerhans cells (LC) of the epidermis are the 

prototype migratory DC (16, 17). LC are also found in the epithelia of the intestinal, 

respiratory and reproductive tracts (18). It is likely that most DCs in peripheral non-lymphoid 

tissues, such as dermal DC belong to the migratory DC group. By contrast lymphoid-tissue 

resident DC do not migrate into lymphoid organs from the lymphatics; rather they collect 

and present antigens in the lymphoid organ itself. This can however include migration within 

the organs, such as the translocation from the marginal zone to the T cell zone in the spleen 

(19). Lymphoid-tissue resident DC include most of the DC in the thymus (20) and in the 

spleen (21). However even in LNs, around half of the steady-state DC seem to be LN 

residents (22, 23).   

cDC subtypes 

Both migratory and lymphoid-tissue resident cDC types can be further divided into distinct 

subtypes. 

Migratory cDC subtypes 

Peripheral migratory cDC have been divided according to their tissue of origin. Thus, 

epidermal LC can, even after arrival in the LN, be distinguished from dermal DC according 

to expression of langerin (23, 24). More recently, however, a novel subset of langerin+ DC 

has been discovered in the dermis, which is radiosensitive and displays a distinct cell surface 

phenotype (25-27). Other organ-specific migratory DC subsets have been reported for the 

mouse, including cells resident in the lung, heart, liver, kidney intestine and uterus (28-31).  

Lymphoid-tissue resident cDC subtypes 

The division between the lymphoid-tissue resident cDC within given lymphoid organs is 

currently largely based on surface phenotype, although differential functions begin to emerge 

(14). Murine lymphoid-tissue resident cDC can be segregated according to their expression 

of the T-cell co-receptors CD4 and CD8. CD8 on DC is expressed as an αα homodimer, 
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rather than the αβ heterodimer typical of most T cells. So far, there is no evidence for a 

functional role of the co-receptors on mouse DC. Other markers that are useful to define 

murine DC subsets include CD11b (the integrin αM chain of Mac-1), which inversely 

correlates with CD8α expression on splenic DC and the interdigitating DC marker CD205 

(14). Furthermore, the Shortman group has introduced the Signal Regulatory Protein (SRP) 

family for DC discrimination (32) and also the mannose receptor seems uniquely expressed 

on CD8α+ DC (33) . Using these surface markers, a number of DC subtypes are consistently 

found in the lymphoid tissues of uninfected laboratory animals. Spleen and LNs contain three 

of these: the CD4+CD8-CD205-CD11b+ cells (CD8- DC), CD4-CD8-CD205-CD11b+ cells 

(CD8- DC), and CD4-CD8+CD205+CD11b- cells (CD8+ DC) (21). If passive pickup of 

CD8αβ and CD4 from T cells is excluded, thymic DCs are CD4-CD205+CD11b- and include 

a major CD8αα+ and a minor CD8αα- subsets (21). Collectively, it has been estimated that 

LNs comprise approximately 50% migratory cDC, the rest being lymphoid-tissue resident 

cDC, while spleen and thymus which do not receive afferent lymph are believed to contain 

only resident DC. Accordingly, almost all splenic DC and approximately half of the LN DC 

might be expected to be “immature“ under steady-state conditions (Table 2). 

 

1.1.2 Inflammatory DC subtypes 
Inflammatory DC are not present in the steady-state, but appear as a consequent of 

inflammation or microbial stimuli. One example are the so-called Tip DC that are found in 

the spleen after the infection of mice with Listeria monocytogenes (34). Their name stems 

from the fact that they produce tumor-necrosis factor (TNF) and inducible nitric-oxide 

synthase (iNOS). Also plasmacytoid DC (PDC) have been grouped with inflammatory DC, 

although this classification can be argued, as PDC are found in steady-state in lymphoid 

organs. PDC are round, non-dendritic, relatively long-lived and circulating cell. After 

stimulation by viral or other microbial infections, PDC produce large quantities of type 1 

interferons (35-37). PDC can promote the function of NK cells, B cells, T cells and cDC 

through type 1 interferons during an antiviral immune response (35). Additionally, it was 

recently found in our laboratory that in the absence of cDC, Interferon-α producing PDC can 

prime naive CD4+ T cells in antigen-challenged LNs (38) (Table 1).  
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Table1:  DC subtypes 

Conventional DC Inflammatory DC 

Migratory DC Lymphoid-tissue resident 

LC  

Dermal DC 

Peripheral DC 

PDC 

Splenic DC 

Thymic DC 

LN DC (1/2 of them) 

 
Tip DC 

PDC  

 

 
Table 2: DC subsets  in lymphoid organs 

Location   DC Subsets 
CD11chi DCs 
 

CD11b+  CD4+  CD8-  CD205-   

CD11b+  CD4-  CD8-  CD205-   
CD11b-  CD4-  CD8+  CD205+ 

Spleen 
  

PDC CD11cint CD11b-  B220+  CD205- Gr1+ 
CD11chi DCs 
 
 

CD11b+  CD4+  CD8-  CD205-   

CD11b+  CD4-  CD8-  CD205-   
CD11b-  CD4-  CD8+  CD205+ 

PDC CD11b-  CD11cint  B220+  CD205- Gr1+ 
dermal DC* CD4-  CD8-  CD205int  CD11b+ 

LNs 

LC* CD4-  CD8low  CD205hi  CD11b+ CD207+ 
CD11chi DCs 
 

CD4-  CD8+  CD205+  CD11b- 
CD4-  CD8-  CD205+  CD11b-  

Thymus 

PDC CD11cint CD11b- B220+  CD205- Gr1+ 
* Skin draining LN. 

 

1.2 DC  subtype functions 
The in vivo role of DC subtypes can be influenced by different factors that can supersede 

intrinsic abilities imposed by their anatomical location, antigen accessibility or effects of 

pathogens.  

1.2.1 Antigen presentation 
The functional feature that defines DC, is their among all other leukocytes unrivaled capacity 

to capture, process and present antigens - a pre-requist for T cell priming. However, not all 

DC have equivalent antigen-presenting roles in vivo. Differences may derive from intrinsic 

abilities of individual DC types to capture and process antigens, and to load the resulting 
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antigenic peptides onto their MHC molecules. All DC subtypes express high levels of MHC 

class I and II molecules, and thus can potentially present peptide antigens to CD8+ and CD4+ 

T cells, respectively. Antigens can be categorized according to their source as endogenous 

(that is synthesized by the APC itself) or exogenous (that is synthesized by other cells and 

taken up by the APC) (39). Most endogenous antigens are derived from proteosomal 

degradation of proteins in the cytoplasm. Peptides are subsequently transported into the ER 

and loaded onto MHC class I molecules (39) More recently it has been shown that 

endogenous proteins can also reach the MHC class II pathway, via autophagy (40). 

Exogenous antigens are internalized by pinocytosis, phagocytosis or receptor-mediated 

endocytosis (39). Then, these antigens become accessible to the endosomal proteases, are 

processed into peptides that can be loaded in specialized endosomal compartments on MHC 

class II molecules. Presentation of exogenous antigens on MHC class I molecules, a process 

known as cross-presentation, requires the presence of a unique phagosome-to-cytosol 

pathway. As most cells express MHC class I molecules, but only a few can cross-present, this 

pathway must rely on specific machinery to handle endocytosed antigens, but how this 

machinery works remains under debate (41). One structure involved in cross-presentation 

might be the so-called ergosomes, which represent hybrid ER–phagosomal compartments 

and contain endocytosed antigens, newly synthesized MHC class I molecules, and the 

multimolecular machinery required for efficient formation of MHC I–peptide complexes, 

including the TAP transporter (42-45) 

Like direct presentation, cross presentation can have two out-comes: it can lead to the 

triggering of protective CD8+ T cell responses (cross-priming) or to the neutralization of self-

reactive CD8+ T cells (cross-tolerance). Cross-priming is essential for the defense against 

intracellular pathogens, incl. bacteria and viruses. Importantly, DC seem to be uniquely able 

to cross-prime naïve T cells in vivo and are absolutely required for certain responses (4). 

Cross priming is also believed to play a role in transplant rejection and cancer immuno-

surveillance, although the latter remains under debate (46, 47). 
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1.2.2 Central and peripheral Tolerance 
Before T cells are released from the thymus into the periphery, they undergo in the thymic 

medulla a negative selection process, which removes developing T cells that bear high 

affinity T cell receptors (TCRs) for self-antigens (48-50). 

The role of thymic DC in negative selection is difficult to monitor because the thymus hosts 

many cell types that have the potential to present self/MHC and might induce negative 

selection, including medullary epithelium, B-cells, Mφ and even CD4+CD8+ thymocytes (51-

53). Importantly, thymic medullary epithelial cells  (mTEC) express and present a variety of 

peripheral tissue-specific proteins, whose expression is driven by the AIRE transcription 

factor (54-57). Likewise, the majority of thymic DC express low levels of AIRE and can 

present endogenous self-antigens or cross-present tissue specific antigens (TSA) captured 

from the medullary epithelium for negative selection (58, 59). It was shown, that thymic DC 

are sufficient and crucial in the establishment of central CD4+ T cell tolerance through 

deletion of potentially autoreactive T cells.  Deletion of autoreactive CD8+ T cells by thymic 

DC is less efficient and does not require antigen presentation by DC, but other cell types may 

be involved  (60).  Recently, peripheral DC were reported to transport peripheral antigens to 

the thymus and induce negative selection by presenting them to developing CD4+ thymocytes 

(61). This process may expand the repertoire of self-antigens presented in the thymus.  

Despite thymic selection, autoreactive T cells can escape to the periphery (62), raising the 

need for additional "peripheral" tolerance establishment. DC constantly present peripheral 

self-antigens upon migration to organ-draining LNs(63) and are thus considered to prime 

candidates for the induction and maintenance of peripheral tolerance. However, other cells 

might contribute to this phenomenon, as it was recently shown that tolerance can be induced 

by a stromal cell population of the LN cortex that constitutively expresses a broad range of 

peripheral- tissue antigens (PTAs) and present intestinal self-antigens to naive CD8 T cells 

(64). 

Although it is generally accepted that thymic self-tolerance establishment relies mainly on 

negative selection through clonal deletion, medium to high affinity self-reactive T cells can 

undergo non-deletional central tolerance, in which they give rise to natural-occurring 

regulatory T cells (Treg) (65-67). Thymic Stromal lymphopoietin (TSLP) -activated DC 
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within the thymic medulla were shown to stimulate developing T cells to differentiate into 

Treg cells (68).  

Two models have been proposed by which DC might ensure peripheral tolerance. The first 

proposes the existence of a subtype of specialized regulatory DC (69). According to the 

second model, the capacity for tolerization or immunostimulation depends on the maturation 

or activation status of the antigen-presenting DC. Insufficient expression of co-stimulatory 

molecules leads to abortive T cell responses (70, 71). In further support of this model, 

antigen presented by a small percentage of DC in a resting status induced robust antigen 

specific peripheral CD8+ T cell tolerance, while the very same DC in activated condition 

primed naïve CTL to expand and develop effector functions (72). It has also been proposed 

that not merely immature but 'alternatively activated' DC might have a role in tolerance 

induction (73). Thus, in-vitro experiments show that exposure of DC to TNF-α or IL-10 

promotes the development of tolerance-inducing cells (74, 75), phenotypically distinct from 

immature DC.  

 

 

1.2.3. T cell homeostasis 
In the periphery DC play a major role in promoting survival of peripheral CD4+ T cells in 

lymphopenic and non-lymphopenic environment (60, 76-78). CD4+ T cells in MHC class II-/- 

recipients gradually decrease in number over 6 months, suggesting that interactions between 

the TCR and class II molecules are necessary to maintain the size of the peripheral T cell 

pool for extended periods (77). In mice expressing MHC II exclusively on DC, peripheral 

CD4+ T cells are rescued and found in close contact with these DC, suggesting that MHC 

class II+ DC might play an important role for the longevity of CD4+ T cells (60). MHC I 

expression on DC is sufficient although not required to induce homeostatic proliferation of 

CD8 T cells (in lymphopenic models) (79).  

Naive T cells must enter DC-rich lymphoid compartments to undergo homeostatic 

proliferation, suggesting that DC are the primary APC that present self MHC/peptide ligands 

to drive this response (80). Of note, homeostatic proliferation is impaired in LTα-/- mice, 

which have a disorganized white pulp with marked reduction in DC (81). Collectively these 

data suggest that homeostatic proliferation in T cell compartment is largely under the control 
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of DC. Whether other cells types e.g. stromal cells, are involved is still unclear. Mφ  and B 

cells are probably not necessary because Mφ are rare in the T cell zones and homeostatic 

proliferation can occur in B cell deficient recipients (RAG-/- mice). 

 

1.2.4 Immunoregulatory and  cytokine secretion  
DC provide a link between the site of infection and the lymphoid organs. In addition to the 

antigen, they transmit several signals encoding the nature of the pathogen and the infected 

tissue, thereby influencing the outcome of the immune response (82). Thus DC can affect 

Th1, Th2, Th17 and Treg -polarization depending on the cytokines they secrete. IL12 

promotes the differentiation of T cells into IFNγ-producing type1 cells (83). Other IL12 

family molecules such as IL23 (84) and IL27 (85) are also secreted from DC but 

differentially regulate immune responses. IL23 promotes the survival of T cells into Th17 

cells, secreting IL17 which is associated with inflammation and critically involved in 

autoimmune diseases (86). IL27 appears to act as an anti-inflammatory agent in vivo and was 

shown to inhibit the differentiation of Th17 cells. The DC-derived cytokines TGFβ and IL2 

induce Treg differentiation, whereas TGFβ and IL6 are essential for Th17 differentiation; in 

this context, Treg differentiation is suppressed by IL6 (87). Upon activation, DC also secrete 

IL2 and IL15 (88, 89), which might be involved in proliferation of naive T cells and /or in 

modifying their differentiation.  

 

1.2.5 Regulation of B lymphocytes 
Besides stimulating naïve T cells, DC can also directly activate naïve and memory B cells. 

Immature DC have been shown to store intact antigen for prolonged periods of time (90) and 

to present it to B cells (91). Supporting this notion recent data indicate that DC might be 

crucial for the initiation of T-independent B cell responses to blood-borne antigens (92). 

However, splenic DC are not required for the generation of plasmablasts in T independent B 

cell responses (93).  

It was recently shown in our laboratory that the ablation of bone marrow -resident DC 

(bmDC) results in a specific loss of recirculating B cells. Interestingly, this study showed that 

beyond their established role as APC, bmDC seem to provide a critical cytokine, i.e. MIF , to 

maintain the survival of mature B cells in the BM (94). 
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1.2.6 Innate immunity 
DC  with NK, NKT, and γδT cells can occur in the periphery and secondary lymphoid organs 

(95). A recent study suggests that the activation of  murin NK cells is totally dependent on 

the interaction with DC in secondary lymph organs (96). Importantly, activated NK cells, 

which display enhanced cytotoxicity, secrete INFγ (97, 98), which renders DC to induce 

type1 T cell responses (99). Mature DC also activate NKT and γδT cells, to secretion of 

INFγ/ IL4 and INFγ/ TNFα, respectively (100{Conti, 2005 #258). Activated NKT cells 

acquire the capacity to kill tumor cells (101) and in return, CD40L expressing NKT cells 

induce the activation of DC (95). 

 

 

1.3 DC origin and  development  
1.3.1 DC origin 
Monocytes, are considered circulating precursors of tissue MΦ and DC (102-105). 

Monocytes are generated in the BM and are released to the bloodstream, from which they can 

extravasate to tissues (106). It was recently shown that monocytes recirculate between the 

BM and the blood under steady state conditions (107). Murine blood monocytes encompass 

two main Gr1hiCX3CR1intCCR2+ and Gr1lowCX3CR1hiCCR2- subsets (104, 108). Recently, 

Fogg et al. reported the identification of a novel clonotypic BM precursor that gives rise to 

DC and MΦ (MDP) (109) and is also a precursor of BM and blood monocytes (107). 

However, splenic DC do not arise from monocytes (107, 110). Rather, their renewal is 

dependent on either local proliferating precursors (111) (110) or rare circulating cells, 

distinct from monocytes, such as the MDP (107, 112). 

Mucosal DC, such as the ones found in the intestinal and respiratory tract, originate from 

blood monocytes under non-inflammatory conditions (105, 107, 113). LC, on the other hand, 

rely in steady state on local proliferating precursors, but can originate from blood monocytes 

under inflammation (114-116).  

To conclude, the origin of DC depends on the organ, and is influenced by the context, i.e  

Inflammatory or steady state. 
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1.3.2 DC development 
Cytokines 

In hematopoiesis, the development of lineage-specific cells, including DC, involves a 

cascade of progenitors, each of which is more restricted to a specific cell fate than its 

predecessor. Signaling pathways were shown to regulate the activity of lineage-determining 

transcription factors and cytokines, which in turn specify cell fate. DC development is 

particularly complex, in that several subpopulations exist and lineage specification can occur 

at several anatomical locations. Monocytes and early progenitor cells give rise to DC when 

cultured with granulocyte/macrophage colony-stimulating factor (GM-CSF) (117). GM-CSF 

levels are low in steady-state mice, but rise during inflammation, suggesting a role for this 

cytokine in inflammation (118) By contrast, the cytokine FLT3L is crucial for steady-state 

cDC development. Mice that lack FLT3L have low levels of DC (119), as do mice that are 

deficient in Signal Transducer and Activator of Transcription 3 (STAT3) (120), which is an 

important molecule in the FLT3L signaling cascade.  

Transcription factors 

PU.1 has been demonstrated to have a decisive function in DC development from monocytes 

(121). Additionally, PU.1 repress the Mφ fate-inducer MafB, and thus Mφ development (121). 

This places the PU.1 antagonism of MafB at a key position in the decision between a DC and 

a Mφ fate.  

RelB, is expressed at high levels in splenic CD8α- DC and at lower levels in CD8α+ DC 

(122). cDC subsets in the spleen are reciprocally affected in IRF4-/- and IRF8-/- mice: IRF4-/- 

mice have low numbers of CD4+ DC and normal numbers of CD8α+ DC , whereas IRF8-/- 

mice have normal numbers of CD4+ DC and lack CD8α+ DC (123, 124). IRF2-/- mice are 

deficient in splenic CD4+ DC, similarly to IRF4-/- mice, in addition the numbers of LC in 

IRF8-/- and IRF2-/- are reduced (125). Although these data highlight the impact of IRFs on 

DC subset development, the underlying molecular mechanism remains elusive. 
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We believe that the in-vivo heterogeneity clearly bears the potential for functional diversity 

and specific roles for different DC subtypes. Furthermore, most of our current knowledge 

about specific functions of DC subsets is based on in-vitro or ex-vivo experiments and 

recently also transient DC depletion in-vivo.  These studies have mostly established the 

critical role of lymphoid organ-resident DC in T cell activation. However almost none of 

them investigated peripheral DC functions. Our study aimed to further understand the in-vivo 

functions of distinct DC subtypes, in steady-state and in different developmental and 

physiologic processes using  in-vivo constitutively or transient DC ablation strategies.   

-  We report the generation and characterization of mice that constitutively lack all 

conventional CD11chigh DC (cDC). cDC-less mice were born at normal Mendelian 

frequencies and showed unimpaired development. The lack of cDC resulted in a broad T cell 

immuno-deficiency, however surprisingly the steady state T cell compartment and T cell 

homeostasis remained largely unaffected. Finally we report that cDC-less mice develop with 

time a myeloid proliferative syndrome. 

    - We characterized a novel splenic subpopulation of CD8α+ DC, which is marked by high 

level of the chemokine receptor CX3CR1. Interestingly, the gene expression profile of these 

cells resembled that of the CD8α- DC subset.  

   -We investigated the role of uDC during pregnancy, using a conditional in vivo mouse DC 

ablation model (4). We report that uDC are required for embryo implantation and critically 

involved in the transformation of the maternal stroma into the decidua. We show that at the 

implantation stage uDC are not needed to maintain immunological tolerance towards the 

embryo, but rather are indispensable for adequate decidual proliferation, differentiation and 

angiogenesis. These data suggest a novel role for uDC directly linked to decidualization, 

which governs uterine receptivity. 
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2. Lack of conventional Dendritic cells is compatible with normal 

development and T cell homeostasis, but causes Myeloid 

Proliferative Syndrome 

 

2.1 Introduction 
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 (APC) thus play a central role in the activation and control of T cell 

immunity. In the 1970s Steinman and colleagues discovered a new, morphologically distinct 

APC, which displayed a unique potential to stimulate naive T cells in vitro (126). These so-

called Dendritic cells (DC) belong to the body-wide network of mononuclear phagocytes 

(106), and seem to have co-evolved with adaptive T cell immunity. Furthermore, their 

specialization has been confirmed in in vivo settings. Thus, vaccination with antigen-pulsed 

DC proved a potent way to stimulate T cell responses both in mouse and man with respective 

protocols being in clinical trials (127, 128). Antigen targeting to DC elicits strong T cell 

priming and long-lived T cell help for antibody responses (70, 129). Finally, we and others 

established through conditional in vivo DC ablation that splenic conventional DC (cDC) are 

required for the initiation of naïve CD4+ and CD8+ T cell responses to protein antigens and 

pathogens (4, 38, 130).  Beyond their role in T cell stimulation, DC are also involved in the 

control the auto-reactivity of the T cell compartment. DC were reported to play a critical role 

in the establishment of central T cell tolerance (60), although more recent studies highlight 

the contribution of medullary thymic epithelial cells (mTECs) that promiscuously express 

tissue-restricted self-antigens (131). Immature or resting DC that did not encounter pathogen 

signatures and hence lack expression of co-stimulatory molecules were shown to induce 

peripheral tolerance, both of CD4+ and CD8+ T cells (71, 130). In addition thymic and 

peripheral DC were proposed to play a critical role in the generation of T regulatory (Treg) 

cells that suppress effector T cell responses(132-135). Finally, peripheral DC were proposed 

to support homeostatic proliferation and survival of T cells (60, 79). While the role of DC in 

T cell activation has been well established using transient DC depletion and/or DC-specific 

antigen targeting in vivo, the study of DC functions in T cell development and homeostasis 
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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 to 

fully understand the immunological and developmental functions of this critical immune cell 

type.  

Here we report the generation and characterization of a binary transgenic mouse model that 

constitutively lacks conventional CD11chigh DC. cDC-less mice were born at normal 

Mendelian frequencies and showed unimpaired development. The lack of cDC resulted in a 

deficiency to mount efficient and antivirally protective T cell responses. Surprisingly, 

however, the steady state T cell compartment and T cell homeostasis remained largely 

unaffected by the absence of DC. Finally we report the unexpected finding that cDC-less 

mice develop a myeloid proliferative syndrome, suggesting a hitherto unknown role of DC in 

the feedback regulation of hematopoiesis. 

 

2.2 Results 
2.2.1 Generation of mice that constitutively lack conventional DC.  

In order to probe for potential functions of cDC during the development of the vertebrate 

organism and subsequent homeostasis, we generated a mouse model that constitutively lacks 

CD11chigh cells. To this end, we crossed CD11c-Cre BAC transgenic mice (136) to mice that 

harbor a conditional diphtheria toxin A (DTA) transgene in the constitutively active Rosa26 

locus (137). Cre recombinase-mediated 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 (138) 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 cytometry analysis of CD11c:DTA mice revealed the essential absence of MHC II+ 

CD11chigh cells from spleens, peripheral and mesenteric LNs, thymi and non-lymphoid 

tissues of CD11c:DTA mice (Fig.1a,b). Importantly, the bulk of plasmacytoid DC (PDC) 

and epidermal Langerhans cells, which are CD11cneg-low were still present in CD11c:DTA 

mice (Fig. 1c). Classical in vitro DC depletion experiments have shown that splenic DC are 

of critical importance as stimulators in a primary mixed leukocyte reaction (MLR) (126). 
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Moreover also conditional in vivo cDC ablation results in the inability of splenocytes to 

prime allo-reactive T cells (4). To obtain a functional confirmation for the absence of cDC in 

CD11c:DTA mice, we assayed cell suspensions of splenocytes and thymocytes in an MLR. 

When the respective cells were isolated from CD11c:DTA mice they  failed to stimulate allo-

reactive responder T cells, as compared to single transgenic littermate controls (Fig. 1d,e). 

Taken together, CD11c:DTA mice lack CD11chigh conventional DC (cDC), but develop 

normally suggesting that during development the cells are not required for processes beyond 

their immune functions. 
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Figure 1: Constitutive DC depletion in the CD11c:DTA mice     
(A,C) Flow cytometry analysis of cells isolated by collagenase D digestion  from CD11c:DTA double 
transgenic mice or littermate(LM) controls. DC were isolated from  spleen, LNs, thymus and kidney 
and  defined as CD11chigh, MHC-IIhigh cells (A), splenic PDC defined as CD11cint and mPDChigh  (C, 
up) and epidermal  LC which defined as MHCIIhigh (C, down). (B) Number of splenic DC in 
CD11c:DTA (black bar) and LM control mice (white bar). (D,E) Mixed leukocyte reaction with 5x105 
splenocytes (D) or thymocytes (E) isolated from CD11c:DTA and littermate, cultured with 105 CD4+ 
BALB/c T cells for 72 h, after which thymidine incorporation was measured. Bar diagrams represent  
triplicates. Error bars represent SD. Controls include responder T cells only and T cells with 
splenocytes isolated from DTx treated CD11c-DTR mice. One representative experiment out of three. 
Percentages refer to DC out of total cells. n=3 for each group. p<0.001. 
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2.2.2 cDC-less mice are immuno-deficient.  

The requirement of cDC in the MLR reaction highlights their role as unique APC in the 

priming of naïve T cell responses. To investigate the in vivo immune status of the 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, OT-II (139, 140)) were 

transferred into CD11c:DTA mice or littermate controls and the recipients were challenged 

by intravenous OVA injection (10 ug). Both CD4+ and CD8+ T cell responses were impaired 

in the spleens of CD11c:DTA mice (Fig. 2a). This result confirms earlier reports that splenic 

CD4+ and CD8+ T cell responses depend on the presence of CD11chigh DC (4, 38). 

Noteworthy however, CD4+ T cell responses in the LNs of CD11c:DTA mice persisted, as 

reported for cDC-depleted CD11c-DTR mice (38) (Fig. 2b).  

 To test the impact of the absence of cDC on T cell-mediated protection against 

pathogens, we challenged CD11c:DTA mice and littermate controls with the non-cytopathic 

lymphocytic choriomeningitis virus (LCMV). LCMV protection strictly depends on a rapidly 

developing cytotoxic T cell response (141). As shown in Fig 2c, CD11c:DTA mice failed to 

generate efficient virus-specific CTL responses, which resulted in impairment  of viral 

clearance. To test the ability of the cDC-less mice to cope with a cytopathic viral infection, 

we challenged the CD11c:DTA mice with mouse hepatitis virus (MHV) A59 strain. The 

defense against MHV requires type I IFN-producing PDC (142), but also involves a CTL 

component as shown in the MHC class I-deficient β2m-/- mice which lack CD8 T cells (Fig. 

2e). CD11c:DTA mice mounted a considerable response of MHV-specific IFN-g secreting 

effector T cells (Fig 2d). Moreover, two out of five CD11c:DTA mice had cleared MHV on 

day 8 post infection, like their littermate controls . Three MHV-infected CD11c:DTA mice 

showed residual MHV titers in the liver, but did not suffer for MHV-mediated liver damage 

(Fig 2d) suggesting that the residual CTL response was sufficient to reduce viral titers below 

a pathogenic level. These data are consistent with the key role of cDC in the response to 

MHV, as PDC are present in CD11c:DTA  mice. Collectively our results support the 

prominent role of cDC in the stimulation of T cell immunity, though cells other than cDC can 

trigger CTL responses during viral infection. 
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Figure 2 :cDC-less mice are immuno-deficient 

(A,B) 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. Histograms show spleen (A) poplietal LNs 
(B). Effect of the absence of CD11c+ DC on antiviral CTL responses (C, D). WT and CD11c:DTA 
mice were infected 200 pfu LCMV WE (C) or 50 pfu MHV A59 (D). (C) Left bar diagram represents 
LCMV-specific CTL responses as determined by gp33-tetramer analysis in spleens and blood on day 
8 post infection. Middle bar diagram represents measurement of IFN-γ secreting CD8+ T cells on day  

C 

D 

E 

(D) Left bar diagram represents measurement of IFN-γ secreting CD8+ T cells on day 8 post infection 
following in vitro restimulation with MHV S598 peptide. Values represent the percentage ±SEM of IFN-γ 
secreting CD8+ T cells in indicated organs (n=5). Middle bar graph represents MHV titers in livers on day 8 
post infection (n=5). Right bar graph represents ALT values in serum on day 8 post MHV infection (n=5). (E) 
Protection against infection with the cytopathic MHV A59 depends on the presence of CD8+ T cells.  β2-
microglobulin-deficient (β2m-/-) and C57BL/6 (B6) control mice were infected intraperitoneally with 50 pfu 
MHV A59. Left graph shows survival of mice lacking CD8+ T cells. Health status was monitored twice daily 
and moribund animals were euthanized (n=5 per group). Right bar graph shows viral titers in livers were 
determined on day 8 post infection.  
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(n=3-4). Right bar diagram 
represents LCMV titers in spleens 
on day 8 post infection (n=3-4).  
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2.2.3 cDC-less mice have an unimpaired T cell compartment.  

T cells not only require MHC-expressing peripheral APC 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 naïve T cell pool (143-146). Given their prominent role in T 

cell priming, DC are prime candidates for this activity, as they are known to interact with T 

cells even in the absence of antigen (147).  

We therefore sought to characterize the steady state T cell compartment of 

CD11c:DTA mice. Interestingly, thymic morphology and organization into medulla and 

cortex were unimpaired in CD11c:DTA mice (Fig. 3a). Moreover, percentages of T cell 

subpopulations were unchanged, with both immature CD4+CD8+ DP and mature SP cells 

present in normal frequencies (Fig. 3b). Furthermore, when compared to littermate controls 

CD11c:DTA mice exhibited normal T cell numbers in peripheral lymphoid organs (Fig. 3c). 

Within the T cell compartment the ratio between CD4+ and CD8+ T cells was found slightly 

elevated (wt littermate: 1.8 vs. CD11c:DTA: 2.4) (Fig. 3d). Although T cell numbers were 

normal, BrdU incorporation after in vivo pulsing showed an elevated proportion of 

proliferating T cells suggesting a shorter half life of this population in CD11c:DTA mouse 

(Fig. 3e)  

To probe the functionality of T cells raised in absence of cDC, we investigated their 

ability to respond to in vitro stimulation and in vivo antigen challenge after transfer into wt 

mice. As shown in Fig. 3f, CD4+ T cell isolated from cDC-less mice and littermate controls 

responded equally well in an anti-CD3 antibody-driven in vitro T cell stimulation assay. To 

perform the in vivo assay for T cell function, we generated TCR transgenic CD11c:DTA 

mice by crossing the OT-II transgene, encoding an Ovalbumin (OVA) specific TCR (140) 

onto the CD11c:DTA background. We then isolated CD4+ T cells from the OT-II; 

CD11c:DTA mice and littermate OT-II controls harboring cDC, labeled them with CFSE and 

transferred the cells into wt recipient mice. The use of the respective allotypic markers 

allowed us to identify the two grafted cell populations in the host (Fig. 3g).  Even in this 

competitive assay OT-II cells isolated from the cDC-less mice responded to antigen-

challenge as well as T cells isolated from DC-proficient animals. T helper cell functionality 

was measured by assessing the ability of the mice to mount T dependent humoral immune 

responses. To this end mice were immunized with the protein-hapten conjugate NP-KLH, 
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and 14 days later, specific IgG1 formation was determined by ELISA (Fig 3h). The 

formation of anti-NP serum IgG1 antibody titers of CD11c:DTA mice was unaffected 

compared to wt littermate controls. It remains to be shown, which cells prime the Th cells. 

One candidate are PDC that are not ablated in CD11c:DTA mice and can prime CD4+ T cell 

responses (38). 

cDC were proposed to play a critical role in the generation of natural regulatory T 

cells. However, both in spleens and thymi of CD11c:DTA mice we found CD4+ T cells with 

regulatory T cell phenotype (FoxP3+) that were as frequent as in littermate controls (Fig. 3i). 

Collectively these data indicate that, despite their deficiency in T cell priming, and 

their suggested shorter half life, cDC-less mice have an unimpaired T cell compartment with 

functionally intact T cells.  
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Figure 3: Unimpaired T cell compartment in CD11c:DTA mice  
(A) Hematoxylin- and eosin- stained section of CD11c:DTA and LM control thymus. note cortex and medulla. 
(B+D) Flow cytometric analysis of T cells  isolated from CD11c:DTA mice and LM controls, stained for CD4 and 
CD8. Dot blots represent thymic T cells (B) and Splenic T cells (D).(C) Bar diagram represents T cell number in 
the spleen and inguinal LNs of CD11c:DTA mice and LM controls. 
T cells are identified as CD3 positive cells (n=5). Results are representative example of 3 
independentexperiments.(E) CD11c:DTA mice and LM controls were daily injected with BrdU for 6 days and its 
incorporation to DNA of splenic T cells was analyzed at 3 different time points post injection (i.e day2,4,6). Graph 
represents kinetic of BrdU incorporation  as percentage from total T cells. n=3 per each group.(F) In-vitro 
proliferation assay of CD4+ T cells that were isolated from spleens and LNs of CD11c:DTA mice (gray line) and 
LM controls (black line). 10^5 cells were then plated on the indicated concentration of anti CD3 coated plates for 
72h, after which thymidine incorporation was measured. Each dot represents triplicates. Error bars represent SD. 
(G) Flow cytometric analysis of co-transferred CFSE-labeled  Thy1.1 CD45.2+ OT-II and Thy1.1 CD45.1+ OT-II 
(2x106 each) from CD11c :DTA and LM controls respectively into Thy2 wt recipients.  3 days after i.v 
immunization with soluble OVA (10 ug) or without immunization. Histograms show splenic cells that were 
identified by their allotypic markers for the two different grafted cell populations as shown by the dot-blots.  n=4 
for each group.(H) CD11c:DTA and LM controls were immunized with the protein-hapten conjugate NP-KLH, and 
14 days later, anti NP  IgG1 formation was determined by ELISA. Graph curves  represent anti NP IgG1 titrations 
at days 0 and 14 post immunization. n=4 for each group. (I) Percentage of Foxp3+ Treg cells out of CD4 T cells 
in thymus (up) and spleen (down) of CD11c:DTA and LM controls. n=3, Results are representative example of 3 
independent experiments. 
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2.2.4 cDC are dispensable for thymic negative selection.  

To obtain a global view on the TCR repertoire of CD11c:DTA mice, we next determined the 

Vβ chain usage of their thymic and peripheral T cells. As shown in Fig. 4a, the absence of 

cDC did neither affect the CD4+ nor the CD8+ T cell repertoire, which remained similar to 

littermate controls. Notably, the representation of certain Vβ chains in C57BL/6 mice, such 

as Vβ5,11 and 12 is known to be influenced by the presence of superantigens (SAg) encoded 

by endogenous MMTV proviruses (148). The fact that CD11c:DTA mice exhibit unchanged 

Vβ distributions thus suggested that cDC are dispensable for this SAg-induced T cell 

depletion in the thymus. To directly test the role of cDC in thymic negative selection we 

resorted to a transgenic system that involves the expression of the de-novo self-antigen 

ovalbumin (RIP-OVA mice (149)). We generated mixed 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 cross-presentation of the mTEC-derived antigen by BM-derived 

cells, presumably DC (56). [OT-II > RIPmOVA] chimeras displayed as reported (56) a 

significant reduction of Vα2/ Vβ5+ OVA-reactive T cells in their thymus and periphery, as 

compared to [OT-II > wt] control chimeras (Fig. 4b). More importantly, antigen-induced 

deletion of OVA-reactive CD4+ T cells was also observed in [OT-II; CD11c:DTA > 

RIPmOVA] chimeras and thus independent of thymic DC. Collectively, these data establish 

that in the systems studied here cDC are not required to establish thymic negative selection. 
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Figure 4:  cDC are dispensable for thymic negative selection 
(A) Bar diagram summarizes result of flow cytometric analysis for Vβ distribution of T cells among 
total CD8+ T cells (left) and CD4+ T cells (right), in the thymus and spleen of CD11c:DTA mice and 
LM controls. n=4 for each group. Error bars represent SD. 
(B) Unimpaired thymic negative selection of OVA-reactive CD4+ T cells in CD11c:DTA mice. BM cells 
were isolated from OT-II mice and CD11c:DTA:OT-II donors and transferred into irradiated wt or 
RIPmOVA recipient to generate BM chimeras. Dot-blots represent flow cytometric analysis of 
Vα2+Vβ5+ specific T cells isolated from BM chimeras. Bar diagrams summarize percentages of OTII 
cells out of total CD4+ T cells in the thymus and spleen of the chimeras. Note the significant reduction 
in Vα2+Vβ5+ OVA-specific T cells both in the thymus and periphery in the absence of DC 
([CD11c:DTA:OT-II > RIPmOVA] mice). 
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2.2.5 cDC-less mice develop a Myeloid Proliferative Syndrome (MPS)  

At 4-5 weeks of age some CD11c:DTA mice spontaneously developed macroscopically 

detectable alterations of secondary lymphoid organs, including sporadic lymphadenopathy 

and splenomegaly. The disorder increased in penetrance and severity with time so that by the 

age of three months CD11c:DTA spleens generally weighed about three times that of 

littermate controls (Fig. 5a). 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 cDC (Fig. 5b). Interestingly, Spleens of cDC-less mice generally showed a well-

preserved segregation into red and white pulp, as well as T and B cell zones whereas in 

cervical LN the architecture was found disturbed. Thus follicles were scattered throughout 

the node although the follicle structure itself was preserved (Fig. 5c). 

Flow cytometric analysis of CD11c:DTA spleens and LNs revealed a dramatic increase in 

the numbers of CD11b+ myeloid cells comprising Gr1int monocytes and Gr1high neutrophils 

(Fig. 5d). Furthermore, we observed a minor but significant elevation of these cells in the 

BM (Fig. 5e). Blood counts of CD11c:DTA mice revealed a myeloid shift towards 

neutrophils, monocytes and eosinophils (Fig 5f), which progressed with age (Fig 5g). 

Morphologically, leukocytes of CD11c:DTA mice appeared normal (data not shown). 

Myeloid cell infiltration was also observed in peripheral non-lymphoid organs of three month 

old CD11c:DTA mice, such as liver and kidney (Fig. 5h). Interestingly, the number of 

splenic erythrocytes, detected by Ter119 expression, was significantly elevated, while the 

BM, which appeared anemic exhibited lower numbers of these cells (Fig. 5i). In accordance 

histological examination of CD11c:DTA BM revealed myeloid hyperplasia and a reduction 

in erythroid precursors (Fig. 5j). Furthermore, we consistently observed a low-grade 

leukocyte infiltration in the colonic lamina propria comprising mononuclear cells and 

eosinophils (Fig. 6), and the mice displayed a chronic-active arteritis in the heart (Fig. 7).  
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Figure 5: CD11c:DTA mice develop myeloid proliferative disorder (MPD) 
(A) Enlarged spleen (up) and cervical lymph nodes (down) of 3 month old CD11c:DTA mouse and LM 
controls. Bar diagram represents mean spleen weight of CD11c:DTA (white) and LM controls (black). 
(n=8 for each group) (B) Total cell numbers of spleen, iLN and BM of 3 month old CD11c:DTA and 
LM controls (n=5 for each group). (C) Hematoxylin- and eosin- stained section of  spleens (up) 
cervical LN (down) from CD11c:DTA (right)  and LM controls (left). (D) Myeloid cell number (identified 
as CD11b+ cells)  in the spleen and inguinal LNs of 3 month old CD11c:DTA and LM controls. (n=5 
for each group). Note that the elevation is mostly due to increase in CD11b+Gr1+ cells. Bar Diagrams 
represent the mean of cell number from  4 mice in each group. Error bars represent SD. E) Flow 
cytometry  analysis of BM neutrophils (Gr1high CD115-) and monocytes (CD115+) of 3 month old 
CD11c:DTA and LM  controls. Bar Diagrams summarize cell number obtained from analysis of 4 mice 
in each group. Error bars represent SD. 
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Figure 5 Continue: CD11c:DTA mice develop myeloid proliferative disorder (MPD) 
(F) Bar diagram represents data obtain from blood cell count of 3 month old CD11c:DTA and LM 
controls (n=2 for each group). Note the elevation in the number of myeloid cells whereas blood 
lymphocytes cell number remains unchanged. (G) Bar diagram represents comparison of neutrophil 
and monocyte percentages in the blood of 3 month old versus 1 month old CD11c:DTA mice and LM 
controsl. Note the progression in myeloid cells elevation. n=3 for each group.  Error bars represent 
SD. (H) Myeloid cell number (identified as CD11b+ cells)  in the  liver (left) and kidney (right) of 3 
month old CD11c:DTA and LM controls. (n=5 for each group). Bar Diagrams represent the mean of 
cell number from  4 mice in each group. Error bars represent SD. (J) Hematoxylin/ Eosin - stained 
section of CD11c:DTA mouse and LM control BM. Note that in the CD11c:DTA the entire field is filled 
with myeloid precursors with lobulated nuclei Megakaryocytes are present but the number of erythroid 
precursors (circled in wt) is greatly diminished. 
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Figure 6: Leukocyte infiltration in the colonic lamina propria of CD11c:DTA mouse 
Hematoxylin- and Eosin- stained section of CD11c:DTA and LM control colon. 
(A+D) Colon from LM control mouse. The mucosa is on the top. The submucosa is identified with an 
asterisk. x10 magnification (A), x20 magnification (D). 
(B+E+C+F) Colon from CD11c:DTA mouse. Note to the ~1.5-2 fold increase in the height of the 
mucosa. The lamina propria infiltration comprises mononuclear cells and eosinophils (arrowheads). 
The number of goblet cells (seen large optically empty intracellular vacuoles in the crypt lining 
epithelium)is mildly decreased (including a relatively low-grade colitis with where the cells have 
sufficient time to undergo differentiation into mature, globlet cell phenotype).  x10 (B) x20 (E). 
x20,another area, asterisk shows infiltration. (F) x40 higher magnification of E,  infiltrated eosinophils 
are identified by arrowheads. One representative mouse from group out of three. 
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Figure 7: Chronic-active arteritis in the heart of CD11c:DTA mice  
Hematoxylin- and Eosin- stained section of CD11c:DTA and LM control heart. An asterisk indicates 
the lumen of the left ventricle, S- interventricular septum, The aorta is identified with an arrow. (A+C) 
Heart  from LM control mouse .x2 (A), x20 (C). (B+D) Heart  from CD11c:DTA  mouse. Note the 
marked mononuclear and neutrophilic infiltration of perivascular tissue, aortic wall and endothelial 
surface. Arrowheads indicate the outlines of the aortic wall, mostly residual elastic fibers at this stage, 
within the area of inflamation. .x2 (B), x20 (D). One representative mouse from each group out of 
three. 
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To investigate the effect of the constitutive cDC absence on hematopoesis we performed 

colony forming unit (cfu) assays and compared hematopoietic precursor frequencies of 

CD11c:DTA mice and littermate controls. The analysis revealed a significant increase of cfu 

counts in the BM, blood and the spleen, although the elevation in the latter two organs was 

more pronounced (Fig. 8a). In accordance with this finding, a two hour BrdU pulse resulted 

in an increased label of myeloid cells in the spleens of CD11c:DTA mice as compared to 

littermate controls, while the percentage of proliferating myeloid BM cells was hardly 

affected (Fig 8b). The spleens of 3 month old CD11c:DTA mice displayed prominent extra-

medullary hematopoesis (Fig. 8c). Flow cytometric analysis of CD11c:DTA spleens revealed 

a significant increase of lineage marker-negative (Lin)- Sca-1+ c-Kit+ LSK cell subset 

representing hematopoetic stem cells (HSC) (150) (Fig 8d). 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 non-malignant chronic myelo-proliferative 

disorder.  
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Figure8:Elevated hematopoiesis in the periphery of CD11c:DTA mice  
(A) Number of colonies per 2*10^5 seeded  blood cells (left), 1.5*10^4 seeded BM cells (middle)  and 16.7*10^5 
splenic cells (right) of CD11c:DTA mice (black bar) and LM control (white bar). Bar diagrams represent 
duplicates. Results are representative example of 3 independent experiments.(B) Bar diagram represent 
percentage of BrdU+ cells out of myeloid (CD11b+) cells in the spleen (left) and BM (right) of CD11c:DTA and 
LM controls two hour post BrdU pulse. n=3 for each group. Error bars represent SD.(C) Hematoxylin- and Eosin- 
stained section of CD11c:DTA (right) and LM control (left)  splenic white pulp.Note the abundant extramedullary 
hematopoiesis in CD11c:DTA spleen. A representative picture, n=3 per each group.(D+E) Flow cytometric 
analysis of  hematopoietic stem cells (defined as Lin- Sca-1+ and c-kit+ cells) (LSK cells) in BM (D) and spleens 
(E) of CD11c:DTA mice and LM controls. Bar diagrams represent the percentages of this population out of total 
BM cells (D) or splenic cells (E). n=4 for each group. Error bars represent SD. 
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2.2.6 The MPS of CD11c:DTA mice results from the absence of cDC  

The observed MPS 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 cDC 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. As 

controls, we included mice reconstituted with CD11c:DTA or wt BM only. [CD11c:DTA > 

wt] chimeras, that constitutively lacked cDC (Fig. 9a) displayed significantly elevated 

frequency of monocytes and CD11b+ myeloid cells in blood and spleen, when compared to 

[wt > wt] chimeras (Fig. 9b, c). In contrast, in the mixed [CD11c:DTA/ wt > wt]  BM 

chimeras, which retained CD45.1+ cDC of wt donor origin (Fig 9a) blood monocyte and 

myeloid cell counts were similar to the [wt > wt] controls (Fig 9c). Of note, when preparing 

the mixed BM chimeras we observed that BM isolated from aged CD11c:DTA mice (> 12 

weeks) failed to reconstitute the hematopoetic compartment in this competitive assay (Fig 

9d). This is compatible with the notion that the increased hematopoesis results in an 

exhaustion of the stem cell compartment of the CD11c:DTA mice (151). 
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Figure 9:MPS is due to the absence of DC 
Analysis of mixed BM chimeras. BM cells were isolated 
from wt (CD45.1) and CD11c:DTA (CD45.2) donors,  and 
1:1 mixture  was transferred into irradiated wt recipient 
[CD11c:DTA/wt > wt], single BM chimeraes were generated 
as control as well.. (A) Flow cytometric analysis of splenic  
DC of [wt >wt], [CD11c:DTA > wt] ([CD11c:DTA/wt >wt]). 
are gated as CD11chigh cells. Note the absence of CD45.1- 

(CD11c:DTA) DC in the mixed chimeras. (B) Flow 
cytometric analysis of blood monocytes (CD115+) in the 
three  chimeras groups . Note that the blood monocytes 
population in the mix chimeras comprise of both 
CD11c:DTA (CD45.1-) and WT (CD45.1+) cells.( Splenic 
myloid cells defined as CD11b+ cells  were analysed in the 
same way) (C) Bar diagrams summarize the  percentage of 
monocytes in the blood and CD11b+ cells in the spleen of 
the different chimeras [wt.wt] (white bars), [CD11c:DTA>wt] 
(black bars) and mixed chimera (gray bars).. Note the 
significant elevation in myeloid cells of CD11c:DTA > wt 
chimeras in comparison to wt >wt, whereas the mixed 
chimera shows similar percentage to wt >wt chimeras.  n=3 
for each group, Results are representative example of 3 
independent experiments. Error bars represent SD. (D) Bar 
diagram summarizes the segregation of blood cells 
between WT cells (CD45.1)(white) and CD11c:DTA cells 
(CD45.2)(black) in the mixed chimeras that were generated 
in 1:1 ratio of BM donors. The left bar represents a 1:1  BM 
mixture of 12 weeks old wt with 5 weeks old CD11c:DTA. 
Note the blood cells segregation as 65% wt/35% 
CD11c:DTA. The second bar represents a 1:1  BM mixture 
of 12 weeks old wt with 12 weeks old CD11c:DTA. Note the 
domination of wt blood cells, the other two bars represent 
single BM chimeras as control. n=3 for each group. 
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The direct linkage between the MPS development and the absence of cDC is further 

corroborated by the fact that also extended conditional cDC ablation - as achieved by 

repetitive DTx treatment of [CD11c-DTR > wt] chimeras (152) - resulted in the 

accumulation of myeloid cells in blood and spleen (fig 10).  

 

 
 
Figure 10: Myeloproliferative Syndrome after persistent conditional cDC ablation.  
Flow cytometric analysis of splenic and blood cells of [CD11c-DTR > WT] chimeras which were 
treated with DTx for 2 weeks. Controls were left untreated. 
(A)  FACS analysis represent percentages of  CD11c high  splenic DC  in DTx treated mice (right) 
comparing to untreated mice (left). 
(B)  Bar diagram representing percentages of blood monocytes and splenic myeloid cells in  DTx 
treated mice (black bar) versus non-treated mice (white bar).  
n=3 for each group. Error bars represent SD. 
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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 

(153). Interestingly, Irf-8-deficient mice also exhibit a DC deficiency, comprising CD11b- 

CD8a+ cDC, as well as LC and PDC (124, 154). The myelo-proliferative disorder in mice 

lacking IRF-8 is thought to result from the tumor suppressive activity of the transcription 

factor (155) rather than from its role in cDC development. In the light of our present findings 

we decided to re-address this issue and test the possibility that the MPS of Irf-8-/- mice could 

be triggered by a DC-restricted deficiency. To this end we generated BM chimeras with BM 

obtained from wild type, IRF-8 deficient (153) and CD11c:DTA mice. Mice reconstituted 

with CD11c:DTA and Irf8-/- BM only developed MPS as indicated by the prominent 

accumulation of splenic CD11b+ cells 8 weeks after reconstitution. Mixed [CD11c:DTA/ wt 

> wt]  and [Irf8-/- / wt > wt]   chimeras displayed normal numbers of CD11b+ cells in their 

blood and spleens. Interestingly however, [CD11c:DTA/ Irf8-/- > wt] chimeras displayed 

myelo-hyperproliferation (Fig. 11a). The MPS 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 

CD8α+ cDC or an additional functional DC impairment (156). 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. 

Both DC precursors and mature DC express Fms-like tyrosine kinase 3 (FLT3) receptor, and 

its ligand Flt3L is a critical growth factor for DC development (119, 157, 158). Notably, Flt3 

is also expressed in hematopoietic stem/progenitor cells, and its constitutive activation causes 

MPS (159). We therefore hypothesized that the absence of DC in the CD11c:DTA mice 

might affect Flt3L levels and thus drive Flt3-mediated myeloid expansion. Indeed, we found 

that the CD11c:DTA mice displayed a pronounced increase in the serum level of FLT3L 

compared to age-matched littermate controls (Figure 11b). Moreover, FLT3L serum 

elevation was observed in young CD11c:DTA mice (< 5 weeks of age) and thus considerably 

preceded overt MPS. FLT3L-driven expansion of myeloid precursor cells thus could provide 

a causative explanation for the observed myeloid expansion. 
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Figure 11: Absence of cDC results in myeloproliferation and increase of serum FLT3L- titers. 
(A) Bar diagrams summarizing percentages of CD11b positive cell out of total splenocytes in the 
indicated BM chimeras. 
(B) Serum FLT3L titers of CD11c:DTA mice and age-matched littermate controls as determined by 
ELISA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 
 

B  

A 
 

B  



 41 

2.3 Discussion  
 
Here we report the use of a binary transgenic system to generate mice that constitutively lack 

CD11chigh DC. cDC-less mice were born at normal Mendelian frequencies and displayed no 

developmental abnormalities. Confirming the critical role of cDC as APC in the efficient 

activation of naïve T lymphocytes, T cell responses in CD11c:DTA mice were severely 

impaired. However, surprisingly cDC 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 cDC, did not show overt functional 

impairments. With time, however, CD11c:DTA mice developed as a direct result of the 

absence of cDC a progressive Myeloid Proliferative Syndrome (MPS). 

  Based on shared progenitors and differentiation antigens, DC have been grouped 

together with monocytes and macrophages into the mononuclear phagocyte system (106, 

160), although the exact categorization and relation of the subpopulations remains 

controversial. DC were originally identified as a distinct cell type based on their unrivalled 

capacity to stimulate T cells (126). Ever since, their superior ability to act as APC in the 

priming of naïve T cells has remained the best criterion to distinguish DC from close 

mononuclear phagocyte relatives, such as the macrophages. Furthermore, peripheral DC 

sentinels are characterized by a unique propensity to migrate from tissues to draining LNs 

that is critical for the priming of in vivo T cell responses.  

 Homeostasis of naïve CD4+ and CD8+ T cells is critically dependent on MHC 

expression and the presence of distinct cytokines (79, 80, 161). Moreover, among the various 

APC, DC have been proposed to play a unique role in the maintenance of the steady state T 

cell repertoire (60, 79, 152).  Surprisingly, however, CD11c:DTA mice display a largely 

unimpaired CD4+ and CD8+ T cell compartment, with respect to naïve T cell numbers, subset 

ratios and Vβ TCR representation. This establishes that in contrast to the current notion, 

steady state T cell survival and T cell homeostasis can be maintained without cDC. However, 

our preliminary results exhibited an increased T cell proliferation in steady-state suggested a 

faster turn-over and shorter half life of T cells since their total number remains unchanged. 

This can imply for DC role in T cells survival which is compensated in this model by T cell 

massive proliferation. 
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 Exclusive expression of MHC class II on DC was shown to promote thymic negative 

selection of CD4+ T cells (60). Moreover, while antigen expression and presentation by 

mTEC was shown to suffice for the deletion of auto-reactive CD8+ T cells (162), the cellular 

requirement for CD4+ T cell tolerization in the thymus has remained under debate. Thus, data 

from BM chimeras in which paternal BM was transferred into lethally irradiated F1 offspring 

suggested that BM-derived cells are dispensable for thymic negative selection (163, 164), 

while a more recent study reported the requirement of DC (56). Here, we show that thymic 

DC are not required for the establishment of deletional tolerance, including the clearance of 

the T cell repertoire from endogenous MMTV super antigen-reactive T cells, as well as CD4+ 

T cells responsive to a model self antigen (OVA). 

DC are also believed to play a critical role in the maintenance peripheral tolerance by their 

induction and/or stimulation of regulatory T cells (Treg). Thus in vitro studies support a 

unique role of DC in the generation of CD4+Foxp3+ Treg cells from peripheral naïve T cells 

(133, 134). Furthermore, DC are most effective in triggering Treg cell in vitro proliferation 

(135) and regulating Treg cell homeostasis in vivo (165). Human TSLP-activated DC within 

the thymic medulla stimulate developing T cells to differentiate into Treg cells (166). 

Moreover, in vivo targeting of antigens to immature DC was shown to result in Treg cell 

induction (73). Surprisingly, however, we found that CD11c:DTA mice harbor normal 

numbers of CD4+Foxp3+ Treg cells in thymus and periphery. This establishes that DC are 

dispensable for Treg cell generation and homeostasis supporting the notion that other cells 

might perform this task as well, including thymic mTEC (167). Collectively our results do 

not support a unique role of cDC in T cell homeostasis, negative selection, as well as the 

generation of Treg cells, that cannot be compensated by other cells.  

  Mice that constitutively lack cDC developed MPS. Until recently this disorder was 

considered to be hematopoietic cell-intrinsic, a notion supported by the involvement of Bcr-

Abl in human CML (168) and various MPS mouse models (169, 170). Importantly, the MPS 

developed by CD11c:DTA mice is not cell autonomous, but arises as a direct response to the 

lack of cDC. This is supported by the results obtained from mixed BM chimeras generated 

with wt and CD11c:DTA BM. As such CD11c:DTA  mice are more similar to reports of 

microenvironment-induced, stroma-regulated MPS (171, 172). Moreover, we provide 

evidence that the MPS reported earlier for mice deficient for the transcription factor IRF-8 
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(153) might be a consequence of their impaired cDC compartment. Furthermore, other mice 

that have reported DC deficiencies such as the one caused by the dominant negative mutation 

of the transcription factor Ikaros (173) display aberrations of the myeloid compartment. 

Taken together, this argues that the absence of cDC can trigger a feed-back loop resulting in 

systemic myeloid expansion and cause a myelo-proliferative disorder.  

Interestingly, serum analysis of CD11c:DTA mice revealed a significant elevation of 

the cytokine FLT3L, likely causing constitutive activation of Flt3 receptor expressed on 

hematopoietic stem/ progenitor cells. Importantly, activating Flt3 mutations are frequently 

involved in human myeloid leukemia; moreover, constitutive activity of endogenous Flt3 

through an activating knock-in mutation was recently shown to cause MPS (159). Thus, 

elevated serum Flt3L levels are expected to cause MPS, providing a likely explanation for 

the MPS observed in CD11c:DTA mice. Several mutually non-exclusive scenarios may 

explain the increased Flt3L levels in the absence of DC. First, cDC (along with the less 

numerous PDC) are the only mature peripheral hematopoietic cells expressing FLT3 (174) 

and therefore might serve as a major constitutive “ligand sink”. Alternatively, cDC might 

provide a secreted or membrane-bound signal that regulates FLT3L production by stromal 

cells or lymphocytes. In the absence of such DC-mediated feedback, Flt3L production would 

be increased, ultimately resulting in MPS. While these possibilities remain to be tested in 

future studies, our current findings describe a critical and unexpected role of DC in the 

feedback regulation of steady-state hematopoiesis. Future elucidation of the molecular 

mechanism linking DC loss to the myeloproliferative syndrome might help develop novel 

strategies for therapeutic interventions of chronic myeloid disorders.  
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3.  Characterization of a novel CD8α+ DC Subset  
3.1 Introduction  
Multiple DC subsets have now been defined in mouse lymphoid organs on the basis of cell 

surface marker expression (14, 175, 176). Murine DC are basically defined by their 

expression of CD11c and MHC II in combination with CD4, CD8α, CD11b, and CD205. 

Using these cell surface markers, three conventional subsets of CD11c+MHCII+DC can be 

found in the spleen  under steady-state conditions. CD4−CD8αhighCD205+CD11b− DC (20% 

of spleen DC), CD4+CD8α−CD205−CD11b+ DC (40% of spleen DC), and 

CD4−CD8α−CD205−CD11b+myeloid DC (15% of spleen DC). Both CD4+CD8α− 

CD205−CD11b+ DC and CD4−CD8α−CD205−CD11b+ DC of the spleen are located in the 

marginal zone between white and red pulp, and migrate to the T-cell area upon stimulation. 

CD4−CD8αhighCD205+CD11b− DC occupy the T-cell area of spleen (177). Multiple and 

often opposing DC functions, such as tolerization, regulation and stimulation, could be 

carried out by the distinct DC subsets. The assignment of differential functions to DC subsets 

requires an in depth understanding and definition of existing DC subpopulations in the 

organism. Recently we identified an additional splenic cDC subset that is uniquely 

characterized by expression of the chemokine receptor CX3CR1 (178).  

Here we investigated this novel splenic CD8+CX3CR1+GFPhigh DC subpopulation and 

compared its gene expression profile with other splenic DC subsets. 
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3.2  Results 
Flow cytometric analysis of spleen cells of cx3cr1GFP mice - a transgenic mouse strain in 

which the gene encoding the CX3CR1 chemokine receptor was replaced by a GFP gene 

revealed the existence of a further subdivision of the splenic CD8α+ DC subsets (178). Thus 

we identified two populations among CD8α+ DC that are CX3CR1- GFPlow (GFPneg) and 

CX3CR1+ GFPhigh (GFPpos). 

  

In support of the notion that the populations are functional distinct, only CX3CR1- GFPlow 

CD8α+ DCs responded with IL12 production to a microbial challenge (178). Using flow-

cytometric analysis, the two CD8α+ DC subpopulations could also be detected in cx3cr1gfp+/- 

rag-/- mice (Fig. 12a). The surface CD8α molecules on the CX3CR1+ GFPhigh DC are thus not 

passively acquired from CD8+ T cells, as suggested for other cells (179). Both CD8α+ DC 

populations express high levels of MHCII and stimulate allo-reactive T cells in Mixed 

leukocyte reactions (MLR)  (Fig. 12c). Interestingly, the GFPhigh CD8α+ DC subset also 

displays heterogeneous surface expression of CD11b and CD4, which is absent from GFPneg 

CD8α+ DC (Fig. 12b). 

In order to further characterize the CD8α+ CX3CR1+ GFPhigh subpopulation we isolated 

splenocytes from cx3cr1gfp+/- mice and sorted the two CD8α+ DC populations to purity using 

the FACS ARIA high-speed cell sorter. Splenocytes isolated from 43 mice yielded CD11c+ 

cells from which we obtained 5x106 CD8α+ GFPlow and 1.5x106 CD8+ GFPhigh sorted cells. 

We then prepared RNA from the two populations and subjected it to gene expression 

profiling using the Mouse Genome 430.2 Affimetrix GeneChip containing 45,000 probe sets. 

The Affymetrix gene chip analysis was carried out in collaboration with D. Bruder and J. 

Buer (Helmholtz-Zentrum für Infektionsforschung GmbH, Braunschweig, Germany). The 

430.2 Chip allows the expression analysis of over 39,000 transcripts and variants from over 

34,000 well-characterized murine genes (Fig.  13). 



 46 

 
Figure 12: CX3CR1 expression in DC subset. 
(A). Flow cytometric analysis of splenic DCs isolated from cx3cr1gfp/+ rag+/+ or cx3cr1gfp/+ rag-/- mice 
following Collagenase D digestion. Histograms show GFP expression in CD8+ (left) and CD8- (right) 
DC subsets. (B) Characterization of splenic CD8+ GFPhi DC subset in cx3cr1gfp/+ rag-/- mouse using 
flow cytometric analysis. Three splenic DC subsets- CD8+ GFPlow, CD8+ GFPhi and CD8- are shown in 
the dot blot analysis, expression of CD11b, MHC II and CD4 of each population is shown by 
histograms. Black line histogram- CD8+ GFPhi gray filled histogram- CD8+ GFPlow or CD8-. The 
analysis shows MACS-enriched CD11c+ cells. (C) Identical numbers of of sorted DC from C57Bl/6 
cx3cr1gfp/+  mice were incubated with allo-reactive CD4+ T cells isolated from BALB/c mice, after 3 
days proliferation was measured by thymidine incorporation.  

CD8+ DC CD8- DC 
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CX3CR1high and CX3CR1low CD8α+ DC subsets showed distinct basal expression profiles 

differing by > 900 individual genes (above threshold of 2). These included Toll-like receptors, 

CD209 (DC-SIGN), chemokine receptors, transcription factors and genes involved in cell 

metabolism. As expected, the cx3cr1 gene is uniquely expressed in the CX3CR1high CD8α+ 

DC population. So far we confirmed differential expression for nine genes (out of nine cases) 

by RT-PCR on CD8α+ CX3CR1high and CX3CR1low subpopulations sorted from both 

cx3cr1gfp/+ and cx3cr1gfp/+ rag-/- mice, thereby validating the microarray analysis. Interestingly, 

the expression profile of the CD8+ CX3CR1high cells resembles a previously published profile 

of CD8α- (CD11b+) DC (180). This suggests that CD8+CX3CR1high and CD8α- are closely 

related, whereas CD8+CX3CR1low DC might represent a more distant lineage. Furthermore, 

we showed a heterogeneic expression of CD8α, CD11b and CD4 genes and variable 

percentage of CD8+CX3CR1high population in different individual mice (5%-30% of CD8α+ 

DC)  (Fig 12 and data not shown). 
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Figure 13: Global gene expression was measured in sorted spleen CD8+ DC subsets by 
GeneChip analysis. (A)  Splenocytes were isolated from cx3cr1gfp/+ mice by collagenase D digestion, 
enriched for CD11c+ cells by magnetic separation, and sorted by the FACS ARIA. Purity of sorted 
CD8+ DC subsets analyzed by flow-cytometric analysis. (B) Scatter plot: CD8+ GFPhi vs. CD8+ GFPlow 
(after data cleansing); Yellow dots: genes regulated more than 4 fold. Red dots: absent or low 
regulated genes. Green dots: mediated regulated genes. Blue dots: represent genes-regulated less 
than 4 fold. (C) Expression level of selected genes. Score indicates the ratio between the two 
populations. 
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Furthermore, our analysis revealed the expression of genes that were thought to be expressed 

by all CD8α+ DC (180), but are actually expressed only by the CD8α+CX3CR1high subset. 

These genes include TLR1 and TLR6, which are involved in differential pathogen 

recognition.   

    RT-PCR analysis further revealed two genes that are preferentially expressed by 

CD8α+CX3CR1high subset: CCR1 and Interleukin 7 receptor (IL-7R / CD127)  (Fig. 14), both 

expressed also by T and B cells.    

 

 

 
 
Figure 14: CCR1 and IL-7R are preferentially expressed by the CD8+CX3CR1high subset 
RT PCR analysis of IL-7R and CCR1 mRNA expression levels in sorted DC subsets isolated from 
CX3CR1GFP/+ mice. 
 

Preliminary studies involving antibody-mediated ablation of CD8α+ cells indicated that the 

reconstitution of CD8α- DC in DC-depleted mice (4) is not affected by the absence of CD8α+ 

DC, suggesting that CD8α+CX3CR1high DC are not the precursor of CD8α- DC (data not 

show). Given the close relation of the CD8α+ GFPhigh DC to the CD8α- CD11b+ DC 

population, we decided to perform an additional GeneChip analysis comparing between our 

populations and the CD8α- DC population (Fig. 15).  We have sorted the respective 

populations to purity and are in the process of analysis of the new Gene-Chip array results. 
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Figure 15: Sorted DC subset for additional gene chip 
(A) Splenocytes were isolated from 34 CX3CR1GFP/+ mice by collagenase D digestion, enriched for 
CD11c+ cells by magnetic separation 
(B) Purity of sorted DC subsets determined by flow cytometric analysis 
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3.3  Discussion 
 DC analysis of cx3cr1gfp+/-  transgenic mice revealed the identification of two subpopulations 

of CD8α+ DC: CX3CR1- GFPlow cells (GFPneg) and CX3CR1+ GFPhigh cells (GFPpos).  

Both CD8α+ DC populations express high levels of MHCII and stimulate allo-reactive T 

cells in Mixed leukocyte reactions (MLR).  The CX3CR1+ GFPhigh subset was shown to  

express heterogenic levels of CD8α, CD11b and CD4 genes and found to exist in variable 

percentages in different individual mice (5%-30% of CD8α+ DC). This may suggest that we 

are dealing with a population arising during differentiation or maturation process.  

CX3CR1high and CX3CR1low CD8α+ DC subsets showed distinct basal expression profiles 

differing by > 900 individual genes including Toll-like receptors, CD209 (DC-SIGN), 

chemokine receptors, transcription factors and genes involved in cell metabolism.. 

Interestingly, the expression profile of the CD8α+ CX3CR1high cells resembles a previously 

published profile of CD8α- (CD11b+) DC (180). This suggests that CD8α+CX3CR1high and 

CD8α- are closely related, whereas CD8+CX3CR1low DC might represent a more distant 

lineage. However, CD8α+CX3CR1high DC are not the precursor of CD8α- DC since our 

results showed that the reconstitution of CD8α- DC in DC-depleted mice (4) is not affected 

by the absence of CD8α+ DC.  

      Like CD8α-CD11b+ DC, CD8α+CX3CR1high are characterized by expression of 

Interferon Responsive Factor (IRF)-4, whereas CD8α+CX3CR1low DC express IRF-8 (123).  

It had been reported that CD8α+ DCs express high levels of IRF-8, but low levels of IRF-4 

(123). Our results that are based on a sub-fractionation of CD8α+ DC suggest that the 

reported IRF-4 expression is due to contaminating CD8α+CX3CR1high cells. Interestingly 

CD8α+ DC are largely absent from IRF-8 KO mice, with the few remaining CD8α+ DC 

displaying an altered phenotype (124). Strikingly, the phenotype of the remaining cells 

correlates with the CD8α+CX3CR1high gene profile, e.g. high expression of CCR2 and CCR6, 

low CD86 and CCR7 expression and absence of TLR3, IL-15 and IL-12.  
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Moreover, genes that were thought to be expressed by all CD8α+ DC (180), were shown to 

be expressed only by the CD8α+CX3CR1high subset. Thus, by removing the contaminating 

CD8α+CX3CR1high DC, our analysis refines the resolution of previously performed studies 

(180). 

       Eventually this approach aims at the identification of molecules that indicate subset-

specific functions, or could assist the identification of promotor/enhancer elements that will 

allow for cell ablation and conditional gene ablation strategies (4).By now only two genes 

that are preferentially expressed by CD8α+CX3CR1high subset: CCR1 and Interleukin 7 

receptor (IL-7R / CD127) were found, although these gene are also expressed by T and B 

cells and thus can only be used in binary trangenic approaches for specific ablation strategies. 

    The identification of subset-specific expression profiles could furthermore be instrumental 

in identifying the corresponding human DC subsets. 

 

This study is a collaboration with Liat Greenshtein, a PhD student in our laboratory. 
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4. Uterine Dendritic cells are crucial for Decidua  

Formation during Embryo Implantation 

4.1 Introduction 
Implantation is a critical stage in the establishment of pregnancy. Failure of the embryo to 

implant is clinically relevant to recurrent pregnancy loss and low success of in vitro 

fertilization. Despite some differences, the general principles of implantation are well 

conserved among mammalian species (181). Murine implantation starts with blastocyst 

apposition to the endometrium and attachment (E 4-4.5, vaginal plug is E0.5) that triggers the 

uterine stroma to proliferate and differentiate into the decidua, a spongy cell mass 

surrounding the blastocyst. Implantation then continues with the erosion of the epithelium 

that separates the blastocyst from the stroma and embryonic trophoblast cells invade the 

decidua and inner myometrium to reach maternal vessels. Decidualization is strongly 

associated with the spatial and temporal regulation of angiogenesis (182), i.e. the 

development of new capillaries from pre-existing vessels. Angiogenesis at the implantation 

site (IS) is characterized by localized uterine vascular permeability along with the 

development of maternal vessels. With time, the latter dramatically increase in number and 

diameter in order to supply the fetal growing needs for oxygen and metabolites. The decidua 

supports the pregnancy, sustaining the embryo until the placenta is developed by ~ E10. The 

decidua basalis, a remnant of the decidua at the implantation chamber will eventually be part 

of the outer side of the placenta, as it contacts the myometrium (183). 

 Approximately half of all human blastocyst implantations result in failed pregnancy. 

Multiple factors may contribute to this failure, including genetic or metabolic abnormalities 

of the embryo (184, 185). In addition, many of these early abortion cases are thought to result 

from poor uterine receptivity that, among other factors, may be associated with a maternal 

failure to immunologically tolerate the semi-allogeneic embryo. Innate and adaptive immune 

responses in this unique environment are believed to be suppressed by the implanted embryo 

and the developing fetus during normal pregnancy (186). The key for a better understanding 

of this immunological tolerance probably resides within the decidual leukocyte populations. 

Both in human and mouse, the most abundant hematopoetic cell type of the decidua are 

uterine-specific Natural Killer cells (uNK) (65-70%). uNK cells have been shown to be 
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important in trophoblast migration and spiral arteries transformation (187, 188, 189). 

However, they are believed to be dispensable for embryo implantation (189, 190). In addition, 

around 10-20% of the decidual leukocyte population are MHC class II+ Antigen Presenting 

Cells (APC), whereas at least in humans, T cells are sparse and B cells are virtually absent 

(191). Among APC, the most potent inducers of primary immune responses are CD11chigh 

dendritic cells (DC), which represent around 5-10% out of all hematopoietic uterine cells 

(31). DC are a heterogeneous population of bone marrow-derived cells uniquely designed to 

initiate and coordinate innate and adaptive immune response. DC are not only essential for 

the induction of primary immune responses but also important for the induction of 

immunological tolerance (192). Their function and stage of differentiation is regulated by the 

local microenvironment determined by cytokines and chemokines (193). Moreover, recent 

evidence points to a pivotal role of decidual DC in shaping the cytokine profile towards the 

establishment of a tolerogenic microenvironment at the maternal-fetal interface (194).  

Successful pregnancy critically depends on the maintenance of an appropriate 

cytokine balance at the IS (195, 196). At the time of implantation, pro-inflammatory Th1-

type cytokines dominate in this microenvironment. During subsequent placental formation 

there is a bias towards anti-inflammatory Th2-type cytokines (196, 197, 198). Cytokines 

important for embryo implantation can largely be divided into immune regulators and factors 

that mediate tissue remodeling. The latter control trophoblast growth (195, 197), 

trophectoderm adhesion (199) uterine stromal transformation into the decidua (200) and 

angiogenesis (198, 201).  

 Earlier studies have described the presence of DC in the pregnant and non-pregnant 

endometrium both in humans and rodents (31, 191, 202). DC accumulate in the pregnant 

uterus prior to implantation and remain through most of the pregnancy in the decidua (31). 

However, only limited information is available about these uterine DC (uDC) with respect to 

their phenotype, exact anatomical location and - most importantly- function throughout 

gestation and specifically during embryo implantation. 
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4.2 Results 
4.2.1 Uterine dendritic cells accumulate in the implantation site and undergo 

characteristic changes during pregnancy progression.  

DC have been reported to accumulate in the maternal tissue surrounding the implanting 

embryo (31, 202). However, the role of these cells for implantation and pregnancy 

maintenance remains poorly understood. Our first objective was to characterize the 

distribution of uDC during pregnancy. For this, we took advantage of transgenic mice that 

harbor uDC that are labeled by expression of a GFP reporter (CD11c:DTR and 

CX3CR1GFPmice (4, 178)) (Fig. 16A and D). Flow cytometry analysis of uDC prior to 

(naïve) and during implantation (E3.5 until E5.5) demonstrated an increase in the number of 

uDC with pregnancy progression (Fig. 16A and B). Furthermore, GFP immunostaining 

revealed that uDC were localized almost exclusively at the IS and particularly abundant in 

the outer rim of the decidua (Fig. 16C).  

In order to visualize uDC in a live tissue, we used the CX3CR1GFP model, in which uterine 

CD11chigh MHCIIhigh DC express CX3CR1 and hence GFP (178). Two-photon microscopic 

analysis of E5.5 implantation sites revealed the distinct dendritic morphology of uDC, 

localized at the IS (Fig. 16E, Movie 1).  
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Figure 16. Anatomic localization of uDC accumulating during embryo implantation. 
(A) Flow cytometry analysis of E5.5 IS of a CD11c:DTRtg mouse. Note the CD11chigh uDC population which 
expresses the DTR/GFP transgene. (B) Mean uDC percentages prior and during implantation.  uDC of 
CD11c:DTR mice were defined as in (A). Naïve uteri (n=3), E3.5 uteri (n=2), E4.5 uteri (n=5, *- P value= 
0.007) and E5.5 uteri (n=5, *- P value= 0.009). (C) Anti-GFP immunostaining of E5.5 uDC of CD11c:DTR 
mouse (brown). (D) FACS analysis of CX3CR1GFP/+ IS.  uDC are gated as CD11chigh MHChigh cells. Histograms 
represent uDC (line) and non-uDC (filled).  (E) Two-photon microscopy demonstrating localization and 
morphology of uDC (green) and blood vessels (red) in E5.5 IS. 
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Next, we characterized the phenotype of uDC by flow cytometry analysis. At day E5.5, 5-6% 

CD11chigh DC were observed at the IS (Fig. 17A). This population which lacked the classical 

macrophage marker F4/80 (203), exhibited high MHCII levels and expressed low levels of 

the DC maturation molecules CD86 and CD40. Furthermore, uDC expressed the mucosal DC 

marker CD103 (204). To probe for the existence of uDC subpopulations, we analyzed the 

cells for CD11b and CD8α expression, i.e. molecules that characterize the two main subsets 

of conventional splenic DC (205). At E5.5, uDC could be subdivided into CD11bhi CD8αlow 

and CD11blow CD8αlow cells.   

The above-described uDC characteristics were unique to the early pregnancy, since analysis 

of uDC at mid (E12.5) and late (E18.5) pregnancy revealed distinct phenotypes.  Thus, at 

E12.5 CD11chigh uDC expressed F4/80 and were activated, as indicated by their upregulation 

of MHC class II and expression of CD86 and CD40 (Fig. 17D). While we still observed two 

main subpopulations, the CD11bhi DC expressed higher levels of CD8α (Fig. 17B). UDC at 

day E18.5, also expressed high levels of F4/80, the cells exhibited an immature phenotype 

(Fig. 17D) and were all of the CD11bhi CD8αlow phenotype (Fig. 17C). Interestingly, the 

different pregnancy stages also showed a distinct anatomic distribution of uDC in the uterus. 

While on days E5.5 and E12.5 of pregnancy uDC were found mainly in the decidualized 

tissue at the embryo IS (Fig. 1A) and decidua basalis (Fig. 17E), respectively, uDC on E18.5 

were mostly localized to the non-decidualized uterine tissue (Fig.17E). Moreover, two- 

photon microscopy revealed that uDC on day E12.5 (Fig. 17F, Movie 2) and E18.5 (Fig. 17F, 

Movie 3) mainly co-localized with blood vessels, as compared to E5.5 uDC. The distinct 

phenotypes and localization of uDC at the IS suggested that these cells might have distinct 

roles during different pregnancy stages and specifically during embryo implantation, a 

decisive phase of pregnancy. 
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Figure 17: Phenotypic and localization differences of uDC during pregnancy progression. 
 (A) Flow cytometry profile of uDC isolated from untreated mice (CD11c-DTRtg, C57BL/6). uDC are gated as 
CD11chigh GFP+ cells (R1) and stained for CD11b and CD8α. Cells gated in R2 and R3 regions are CD11bhi and 
CD11blow uDC. Histograms represent CD11chigh GFP+ cells from implantation sites at E5.5 which are stained 
with the indicated Abs (black line) and respective isotype controls (gray- filled). (B) Flow cytometry profile of 
cells from E12.5 decidua. (C) Flow cytometry profile of cells from E18.5 myometrium. (D) Comparison of the 
mean fluorescence intensity between the indicated markers (stained minus isotype control) on uDC from pooled 
tissues from different embryonic days (E5.5, E12.5 and E18.5); n=3 for each time point. (E) Flow cytometry 
data of decidual and non decidual tissues from E12.5 (up) and E18.5 (down) IS. (F) Two-photon microscopy 
analysis of E12.5 and E18.5 endometrium of Cx3cr1GFP/+ mice, demonstrating the morphology of uDC (green; 
cells with dendrites) and their localization in close proximity to blood vessels (red).   
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4.2.2 Conditional ablation of uDC on E4.5 and E5.5 results in embryo resorption.  

To investigate the role of uDC during embryo implantation, we took advantage of the 

CD11c:DTR mouse model that allows the conditional ablation of CD11chigh DC by 

Diphtheria toxin (DTx) administration (4). We originally chose to work with a semi allogenic 

model, as DCs were hypothesized to have a tolerogenic role in pregnancy.  Thus, 

semiallogenic pregnant mice were treated by intraperitoneal injection of DTx at E.3.5, i.e. 

just before implantation, and were analyzed at E4.5 and E5.5 (Fig. 20A-K). DTx injection 

led to the rapid depletion of CD11chigh DC within 8 hours and lasted for at least two days (4), 

thus covering the implantation window (which starts on E4-4.5 and concludes on E5.5). For 

control, we either injected E3.5 CD11c:DTR female mice with PBS or E3.5 WT mice with 

DTx (see scheme in Fig. 18). Noteworthy, uterine macrophages remained unaffected by the 

DTx administration (Fig 19 A) as did the bulk of NK cells (Fig 19 B), which do not express 

the DTR transgene (96) . 

 

 
 
Figure 18: Scheme - Experimental protocol. 
Mice were crossed at E0, then, plug positive females were administrated with DTx (or PBS for control) on E3.5. 
Mice were sacrificed on E4.5 or E5.5 and implantation sites were analyzed by flow cytometry and histology. 
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Figure 19: DTx treatment of CD11c-DTRtg mice spares uterine macrophages and NK cells. 
Uteri of E5.5 pregnant CD11c-DTRtg mice with or without DTx administration were analyzed by flow 
cytometry and histology. (A, B) F4/80 immuno-staining of E5.5 implantation site for macrophages (brown).  
(C, D) Flow-cytometry analysis of E5.5 implantation site for uNK cells defined by the expression of the pan-
NK marker, NK1.1.  
 

    Uterine sections of E4.5 control mice bearing uDC  (Fig. 20A) were characterized by the 

presence of developing implantation chambers. We could observe embryos attached to the 

uterine wall initiating the process of invasion towards the uterine stroma, which showed 

characteristics of proliferation and differentiation into decidua (Fig. 20B). In contrast, DTx-

treated CD11c:DTR transgenic mice lacking uDC (Fig. 20C) harbored non-receptive uteri, in 

which the implantation chamber failed to form adequately. The uterine lumen was open, the 

decidualization process was severely impaired and embryos did neither attach nor invade the 

uterine epithelium (Fig. 20D). On E5.5, control mice exhibited significantly expanded 

deciduas and the embryo developed into the egg cylinder stage (Fig. 20E,F). In contrast, the 

uDC-depleted uteri exhibited reduced decidualization and only rarely embryos were found in 

the uterus, mostly detached from the uterine lumen and undergoing resorption (Fig. 20G,H). 

In order to study the phenotype induced by uDC depletion in more detail, we titrated the DTx 

dose to achieve a partial depletion of uDC (50-70%, Fig. 20I). In this way some decidual 

tissue remained and allowed the investigation of the mechanism underlying the embryo 

resorption. Deciduas of mice that were subjected to this protocol were significantly reduced 

in size as compared to controls and the respective embryos had undergone resorption (Fig. 

20J, K). This indicated a linear correlation between the number of uDC at the IS and decidua 

development. The compilation of the results from independent experiments showed that, 
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while control mice displayed normal implanted embryos, two thirds of the DTx-treated 

CD11c:DTR mice had resorptions or completely lacked IS, one third had smaller and non-

developed IS while none had normal IS (Table 1).  

 

 
 

Figure 20: . Conditional uDC ablation results in embryo resorption. 
Flow cytometry and histological  analysis of IS of controls and DTx injected mice. (A, B) E4.5 control. 
(C, D) E4.5 uDC- depleted uterus. (E, F) E5.5 control. (G, H) E5.5 uDC- depleted uterus. (I, J) E5.5 
partially uDC-depleted uterus. (K) Morphometric analysis of IS diameter at E5.5. Size of uDC- 
depleted IS (DTx) is presented as percentage of control IS (DTx-n=3, 6 IS Control- n=3 10 IS; *- P 
value 4.4 x10-6).  
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Table 1  

Analysis of the effect of uDC depletion on embryo implantation sites 

E5.5 CD11c:DTR+DTx Control* 

(CD11c:DTR+PBS / WT+DTx) 

# mice with resorptions  / no IS 13 (68%) 1 (5%)             (1 / 0) 

# mice with impaired IS 6   (32%) 0                      (0 / 0) 

# mice with normal IS 0 18 (95%)        (12 / 6) 

# total mice 19 19                   (13 / 6) 

* Note that controls are composed of PBS-treated CD11c:DTRtg mice and DTx-treated wt mice, as indicated in 

the rightmost column respectively. 
  

To exclude the possibility that the systemic DC ablation had an indirect effect on the 

pregnancy, we performed a local uDC depletion. At E3.5, right uterine horns of mated 

females were injected with either DTx or PBS (for control). Two days later (E5.5), the lower 

part of each horn was retrieved for histological examination, while the upper part was taken 

for flow cytometry (Fig. 21I). FACS analysis confirmed a reduction of uDC in the DTx-

injected uterine horn (Fig. 21G), but not in the contra-lateral control horn (Fig. 21E). 

Histological sections revealed that the injected horn exhibited malformed IS with retarded 

decidualization and no embryos could be detected (Fig 21H).  The contra-lateral uterine horn 

of the same mouse (Fig. 21F), as well as the PBS-injected and non-injected horns of control 

mice (Fig. 21D,B) exhibited normal IS with developed deciduas and embryos. Collectively, 

these results suggest that uDC have a specific and direct role in decidual development and 

embryo implantation. 
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Figure 21: Local uDC depletion results in embryo resorption. 
Histological and flow cytometric analysis of controls and DTx  locally injected mice. 
(A, B) Left non injected uterine horn versus (C, D) right uterine horn, locally injected with PBS on 
E3.5 as a control. (E, F) Left non injected uterine horn versus (G, H) right uterine horn, locally injected 
with DTx on E3.5. (I) On E5.5, all mice were sacrificed and the lower parts of each horn were 
retrieved for histology, while the upper parts were taken to flow cytometry analysis. uDC are identified 
as CD11chigh GFP+ and their percentages are indicated. 
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4.2.3 Embryo resorption does not result from breakage of immunological tolerance or 

adaptive immunity. 

It is widely assumed that DC in the uterus are required to establish tolerance towards the 

semi- allograft fetus (206, 207). To test this possibility, we compared the effect of uDC 

depletion we had obtained in the allogenic system to a syngeneic pregnancy model. 

Interestingly, analysis of uDC-depleted uteri on E5.5 (Fig. 22A) revealed similar phenotypes 

in both the allogenic and syngeneic pregnancy models. In both cases, morphometric analysis 

showed a significant reduction of the IS sizes in uDC-depleted uteri as compared to controls 

(Fig. 22B). These results argue against a role of uDC in tolerance induction during the 

implantation period. This notion is further supported by results from additional experiments 

involving pregnant females that lack T and B cells  

(CD11c:DTR rag-/-). Also in this setting, uDC depletion resulted in embryo resorption and a 

significant reduction in the size of the IS (Fig. 22C, D).  

 

4.2.4 Impaired decidualization is induced by uDC- depletion even in the absence of 

embryo. 

To establish whether the implantation defect caused by uDC depletion depends on the 

embryo or whether uDC have a specific role in the decidua formation, we induced artificial 

decidualization in the absence of embryos (208). Thus, C57BL/6 CD11c:DTR females were 

mated with vasectomized BALB/c males and the uteri of plug positive females were sutured 

on E3.5  to induce decidualization. Animals were then administered either with PBS or DTx.  

When analyzed on E5.5, uDC-depleted uteri exhibited malformed deciduas as compared to 

the well-developed artificial control deciduas (Fig. 22E). Morphometric analysis showed 

significant impairment in the development of the deciduas in uDC depleted uteri (Fig. 22F). 

These results suggest that the effect of uDC on the development of the decidua is embryo-

independent, further emphasizing the irrelevance of embryo allogeneity in the process.  

Importantly, these results directly link uDC to the decidualization process and suggest that 

the embryo resorption is caused by impaired uterine receptivity. 
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4.2.5 Progesterone does not rescue the implantation disorder caused by DC-depletion.  

Corpus luteum-derived progesterone (P4) plays a crucial role in embryo implantation and 

subsequent pregnancy development by maintaining decidual viability and inhibiting 

myometrial contractility (209) To test whether the implantation failure observed in response 

to uDC depletion is a result of corpus luteum insufficiency, we tried to rescue the 

pregnancies by P4 administration on E3.5 and E4.5. Progesterone treatment did not prevent 

embryo resorption induced by uDC depletion (Fig. 22G,H). Furthermore, evaluation of the 

ovaries demonstrated that the uDC-depleted females exhibited copora lutea with normal 

morphology as compared to control mice (Fig. 22I). Therefore, we conclude that the 

implantation failure in the absence of uDC is not due to lack of P4 production.  
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Figure 22: . Decidualization failure is independent of immunity and occurs in absence of 
embryo. 
Representative histological sections of E5.5 uteri or ovaries and morphometric analysis. 
(A, B) Syngeneic model: CD11c:DTR females mated with C57BL/6 males ( DTx n=3 mice, 5 IS. 
Control n=2 mice, 3 IS, *- P value = 0.001). (C, D) Lymphocyte deficient model: Rag-/- ;CD11c:DTR 
females mated with BALB/c males (DTx n=2 mice, 8 IS. Control n=3 mice, 12 IS *- P value = 0.001). 
(E,F) Artificial decidualization: Females mated with vasectomized BALB/c males and their uteri 
sutured on E3.5. (DTx n=4 mice, 6 artificial IS. Control n=2 mice, 4 artificial IS *- P value = 0.00001). 
(G, H) Progesterone administration in the allogeneic model. Pregnant female were s.c. injected with 
progesterone on E3.5 and E4.5. (DTx n=3 mice, 9 IS. Control n=3 mice, 13 IS) *- P value = 0.02. (I) 
Ovaries of control versus DTx-injected females. 
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4.2.6 Impaired proliferation and differentiation of decidual cells in uDC-depleted 

implantation sites. 

Our results suggest that decidualization depends on uDC. To elucidate the underlying 

mechanism we decided to analyze two hallmarks of decidua formation, i.e. cell proliferation 

and differentiation. The proliferation status of decidual cells was investigated on partially 

uDC-depleted uteri, which still retain some decidual cells. Immunostaining for phospho 

histone H3 as a proliferation marker (210) revealed extensive cell proliferation in the control 

mice (Fig. 23A). In contrast, uDC-depleted deciduas were largely devoid of proliferation 

(Fig. 23A). To study the impact of the uDC depletion on decidual differentiation, we 

investigated the induction of connexin 43 (Cx43), a gap junction protein expressed at the 

onset of embryo implantation, which is an established decidual differentiation marker (211). 

Immunohistochemical analysis for Cx43 in the control revealed prominent expression in the 

primary decidual zone (Fig. 23B). In contrast, Cx43 expression was significantly reduced in 

the uDC-depleted uteri indicative of impaired decidual differentiation (Fig. 23B). Overall, 

uDC depletion caused severe impairment of stromal cell proliferation and differentiation 

preventing the formation of an adequate decidual tissue. 

 

4.2.7 Impaired angiogenesis in uDC- depleted implantation sites. 

Angiogenesis is a fundamental process in the establishment of pregnancy at the stage of 

embryo implantation and subsequent placentation. Angiogenesis at the IS is primarily 

characterized by increased vascular permeability on E4.5 followed by a rise in blood volume 

on E5.5 that can be non-invasively detected by dynamic macromolecular-contrast enhanced 

magnetic resonance imaging (MRI) (212). As recent studies showed the expression of 

angiogenic factors in human and mouse BM derived DC (213, 214, 215, 216) we decided to 

look for the angiogenic phnotype in uDC depleted uteri.  Thus, angiogenesis in uDC- 

depleted E4.5 and E5.5 IS was analyzed by MRI and complemented by fluorescent analysis. 

E4.5 uDC-depleted IS were undetectable by MRI, precluding quantification and indicating 

low angiogenic activity as compared to controls (Fig. 24A). On E5.5, uDC-depleted IS were 

significantly smaller and showed reduced contrast enhancement relative to controls, as 

detected by MRI (Fig. 23C, 24B). The blood volume fraction (fBV) calculated using the 
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MRI data was significantly lower in uDC- depleted IS (Fig. 23D). However, the permeability 

surface area product (PS) of uDC-depleted IS was similar to that of control (Fig. 23E). This 

suggested that the trans-capillary leak of plasma proteins was higher in E5.5 uDC-depleted IS. 

The MRI results were corroborated by fluorescence analysis. E5.5 decidual blood vessels 

were undetectable in uDC- depleted IS, 3 min post MR contrast material injection and at 

15min, only a minor part of the contrast material had extravasated in uDC-depleted sites as 

compared to control (Fig. 23F). Quantitative analysis (Fig. 23G) revealed significantly 

reduced fluorescence of the decidual part in uDC-depleted IS, indicating reduced vessel 

density and similar permeability. E4.5 IS exhibited similar, although less pronounced trends 

than E5.5 IS, since the decidua was less extended (Fig. 24C,D). Overall, dynamic contrast 

enhanced MRI- assisted studies revealed reduced blood volume and enhanced capillary leak, 

suggesting a role for uDC in decidual vascular expansion and maturation. The MRI results 

were supported by histological examinations which revealed reduced vessel density and the 

absence of mature blood vessels (with alpha-SMA coating) from the edges of the uDC-

depleted implantation site. This may account for the elevated trans-capillary leak of plasma 

proteins in uDC- depleted deciduas (Fig. 25). Immunostaining for sFlt1 (VEGF receptor 1) 

exhibited reduced sFlt1 staining in the decidua of uDC- depleted implantation sites. This 

could provide the mechanistic explanation for the increased vessel permeability. SolublesFlt1 

as a natural trap of VEGF (217) and required for stabilization and subsequent maturation of 

newly formed vessels. . Interestingly, in the control implantation sites, sFlt1 staining was 

most abundant in the outer decidual rim which is the localization of uDC and also the 

localization of alpha- SMA positive mature vessels (Fig 26).  
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 Taken together, uDC depletion caused a severe deficiency of stromal proliferation and 

differentiation along with mismatched vascular development to the implantation window. 

These impaired processes, which govern uterine receptivity prevented the formation of an 

adequate decidual tissue. 
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Figure 23:Impaired proliferation, decidual differentiation and angiogenesis in uDC- depleted IS.  
(A, B) Immunohistochemistry for phospho-histone H3 (A) and Connexin 43 (B).  
(C) 3DGE-MRI maximal intensity projections, 24 min post biotin-BSA-GdDTPA injection.  
(D) Blood volume fraction (fBV) and (E) permeability surface area product (PS) (Control - 3 mice, 10 
IS; DTx- 2 mice, 6 IS, PfBV = 0.03, Pps = 0.89). (F, G) IS were retrieved after 3 and 15 min post biotin-
BSA-GdDTPA injection and stained with avidin-FITC (2 mice, 3 IS per time point, P3min= 1.6 x10-5, 
P15min= 0.002). Grey trend line indicates permeability (Control SI15min- SI3min=  4385, DTx SI15min- SI3min=  
3865). Yellow arrow- IS, white arrow- embryo location, b- bladder, k- kidney, e- embryo, ni- non 
implanted uterine site, m- myometrium.  
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Figure 24: Impaired angiogenesis in DC-depleted deciduas : MRI and fluorescent analysis. 
 (A) 3DGE-MRI maximal intensity projections of E4.5 versus E5.5 at 15 min post biotin-BSA-GdDTPA 
injection. Note that DTx- injected implantation sites on E4.5 were non- detectable versus those on 
E5.5. (B) Implantation sites were retrieved after 3 and 15 min post biotin-BSA-GdDTPA injection and 
stained with avidin-FITC. Note that 3 min after administration of contrast material, deciduas in uDC-
depleted implantation sites were almost absent, precluding their detection by MRI (in A). Therefore, 
blood vessels observed were mostly from the non- decidualized stromal part, similar to the stroma in 
non- implanted uterine sites (insert). In contrast, control implantation sites were already detected 
along with smaller blood vessels, characteristic of the decidua. At 15min, only a minor part of contrast 
material had extravasated in uDC-depleted sites, as compared to control implantation sites. (C) 
Quantitative analysis of the E4.5 data revealed reduced vessel density and similar permeability of 
uDC- depleted implantation sites (2 mice, 2 implantation sites per time point were used, P3min= 0.0002, 
P15min= 0.0003). Grey trend line indicates permeability (Control SI15min- SI3min=  1070,  DTx SI15min- 
SI3min=  1158). Yellow arrow- implantation site, white arrow- embryo location, e- embryo, ni – non-
implanted uterine site, m- myometrium.  
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Figure 25: Impaired angiogenesis in DC-depleted deciduas: histology. 
Immunostaining for endothelial cells using Lectin (brown, A) and smooth muscle cells using alpha-
SMA (red, B) of control versus uDC- depleted (DTx) E5.5 implantation site. Note the reduced vessel 
density of uDC-depleted implantation sites versus control. Also, note the absence of mature blood 
vessels (with alpha-SMA coating) from the edges of the uDC-depleted implantation site. This may 
account for the elevated trans-capillary leak of plasma proteins in uDC- depleted deciduas. IS- 
implantation site, m- myometrium (stained positive for alpha-SMA), mbv- maternal blood vessel, e- 
direction of embryo location. 
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Figure 26: Reduced expression of s-FLT1 in DC-depleted deciduas. 
Immunostaining for sFlt1 (VEGF receptor 1; brown) of control versus uDC- depleted (DTx) E5.5 
implantation site. ni- non implanted uterine site.  
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4.3 Discussion 
Here we show that uDC are crucial for decidua formation during embryo implantation.  

The physiological mechanism through which they work was investigated in this study. 

The maintenance of pregnancy and specifically the decidualization process requires 

progesterone, a principal steroid hormone secreted by the corpus luteum (218). In addition, 

DC activation that leads to the production of the pro-inflammatory cytokine TNFα was 

reported to induce embryo resorption through impairment of progesterone synthesis (219). 

Therefore, we evaluated whether the depletion of uDC could be associated with changes in 

progesterone levels. However, in our model the embryo loss induced by uDC depletion could 

not be rescued by progesterone treatment and is therefore, unrelated to corpus luteum 

insufficiency. 

       The presence of immune cells at the implantation site has long been associated with the 

response of the maternal immune system to the semi-allogenic fetus (206, 207). However, 

according to our model this is unlikely to be the case during implantation since also in 

syngeneic and T cell-deficient pregnancy models, conditional uDC ablation resulted in the 

embryo resorption. In support of this notion, presentation of fetal antigen was reported to 

begin only at mid-gestation, in association with the endovascular invasion of placental 

trophoblasts and the hematogenous release of placental debris (220). Depletion of uDC 

impairs the decidualization process in pseudo-pregnancies induced in the absence of an 

embryo, these findings suggesting a direct  role for uDC in the formation of the decidua and 

receptivity of the uterus to the implanting embryo.  

As our data suggested, uDC play a role in adequate decidua formation. Their absence  

was shown to  affect  three critical parameters of the decidualization process: proliferation, 

differentiation and angiogenesis (181, 182). UDC-depleted IS exhibited impaired 

proliferation and decidual differentiation. Moreover, also angiogenesis was significantly 

perturbed upon uDC depletion. Normally, angiogenesis at the embryo implantation site is 

characterized by increased vascular permeability on E4.5 followed by a rise in blood volume 

on E5.5. By the end of the implantation process (E5.5), blood vessels undergo maturation 

(212). Upon uDC depletion, the blood volume fraction was significantly reduced on E5.5 and 

vascular maturation was impaired, showing high permeability, a characteristic of the 
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implantation process initiation (E4.5). Therefore, uDC ablation results in a delay in the 

angiogenic response during decidualization. 

DC of various origins have been reported to express angiogenic factors among them 

Flt1, a natural VEGF trap (217). It may be that uDC express sFlt1 and thereby gradually 

sequester the VEGF effect on permeability, and thus allow vessel stabilization. In the present 

study, sFlt1 expression was shown to be reduced due to uDC- depletion. In the absence of 

uDC- derived sFlt1 the permeability effect of VEGF would remain. This, of course is one 

example of a potential molecular mechanism which might take place in this situation. 

However, the underlying might be complicated and involve more than one factor. Other 

candidates are cytokines which are secreted from uDC. Embryo implantation is well known 

to depend on a distinct cytokine balance which might be distrupted in absence of uDC  

resulting in embryo resorption.  In order to understand the molecular mechanism we are 

currentlly performing analysis to reveal differential gene expression profiles of wt uteri and 

uDC depleted uteri. In addition, we are studying the expression profiles of sorted uDC 

population with respect to pro- and anti- angiogenic factors and cytokines.  

In summary, we demonstrated a role for uDC in successful embryo implantation, 

which is directly associated with adequate decidualization coordinating the synchronization 

between uterine receptivity and embryo development. These results provide a new 

perspective on DC functions during pregnancy beyond their anticipated tolerogenic effect, 

suggesting a more active role in tissue renewal and development.  Supporting this notion, 

recent studies have suggested that also other maternal immune cells may play key roles in 

trophoblast migration and invasion, as well as spiral artery transformation (187, 188, 189, 

196). 

In terms of medical implications, the temporal and spatial ablation of uDC provides a 

unique experimental model to study this important phase of pregnancy, which will help to 

understand human infertility where implantation is impaired.  
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Movies are added on disk 

 

 
Movie 1 

Two- photon microscopy video of serial slices through 200um of CX3CR1GFP E5.5  endometrium. uDC 

in green (cells with dendrites) and blood vessels in red (TRITC-dextran). 

 

Movie 2 

Two- photon microscopy video of serial slices through 200um of CX3CR1GFP E12.5 endometrium. 

uDC in green (cells with dendrites) and blood vessels in red (TRITC-dextran). 

 

Movie 3 

Two- photon microscopy video of serial slices through 200um of CX3CR1GFP E18.5 endometrium. 

uDC in green (cells with dendrites) and blood vessels in red (TRITC-dextran). 
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5. Final discussion 
DC represent a heterogeneous population of myeloid cells residing in lymphoid organs and in 

most peripheral tissues. Emerging evidence suggests that distinct DC subsets have different 

functions. Thus, although all DC are per definition capable of antigen uptake, processing and 

presentation to naive T cells, DC subtypes differ in the regulatory signals they transmit, 

directing T cells to different types of immune response or to tolerance. Furthermore the data 

presented here suggest that DC can have functions beyond their involvement in T cell 

biology and mediate tissue remodeling. Understanding this complex network which requires 

the characterization and investigation of known and novel DC subset might ultimately allow 

to develop strategies to manipulate DC for medical therapy. 

        In this study, we characterized a novel splenic subpopulation of CD8α+ DC, which is 

marked by high level of the chemokine receptor CX3CR1. Interestingly, the gene expression 

profile of these cells resembled that of the CD8α- DC subset. In order to study this subset 

specific roles, we performed an additional gene-array aiming to identify subset-specific 

molecules that will allow for cell ablation strategies (4). 

        Additional DC subset, uDC, was investigated in this study, for its role during embryo 

implantation. Using in-vivo conditional DC ablation strategy, we showed that uDC are 

crucial for embryo implantation. We first suggested that embryo resorption was associated 

with a failure of immunological tolerance, as DC were hypothesized to have a tolerogenic 

role in pregnancy. This model was shown to be unlikely since also in syngeneic and T cell-

deficient pregnancy models, as well as in the absent of the embryo (artificial decidualization 

model) conditional uDC ablation resulted in the embryo resorption. Interestingly, our results 

show that uDC are indispensable for adequate decidual proliferation, differentiation and 

angiogenesis. These data suggest a novel role for uDC directly linked to decidualization, 

which governs uterine receptivity. Recently, DC were reported to express some angiogenic 

factors (213, 214, 215, 216)thus the understanding of uDC involvement in angiogenesis will 

need further investigation. In general, studying the role of different DC subsets in 

angiogenesis and a better knowledge of the molecules and mechanisms involving in the 

formation of new vessels also in chronic inflammation and cancer will provide novel 

therapeutic approaches. 
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        The unique role of DC in T cell activation has been well established although the 

question whether this cell type is also critical for T cell development and homeostasis 

remained unsolved and requires long-term DC elimination in the steady state.  Here we 

investigated this open question by using an experimental model of constitutive DC deletion.  

To this end we generated mice that constitutively lack conventional CD11chigh DC. The lack 

of cDC resulted in a broad T cell immuno-deficiency, however surprisingly the steady state T 

cell compartment and T cell homeostasis remained largely unaffected. The current notion in 

this field support DC involvement in the control of T cell homeostasis, negative selection and 

Treg generation, although non of the studies have shown they are crucial for any of these 

processes (60, 79, 132-134, 135). The current study, though, exhibited DC dispensability for 

these functions suggesting a compensatory mechanism mediated by other cells in cDC 

absence. 

      Finally we report that cDC-less mice develop with time a myeloid proliferative 

syndrome which arises as a direct response to the lack of cDC. The absence of DC, thus, can 

trigger a feedback loop resulting in systemic myeloid expansion and subsequently cause a 

myelo-proliferative disorder.  Interestingly, serum analysis of CD11c:DTA mice revealed a 

significant elevation of the cytokine Flt3L which might provide the mechanistic explanation 

for the observed MPS (159, 174). Future elucidation of the molecular mechanism linking DC 

loss to the MPS might help develop novel strategies for therapeutic interventions of chronic 

myeloid disorders.  

     To conclude, I believe that future investigation of the distinct roles of different DC subsets, 

as well as their development, will lead to important discoveries from both the immunological 

and physiological point of view, and might open the way for novel therapeutic development. 
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6. Material and Methods 
6.1 CD11c:DTA project 
Mice. The following mice were used: 8 to 12 week-old C57BL/6, BALB/c, 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 (4); 

CD11c-Cre mice (136); R26-DTA mice (137); OT-I (C57BL/6) TCR transgenic mice 

harboring OVA specific CD8+ T cells (139); OT II (C57BL/6) TCR transgenic mice 

harboring OVA specific CD4+ T cells (140); RIPmOVA transgenic mice expressing a 

membrane-bound form of OVA (residues 139-385) under control of the rat insulin promoter 

(RIP) (149); IRF-8 deficient mice (153)  (kindly provided by B.-Z. Levi, Haifa); B6.Cg-

IghaThy1aGpi1a/J mice (kindly provided by H.-W. Mittruecker, Berlin). R26-DTA mice were 

crossed with CD11c-Cre transgenic mice to generate 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>RIP], [DTA OTII>wt], [OTII>RIP] and [OTII>wt] 

BM chimeras were generated as reported (152). 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 BrdU labeling mice were i.p injected with 1 mg/ml of BrdU (Sigma) 

and analyzed for incorporation 2 hours 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 anti-MHC II, mPDCA-1 (Milteny Biotec), CD4, CD8, Vα2, Vβ3, Vβ5, Vβ6, 

Vβ8.1, Vβ8.3, Vβ11, Vβ12, CD69, CD71, CD11b, CD115, Ter119, Sca1; the biotinylated 

antibodies: anti CD45.1, CD4, CD3, 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 SA, CD8, CD11b, and the FITC-coupled antibodies anti-Brdu (BD 

Pharmingen), CD8, CD4, Gr1, B220, NK1.1, CD11b. 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). 
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Mixed Leukocyte Reaction. Stimulator cells were isolated from spleens and thymi of   

CD11c:DTA mice, CD11c-DTR transgenic mice and littermates controls. Responder T cells 

were enriched from spleens of BALB/c mice by positive selection with anti-CD4 microbeads 

(Miltenyi Biotec). 5x105  splenocytes or thymocytes were cultured with 105 responder CD4+ 

T cells (BALB/c). Cultures were pulsed after 72 hrs with 1µCi of [H3] Thymidine, 

incorporation was measured 16 hrs later. 

 

Histology. Tissues were fixed in 4% paraformaldehyde for 24 hours, embedded in paraffin, 

sectioned serially (4mm) and stained with hematoxyline and eosin (Sigma). Photographic 

documentation was performed using andE800 microscope equipped with a digital camera 

(DXM 1200, NIKON, Japan). Morphometric analysis was performed using the Image-Pro 

Plus v.5 software (Media Cybernetics).  

 

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 Fluoroscein Succinimidyl Ester (CFSE, C-1157;Invitrogen) (4). CFSE-labeled 

T cells (1-2 x 106/mouse) were injected into the tail veins of the recipient mice. Cells were 

analyzed 4 days later for CFSE dilution using FACS. 

 

Analysis of in vitro T cell proliferation.  CD4+ T cells were isolated from spleens and LNs 

of respective mice, enriched by MACS cell sorting with anti-CD4 antibodies according to the 

manufacturer’s protocol (Miltenyi Biotec GmbH). 105 cells were plated on 96-well round-

bottom plates coated with anti-CD3 antibody in different concentrations (0.1-10ug/ml) ( BD 

Pharmingen). Cultures were pulsed after 72 hrs with 1µCi of [H3] Thymidine, incorporation 

was measured 16 hrs later. 

 

Colony Forming Unit assay. Semisolid cultures were performed as previously described 

(221). Briefly, murine splenocytes (5x105 cells/ plate), peripheral blood cells (2x105 cells/ 

plate) and BM cells (1.5x104 cells/plate) were plated in 0.9% methylcellulose (Sigma), 30% 
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FCS (Biological Industries), 50 ng/ml SCF, 5 ng/ml IL-3, 5 ng/ml GM-CSF (Kirin, Japan), 

and 2 u/ ml Erythropoietin (Orto Bio Tech, Don Mills, Canada). The cultures were incubated 

at 37 °C in a humidified atmosphere containing 5% CO2 and scored 7 days later according to 

morphologic criteria.  

 

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. Blood was incubated at RT to coagulate, centrifuged, and serum was used for 

alanine 2-oxoglutarate-aminotransferase (ALT) measurements using a Hitachi 747 auto-

analyzer (Tokio, Japan). MHV titers were determined by standard plaque assay on day 8 post 

infection using 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 (222) and tetramerized by addition of streptavidin-PE 

(Molecular Probes, Eugene, OR). At the indicated time points following immunization, 

animals were bled and single cell suspensions were prepared from spleens and lymph nodes. 

Aliquots of 5 ´ 105 cells or 3 drops of blood were stained using 50 ml of a solution containing 

tetrameric class I-peptide complexes at 37°C for 10 min followed by staining with anti-CD8-

FITC (BD Pharmingen) at 4°C for 20 min. The cells were analyzed by flow cytometry gating 

on viable leukocytes. 

  

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 following infection. For intracellular 

cytokine staining, single cell suspensions of 1×106 splenocytes were incubated for 5 h 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 

positive control or left untreated as a negative control. For analysis of peptide-specific 

responses, cells were stimulated with 10-6 M GP33 peptide or 10-4 M MHV S598 peptide. 

The percentage of CD8+ T cells producing IFN-g was determined using a FACSCalibur flow 
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cytometer. Both S598 (RCQIFANI) and GP33 (KAVYNFATC) peptides were purchased 

from Neosystem (Strasbourg, France). 

 

Detection of Flt3L serum titers. 

Sera of CD11c:DTA mice and age matched littermate controls were tested by ELISA for 

Flt3L (R&D systems, Minneapolis, MN) according to the manufacturer’s protocol.  

 

Statistical analysis 

 All statistics were generated using a Students’s t-test. All error bars in diagrams and 

numbers following a ± sign are standard deviations (s.d.). 

 
6.2 CD8α+ DC Subset-project 
Mice 

Eight to 12-week-old Cx3CR1gfp mice (B6.129P-Cx3cr1tm1Litt/J) harboring a GFP 

gene in the CX3CR1 locus (178); RAG2-/- mice (223). 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 and sorting 

Staining reagents used in this study included the PE-coupled antibodies anti-MHC II, CD4, 

CD8, CD11b; the APC-coupled antibodies anti-CD11c; the PerCP-coupled antibodies anti 

CD8. The reagents were obtained from eBioscience. The cells were analyzed on a FACS 

Calibur cytometer (Becton-Dickinson) using CellQuest software (Becton-Dickinson), or 

sorted in FACSAria high speed cell sorter  (Becton-Dickinson). 

Mixed Leukocyte Reaction.  

The different subpopulation of DC used here as stimulators, 

were isolated from spleens of Cx3CR1gfp mice. Responder T cells were enriched from spleens 

of BALB/c mice by positive selection with anti-CD4 microbeads (Miltenyi Biotec). 2.5x104 

DC were cultured with 2x106 responder CD4+ T cells (BALB/c). Cultures were pulsed after 

72 hrs with 1µCi of [H3] Thymidine, incorporation was measured 16 hrs later. 
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RNA isolation  

RNA was isolated using Versagene RNA cell kit (Gentra Systems). 

 
Affimetrix GeneChip    

RNA was subjected to gene expression profiling using the Mouse Genome 430.2 Affimetrix 

GeneChip containng 45,000 probe sets.  

 
RT-PCR analysis 

For cDNA  synthesis we use SuperscriptTM II Reverse Transcriptase (Invitrogene). The 

Following primer pairs were used:  

Hprt1  forward, 5' -GGGGGCTATAAGTTCTTTGC-3'   

Hprt1reverse 5' -TCCAACACTTCGAGAGGTCC-3' (350 bp product),   

Ccr1 forward, 5'- CATCATACAGGAAGCCAAGAAC-3',  

Ccr1 reverse, 5'- CCAGTCGTCTTTCAACTTGTAG-3' ( 480 bp product).   

IL7R  forward 5'-GAGCTTTCGCTATAGTTTTCTG-3'   

IL7R  reverse 5'- GTTATGGGGAATGGATCGGAC-3' (600bp product). 

 
6.3 Uterine DC - project. 
 
Mice 

Eight to 12-week-old CD11c:DTR transgenic mice (B6.FVB-Tg Itgax-DTR/GFP 57Lan/J) 

harboring a gene encoding a DTR/GFP fusion protein (4); Cx3CR1gfp mice (B6.129P-

Cx3cr1tm1Litt/J) harboring a GFP gene in the CX3CR1 locus (178); RAG2-/- mice (223); 

C57BL/6 and BALB/c mice were purchased from Harlan Biotech Israel (Rehovot, Israel). 

For the semi-allogenic pregnancies CD11c:DTR C57BL/6 females (H2b) were mated with 

BALB/c wt males (H2d). For syngeneic pregnancies C57BL/6 CD11c:DTR females were 

mated with C57BL/6 males. All mice were maintained under specific pathogen-free 
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conditions and handled under protocols approved by either the Weizmann Institute Animal 

Care Committee according to international guidelines.  

 

Depletion of uDC  

CD11c:DTR transgenic mice which express the primate DTx receptor (4),were injected intra-

peritoneally with 2 ng /g body weight DTx, diluted in PBS for full depletion and 1 ng/g for 

partial depletion (D-2918 Sigma-Aldrich). For local uDC depletion, animal were injected 

with 20 ng DTx diluted in 30ul PBS and injected into the myometrium. Female CD11c:DTR 

mice were mated with Balb/c males. On E3.5, females were i.p. injected with DTx. As 

control, either CD11c:DTR female were injected with PBS or WT females were injected with 

DTx. On E5.5, mice were sacrificed, one uterine horn was retrieved for histology and the 

other uterine horn for flow cytometry analysis in which uDC are identified as CD11chigh 

GFP+ and their percentages are indicated. 

 

Progesterone administration  

Subcutaneous injections of 2 mg/ml of progesterone diluted in sesame oil were administered 

daily (from E3.5, along with the DTx and until E5.5) (224). 

 

Artificial decidualization  

Females were mated with BALB/c vasectomized male mice and on E3.5 the females which 

exhibited a vaginal plug (a day post mating) were anesthetized with intraperitoneal injection 

of 75 mg/kg Ketaset (ketamine; Fort Dodge Laboratories, Fort Dodge, IA, USA) and 3 
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mg/kg XYL-M 2% (xylazine; VMD, Arendonk, Belgium) and the upper part of each uterine 

horn was sewn with a thread. Uteri were collected for analyses 2 days after, on E5.5. 

 

Single cell isolation  

For isolation of uterine cells including uDC, tissues were minced into fragments of 1 mm3 

and digested for 35 minutes at 37°c with 1mg/ml collagenase type IV (Sigma), 0.2mg/ml 

DNase (Roche) and 1mg/ml bovine serum albumin (Sigma) in PBS with MgCl and CaCl 

(Sigma). Then, Tissues were passed through a mesh and washed in PBS. 

 

Flow cytometry analysis  

The staining reagents used in this study included the PE-coupled antibodies anti-CD8a, MHC 

II, CD40, CD86 and SA; the APC-coupled antibodies anti-CD11c; Biotin -conjugated 

antibodies F4/80 and CD103 and PerCP-coupled anti CD11b. The respective isotype 

antibodies were used as a control. Unless indicated otherwise, the reagents were obtained 

from eBioscience. Cells were analyzed on FACS Calibur cytometer (Becton-Dickinson) 

using CellQuest software (Becton-Dickinson). 

 

Histology  

Tissues were fixed in 4% paraformaldehyde for 24 hours, embedded in paraffin, sectioned 

serially (4um) and stained with hematoxyline and eosin (Sigma). Photo documentation was 

performed using E800 microscope and digital camera DXM 1200 (NIKON, Japan). 

Morphometric analysis was performed using the Image-Pro Plus v.5 software (Media 

Cybernetics).  
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Immunohistochemistry  

Paraffin sections were stained as previously described (38), with the following changes: For 

uDC detection in CD11c:DTR mice, we used polyclonal biotinylated goat anti-GFP 

antibodies (ab6658; Abcam). For macrophage detection, we used rat anti- mouse F4/80 

antibodies (MCA497GA; Serotec). Antigen retrieval prior to the blocking step was done 

using 0.1M trypsin and 0.1M CaCl in 20mM Tris. T cell proliferation in the decidua was 

analyzed with polyclonal rabbit anti- human p-Histone H3 (Ser10)-R antibodies (sc-8656-R; 

Santa cruz). To determine cell differentiation in the decidua, we used polyclonal rabbit anti- 

mouse Cx43 antibodies (transduction laboratories). To test blood vessel functionality, we 

used biotin-BSA-GdDTPA (MR contrast material, see in the section describing in vivo 

contrast enhanced MRI stained by fluorescein-labeled avidin (avidin-FITC; Molecular 

Probes, San Francisco, CA, USA) as previously described (212). Photo documentation was 

performed using Zeiss Axioskop II fluorescent microscope or E800 NIKON microscope. 

 

Two-photon microscopy  

CX3CR1gfp pregnant female mice were i.v. injected with 200ul of 0.5mg/ ml TRITC-dextran 

(150 kDa; Sigma) that was allowed to circulate for 3-5 min prior to animal sacrifice, to 

visualize blood vessels.  Uterine tissue was retrieved and immediately visualized by 2 photon 

microscopy.  

Two-photon imaging was performed with a Zeiss LSM 510META-NLO (Germany). Two-

photon fluorescence microscope was equipped with a 20x and 40x water immersion 

objectives.  A MaiTai HP Ti:S one-box tunable laser (Spectra Physics, USA) was used for 
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two-photon excitation. Image acquisition was performed using LSM 510 acquisition software. 

For two-photon excitation of TRITC-dextran, the laser was tuned to 800 nm, and the 

emission filter set was 535-590 nm. For excitation of GFP, the laser was tuned to 920 nm and 

the emission filter was 500-550 nm. 

   

In vivo contrast enhanced MRI  

3DGE-MRI was acquired at 4.7T (Bruker Biospec) using a whole body coil. A series of 

variable-flip-angle precontrast T1-weighted 3D gradient-echo (3D-GE) images were acquired 

to determine the endogenous precontrast R1 (pulse flip angle - 15°, 5°, 30°, 50°, 70°; 

repetition time (TR) - 10 ms; time to echo (TE) - 3.6 ms; two averages; spectral width - 

50000 Hz; 4x4x4cm matrix size 128 x128 x64, zero-filled to 128 x 128 x 128 resulting in a 

voxel resolution of 313 x 313x 313 um (625 um is the resolution in the third dimension 

before zero-filling); total acquisition time per frame-164 seconds; frequency-encoding 

direction: head–foot). For dynamic contrast enhanced MRI, 9 mg/mouse (20g) in 0.2ml PBS 

of biotin-BSA-GdDTPA (R=164mM-1 s-1) was administered via a tail vein catheter and its 

extravasation monitored over time (MR data was acquired with a pulse flip angle of 15°, and 

all other parameters as stated above; The first image was acquired 0–164 s after 

administration of the contrast material). MRI data allowed quantification of the blood volume 

fraction (fBV) and the permeability surface area product (PS; rate of extravasation of contrast 

material to the interstitial space) on IS of E5.5. 
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Fluorescence image analysis  

All fluorescent images were acquired under identical conditions and analyzed using ImageJ 

software (Wayne Rasband, NIH, USA). The fluorescent intensity was measured in absolute 

counts. The Average fluorescent intensity inside the region of interest in the implantation site 

was calculated by measuring a ratio of fluorescence signal to the area of ROI. The areas 

occupied by clearly resolved blood vessels (attributed to the myometrium or to 

undecidualized uterine stroma) were masked and excluded from calculation. Fluorescent 

background was subtracted from each image, where background was measured in the areas 

without tissue.  Vessel density was estimated by determining mean fluorescence at 3 min 

post injection. Vessel permeability was simulated by the change in fluorescence signal 

intensity between 3 to 15 min post injections. 

 

 

 

Statistical analysis  

All experiments were repeated for at least 3 times and the number of total animals and 

implantation sites used for each experiment was indicated accordingly. All the data were 

analyzed using Student's unpaired 2 tailed t- test and are presented as mean ± standard 

deviation. 
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 סיכום
 

הממלאים תפקיד  בשיפעולן של תגובות שונות במערכת , תאים דנדריטיים הינם תאים מציגי אנטיגנים

אוכלוסיית התאים הדנדריטיים בגוף הינה מגוונת מאוד . החיסון מחד ובהשתקת מעכת החיסון מאידך

 ,עם זאת .הפרופיל הגנטי ומיקומם האנטומי, פני התא- שונים המתבטאים עלעל סמנים תבססבה

 הנוכחיבמחקר . עד תוםהשונים של כל תת האוכלוסיות של תאים דנדריטיים אינם מובנים תפקידיהם 

ובמערכת  אוכלוסיות אלו ותפקידהן השונים במערכת החיסונית למטרת איפיון במגוון שיטות בוצע שימוש

ד את תפקידיהם של בכדי ללמו) 1. ( שאיינה שייכת באופן ספציפי למערכת החיסוןנוספתפזיולוגית 

. יתמיד תאים דנדריטיים באופן הוחסרו הם שבםיי טרנסגנים עכבריוצרו, ים בגוף החיהתאים הדנדריטי

החוסר . העכברים חסרי התאים הדנדריטיים נולדו ביחסים מנדליים נורמליים והתפתחו בצורה תקינה

אוכלוסיה זו בעכברים  יע שבאופן מפתלמרות,  T- של תאי הכשל חיסוניהשרה בתאים הדנדריטיים 

 הכולל את האוכלוסיות השונות-תתמגוון הן מבחינת ההומאוסטאזיס והן מבחינת נאיביים הינה תקינה 

 שנוצרים T-תאי ה, כמו כן.   רגולטורייםTתהליך הסלקציה השלילית בטימוס ותמיכה ביצירת תאי 

 מתאפיין ללא התאים הדנדריטיים  נמצא כי עכבר,בנוסף. בעכבר זה לא הראו שום בעיה פונקציונלית

 התאים המיילואידים איננה נובעת התרבות,  באופן מעניין.דיםיהתרבות בלתי מבוקרת של תאים מיילואב

, בנוסף לכך.  מבעייה אוטונומית בתאים אלא מתפתחת כתוצאה ישירה של חוסר בתאים הדנדריטיים

, IRF8קטור השעתוק חסר את פם בעכבר הסיפקנו במחקר זה הוכחה לכך שהתרבות התאים המיילואידי

שבעכבר זה חלק ניכר מהתאים הדנדריטיים אינם מצויים והשאר אינם  יכולה גם היא לנבוע מכך

. Flt3Lהראתה כמויות גדולות של הכמוקין , CD11c:DTAאנליזה של סרומים מעכברי . פונקציונליים

ממצא זה יכול לספק הסבר מולקולרי .  ואידיםכמויות ניכרות של כמוקין זה גורמות להתרבות תאים מייל

ממצאי מחקר זה מתארים תפקיד חשוב ביותר . להתפתחות המחלה בעכברים חסרי תאים דנדריטיים

אנו משערים כי רגולציה זו נעשית . גוףוחדשני של תאים דנדריטיים ברגולציה על ההומאוסטאזיס ב

  . בהעדר תאים אלוFlt3Lשל י רמות גבוהות "באופן של היזון חוזר אשר מתווך ע

אוכלוסיה זו -תת. אוכלוסיה חדשה של תאים דנדריטיים בטחול- הפרופיל הגנטי של תתאופיין) 2 (        

-תת ). +CX3CR1hi CD8α אוכלוסיה זו תקרא -תת (CX3CR1 ואת קולטן הכמוקין CD8αמבטאת 

 ומצויה באחוזים משתנים CD4- וCD8α, CD11b -אוכלוסיה זו מבטאת רמות משתנות של המולקולות

ממצאים אלו יכולים להעיד על כך שמדובר באוכלוסיה ). +CD8α - מתוך כל ה5-30%(בעכברים שונים 

 דומה +CX3CR1hi CD8αהפרופיל הגנטי של , באופן מעניין. שנמצאת בתהליך התמיינות או התבגרות

דבר המרמז על קירבתן , +CX3CR1low CD8α מאשר לתת האוכלוסיהCD8α -האוכלוסיה -יותר לתת

איננה מהווה  +CX3CR1hi CD8αמצאנו כי תת האוכלוסיה  , למרות זאת. של תת האוכלוסיות הדומות

זאת מכיוון שבניסוי בו הוחסרו באופן זמני כל התאים , CD8α -האוכלוסיה -מקור להתמיינות תת

לא הושפעה היווצרות של תת , ר הוחסרו לטווח ארוך יותCD8αהאוכלוסיות המבטאות -הדנדריטיים ותת

איננה מבטאת גנים , +CX3CR1low CD8αהראינו כי תת האוכלוסיה, בנוסף לכך. CD8α -האוכלוסיה 

-נעשה בעקבות חוסר הפרדתה מתתייחוסם לאוכלוסיה זאת . שונים שיוחסו לה במחקרים קודמים



לה לאפיין באופן נכון ומדויק האנליזה שנו יכו, לכן. +CX3CR1hi CD8α -האוכלוסיה החדשה שנמצאה

 .ובכך לשפר ולעדכן מחקרים קודמים, אוכלוסיה-יותר את הפרופיל הגנטי של כל תת

בעזרת מודל עכברי בו ניתן  דנדריטיים רחמיים בזמן הריון  תאים  תפקידם שלנחקר ) 3(, לבסוף       

  נ לאפשר"ו נדרשים עמ שתאים אלנמצא . מותנהלהחסיר את התאים הדנדריטיים באופן ספציפי ו

 אינם בעלי תפקידהתאים הדנדריטיים הרחמיים  נראה כי , כמו כן . אימוהשתלה תקינה של העובר ברחם

הטולרנטיות של מערכת החיסון  .בבניית רקמות בשלב זה של ההריון אלא ממלאים תפקיד קריטי חיסוני

. ם ממערכת החיסון באתרי ההשרשהתאיהמצאותם של אלוגני יוחסה תמיד ל-האמהית כלפי העובר הסמי

זהו איננו המצב המתרחש בתהליך השרשת העובר מכיוון שבמערכת , לפי המודל שלנו, למרות זאת

. ים  החסרתם של התאים הדנדריטיים הרחמיים גורם לספיגת העוברTסינגנאית ובמערכת חסרת תאי 

ת רקמת הדסידואה באתרי ההשרשה החסרתם של תאים דנדריטיים רחמיים גורם לבעייתיות בתהליך יציר

ממצאים אלו מציעים שהתאים הדנדריטיים הרחמיים . גם במודל של הריון מדומה בו לא קיימים עוברים

. רותה של רקמת הדסידואה ובכך לפתיחותה של הרחם לקליטת העוברצוויאחראים באופן ישיר על ה

 באתר מיינותם והתרבותם של התאיםבאתרי השרשה אשר הוחסרו מהם התאים הדנדריטיים נראה כי הת

 תהליך חיוני וקריטי ביצירת רקמת הדסידואה ,תהליך יצירת כלי דם חדשים, כמו כן.   פגועהההשרשה

 5.5נראה כי בהעדר התאים הדנדריטיים ביום . לא תקיןאובחן כ הוא גם ,ובהשרשה תקינה של העובר

. משמעותית ואיתה גם נפח הדם הזורם ברקמהלהריון כמותם היחסית של כלי הדם ברקמה יורדת בצורה 

מצב זה דומה למצב ). פרמאבליים(בנוסף כלי הדם במצב זה מאופיינים כפחות בוגרים ויותר חדירים 

 של ההריון ולכן נראה כי העדר התאים הדנדריטיים הרחמיים גורם לעיכוב מסוים 4.5המאופיין ביום 

ישנם דיווחים שונים כי . מת הדסידואה באתרי ההשרשהבתהליך יצירת כלי הדם בזמן התפתחותה של רק

אחד מהם הינו , ממקורות מגוונים מבטאים פאקטורים הקשורים לתהליך בניית כלי דםתאים דנדריטיים 

sFlt1 ,פאקטור הנקשר באופן ספציפי לVEGFיכול להיות שתאים דנדריטיים .  ובכך חוסם את פעילותו

 בהתאם לכמותו המופרשת ובכך ככל VEGFת פעילותו של  אשר מווסת אsFlt1רחמיים מבטאים 

.  ומעודד התבגרות וסטביליזציה של כלי דםVEGFשמתבטא יותר מוריד את פעילותו הפרמאבילית של 

 באתרי השרשה מחוסרי תאים דנדריטיים פוחתת sFlt1במחקר הנוכחי נראה כי רמת התבטאותו של 

וצע הוא שבהעדר תאים דנדריטיים המפרישים פאקטור זה באופן משמעותי ולכן המנגנון המולקולרי המ

תוצאות אלו מספקות פרספקטיבה חדשה לגבי .   איננה פוחתתVEGFי "הפרמאביליות המושרה ע

תפקידם של תאים דנדריטיים במהלך ההריון מעבר לתפקידם המשוער בהשראת הטולרוגניות של מערכת 

אלא תפקיד בבניית , פי מחקר זה איננו תפקיד אימונולוגיהתפקיד המשוייך לתאים אלו ל. החיסון האמהית

 . רקמות והתפתחותן

 

 
 
 
 
 


