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In 1973 Ralph Steinman identified dendritic cells (DCs) as a novel cell type in the 
mouse spleen. Since then DCs have been classified into different subsets based on 
their location, function and origin (1). DCs are a heterogeneous population of cells 
that lie at the interface of innate and adaptive immunity, playing a critical role in the 
initiation of effective T cell-mediated immune responses. DCs bridge two phases 
of the immune response: the initial recognition of pathogens through pattern-
recognition receptors (PRRs) and specific cell- and antibody mediated clearance (2). 

DCs comprise several distinct subsets for which precise functions and 
interrelationships have been difficult to decipher. Their contributions to immune 
responses in autoimmune disorders are still uncertain and under current investigation. 
DCs are not only important for the initiation of immune responses but they also have 
the potential to negatively regulate the immune system (2). In the last years this 
potential for dampening immunity has generated great interest in the context of cell-
based therapeutic intervention in a variety of autoimmune and immune-mediated 
inflammatory disorders (3).

It has been commonly assumed that all DCs regardless of subset can detect 
pathogens through PRRs, secrete cytokines and migrate into the T-cell area 
of lymphoid organs, present antigen and direct T-cell priming. However, the 
heterogeneity of DCs in lymphoid organs and tissues suggests that their functions 
might be different for the different subsets of DCs. Therefore functional differences 
between DCs within each subset have major implications for our understanding and 
therapeutic use of DC functions.

DC subsets and organ-specific DCs
Resident and migratory DCs seem to be distinct and can be classified into subsets 
according to surface marker molecules and functions (4). These DC subsets have 
been suggested to have different roles in the initiation of different types of immune 
responses. DCs can be broadly subdivided into lymphoid tissue DC or classical 
DC (cDC) and in non-lymphoid tissue DCs also commonly referred to as migratory 
or tissue DC (Figure 1). Differentiation of hematopoietic stem cells (HSCs) into 
mature hematopoietic cells is characterized by progressive loss of developmental 
options and restriction to one lineage (5). Like other myeloid cells, cDCs develop 
in the bone marrow from myeloid progenitors (MPs) that give rise to specialized 
precursors, macrophage and DC progenitors (MDPs), which are restricted to produce 
monocytes, plasmacytoid (p)DCs, and cDCs (6). Monocyte and cDC development 
pathways separate when MDPs give rise to common DC progenitors (CDPs), which 
produce pDCs and cDCs but not monocytes (7). CDPs differentiate into pre-DCs, 
fully committed cDC precursors, which produce cDCs but do not demonstrate 
monocyte or pDC potential (8). The association of pDCs with the DC lineage has been 
controversial, given that pDCs lack several essential DC features such as dendritic 
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morphology and high expression of MHC class II (9). Moreover, unlike cDCs that 
undergo terminal differentiation in the periphery, pDCs complete their development 
in the bone marrow.

Whether the local milieu at different anatomical sites can also influence DC 
subsets and function has remained largely unexplored. However phenotypical, 
transcriptional and functional relationships between various secondary lymphoid 
organ-resident DC subsets at steady-state have been described (17). 

Figure 1. DC subsets in mice and human. Murine lymphoid organ DC system was defined on 
the basis of the differential CD8a expression (10;11). Three groups were formed: CD4+, CD8a+ 
and DNDCs. The two main migratory subsets, CD11b+ and CD103+ DCs, share similarities with 
DCs present in lymphoid tissues and are named CD4+ and CD8+ DCs, respectively (12). Langer-
hans cells (LCs) are mainly present in the skin (4). Plasmacytoid DCs (pDCs) are functionally 
closely equivalent in both human and mouse (13). Two populations of resident DCs are present 
in human lymphoid organs, and correspond to the two known blood DC subtypes, mDCs and 
pDCs (14). Resident human CD141+ myeloid DCs found in human tonsil are thought to have 
equivalent antigen cross-presenting function to mouse DCs that can be identified by CD103 
expression in most tissues and by CD8 expression in lymphoid organs (15). A DC population 
expressing CD14 was also identified as separate migratory DC subset (14;16).
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Thymus
Mouse thymus contains CD11cintCD45RA+ pDCs and two CD11chiCD45RA- DC subsets 

that can be segregated on the basis of CD8 and the signal regulatory protein-a (Sirp-

a) expression, as CD8+Sirp-a- and CD8-/loSirp-a+ cDC subsets (18). The CD8+Sirp-a- 

subset representing around 70% of thymic cDC is generated within the thymus from 

the earliest intrathymic progenitors, whereas the minor CD8-/loSirp-a+ cDC subset 

is originated from the peripheral migratory DCs (19). Similarly, human thymus also 

contains pDCs and two subsets of mature CD11c+ cDC: CD11b-CD45ROlo DCs that 

lack myeloid markers and a minority of CD11b+CD45ROhi DCs expressing many 

myeloid markers (20). 

Spleen
Three cDC subsets have been identified in the mouse spleen based on the surface 

expression of CD8a and CD4, in addition to high levels of CD11c expression on 

all cDCs. These cDC subsets are CD4-CD8+, CD4-CD8-, and CD4+CD8- (21). In 

addition to the cDCs, pDCs are also found in mouse spleen. They are defined as 

CD11cintCD45RA+B220+ (11). Studies of splenic DC populations in human have been 

hampered by the limited tissue sources. One study reported that human splenic 

DCs were located in marginal zone, T cell, and B cell areas with a phenotype of 

CD11c+HLA-DQ+CD1a+CD4+CD11bloCD16+CD54+ (22;23). However, it is not clear how 

these DCs correlate functionally with mouse splenic DC subsets or with the human 

blood DC subsets.

Skin
In non-inflamed skin a variety of different DC subsets can be found in human and 

mouse. The epidermis hosts Langerhans cells that form a self-renewing population 

that is ontogenically distinct from other DCs (24-26). Langerhans cells are present 

in mouse and human skin. The human dermis contains CD1a+ DCs and CD14+ DCs 

(27;28), whereas in the mouse dermis DC subsets can be segregated into the well-

defined Langerin+CD103+ dermal DC (dDC) subset (29) and a more heterogeneous 

Langerin-CD103-CD11b+ dDC subset (15). Human (30;31) and mouse (15;32) skin DCs 

have been observed in skin-draining LNs, showing that all DC subsets present in the 

skin can migrate to the LNs.

Lymph nodes (LNs)
The DC populations found in LNs are more complex. In the mouse, in addition to the 

three phenotypically and functionally equivalent DC populations found in the spleen, 

additional subpopulations have been described depending of the anatomical location 

of the LNs (33). Mouse skin draining lymph nodes contain CD11b+, CD103+ and LC 

DC populations migrating from the skin. Recent studies have shown that similarly to 

the mouse, human axillary LNs contain three subsets of skin-derived migratory DCs, 
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and three subsets of blood-derived resident DCs (31). In humans, skin migratory DC 
populations are defined based on the expression of CD1a+, CD14+ and CD206+ (14) 
and are reported to migrate from the dermis and epidermis, respectively, to the LNs. 

Blood
Human DC subsets in the blood are well characterized due to tissue accessibility. 
When taking an unbiased approach and analyzing the entire transcriptome of 
the 2 monocyte subsets (classical CD14++CD16− and non-classical CD14+CD16++) 
compared with 3 types of DCs (HLA-DR+ positive cells negative for markers of 
other leukocyte lineages) in human blood, then hierarchical clustering shows that 
three blood DC populations cluster together and are clearly separated in their 
expression profile from the 2 monocyte populations (13;34). Human blood contains 
three different subsets of DCs, myeloid (m)DCs CD1c/BDCA1 and CD141/BDCA3, 
and pDCs CD304/BDCA4 . Regarding the mouse DC lineage cells in blood scarce 
information is available. Nevertheless, a subdivision into pDCs and mDCs appears 
to be conserved. CD11c+CD11b+CD45RA- DCs cells identified in mouse blood share 
features with the splenic CD8- DC subset (35), and they are thought be homologous 
to human CD1c+blood mDCs (13).

Development of Flt3L-dependent DCs: Flt3L- versus GM-
CSF-differentiated DCs
Due to the functional and phenotypical heterogeneity of DCs (36), the exact origin 
of different DC subsets and their developmental relationship remain elusive and 
under current investigation. However some developmental relationships are known 
specially for the steady-state conditions. The understanding that the FLT3/STAT3 
pathway is of pivotal importance for steady-state DC development (37-39) lead 
to the identification of DC committed precursors, which all express the receptor 
tyrosine kinase FLT3 (7;40;41). The development of CDP and its DC progeny are 
regulated by cytokine Flt3L and its receptor FLT3, and several transcription factors 
such as PU.1 and IRF8 are required in multiple DC subsets and/or developmental 
stages (5). FLT3 expression is maintained throughout DC development and on 
terminally differentiated DCs but not on macrophages (42). Loss of Flt3L, FLT3, or 
its downstream signaling molecule STAT3, results in considerably fewer DCs in vivo 
(37;38;43;44).

GM-CSF and Flt3L are important cytokines in the regulation of DC development; 
however there are crucial differences in the DCs generated with these two cytokines. 
In the mouse, deficiency of GM-CSF or the GM-CSFR leads to minor reductions 
in the DC pool present in lymphoid organs and significantly reduced DC numbers 
were only observed when analysis was extended to non-lymphoid tissue (45;46). 
On the other hand, Flt3L−/− or FLT3−/− mice showed an up to 10-fold reduction in 
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spleen, lymph node, and thymic DCs of different subtypes as well as a reduction 
in specific early DC progenitors, such as the MDP or CDP (38;44;46). Importantly, 
administration of GM-CSF results in a specific expansion of CD11chiCD11bhi murine 
spleen DCs, whereas a dramatic expansion of all DC subsets has been reported 
in mice and humans injected with Flt3L (43;47). Not only differences in magnitude 
but also functional differences between GM-CSF- and Flt3L-derived DCs have 
been reported. For example, the addition of GM-CSF to in vitro cultures resulted 
in the up-regulation of CD103 and an increase in cross-presentation abilities of DCs 
(48) which was confirmed ex vivo and in vivo using GM-CSF transgenic and GM-
CSFR−/− mice (49). Moreover, strikingly different antibody profiles were shown to be 
induced by Flt3L and GM-CSF. GM-CSF (which preferentially expands the myeloid 
DC subset) elicits significant increases in IgG1 titers but not in IgG2a production. In 
contrast, Flt3L (which expands both the lymphoid and myeloid DC subsets) elicits 
modest increases in IgG1 titers but dramatic increases in IgG2a titers (50). These 
differences might be explained by studying the signaling pathway downstream 
activation by these cytokines. Both GM-CSF and Flt3L are known to activate 
STAT3, PI3K/PKB, and MEK/ERK signaling. However the magnitude of activation of 
these pathways and/or relative activity may impact the differential DC expansion 
induced by the administration of these cytokines (4). GM-CSF is also known to 
directly activate the canonical NF-κB pathway and STAT5, events that are absent 
in Flt3L-stimulated cells. GM-CSF-driven activation of STAT5 and canonical NF-κB 
transcription factors was demonstrated to increase the intrinsic immunogenicity of 
the DCs. On the contrary, Flt3L-activated STAT3 inhibits canonical NF-κB activity as 
well as the expression of MHC class II proteins and co-stimulatory molecules (51;52) 
and promotes transcription of IDO (53). In vitro GM-CSF was shown to inhibit pDC 
development (54), however GM-CSF−/− mice have normal numbers of pDC, indicating 
that the GM-CSF role in pDC development in vivo may be limited (46). It was recently 
reported that mTOR signaling is induced by Flt3L and is required in vitro for Flt3L-
driven development of DCs, particularly of pDCs and CD8+ cDC equivalents (55). 
Conversely, the activation of PI3K–mTOR signaling by deletion of Pten accelerated 
Flt3L-driven DC development in vitro and caused the expansion of CD8+ and CD103+ 
cDC numbers in vivo. In contrast, rapamycin did not prevent DC development in GM-
CSF-supplemented bone marrow cultures (55), although it affected the maturation 
status of the resulting CD11b+ DCs as described previously (56). In the DC lineage, 
the role of mTOR signaling has been studied in the context of Toll-like receptor (TLR)-
induced cytokine secretion. In myeloid cells and cDCs, PI3K-mTOR was shown to 
promote maturation (56) and facilitate anti-inflammatory responses such as secretion 
of interleukin-10 (IL-10) (57;58), whereas in pDCs, it is required for TLR-induced type I 
interferon production (59;60). Determining the cellular sources of Flt3L, GM-CSF, and 
M-CSF could provide important insights into the homeostatic versus inflammation-
induced mechanisms of DC development.
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Dendritic cells starting the party - sensing the 
microenvironment and initiation of immune responses
Innate immune recognition relies on a limited number of germline-encoded receptors. 
These receptors evolved to identify conserved molecular motifs or products of 
microbial metabolism expressed by microbial pathogens, but not by the host. This 
recognition allows the immune system to discriminate between infectious non-self 
from non-infectious self.

Danger signals threatening the host can be classified into two groups: exogenous 
and endogenous signals. While exogenous danger signals induce immune responses 
through recognition of pathogen-associated molecular patterns (PAMPs) expressed 
on pathogenic microorganisms, endogenous signals are released from normal cells 
when damaged by chemical or physical insults, resulting in the induction of immune 
responses. DCs and other cell types express a variety of PRR (61) including toll-
like receptors (TLRs) (62;63); cell surface C-type lectins receptors (CLRs) (64;65) and 
intracytoplasmic NOD-like receptors (NLRs) (66;67) that recognize different PAMPS.

TLRs
TLRs are expressed either on the cell surface or inside the endosomes (68). TLRs are 
mammalian proteins homologous to Toll proteins that were originally identified in fruit 
fly Drosophila (69). To date, 13 TLR proteins in mice and 10 TLRs in humans have been 
identified (70). Among these TLRs, TLR2 can dimerize with TLR1 or TLR6, forming either 
TLR1/TLR2 or TLR2/TLR6 heterodimers. TLR1/TLR2 recognizes triacylated lipopeptides 
of bacteria, whereas TLR2/6 recognizes diacylated lipopeptides from mycoplasma. 
TLR3 and TLR7 recognize viral RNA, TLR3 recognizes dsRNA, and TLR7 recognizes 
ssRNA. TLR5 recognizes bacterial flagellin. In addition, TLR9 recognizes CpG DNA from 
either bacteria or viruses. Recognition of molecular signatures of potential pathogens 
via TLRs activates DCs, initiating adaptive immunity (71). Moreover DC subsets express 
different TLRs leading to different immune responses (Figure 2).

TLR triggering in DCs leads to an increase in display of MHC peptide ligands for T cell 
recognition, upregulation of co-stimulatory molecules important for T cell expansion 
and secretion of immunomodulatory cytokines, which shape T cell differentiation 
into subsets with different effector functions (79). There is growing evidence for an 
important function of innate immunity in the pathogenesis of rheumatoid arthritis 
(RA) (80). DC activation by microbial components and by endogenous molecules via 

Figure 2. TLR expression on human and mouse DC subtypes. TLRs are certainly the best-
studied groups of PRRs. DC subsets express different sets of TLRs, human DCs express 10 
different TLRs and 13 are found in the mouse (72-75). TLR-mediated recognition occurs at 
the plasma membrane or at endosomal and endolysosomal membranes. TLR1, TLR2, TLR4, 
TLR5 and TLR6 mainly, but not exclusively, localize to the plasma membrane and recognize 
microbial components such as lipids, lipoproteins and proteins. On the other hand, TLR3, 
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TLR7, TLR8 and TLR9 localize to intracellular vesicular compartments and are involved in 
the recognition of nucleic acids. The ligands for several TLRs including TLR10, which is only 
found in humans, and TLR11, TLR12 and TLR13, which are present in mice but not humans, are 
poorly understood. Recent work showed that TLR11 can recognize profiling (76), TLR12 rec-
ognizes apicomplexan parasites (77) and mouse TLR13 and human TLR8 recognize bacterial 
RNA (78).
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TLRs results in the production of a variety of proinflammatory cytokines, chemokines, 
and destructive enzymes, some of which are typically increased in RA (81). However, 
it is not yet fully understood how DCs determine the type, strength, duration, 
localization, memory, and other aspects of the immune response. 

C-type Lectin Receptors (CLRs)
Another major class of PRRs are the C-type lectin receptors (CLRs), whose key 
importance in the immune system has recently been acknowledged (65). Interest in 
these molecules has been particularly fueled by the discovery that these molecules 
are largely expressed on DCs, highlighting the positioning of this cell type as 
sensors at the interface of the immune system and the external environment. CLRs 
expressed by DC are involved in the recognition and capture of many glycosylated 
self-antigens and pathogens. It is now becoming clear that these CLRs may not only 
serve as antigen receptors allowing internalization and antigen presentation, but 
also function in the recognition of glycosylated self-antigens, and as adhesion and/or 
signalling molecules (82). Classical C-type lectins can be divided into two categories 
based upon an amino-acid motif involved in sugar recognition and coordination 
of the Ca2+ ion (83). CLRs with antigen-receptor function in DCs comprise the 
macrophage mannose receptor, DEC205/CD205, DC-SIGN-like, DC-ASGPR (MGL)/
CD301 (84), Dectin-1, Langerin/CD207 (85), whereas pDCs utilize the CLR CD303 
restricted to this DC subtype (86). It is noteworthy that some CLRs, such as DCIR (87) 
contain a potential immunosuppressive intracytoplasmic immunoreceptor tyrosine-
based inhibitory motif (ITIM), while others (eg Dectin-1) are associated with an 
immunostimulatory function through the recruitment of immunoreceptor tyrosine-
based activation motif (ITAM).

Cytokine-producing dendritic cells in the pathogenesis of 
inflammatory autoimmune diseases
In response to microbes, DCs go through a complex process of differentiation into 
mature antigen-presenting cells. This happens while the DCs migrate from the 
periphery into the draining LN through the lymphatics (90). DCs produce cytokines 
and are susceptible to cytokine-mediated activation. Therefore, interaction of DCs 
with pathogens leads to a cascade of pro-inflammatory cytokines and skewing of T cell 
responses depending of the nature of the trigger. Cytokine-producing DCs regulate 
immune homeostasis and the balance between tolerance and immunity (Table 1). The 
production and/or bioavailability of cytokines and related alterations in DC homeostasis 
have been implicated in several human inflammatory and autoimmune diseases such 
as RA and systemic lupus erythematosis (SLE) (91-93). Biological targeting of pro-
inflammatory cytokines, as an example anti-TNF and anti-IL-1 therapies, were shown 
to be successful for the treatment of inflammatory and autoimmune diseases (94). 
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Figure 3. C-type Lectin receptor (CLR) expression on human and mouse DC subtypes. Similar to 
the immunoglobulin superfamily, the C-type lectin family of proteins therefore encompasses up to 
1000 members with diverse functions (83;88). CLRs detect the molecular signatures of microbes, 
damaged cells, oxidized lipids, and other self alterations indicative of abnormality. Some C-type 
lectin-like molecules have activating/inhibitory signaling motifs that trigger downstream signaling 
events, indicating a role for these receptors as positive/negative regulators of DC functions (89).
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Table 1. Cytokines produced by DCs and their potential roles in autoimmunity and tolerance 
induction.

Immunity
(Pro-inflammatory 
cytokines) Role in promoting autoimmunity References

IL*-1b Synovial fibroblast activation, cytokine, and chemokine 
production and adhesion molecule expression; monocyte 
activation and cytokine production; endothelial-cell adhesion 
molecule expression; osteoclast activation

(95-98)

IL-6 T-cell proliferation, differentiation and cytotoxicity; B cell 
proliferation and antibody production; induction of 
haematopoiesis and thrombopoiesis

(99-105)

IL-12 TH1 polarization; T-cell and NK-cell cytotoxicity; B-cell 
activation

(106-109)

IL-18 T-cell polarization in combination with other cytokines (+IL-2, 
IL-12àTH1 and +IL-4àTH2); NK-cell activation, cytokine 
production and cytotoxicity; angiogenic factor for endothelial 
cells; monocyte activation and adhesion molecule expression

(110-114)

IL-23 TH17-cell proliferation (115;116)

IL-29 PBMC activation and cytokine production, Synovial fibroblast 
activation and cytokine production

(117-120)

TNF Monocyte activation and cytokine production; DC 
differentiation; T-cell apoptosis; endothelial-cell adhesion 
molecule expression and cytokine release

(121-125)

IFNg T cell apoptosis, T cell differentiation and immunoglobulin 
class switching in B cells, osteoclast activation

(126-131)

Tolerance 
(Anti-inflammatory 
cytokines) Role in promoting tolerance References

IL-10 Anergy induction, Treg maturation; B-cell isotype switching; 
decrease of DC activation and cytokine release; reduction of 
synovial fibroblast MMP and collagen release

(132-136)

TGF-b Treg proliferation; decreased NK-cell proliferation
and effector function, decreased synovial activation

(137-139)

*IL- (interleukin-); Th (T helper); PBMC (peripheral blood mononuclear cell); TNF (tumor necrosis factor); 
IFNg (interferon-g); Treg (regulatory T cell), DC (dendritic cell); MMP (matrix metalloproteinase); TGF-b 
(transforming growth factor-b); NK (natural killer cell).

Dual role of DCs in autoimmunity
Induction of tolerance
Central tolerance occurs in the thymus where medullary thymic epithelial cells 
(mTECs) and thymic DCs present self-antigens to developing T cells (140). mTECs 
express the transcription factor autoimmune regulator (AIRE), which promotes the 
expression of tissue-derived self antigens (Ags). AIRE-independent mechanisms for 
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mTEC expression of peripheral Ags may also exist (141), but these transcriptional 
mechanisms are not likely to allow expression of all self-Ags present within the body 
at sufficient levels for presentation to developing T cells. mTECs can directly present 
these antigens to developing thymocytes or transfer antigens to thymic DCs for cross-
presentation (142). Some soluble Ags can also access the thymus from the blood 
and be presented to thymocytes by thymic DC populations (143). Recently it has 
been demonstrated that central tolerance can also be mediated by peripheral DCs 
that transport innocuous Ags to the thymus for presentation to developing T cells 
(144;145). Surprisingly, however, constitutively cDC ablation did not affect steady-
state T cell compartment and T cell homeostasis, thymic negative selection and the 
generation of natural T regulatory cells (146) suggesting that the role of DCs in central 
tolerance might be restricted to a minor group of self-Ags. The initial evidence for the 
induction of peripheral tolerance by DCs came from studies using Ag targeting in vivo 
by DC-specific antibodies (147). This and other studies (148;149) have demonstrated 
a profound T cell tolerance to DC-targeted model Ag in the steady-state. Using Cre 
recombinase-induced expression of model Ag in DCs in vivo (150), it was shown that 
steady-state presentation of immunodominant virus derived epitopes by DCs induces 
a profound CD8+ T-cell unresponsiveness that could not be reversed by subsequent 
challenge with the virus. This unresponsiveness was due to the expression of inhibitory 
molecules PD-1 and CTLA-4 on CD8+ T cells and the induction of Tregs (151;152). 
Collectively, antibody-mediated targeting and genetic Ag targeting suggest that 
DCs can induce peripheral T-cell tolerance to immunodominant epitopes. Certain DC 
subsets have been shown to play an important role in peripheral tolerance induction. 
Migratory DCs induce Ag-specific Foxp3+ Tregs more potently than lymphoid resident 
DCs in vitro (153) and in vivo (154).

Promotion/induction of autoimmunity
Several findings suggest that DCs have a role in the pathogenesis of autoimmunity 
(155;156). The transfer of DCs, isolated from donors with acute autoimmune 
disease or in vitro differentiated-DCs carrying self peptides, are shown to promote 
autoimmune disease (157;158). It was recently shown that DC-derived cytokines also 
contribute to disease development (159). Classically, the induction of autoimmune 
models requires the use of complete Freund’s adjuvant (CFA), which contains a range 
of mycobacterial-derived molecules to trigger DC activation through their PRRs. It 
was also demonstrated that TLR4 ligation of DCs is sufficient to drive pathogenic 
T cell function in experimental autoimmune encephalomyelitis (EAE) (160). In 
addition, animal models of spontaneous autoimmune disease have shown that DCs 
are amongst the first cells to infiltrate the target tissue (161) and are capable of 
presenting auto-antigens to T cells in local draining lymph nodes (162). DCs can be 
found in high numbers in the serum and synovial fluid of patients with rheumatoid 
or juvenile chronic arthritis (163), and high levels of circulating DCs secreting 

29



G
e

n
e

r
a

l 
In

t
r

o
d

u
c

t
Io

n

pro-inflammatory cytokines are associated with multiple sclerosis (164). Reports 
in mouse models have also shown increased DC numbers in psoriasis (165), EAE 
(166), diabetes (161), thyroiditis (167) and Sjögren’s syndrome (168). Studies with RA 
patient-derived tissues have indicated that DCs drive the generation of ectopic 
lymphocytic infiltrates in the inflamed rheumatoid synovium (169). Because they are 
clustered in close proximity to activated T cells (170;171) DCs are thought to be 
directly involved in the promotion of destructive T-cell response. Under conditions 
of cytokine imbalance, DCs are differentiated into abnormal phenotypes that could 
interfere with the state of self-tolerance. In support of this concept, there is growing 
evidence for dysfunctional DC in autoimmunity. In inflamed synovial tissues in RA, 
DCs express high levels of co-stimulatory molecules, class I/II MHC and nuclear RelB 
(172). The tissue-infiltrating mDC and pDC have been shown to express an array of 
immune modulating cytokines, including IL-12p70, IL-18 (170), and IFNa (173). Both 
mDC and pDC may also express IL-15, a cytokine that is essential for the perpetuation 
of synovial inflammation, whereas the IL-17-promoting cytokine IL-23 is preferentially 
expressed by the mDC subset in the inflamed synovium (170).

Flt3L-dependent DCs in models of autoimmunity (Table 2)
(Autoimmune) arthritis
RA is a chronic autoimmune disease characterized by persistent synovitis and 
systemic inflammation leading to progressive disability (174;175). In the industrialized 
countries, RA affects 0.5–1.0% of adults, with 5–50 per 100,000 new cases annually. 
Disease-modifying antirheumatic drugs (DMARDs), the key therapeutic agents 
used, reduce synovitis and systemic inflammation and improve function. Biological 
agents are used as a second line of treatment when arthritis is uncontrolled or toxic 
effects arise with DMARDs and have shown clinical efficacy. Flt3L was reported to be 
strongly expressed at the site of inflammation in RA (176;177) and has been associated 
with erosive disease (178). Our previous work highlights the importance of Flt3L-
dependent DCs for the development of collagen-induced arthritis (CIA), a common 
mouse model for RA. Flt3L−/− mice have reduced DC numbers and are protected from 
CIA induction, showing reduced T cell activation (179). There is also evidence that 
FLT3 inhibitors have a therapeutic effect in mouse models of arthritis by reducing 
DC numbers (180). Other reports however have shown that administration of Flt3L 
increases Treg cell numbers via an increase in DCs in both mouse (181) and humans 
(182) which might modulate autoreactivity and autoimmunity. Downstream events 
of FLT3 signaling such as expression of survivin (183), an important member of the 
apoptosis inhibitor family, were shown to determine the erosive course of RA (184). 
It was previously shown that extracellular survivin expression mediates the erosive 
course of joint disease whereas autoimmune responses to the same molecule, 
manifested as survivin targeting antibodies, mediate protection. pDCs have also 
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been shown to play a role in suppressing arthritogenic autoimmunity. Removal of 
pDCs resulted in increased joint histopathology including cartilage degradation 
and synovial hyperplasia. Accordingly, the spontaneous generation of joint-Ag 
(collagen)-specific T cell proliferation and elevated serum anti-CII, anti-IgG2a, 
and anti-citrullinated peptide antibody levels were significantly elevated in pDC-
depleted mice in vivo and in vitro (185). Flt3L DCs seem to play a dual role in arthritis: 
on the one hand they are crucial for CIA development and play an important role in 
the modulation of erosive disease, on the other they increase regulatory populations 
that might help balance inflammation.

Table 2. Evidences of Flt3L (-dependent dendritic cell) involvement in (autoimmune) experimental 
disease models.

Disease Murine models Human Diseases References

Rheumatoid 
arthritis

Protective/promoting Flt3L is increased in synovial 
fluid and related to erosive 

disease

(176;178-183;186)

Systemic Lupus 
erythematosus

Nd*. Indirect evidence 
points to a promoting 

role

Nd. Indirect evidence points 
to a promoting role

(187-191)

Multiple sclerosis Promoting Nd (192-194)

Diabetes Promoting Nd. Indirect evidence points 
to a promoting role (155);(195-198)

Asthma Protective Nd (199;200;200-203)

Crohn’s disease Protective/promoting Nd (204-209)

Atherosclerosis Protective Nd (210)

* Nd: not determined.

Systemic lupus erythematosus
SLE is a chronic autoimmune disease with diverse clinical manifestations. In recent 
years, several studies have provided strong, although indirect, evidence that pDCs 
have a role in SLE. Patients with SLE have reduced numbers of pDCs in the peripheral 
blood and an increased accumulation of pDCs in tissue lesions (187). Studies have 
reported a gene expression signature of type I IFN signaling in leukocytes from SLE 
patients that correlates with disease severity (188). Considering that pDCs have a high 
capacity to produce type I IFN, these cells have been proposed to be an important 
source of aberrant type I IFN and major drivers of SLE progression (189). Indeed, 
genetic ablation of type I IFN signaling ameliorates SLE development in animal models, 
such as in NZB/NZW-derived lupus-prone mouse strains (190;191). Endogenous 
antibodies against IFNa have been observed in SLE patients and were associated 
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with decreased disease activity (211). Clinical trials have been recently initiated in 
SLE, either using monoclonal antibodies (mAb) against IFNa and its receptor (IFNAR), 
or using an active immune therapy to induce host polyclonal anti-IFNa antibodies 
(212). Since pDCs require Flt3L for their generation, targeting these cells using FLT3 
inhibitors might be a possible new therapeutic strategy to treat SLE patients.

Central nervous system (CNS) inflammation
Neuroinflammation is caused by the recruitment of immune cells into the CNS in 
response to trauma, infection, or may be a consequence of inappropriate immune 
responses against CNS Ags (213). One of the most widely studied models of 
neuroinflammation is EAE (214). DCs are present in the brain in the steady-state and 
resemble classical Flt3L-cDCs in spleen and show major differences from microglia 
(215). In the healthy brain, although the meninges and choroid plexus (m/ch)DCs 
are equiped with antigen-presenting machinery to interact with T cells, there is no 
T cell response to autoreactive self antigens. However when the balance is broken by 
neuroinflammation and self-antigen becomes readily available, these cells are likely 
able to present antigen to myelin oligodendrocyte glycoprotein (MOG)-reactive 
T cells and accelerate the onset of disease (216;217). This is consistent with previous 
reports showing that Flt3L exacerbates disease severity in the EAE model (192). It It 
has been suggested that the unique anatomical distribution and antigen presentation 
features of m/chDCs support their role as an instructor at the gates during the onset 
of immune activity in the brain (218), which may help to explain the therapeutic effect 
of an FLT3 inhibitor on reducing T cell infiltration in EAE (193;194). It has also been 
demonstrated that elevated expression of Flt3L in the brain is sufficient to selectively 
recruit and activate pDCs, but not other immune cells, in the brain parenchyma (219).

Other work has shown that simultaneous expression of CCL2 in the CNS and Flt3L 
in the periphery leads to severe progressive paralysis, comparable to that observed 
in animals with EAE. The onset of disease occurs rapidly after Flt3L expression (220). 
However recent reports have also shown that EAE can be induced in the absence of 
classical DCs (221). Additional studies are required to provide more insight into the 
role of Flt3L in EAE; however Flt3L-dependent DCs seem to contribute to disease 
activity in EAE.

(Autoimmune) diabetes
Many autoimmune diseases are initiated and maintained by activated autoreactive 
T cells, which destroy target cells harboring corresponding tissue-specific Ags. In 
insulin-dependent diabetes mellitus, there is T cell reactivity against a number of 
islet b cell proteins, e.g., insulin and glutamic acid decarboxylase (222;223).Earlier 
studies showed that FLT3-independent DCs can induce autoimmune diabetes and 
maintain disease via de novo formation of local lymphoid tissue (155). More recent 
studies have demonstrated that Flt3L treatment of NOD mice significantly decreased 
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insulitis and was associated with a significant increase in myeloid DCs and in vivo 
induction of Tregs in the pancreatic lymph node (195). These data provide evidence 
that Flt3L can mediate peripheral tolerance by induction of mature mDCs and this 
event seems critical for the control of autoimmune diabetes in vivo. In type 1 diabetes 
(T1D) a pathogenic role for IFNa and pDCs has been proposed, as IFNa treatment of 
patients with viral infections or with leukemia has been shown to be associated with 
increased incidence of the disease (196;197). Additionally, IFNa-producing pDCs 
have been detected in the peripheral blood of patients with T1D at the time of 
diagnosis (198). In mice, transgenic non-autoimmune-prone mice expressing IFNa 
in beta cells develop autoimmune diabetes (224). Additionally, genetic analysis 
supports a diabetogenic role for IFNa-induced genes in prediabetic children (225). 
Recently it was demonstrated that the crosstalk between neutrophils, B-1a cells and 
pDCs initiates autoimmune diabetes (226). Approaches focused on targeting pDCs 
would be more selective and tolerable than targeting the IFNa response, which 
could disturb antiviral responses. In this regard, FLT3 inhibitors may provide a benign 
and novel approach to treat T1D by targeting mature mDCs and pDCs. 

Flt3L-dependent DCs in models of autoimmunity and 
chronic inflammation
Lung inflammation
Asthma is one of the most studied inflammatory airway diseases. It is characterized 
by airway eosinophilia, airway obstruction caused by increased mucus production by 
goblet cells, airway remodeling, and airway hyperresponsiveness (AHR) to a variety 
of stimuli (227). In this setting Flt3L has been recognized to have a beneficial role. 
Administration of Flt3L leads to an increase in the number of lung DCs (199) and, 
more importantly, increase of a DC subset with regulatory properties (200). Flt3L 
treatment was able not only to increase the regulatory T helper type 1 (Th1-prone) 
DC subset in OVA-sensitized mice, but can also enhance its regulatory capability. The 
regulatory effects of Flt3L-generated DCs are thought to be achieved by changes 
in the expression of co-stimulatory molecules and enhanced IL-10 secretion. It was 
also shown that administration of recombinant Flt3L dramatically alters the balance 
of cDCs to pDCs in the lungs favoring the accumulation of pDCs. Selective removal 
of pDCs abolished the anti-inflammatory effect of Flt3L, suggesting a regulatory role 
for these cells in ongoing asthmatic inflammation (201). It was demonstrated that Flt3L 
prevented and reversed allergic airway inflammation and AHR in a mouse model of 
asthma (202;203). Flt3L regulates migratory pattern and antigen uptake of lung DC 
subsets in murine model of allergic airway inflammation. It was reported that Flt3L 
generated lung immunogenic DCs have a less mature phenotype, impaired Ag uptake, 
and impaired migration to draining lymph nodes (200). Overall Flt3L DCs seem to 
contribute to the resolution of the inflammatory process in models of lung inflammation.
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Gut inflammation
There is evidence that DCs may play both protective and detrimental roles in intestinal 
pathology. DCs are found throughout the intestine, including the lamina propria (LP) 
of the small and large intestine, the isolated lymphoid follicles, the Peyer patches 
(PPs), and the mesenteric LNs (MLNs) (228;229). Previous studies have demonstrated 
that Flt3L is required for CD103+ DC proliferation (12;230;231) and injection of Flt3L 
has been shown to increase the number of CD103+ DC and Tregs in mouse intestine 
(204). Flt3L DCs have previously been shown to block induction of inflammation in a 
transfer-colitis model (204) and to attenuate Crohn’s-like murine ileitis (205). CD103+ 
DCs are thought to have a tolerogenic role in the gut by increasing the numbers of 
Tregs (206;207). However, other studies have also reported that CD103+ DCs are 
not only predefined to promote tolerance but instead can adapt to environmental 
conditions. Accordingly, CD103+ DCs taken from colitic mice are impaired in their 
ability to induce Foxp3+ Treg cells and instead favor the emergence of IFNg-
producing CD4+ T cells compared with their steady-state counterparts (208). The 
inflammatory properties of CD103+ DCs in colitic mice may reflect defective gut 
tolerogenic conditioning or altered migratory pathways and raise the possibility that 
migratory DC populations contribute to the pathogenesis of inflammatory bowel 
disease. A unique non-redundant role of CD11b−CD103+ DCs remains however to 
be established, since Batf3-deficient mice that specifically lack these cells have so 
far not been reported to harbor specific defects in mucosal T cell responses or Treg 
cell prevalence in steady state. Moreover, Batf3−/−mice also showed no alteration 
in colitis development in response to oral DSS challenge (209). Depending on the 
context and temporal changes on DC subsets and numbers, Flt3L DCs might be 
beneficial or detrimental for intestinal inflammation.

Vascular inflammation
In several vascular diseases including atherosclerosis, giant cell arteritis, and aortic 
aneurysm a large number of inflammatory and immune cells are found in the aorta 
(232-234). Recently it has been reported that Flt3L DCs play a protective role in 
atherosclerosis pathology. Whereas most types of immune cells are thought to 
exacerbate atherosclerosis (235-238), it has also been shown that FLT3 deficient 
Ldlr−/− mice have reduced Treg cell numbers and more pro-inflammatory cytokines in 
the aorta (210). These findings suggest that classical FLT3/Flt3L signaling-dependent 
DCs have an atheroprotective function.

Concluding remarks
DCs have been shown to play an important role in the initiation and dampening of 
immune responses. A tight balance between these opposing DC functions ensures 
immune homeostasis and host integrity. Here we summarize the importance of 
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Flt3L-dependent DCs and its influence on chronic inflammation and autoimmunity. 
The relative role of classical versus inflammatory DCs is still unclear. Conventional 
and inflammatory DCs may play complementary roles in vivo and synergize in the 
case of infection/inflammation. Conventional DCs appear critical for tolerance to self 
and for triggering specific immunity, whereas inflammatory DCs are mainly involved 
in innate defense and in T-cell activation. Understanding the complex mechanisms 
which lead to DC activation and autoimmune pathology will help to find new 
therapeutic targets. 
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