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Scope of the Thesis
Dendritic cells (DCs) are a heterogeneous population of cells that reside in a privileged 
position at the border between innate and adaptive immunity, orchestrating a large 
panel of physiological and pathological responses. 

Chapter 1 provides an updated view on the role and importance of the different 
DC subsets for the initiation/maintenance or dampening of immune responses with 
special focus on autoimmune and inflammatory diseases.

In Chapter 2 we addressed the question: Is Fms-like tyrosine kinase 3 ligand 
(FLT3L)/FLT3 axis deregulated in rheumatoid arthritis (RA) patients? And if so, is this 
pathway modulated in response to effective therapy in RA?
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In Chapter 3 we studied the role of Flt3L signaling in the pathogenesis of collagen-
induced arthritis (CIA) using a mouse model with constitutive Flt3L gene ablation. 

Immune response in WT mice – high T and B cell responses

Immune response in Flt3L-/- mice - reduced T and B cell responses
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In Chapter 5 we aimed to analyze the CD141+ DC subset (human homologue 
of mouse CD103+ DCs) and the nature of its in situ functional profile at the site of 
inflammation in human arthritis. 

In Chapter 4 we focused at understanding the contribution of particular 
migratory dermal DC, subsets, more specifically the importance of CD103+ DCs, for 
the initiation of CIA. 
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Chapter 7 was dedicated to understand the prospective role of Flt3L-driving 
bone damage in human and animal models of arthritis.

In Chapter 6 we focused in more detail on the modulation of CLEC9A, a c-type lectin 
receptor specifically expressed on CD141+ DCs and involved in crosspresentation of 
dead associated antigens to CD8+ T cells, after adalimumab therapy in PsA patients.
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BoneBoneBoneBone

In Chapter 8 we integrated the knownledge obtained in the previous chapters 
from this thesis with the current view of how the immune process develop in arthritic 
diseases. Understanding how the immune process is initiated and regulated might 
provide new possibilities for effective therapeutic intervention.
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chapter one
General Introduction

Parts adapted from:  
Fms-like tyrosine kinase 3 ligand-dependent dendritic cells  

in autoimmune inflammation

M.I. Ramos a, b, P.P. Tak a, 1, M.C. Lebre a, b 

aDepartment of Clinical Immunology and Rheumatology, bDepartment of Experimental 

Immunology, Academic Medical Center/University of Amsterdam, Amsterdam, The Netherlands
1University of Cambridge, U.K. and GlaxoSmithKline, Stevenage, U.K.

Autoimmunity Reviews, 2013 doi:pii: S1568-9972(13)00174-2.
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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).

Mouse Human
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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).

pDC
TLR1
+/-

mDC

TLR1/2
+/++

TLR4
++ TLR5

+

TLR2/TLR6
+/-

TLR7
++

TLR9
+++

TLR10
+

intracelullar

TLR3
+

TLR7
+

TLR8
+/-

intracelullar

TLR10
+

Human

moDC

TLR3
+

TLR7
+/-

TLR8
+

intracelullar

TLR1/2
+/++

TLR4
+ TLR5

+

TLR2/TLR6
+

CD141+DC

intracelullar

TLR3
+++

TLR8
+

TLR10
+

TLR1/2
+

TLR2/TLR6
+

CD4+DC DN DC

TLR1/2
+

TLR4
++ TLR5

+

TLR2/TLR6
+

TLR7
+

TLR8
+

intracelullar

TLR1/2
+

Mouse

TLR4
+ TLR5

+

TLR2/TLR6
+

TLR11
+

TLR12
+

TLR7
+

TLR8
+

TLR9
+

intracelullar

TLR3
+

TLR11
?

TLR12
?

TLR13
?

CD8αααα+DC

TLR1/2
+

TLR4
+

TLR2/TLR6
+

+

pDCTLR1
+

TLR2/TLR6
+

TLR5
+/-

TLR4
+

intracelullar

TLR3
++

TLR8
+

TLR9
+

TLR11
++

TLR12
+

TLR13
+

intracelullar

TLR7
++

TLR8
+

TLR9
++

TLR11/12
+

TLR12
+

25



G
e

n
e

r
a

l 
In

t
r

o
d

u
c

t
Io

n

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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Abstract
Introduction: The FMS-related tyrosine kinase 3 ligand (Flt3L)/CD135 axis plays a 
fundamental role in proliferation and differentiation of dendritic cells (DCs). As DCs 
play an important role in rheumatoid arthritis (RA) immunopathology we studied in 
detail the Flt3L/CD135 axis in RA patients.

Methods: The levels of Flt3L in (paired) serum and synovial fluid (SF) were 
quantified by enzyme-link immunosorbent assay (ELISA). Expression of Flt3L and 
CD135 in paired peripheral blood mononuclear cells (PBMCs) and synovial fluid 
mononuclear cells (SFMCs) was quantified by fluorescence-activated cell sorting 
(FACS). The expression of Flt3L, CD135 and TNF-converting Enzyme (TACE) in 
synovial tissues (STs) and in vitro polarized macrophages and monocyte-derived 
DCs (Mo-DCs) was assessed by quantitative PCR (qPCR). CD135 ST expression 
was evaluated by immunohistochemistry and TACE ST expression was assessed by 
immunofluorescence. Flt3L serum levels were assessed in RA patients treated with 
oral prednisolone or adalimumab.

Results: Flt3L levels in RA serum, SF and ST were significantly elevated compared 
to gout patients and healthy individuals (HI). RA SF monocytes, natural killer 
cells and DCs expressed high levels of Flt3L and CD135 compared to HI. RA ST 
CD68+ and CD163+ macrophages, CD55+ fibroblast-like synoviocytes (FLS), CD31+ 
endothelial cells or infiltrating monocytes and CD19+ B cells co-expressed TACE. 
IFNg-differentiated macrophages expressed higher levels of Flt3L compared to 
other polarized macrophages. Importantly, Flt3L serum levels were reduced by 
effective therapy.

Conclusions: The Flt3L/CD135 axis is active in RA patients and is responsive to both 
prednisolone and adalimumab treatment. Conceivably, this ligand receptor pair 
represents a novel therapeutic target.
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Introduction
Rheumatoid arthritis (RA) is a chronic, inflammatory, autoimmune disease characterized 
by persistent synovitis and hyperplasia of the joint synovium, development of pannus, 
and invasion of leukocytes into the joint followed by destruction of local articular 
components such as cartilage and bone (1;2). In the RA synovium a variety of cell 
types can be found, specifically T cells, B cells, macrophages and dendritic cells (DCs) 
(3;4). DCs derive from two sources: stem cells in the bone marrow, and precursor 
cells found in the circulation. In humans there are four major groups of DCs so far 
characterized: myeloid DCs (mDCs), plasmacytoid DCs (pDCs), migratory DCs such as 
Langerhans cells and dermal DCs, and monocyte derived DCs (mo-DC) (5). Although 
DCs represent a relatively small subset of immune cells, they are widely distributed 
throughout lymphoid and nonlymphoid tissues (6).

DCs have a crucial role in the initiation of primary immune responses. Individuals 
with autoimmune disease show a high number of aberrantly activated DCs either in 
circulation or in the autoimmune lesions, secreting large amounts of proinflammatory 
cytokines that mediate inflammation and differentiation of pathogenic T-helper type 
1 and T-helper type 17 cells (7). Rheumatoid synovial DCs have been described 
as having a more mature, differentiated phenotype, expressing high levels of 
HLA-DR, CD86 and nuclear RelB, and have been observed to associate with T cells 
in perivascular mononuclear cell aggregates surrounding the postcapillary venules, 
and in germinal center-like structures (8). In addition, the RA synovium contains 
abundant immature mDCs and pDCs that express cytokines (interleukin (IL)-12, 
IL-15, IL-18, and IL-23), HLA class II molecules, and costimulatory molecules that 
are necessary for T-cell activation and antigen presentation (9). In the synovial fluid 
(SF), DCs exhibit a semi-mature phenotype showing low levels of CD80 and CD83 
expression (9). An important sequel of continued antigenic stimulation via DCs is 
the formation of lymphoid structures at the site of inflammation. By coordinating the 
recruitment and/or activation of other immune cells, DCs can drive the generation 
of ectopic lymphoid tissues, as in the case of inflamed synovial in RA and systemic 
lupus erythematosus (10).

FMS-related tyrosine kinase 3 ligand (Flt3L) is crucial for steady-state pDC and 
mDC development. Mice lacking Flt3L have reduced numbers of DCs (11), as do mice 
that are deficient in signal transducer and activator of transcription 3 (12), which is 
an important molecule in the Flt3L signaling cascade. Conversely, administration 
of Flt3L to mice or humans leads to a dramatic increase in DC numbers both in 
lymphoid and nonlymphoid organs (13). Flt3L is abundantly expressed in most 
human tissues, as a membrane-bound form and/or as a secreted form. Flt3L 
is initially synthesized as a membrane-bound protein, which must be cleaved to 
become a soluble growth factor. The extracellular domain alone has been shown to 
be sufficient for bioactivity (14). Ectodomain shedding of Flt3L is metalloproteinase 
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dependent and is mediated by tumor necrosis factor-converting enzyme (TACE) 
(15), a type 1 membrane protein belonging to a large family of transmembrane 
metalloproteases (a disintegrin and metalloprotease domain gene family) that 
was originally identified as the enzyme responsible for the cleavage of pro-tumor 
necrosis factor (TNF) alpha (16), but also has numerous additional substrates and 
functions, including a critical role in activating the ligands of the epidermal growth 
factor receptor, and in the modulation of immune reactions (17). The receptor 
for Flt3L, CD135 is a transmembrane receptor tyrosine kinase expressed in bone 
marrow cells during the early stages of hematopoiesis (18), where it is involved in the 
control of maintenance, expansion, mobilization and differentiation of progenitor 
cells (19). CD135 is required for DC homeostasis, and inhibition of CD135-mediated 
signals results in fewer DCs (20). The effects of CD135 deficiency are most evident 
in the periphery, where this receptor is essential for the homeostatic expansion of 
DC progenitor populations in lymphoid organs (21).

Flt3L has been shown to accumulate in RA SF and induces arthritis when 
injected into healthy mouse knee joints. In addition, administration of Flt3L worsens 
experimental arthritis, while tyrosine kinase inhibitors that target CD135 alleviate 
experimental arthritis in mice models (22;23). Given the relevance of Flt3L/CD135 
in early hematopoiesis and DC generation, and possible involvement in RA, we 
characterized in detail the expression of both receptor and ligand in RA patients in 
comparison with healthy individuals (HI) and non-RA disease controls.

Methods
Patients and controls
Patients with RA diagnosed according to the 2010 criteria defined by the European 
League Against Rheumatism (24) were included in the study. Gout patients and HI 
were used as controls. Peripheral blood mononuclear cells (PBMC) and synovial 
fluid mononuclear cells were isolated by gradient centrifugation with Lymphoprep 
(Axis-Shield PoPAS, Dieren, the Netherlands). Cells were frozen in fetal calf serum 
(Invitrogen, Breda, the Netherlands) containing 10% dimethyl sulfoxide (Sigma 
Aldrich, Zwijndrecht, the Netherlands) until further experimentation. SF samples 
were obtained by arthrocentesis of inflamed knee joints. Cell-free SF samples were 
stored at −80°C. Synovial tissue (ST) specimens were obtained during arthroscopy 
(2.7 mm arthroscope; Storz, Tuttlingen, Germany) under local anesthesia (25). The 
samples were snap frozen en bloc in Tissue-Tek OCT (Miles Diagnostics, Elkhart, IN, 
USA). The frozen blocks were stored in liquid nitrogen. Cryostat sections (5 μm) were 
mounted on glass slides (Star Frost adhesive slides; Knittelgläser, Braunschweig, 
Germany). The glass slides were sealed and stored at −80°C until immunohistological 
analysis. Demographic and clinical data of the patients are presented in Table 1. 
All patients gave written informed consent before inclusion in the study, and the 
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study was approved by the Local Ethics Committee of the Academic Medical Center, 
University of Amsterdam.

Enzyme-linked immunosorbent assay
Serum and SF levels of Flt3L were determined by enzyme-linked immunosorbent 
assay (R&D Systems, Abingdon, UK) following the manufacturer’s instructions. 
Demographic and clinical data of the patients used in each experiment are presented 
in Table 2. To determine the relationship between serum Flt3L levels and clinical 
response in RA patients, Flt3L serum levels were also measured in patients who 
started treatment with either a different regimen of glucocorticoids or adalimumab.

Patients treated with high-dose glucocorticoids
Nine patients from the active arm of a previously conducted, double-blind, 
randomized, placebo-controlled trial were treated with 60 mg oral prednisolone daily 
for 1 week followed by 40 mg prednisolone daily during the second week (26). Flt3L 
serum levels were measured at baseline and after 2 weeks. In this study, response 
was defined as a decrease in Disease Activity Score in 28 joints ≥1.2 after 2 weeks of 
glucocorticoid (prednisolone) treatment.

Table 1. Demographic and clinical characteristics of RA and gout synovial tissue- 
immunohistochemistry

 
RA

N=15
Gout
N=12

Age (years), mean± SD 56±13 74±17

Sex, Female/male (n) 13/3 2/10

Disease duration (years), mean ±SD 10.3±14.4 2.2±3.5

Swollen joint count, mean± SD 7±5 2±3

CRP (mg/liter), mean ±SD 26.6±21.2 18.2±17.75

DAS28 5.0±1.2 nd

ESR (mm/hour), mean ±SD 40.2±30.3 27.7±19.2

IgM-RF (kU/L) 493±1406 nd

Anti-CCP (kAU/ml) 2472±3600 nd

No. taking NSAIDS (positive/negative) 9/15 5/12

No. taking corticosteroids (positive/negative) 0/15 0/12

No. taking DMARDs (positive/negative) 0/15 0/12

No. taking anti-TNF (positive/negative) 0/15 0/12

SJC, swollen joint count; CRP, C reactive protein; DAS28, disease activity score; ESR, erythrocyte 
sedimentation rate; IgM-RF-IgM rheumatoid factor; anti-CCP, anti- cyclic citrullinated protein; 
NSAIDs, nonsteroidal anti-inflammatory drugs;DMARDS, disease-modifying antirheumatic drugs; 
nd: not determined.
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Patients treated with adalimumab
Baseline demographic and clinical features of patients from the larger open-label, 
prospective, single-center adalimumab clinical trial has been described previously 
(27). Forty-eight patients were included for the present analysis. All patients received 
40 mg adalimumab subcutaneously every other week, in combination with a stable 
methotrexate dose for at least 16 weeks. Use of oral glucocorticoids (prednisone 
≤10 mg/day) was allowed. Clinical response at 16 weeks was determined according 
to the European League Against Rheumatism response criteria (24).

Flow cytometry
The expression of specific markers was investigated in PBMC/synovial fluid 
mononuclear cells by fluorescence activated cell sorting analysis after surface or 
intracellular staining with specific antibodies that were conjugated to different 
fluorescent dyes. For the extracellular staining, cells were washed in phosphate-
buffered saline containing 1% bovine serum albumin and 0.02% sodium azide and 
were incubated with specific antibodies for 30 minutes at 4°C. Intracellular staining 
for Flt3L was performed after staining for surface markers was completed (T cell, 
B cell, natural killer (NK) cell and DC markers) using paraformaldehyde 4% as a fixation 
method followed by saponin permeabilization and Flt3L staining for 30 minutes at 
4°C. For further details see Additional file 1. Flow cytometry was performed using a 

Table 2. Demographic and clinical characteristics of RA paired PBMC and SFMC- ELISA

 
RA paired samples

N=9

Age (years), mean± SD 58±14

Sex, Female/male (n) 5/2

Disease duration (years), mean ±SD 15±6

Swollen joint count, mean± SD 4±4

CRP (mg/liter), mean ±SD 20±25

DAS28 4.3±2.5

ESR (mm/hour), mean ±SD 31.1±23.1

IgM-RF (kU/L) 117.25±273.1

Anti-CCP (kAU/ml) 290.7±447.9

No. taking NSAIDS (positive/negative) 1/9

No. taking corticosteroids (positive/negative) 6/9

No. taking DMARDs (positive/negative) 0/9

No. taking anti-TNF (positive/negative) 2/9

SJC, swollen joint count; CRP, C reactive protein; DAS28, disease activity score; ESR, erythrocyte 
sedimentation rate; IgM-RF-IgM rheumatoid factor; anti-CCP, anti- cyclic citrullinated protein; NSAIDs, 
nonsteroidal anti-inflammatory drugs; DMARDS, disease-modifying antirheumatic drugs.
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FACS CANTO (Becton Dickinson, Breda, the Netherlands) and analyzed with Flowjo 
analysis software (Tree Star, Ashland, OR, USA).

Immunohistochemistry
Briefly, endogenous peroxidase activity was inhibited in the acetone-fixed sections 
by 0.1% sodium azide and 0.3% hydrogen peroxide in phosphate-buffered saline. 
Sections were stained using mouse monoclonal antibodies against CD68 (clone 
EBM-11; Dako, Heverlee, the Netherlands), CD163 (clone 5cFAT; BMA Biomedicals, 
Augst, Switzerland) or CD135 (clone BV10A4H2; eBiosciences, Vienna, Austria). 
Sections were sequentially incubated with a secondary horseradish peroxidase 
labeled antibody, followed by horseradish peroxidase detection using the AEC kit 
(Brunschwig, Amsterdam, the Netherlands), and hematoxylin (Klinipath, Duiven, 
the Netherlands) as the counterstain. Parallel sections wereincubated with isotype-
matched and concentration matched monoclonal antibodies as negative controls. 
After immunohistochemical staining, coded sections stained for CD135, CD68 or 
CD163 were analyzed in a random order by computer-assisted image analysis (28). 
For all markers, 18 high-power fields were analyzed. Images were analyzed with the 
Qwin analysis system (Leica, Cambridge, UK).

Immunofluorescence
Frozen ST sections were fixed in acetone and blocked with 10% human serum 
(Dako, Glostrup, Denmark), followed by incubation with mouse purified monoclonal 
antibody against TACE (R&D Systems) for 1 hour. After washing with phosphate-
buffered saline/bovine serum albumin 1%, sections were incubated with a secondary 
horseradish peroxidase-labeled antibody for 30 minutes. For detection of the first 
primary antibody, a biotin-conjugated tyramide signal amplification (PerkinElmer Life 
Sciences, Boston, MA, USA) was used followed by streptavidin Alexa 594 antibody 
(Invitrogen, Bleiswijk, the Netherlands). After blocking with 10% mouse serum 
(Dako), the sections were incubated with fluorescein isothiocyanate-labeled mouse 
monoclonal antibodies against CD68 (BioLegendLondon, UK), CD163 (BioLegend), 
CD19 (eBiosciences), CD55 (Becton Dickinson), CD3 (eBiosciences), CD31 
(eBiosciences), or purified rabbit polyclonal von Willebrand factor (Dako) followed 
by a secondary antibody labeled with Alexa 488. The slides were mounted with 
Vectashield containing diamidino-2-phenylindole (Vector Laboratories, Burlingame, 
CA, USA) and were analyzed on a fluorescent imaging microscope (Leica DMRA, 
Wetzlar, Germany) coupled to a charge-coupled device camera. 

Monocyte purification, macrophage and dendritic cell differentiation 
PBMCs were isolated from volunteer donor blood buffy coats (Sanquin, Amsterdam, 
the Netherlands) by gradient centrifugation with Lymphoprep (Axis-Shield PoPAS), 
and monocytes were further isolated by Percoll gradient separation (GE Healthcare, 
Zeist, the Netherlands). Differentiation of monocytes into macrophages was 
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performed in IMDM/10% fetal calf serum supplemented with 100 μg/ml gentamycin 
(Invitrogen), in the presence of granulocyte–macrophage colony-stimulating factor 
(5 ng/ml), macrophage colony-stimulating factor (25 ng/ml), interferon-gamma 
(IFNg, 10 ng/ml) or IL-10 (10 ng/ml) (all from R&D Systems) for 7 days. mo-DCs were 
differentiated in IMDM/5% fetal calf serum supplemented with 100 μg/ml gentamycin 
(Invitrogen), in the presence of granulocyte– macrophage colony-stimulating factor 
(50 ng/ml) and IL-4 (100 ng/ml) for 6 days. Quantitative measurement of mRNA 
expression Gene expression (mRNA) in synovial biopsies from RA and gout patients, 
polarized macrophages and mo-DC was assessed by quantitative polymerase chain 
reaction (qPCR) as described in detail in Table 3. Demographic and clinical data of 
the patients used in each experiment are presented in Table 3.

Statistical evaluation
All analyses were performed using Prism software (Graph- Pad, La Jolla, CA, USA). 
Flt3L levels in paired serum and SF from RA patients and controls were compared 
using the Wilcoxon matched-pairs test and the Mann–Whitney U test, respectively. 
Results from qPCR and immunohistochemistry were analyzed using the Mann–
Whitney U test. Results from fluorescence-activated cell sorting analysis and qPCR 

Table 3. Demographic and clinical characteristics of RA and gout synovial tissue- qPCR

 
RA

N=22
Gout
N=12

Age (years), mean± SD 60±8 62±14

Sex, Female/male (n) 13/9 2/10

Disease duration (years), mean ±SD 13±14 2.3±1.7

Swollen joint count, mean± SD 7±5 2±3

CRP (mg/liter), mean ±SD 20±26 36±31

DAS28 5.0±1.2 nd

ESR (mm/hour), mean ±SD 38±31 35±20

IgM-RF (kU/L) 464±1366 nd

Anti-CCP (kAU/ml) 2197±3475 nd

No. taking NSAIDS (positive/negative) 12/22 4/12

No. taking corticosteroids (positive/negative) 9/22 1/12

No. taking DMARDs (positive/negative) 12/22 0/12

No. taking anti-TNF (positive/negative) 6/22 0/12

SJC, swollen joint count; CRP, C reactive protein; DAS28, disease activity score; ESR, erythrocyte 
sedimentation rate; IgM-RF-IgM rheumatoid factor; anti-CCP, anti- cyclic citrullinated protein; 
NSAIDs, nonsteroidal anti-inflammatory drugs; DMARDS, disease-modifying antirheumatic drugs; 
nd: not determined.
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for polarized macrophages and mo-DCs were analyzed using the Kruskal–Wallis test. 
P <0.05 was considered statistically significant.

Results
Flt3L levels in RA serum, synovial fluid and synovial tissue are 
significantly elevated
We found significantly higher levels of Flt3L in serum of RA patients compared with 
HI (Figure 1A, P = 0.0027). In addition, there was a statistically significant increase 
(P = 0.0019) in the Flt3L levels in SF of RA patients compared with paired serum 
(Figure 1B). Consistent with increased activation of the Flt3L/CD135 axis in the 
synovial compartment of RA patients, we found increased mRNA levels of Flt3L in 
RA ST compared with gout ST (Figure 1C, P = 0.045). These differences could not be 
attributed to inflammation status since RA and gout patients were matched for IL-6 
and IL-8 inflammatory parameters (Figure S1C,D in Additional file 2).

Rheumatoid arthritis synovial fluid monocytes, natural killer cells and 
dendritic cells express high levels of Flt3L
To investigate the sources of Flt3L in peripheral blood (PB) and SF we characterized 
the relative expression of Flt3L on CD14+ monocytes, CD19+ B cells, CD56+ NK 
cells, CD4+ and CD8+ T cells and both CD1c+ mDCs and CD304+ pDCs present 
in RA paired synovial fluid mononuclear cells and PBMC and in HI PBMC by flow 
cytometry. During normal hematopoiesis, Flt3L is expressed constitutively but most 
of it is retained intracellularly within the Golgi apparatus (29). We characterized in 
detail both intracellular and extracellular expression of Flt3L. We observed that 
the percentage of extracellular Flt3L on CD14+ monocytes was significantly higher 
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Figure 1. Flt3L levels in RA, HI and gout patients (A) Flt3L serum levels were increased in 
RA (n=9) compared to HI (n=19, p=0.0027). (B) Flt3L serum levels were elevated in RA SF 
compared to paired serum (n=9, p=0.0019 (C). Gene expression analysis by qPCR showed 
increased Flt3L expression in RA ST (n=22) compared to gout ST (n=12) (p=0.0450). Each data 
point represents a single subject. Results are presented as mean±SEM mRNA expression of 
Flt3L relative to GAPDH. *p < 0.05, **p < 0.01. 
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(Figure 2A, P = 0.0083) in RA SF compared with PB. In addition, the percentage of 
PB RA CD14+ monocytes that expressed extracellular Flt3L was significantly higher 
(Figure 2A, P = 0.04) compared with HI PB.

The mean fluorescence intensity (MFI) is a measurement of expression per cell 
basis. In this respect, no differences were observed in extracellular Flt3L (expressed 
as MFI) on CD14+ monocytes from RA PB compared with paired SF (Figure 2A). We 
observed an increase in the percentage of intracellular Flt3L by CD14+ monocytes 
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Figure 2. Characterization of Flt3L expression in RA paired PBMC and SFMC and in HI PBMC. 
Intra- and extra-cellular expression of Flt3L by all cell types is shown in terms of percentage or 
MFI (cellular marker+Flt3L+). (A) The percentage of extracellular Flt3L by CD14+ monocytes was 
significantly higher in RA PB compared to HI (n=10 and n=5 respectively, p=0.0400) and in RA 
SF compared to paired PB ( n=10, p=0.0083). The percentage of intracellular Flt3L by CD14+ 

monocytes was increased in RA SF compared to paired PB. SF monocytes express higher Flt3L 
(MFI) compared to RA PB (p=0.0318 and p=0.0291 respectively). (B) The expression of extra-
cellular Flt3L (MFI) by CD56+ NK cells in RA SF was significantly higher (p=0.0191) compared 
to paired PB. RA PB CD56+ NK cells expressed significant higher levels of extracellular Flt3L 
compared to HI PBMC (p=0.0007). (C) CD1c+ mDC in RA SF expressed higher extracellular 
Flt3L compared to paired RA PB (p=0.0317). (D) RA SF CD304+ pDC expressed significant 
higher (p=0.0015) levels of extracellular Flt3L compared to paired PB. Bars represent the mean 
(±SEM) of 5-10 RA patients and HI. *p < 0.05, **p < 0.01. 
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in RA SF compared with RA PB. Moreover, SF monocytes had a higher capacity to 
express Flt3L (MFI) compared with RA PB (Figure 2A, P = 0.0318 and P = 0.0291 
respectively). The percentage of CD56+ NK cells that expressed Flt3L extracellularly 
or intracellularly was similar in HI and RA patients (Figure 1B). The expression of 
extracellular Flt3L (per cell basis, MFI) by CD56+ NK cells in RA SF was significantly 
higher (Figure 1B, P = 0.0191) compared with paired PB. In addition, in CD56+ NK cells 
RA PB expressed significantly higher levels of extracellular Flt3L compared with HI 
PBMC (Figure 1B, P = 0.0007). CD1c+ mDCs in RA SF expressed higher extracellular 
Flt3L compared with paired RA PB (Figure 2C, P = 0.0317). No differences were 
observed in the percentage of CD1c+ mDC-expressing Flt3L intracellularly or 
extracellularly in RA patients compared with HI, and no differences were observed 
in the levels expressed on a per cell basis. In RA SF, CD304+ pDCs expressed 
significantly higher (Figure 2D, P = 0.0015) levels of extracellular Flt3L compared 
with paired PB. No differences were observed on a per cell basis for intracellular 
Flt3L expression.

T cells contain intracellularly stored Flt3L but express low levels of extracellular 
Flt3L at the cell surface, as shown by flow cytometry analysis (Figure S1A,B in 
Additional file 2; see also (30)). Here we did not observe statistically significant 
differences in the percentage or level expressed on a per cell basis of Flt3L by both 
CD4+ and CD8+ T cells in PB and (paired) SF (Figure S2A,B in Additional file 3). The 
expression of Flt3L by CD19+ B cells was not significantly different between HI and 
RA PB or between paired RA PB and SF (Figure S2C in Additional file 3).

CD135 is expressed in RA, gout and healthy individual synovial tissue
Representative photomicrographs of CD135 expression (reddish-brown staining) 
in RA, gout and HI STs are shown in Figure 3A. The expression of Flt3L receptor 
CD135 in STs was similar between RA, gout and HI as quantified by digital image 
analysis (Figure 3B). In addition, we also measured mRNA expression of CD135 in RA 
and gout ST and there was no difference in expression between the two diseases, 
which confirmed the protein data obtained by immunohistochemistry (Figure 3B, 
right panel). We also performed immunohistochemistry to detect CD68+ and CD163+ 
macrophages to assess the level of synovial inflammation and measured IL-6 and 
IL-8 levels by qPCR. We observed that RA and gout patients were matched for these 
inflammatory parameters (Figure S1C,D in Additional file 2).

Rheumatoid arthritis synovial fluid monocytes, NK cells and 
plasmacytoid DC express high levels of CD135
The percentage of CD14+ monocytes expressing CD135 was significantly (Figure 3C, 
P = 0.0115) higher in RA PB compared with HI PB. In addition, the expression of 
CD135 by CD14+ monocytes was significantly higher in RA SF compared with 
paired PB both expressed as a percentage of positive cells (Figure 3C, P = 0.0115) 
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Figure 3. CD135 expression in HI, RA and gout patients. (A-B) No differences were observed 
in CD135 expression in RA (n=12), gout (n=11) and HI (n=7) STs by immunohistochemical 
analysis. (B) Right panel: CD135 gene expression in STs of RA (n=22) and gout (n=12) patients 
by qPCR. Results are presented as mean±SEM mRNA expression of CD135 relative to GAPDH. 
No differences were observed. (C) CD135 expression on CD14+ monocytes, CD56+ NK cells, 
CD304+ pDC, CD19+ B cells and CD1c+ mDC by flow cytometry. The percentage and MFI of 
CD135+CD14+ monocytes was higher in RA PB compared to HI PB (p=0.0115 and p=0.0260 
respectively). In RA PB, CD135+CD56+ NK cells MFI was higher compared to HI PB (p=0.0115). 
There were no differences for percentage or MFI of CD135+CD1c+ mDC in RA compared to HI, or 
RA PB compared to paired SF. CD135+CD304+ pDC percentage was higher in RA SF compared 
to paired PB (p=0.0029). Both percentage and MFI of CD135+CD19+ B cells were higher in RA 
SF compared to paired PB (p=0.0068 and p=0.0491 respectively). Graphs represent the mean 
(±SEM) of 5-10 RA patients and HI. *p< 0.05, **p< 0.01. 

or as MFI (P = 0.0260). In RA PB, CD56+ NK cells showed significantly (Figure 3C, 
P = 0.0115) elevated expression (based only on MFI) of CD135 compared with HI PB. 
There were no differences in the percentage of positive cells or MFI of CD1c+ mDC 
expressing CD135 in RA compared with HI, nor in RA PB compared with paired SF. 
The percentage of CD304+ pDC expressing CD135 was significantly higher in RA SF 
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compared with paired PB (Figure 3C, P = 0.0029) while no differences were observed 
in terms of MFI. We observed that both the percentage and expression per cell basis 
(MFI) of CD135 by CD4+ or CD8+ T cells did not differ between RA and HI PB nor 
between RA SF and paired PB (data not shown). In contrast with the results obtained 
for Flt3L, the expression of CD135 by CD19+ B cells was significantly higher in RA SF 
compared with paired PB, both in terms of percentage of positive cells (Figure 3C, 
P = 0.0068) and MFI (Figure 3C, P = 0.0491).

CD68+ and CD163+ macrophages, CD55+ fibroblast-like synoviocytes, CD31+ 
endothelial cells and CD19+ B cells express TACE in RA synovial tissue
Flt3L can be proteolytically cleaved from the cell membrane by TACE (15). In order to 
investigate the cellular source(s) of TACE in RA ST, immunofluorescence analysis was 
performed. TACE was expressed by several cell types in the RA synovium (Figure 4A; 
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Figure 4. Double immunofluorescence staining of TACE+ cells in RA ST. (A) TACE+ single cells 
(red) and other cellular markers (green) can be seen. TACE was colocalized (yellow, arrows) 
with CD68+ and CD163+ macrophages, CD55+ FLS, CD19+ B cells and CD31+ endothelial cells. 
Figures are representative of five RA patients. (B) Gene expression analysis of TACE mRNA by 
qPCR in RA (n=22) and gout (n=12) STs analyzed by qPCR. Results are presented as mean±SEM 
mRNA expression of TACE relative to GAPDH. No significant differences were observed.
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and Figure S3A in Additional file 4). These included CD68+ intimal macrophages, 
CD55+ fibroblast-like synoviocytes, CD31+ endothelial cells or infiltrating monocytes 
and CD19+ B cells (Figure 4A). CD3+ T cells and vWF+ blood vessels did not express 
TACE (Figure S3B in Additional file 4). In addition, TACE expression levels (mRNA) in 
RA and gout ST were similar (Figure 4B).

IFNg-differentiated macrophages express high levels of Flt3L
The local environment plays a critical role in shaping or directing the pattern 
or pathway of macrophage and DC differentiation. To better understand 
the dynamics of Flt3L, CD135 and TACE expression with differentiation, we 
differentiated monocytes into macrophages using several polarizing conditions 
or into mo-DC and evaluated the expression of these markers. We observed that 
IFNg-differentiated macrophages expressed higher levels of Flt3L compared with 
all the other polarizing conditions (Figure 5A; IFNg vs. monocytes, P = 0.0317; 
IFNg vs. IL-10, P = 0.0079; IFNg vs. macrophage colony stimulating factor and 
granulocyte–macrophage colony stimulating factor, P = 0.0043). There was a 
trend towards higher Flt3L expression in mo-DC compared with monocytes but 
these differences did not reach statistical significance (Figure 5A). The expression 
level of CD135 tends to decrease with increasing differentiation (31). Indeed, we 
observed that CD135 expression is highest in monocytes and downregulated 
upon differentiation into macrophages (Figure 5B). There was a trend towards 
lower CD135 expression levels in mo-DC compared with monocytes but these 
differences were not statistically significant (Figure 5B). TACE expression was 
similar in monocytes and polarized macrophages and in monocytes and mo-DC 
(Figure 5C).

Flt3L serum levels in RA patients decrease after effective treatment
Having shown increased levels of Flt3L in RA patients, we next asked the question 
of whether effective treatment could reduce Flt3L concentrations, which would 
suggest an effect on DCs associated with clinical improvement. Figure 6A shows 
significantly decreased Flt3L levels after prednisolone treatment (P = 0.02). There 
was a significant correlation between the Disease Activity Score in 28 joints and Flt3L 
serum levels (baseline and post treatment) (Figure 6B; r = 0.63, P = 0.0078). Similarly, 
there was a nonsignificant trend towards lower serum levels of Flt3L in RA patients 
responding to adalimumab treatment (Figure 6C).

Discussion
In the present study we show in RA patients the expression of Flt3L and its receptor 
in three different compartments: blood, SF and ST. Flt3L was significantly elevated 
in RA SF compared with paired serum, confirming previous observations (23). 
In addition, we reported for the first time that RA serum contains significantly 
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elevated levels of Flt3L compared with HI serum. Moreover, we observed a higher 
expression of Flt3L (mRNA) in STs of RA patients compared with gout patients. RA 
and gout samples were matched in terms of macrophage numbers and IL-6 and 
IL-8 expression. This might indicate that Flt3L levels might reflect disease specificity 
more than just inflammation.
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Figure 5. Gene expression of Flt3L, CD135 and TACE by in vitro polarized human mac-
rophages and mo-DCs. Macrophages and mo-DCs differentiated as stated in Material and 
Methods. (A) IFNg-differentiated macrophages expressed higher levels of Flt3L compared to 
all the other polarizing conditions (IFNg vs monocytes p=0.0317, IFNg vs IL-10 p=0.0079, IFNg 
vs M-CSF and GM-CSF p=0.0043). There was a trend for higher Flt3L expression in mo-DC 
compared to monocytes but these differences did not reach statistical significance. (B) CD135 
expression is higher in monocytes and downregulated upon differentiation into macrophages. 
There was a trend for lower of CD135 expression in mo-DC compared to monocytes but these 
differences were not statistically significant (C) TACE expression was similar in monocytes and 
polarized macrophages and in monocytes and mo-DC. Bars represent the mean (±SEM) of 
at least 5 independent donors mRNA expression of each gene relative to GAPDH. *p<0.05, 
**p < 0.01, ***p < 0.001. 
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A detailed analysis of cellular components in paired blood and SF revealed 
that monocytes are the major cell population that expresses extracellular Flt3L. 
Monocytes are bone marrow-derived cells that mediate essential regulatory and 
effector functions in innate and adaptive immunity (32). Circulating PB monocytes 
migrate into tissues, where they differentiate into different effector cells such as 
macrophages, DC and osteoclasts (33) that are of importance in RA pathology. 
The percentage of circulating CD14+ Flt3L+ monocytes is increased in RA patients, 
compared with HI. Moreover, in RA SF the percentage of Flt3L-expressing monocytes 
is significantly higher compared with paired PB. Importantly, RA SF monocytes have 
a superior capacity to express Flt3L on a per cell basis compared with PB (circulating) 
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Figure 6. Flt3L serum levels in response to prednisolone or adalimumab therapy in RA 
patients. Serum was collected at baseline and post treatment, 2 weeks in case of prednisolone 
treatment and 16 weeks for adalimumab treatment. Adalimumab patients were further dis-
criminated between responders, moderate responders and non responders based on EULAR 
criteria. Flt3L serum levels were assessed by ELISA before and after therapy. (A) Serum levels 
of Flt3L decreased significantly (p=0.02) after prednisolone treatment. (B) Positive correlation 
between DAS28 and Flt3L serum levels in prednisolone treated patients. (p=0.0078, r=0.63). 
(C) A trend towards lower serum levels of Flt3L in RA patients (only responders) after adali-
mumab treatment was observed. *p < 0.05.
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monocytes. Mobilization of preformed Flt3L from intracellular stores rather than 
de novo synthesis might be responsible for increased Flt3L levels at the site of 
inflammation. Flt3L is a crucial growth factor for DC differentiation that leads to 
increased numbers of these cells both in mice and humans (13). Interestingly, Flt3L 
can substitute for macrophage colony-stimulating factor in support of osteoclast 
differentiation and function (34), raising the possibility of a direct role for Flt3L in 
bone damage in RA.

The expression of the receptor for Flt3L, CD135, is elevated in RA PB monocytes 
compared with HI PB monocytes. In addition, we show that RA SF monocytes express 
higher levels of CD135 compared with paired PB monocytes. Coexpression of CD135 
and its ligand in the same cell (in this case by RA monocytes) suggests a possible 
autocrine stimulatory mechanism, as already reported for primary acute myeloid 
leukemia (AML) (35).

TACE is the major sheddase for Flt3L (15). Flt3L is primarily produced as a 
membrane-bound protein (36) and soluble Flt3L is generated through ectodomain 
shedding (15). TACE has been implicated in RA due to its role in processing membrane-
bound TNF to its soluble form (37). Previous studies have demonstrated a central 
role for TNF in RA, and early preclinical studies indicated that inhibition of TACE was 
beneficial for patients with arthritis (38). We observed that in RA ST the main sources 
of TACE were macrophages (both CD68+ and CD163+ populations), CD55+ fibroblast-
like synoviocytes, activated endothelial cells or infiltrating monocytes (CD31+) and 
B cells (CD19+). As soluble Flt3L levels are highly dependent on TACE activity, the 
above mentioned cells might contribute to local levels of soluble Flt3L. Since the 
TACE expression level (mRNA) in RA and gout STs was the same and Flt3L levels were 
increased in RA ST, it is tempting to speculate that TACE biological activity in RA might 
be elevated compared with gout patients. This observation cannot be attributed to a 
differential degree of ST inflammation between RA and gout STs since the expression 
of the inflammatory cytokines IL-6 and IL-8 and macrophages numbers (CD68+ and 
CD163+ cells) was similar. Macrophages are critically involved in the pathogenesis 
of RA (39). Not only do they produce a variety of proinflammatory cytokines and 
chemokines, but macrophages also contribute to cartilage and bone destruction (40). 
In addition, it has been reported that the number of macrophages in RA ST correlates 
with bone damage and that increased numbers of macrophages are an early hallmark 
of active disease (3). One of the main features of macrophages is their high plasticity 
during development. The nomenclature of general macrophage polarization has 
been proposed in the last decade, in which M1 (classical, inflammatory) and M2 
(alternative, anti-inflammatory) refer to the two extremes of a spectrum of possible 
macrophage activation status (41). M1 macrophages are mainly present in RA and 
are characterized by a proinflammatory phenotype, producing high levels of TNF, 
IL-1, IL-6, IL-12, reactive oxygen species, and low levels of IL-10 (42). Here we show 
for the first time that, in addition to the above-mentioned inflammatory mediators, 
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Flt3L might be considered a specific marker for IFNg-differentiated macrophages. 
Polarizing cytokines such as IFNg might contribute to the high levels of Flt3L found 
in RA synovium by shifting the macrophage polarization into a M1-like phenotype. 
Overall, these data suggest that in RA, in addition to circulating monocytes, IFNg-
differentiated macrophages might be an important source of Flt3L.

Sublining macrophages are a reliable biomarker for response to therapy in 
RA (43). We have previously shown that oral prednisolone, an effective therapy in 
RA, was associated with a reduction in macrophage infiltration in ST (26). In this 
study we observed a marked reduction of Flt3L serum levels in RA patients after 
prednisolone treatment, and a significant correlation between the Disease Activity 
Score in 28 joints and Flt3L serum levels. In addition, in the responder group of 
RA patients treated with adalimumab we observed a trend toward reduced serum 
levels of Flt3L. The reduction of Flt3L serum levels observed after effective treatment 
might reflect the reduction in the numbers of the main source(s) of Flt3L: circulating 
monocytes and/or ST macrophages. Flt3L has recently been outlined within a panel 
of preclinical biomarkers of predictive value for the development of RA (44). Flt3L 
levels might therefore be valuable as a potential biomarker of inflammation or 
response to treatment.

Conclusion
The Flt3L/CD135 axis is increased in RA patients compared with HI and disease 
controls, and is responsive to both prednisolone and adalimumab treatment. 
Collectively these data suggest that the Flt3L/CD135 axis might be important in 
RA pathophysiology.

Abbreviations
DC: Dendritic cell; Flt3L: FMS-related tyrosine kinase 3 Ligand; HI: Healthy individuals; 
IFN: Interferon; IL: Interleukin; mDC: Myeloid dendritic cell; MFI: Mean fluorescence 
intensity; mo-DC: Monocyte-derived dendritic cell; NK: Natural killer; PB: Peripheral 
blood; PBMC: Peripheral blood mononuclear cells; pDC: Plasmacytoid dendritic 
cell; qPCR: Quantitative polymerase chain reaction; RA: Rheumatoid arthritis; SF: 
Synovial fluid; ST: Synovial tissue; TACE: Tumor necrosis factor-converting enzyme; 
TNF: Tumor necrosis factor.

Competing interests
The authors declare that they have no competing interests.

66



 c
ha

p
te

r 
T

W
O

1. McInnes IB, Schett G: The pathogenesis 
of rheumatoid arthritis. N Engl J Med 
2011, 365:2205–2219.

2. Tak PP, Bresnihan B: The pathogenesis 
and prevention of joint damage in 
rheumatoid arthritis: advances from 
synovial biopsy and tissue analysis. 
Arthritis Rheum 2000, 43:2619–2633.

3. Tak PP, Smeets TJ, Daha MR, Kluin PM, 
Meijers KA, Brand R, Meinders AE, 
Breedveld FC: Analysis of the synovial 
cell infiltrate in early rheumatoid synovial 
tissue in relation to local disease activity. 
Arthritis Rheum 1997, 40:217–225.

4. Jongbloed SL, Lebre MC, Fraser AR, 
Gracie JA, Sturrock RD, Tak PP, McInnes 
IB: Enumeration and phenotypical 
analysis of distinct dendritic cell subsets 
in psoriatic arthritis and rheumatoid 
arthritis. Arthritis Res Ther 2006, 8:R15.

5. Steinman RM, Banchereau J: Taking 
dendritic cells into medicine. Nature 
2007, 449:419–426.

6. Steinman RM: The dendritic cell system 
and its role in immunogenicity. Annu Rev 
Immunol 1991, 9:271–296.

7. Turley SJ: Dendritic cells: inciting and 
inhibiting autoimmunity. Curr Opin 
Immunol 2002, 14:765–770.

8. Pettit AR, MacDonald KP, O’Sullivan B, 
Thomas R: Differentiated dendritic cells 
expressing nuclear RelB are predominantly 
located in rheumatoid synovial tissue 

perivascular mononuclear cell aggregates. 
Arthritis Rheum 2000, 43:791–800.

9. Lebre MC, Jongbloed SL, Tas SW, Smeets 
TJ, McInnes IB, Tak PP: Rheumatoid 
arthritis synovium contains two subsets 
of CD83–DC–. Am J Pathol 2008, 
172:940–950.

10. Aloisi F, Pujol-Borrell R: Lymphoid 
neogenesis in chronic inflammatory 
diseases. Nat Rev Immunol 2006, 6:205–
217.

11. McKenna HJ, Stocking KL, Miller RE, 
Brasel K, De Smedt T, Maraskovsky E, 
Maliszewski CR, Lynch DH, Smith J, 
Pulendran B, Roux ER, Teepe M, Lyman 
SD, Peschon JJ: Mice lacking flt3 ligand 
have deficient hematopoiesis affecting 
hematopoietic progenitor cells, dendritic 
cells, and natural killer cells. Blood 2000, 
95:3489–3497.

12. Laouar Y, Welte T, Fu XY, Flavell RA: 
STAT3 is required for Flt3L-dependent 
dendritic cell differentiation. Immunity 
2003, 19:903–912.

13. Maraskovsky E, Daro E, Roux E, Teepe M, 
Maliszewski CR, Hoek J, Caron D, Lebsack 
ME, McKenna HJ: In vivo generation 
of human dendritic cell subsets by Flt3 
ligand. Blood 2000, 96:878–884.

14. Lyman SD, James L, Escobar S, Downey H, 
De Vries P, Brasel K, Stocking K, Beckmann 
MP, Copeland NG, Cleveland LS: 
Identification of soluble and membrane-
bound isoforms of the murine flt3 ligand 

Authors’ contributions
MIR, PPT and MCL were responsible for study conception and design. MIR, SGP, SA, 
BH and PB were responsible for acquisition of data. MIR, SGP, DMG, KAR and MCL 
were responsible for analysis and interpretation of data. MIR and MCL drafted the 
manuscript. All authors revised the manuscript critically for important intellectual 
content and approved the final version. 

Acknowledgements
This work was supported by grants from the Fundação para a Ciência e a Tecnologia 
(SFRH/BD/47257/2008 to MIR) Portugal, and Dutch Arthritis Association (Reumafonds, 
project number 7-1-301 to PPT and MCL), the Netherlands.

References

67



FM
S

-r
e

la
t

e
d

 t
y

r
o

Si
n

e
 k

in
a

Se
 3

 l
ig

a
n

d
 (

Fl
t

3
l)

/ 
C

d
13

5 
a

x
iS

 i
n

 r
h

e
u

M
a

to
id

 a
r

t
h

r
it

iS

generated by alternative splicing of 
mRNAs. Oncogene 1995, 10:149–157.

15. Horiuchi K, Morioka H, Takaishi H, 
Akiyama H, Blobel CP, Toyama Y: 
Ectodomain shedding of FLT3 ligand 
is mediated by TNF-alpha converting 
enzyme. J Immunol 2009, 182:7408–7414.

16. Black RA, Rauch CT, Kozlosky CJ, Peschon 
JJ, Slack JL, Wolfson MF, Castner 
BJ, Stocking KL, Reddy P, Srinivasan 
S, Nelson N, Boiani N, Schooley KA, 
Gerhart M, Davis R, Fitzner JN, Johnson 
RS, Paxton RJ, March CJ, Cerretti DP: 
A metalloproteinase disintegrin that 
releases tumour-necrosis factor alpha 
from cells. Nature 1997, 385:729–733.

17. Murphy G, Murthy A, Khokha R: Clipping, 
shedding and RIPping keep immunity on 
cue. Trends Immunol 2008, 29:75–82.

18. Rosnet O, Buhring HJ, Marchetto S, 
Rappold I, Lavagna C, Sainty D, Arnoulet 
C, Chabannon C, Kanz L, Hannum C, 
Birnbaum D: Human FLT3/FLK2 receptor 
tyrosine kinase is expressed at the surface 
of normal and malignant hematopoietic 
cells. Leukemia 1996, 10:238–248.

19. Antonysamy MA, Thomson AW: Flt3 
ligand (FL) and its influence on immune 
reactivity. Cytokine 2000, 12:87–100.

20. Waskow C, Liu K, Darrasse-Jeze G, 
Guermonprez P, Ginhoux F, Merad M, 
Shengelia T, Yao K, Nussenzweig M: 
The receptor tyrosine kinase Flt3 is 
required for dendritic cell development 
in peripheral lymphoid tissues. Nat 
Immunol 2008, 9:676–683.

21. Karsunky H, Merad M, Cozzio A, 
Weissman IL, Manz MG: Flt3 ligand 
regulates dendritic cell development from 
Flt3+ lymphoid and myeloid-committed 
progenitors to Flt3+ dendritic cells in vivo. 
J Exp Med 2003, 198:305–313

22. Dehlin M, Andersson S, Erlandsson M, 
Brisslert M, Bokarewa M: Inhibition of fms-
like tyrosine kinase 3 alleviates experimental 
arthritis by reducing formation of dendritic 
cells and antigen presentation. J Leukoc 
Biol 2011, 90:811–817.

23. Dehlin M, Bokarewa M, Rottapel R, Foster 
SJ, Magnusson M, Dahlberg LE, Tarkowski 
A: Intra-articular fms-like tyrosine kinase 
3 ligand expression is a driving force in 

induction and progression of arthritis. 
PLoS One 2008, 3:e3633.

24. Aletaha D, Neogi T, Silman AJ, Funovits 
J, Felson DT, Bingham CO III, Birnbaum 
NS, Burmester GR, Bykerk VP, Cohen MD, 
Combe B, Costenbader KH, Dougados 
M, Emery P, Ferraccioli G, Hazes JM, 
Hobbs K, Huizinga TW, Kavanaugh 
A, Kay J, Kvien TK, Laing T, Mease P, 
Menard HA, Moreland LW, Naden RL, 
Pincus T, Smolen JS, Stanislawska-
Biernat E, Symmons D, Tak PP, Upchurch 
KS, Vencovsky J, Wolfe F, Hawker G: 
Rheumatoid arthritis classification 
criteria: an American college of 
rheumatology/European league against 
rheumatism collaborative initiative. Ann 
Rheum Dis 2010, 2010:1580–1588.

25. van de Sande MG, Gerlag DM, Lodde BM, 
van Baarsen LG, Alivernini S, Codullo V, 
Felea I, Vieira-Sousa E, Fearon U, Reece 
R, Montecucco C, Veale DJ, Pitzalis C, 
Emery P, Klareskog L, McInnes IB, Tak 
PP: Evaluating antirheumatic treatments 
using synovial biopsy: a recommendation 
for standardisation to be used in clinical 
trials. Ann Rheum Dis 2011, 70:423–427.

26. Gerlag DM, Haringman JJ, Smeets 
TJ, Zwinderman AH, Kraan MC, Laud 
PJ, Morgan S, Nash AF, Tak PP: Effects 
of oral prednisolone on biomarkers in 
synovial tissue and clinical improvement 
in rheumatoid arthritis. Arthritis Rheum 
2004, 50:3783–3791.

27. Wijbrandts CA, van Leuven SI, Boom HD, 
Gerlag DM, Stroes EG, Kastelein JJ, Tak 
PP: Sustained changes in lipid profile and 
macrophage migration inhibitory factor 
levels after anti-tumour necrosis factor 
therapy in rheumatoid arthritis. Ann 
Rheum Dis 2009, 68:1316–1321.

28. Haringman JJ, Vinkenoog M, Gerlag 
DM, Smeets TJ, Zwinderman AH, 
Tak PP: Reliability of computerized 
image analysis for the evaluation of 
serial synovial biopsies in randomized 
controlled trials in rheumatoid arthritis. 
Arthritis Res Ther 2005, 7:R862–R867.

29. Chklovskaia E, Jansen W, Nissen C, 
Lyman SD, Rahner C, Landmann L, 
Wodnar- Filipowicz A: Mechanism of flt3 
ligand expression in bone marrow failure: 
translocation from intracellular stores 

68



 c
ha

p
te

r 
T

W
O

to the surface of T lymphocytes after 
chemotherapy-induced suppression of 
hematopoiesis. Blood 1999, 93:2595–
2604.

30. Chklovskaia E, Nissen C, Landmann L, 
Rahner C, Pfister O, Wodnar-Filipowicz A: 
Cell-surface trafficking and release of flt3 
ligand from T lymphocytesis induced by 
common cytokine receptor gamma-chain 
signaling and inhibited by cyclosporin A. 
Blood 2001, 97:1027–1034.

31. Ceredig R, Rauch M, Balciunaite G, Rolink 
AG: Increasing Flt3L availability alters 
composition of a novel bone marrow 
lymphoid progenitor compartment. 
Blood 2006, 108:1216–1222.

32. Auffray C, Sieweke MH, Geissmann 
F: Blood monocytes: development, 
heterogeneity, and relationship with 
dendritic cells. Annu Rev Immunol 2009, 
27:669–692.

33. Gordon S, Taylor PR: Monocyte and 
macrophage heterogeneity. Nat Rev 
Immunol 2005, 5:953–964.

34. Lean JM, Fuller K, Chambers TJ: FLT3 
ligand can substitute for macrophage 
colony-stimulating factor in support of 
osteoclast differentiation and function. 
Blood 2001, 98:2707–2713.

35. Zheng R, Levis M, Piloto O, Brown P, 
Baldwin BR, Gorin NC, Beran M, Zhu Z, 
Ludwig D, Hicklin D, Witte L, Li Y, Small 
D: FLT3 ligand causes autocrine signaling 
in acute myeloid leukemia cells. Blood 
2004, 103:267–274.

36. Lyman SD, Jacobsen SE: c-kit ligand and 
Flt3 ligand: stem/progenitor cell factors 
with overlapping yet distinct activities. 
Blood 1998, 91:1101–1134.

37. Ohta S, Harigai M, Tanaka M, Kawaguchi 
Y, Sugiura T, Takagi K, Fukasawa C, Hara 
M, Kamatani N: Tumor necrosis factor-
alpha (TNF-alpha) converting enzyme 
contributes to production of TNF-alpha 
in synovial tissues from patients with 
rheumatoid arthritis. J Rheumatol 2001, 
28:1756–1763.

38. Zhang Y, Xu J, Levin J, Hegen M, Li G, 
Robertshaw H, Brennan F, Cummons T, 
Clarke D, Vansell N, Nickerson-Nutter C, 
Barone D, Mohler K, Black R, Skotnicki J, 
Gibbons J, Feldmann M, Frost P, Larsen G, 
Lin LL: Identification and characterization 
of 4-[[4-(2-butynyloxy)phenyl]
sulfonyl]-N-hydroxy-2,2- dimethyl-
(3S)thiomorpholinecar boxamide 
(TMI-1), a novel dual tumor necrosis 
factor-alpha-converting enzyme/ 
matrix metalloprotease inhibitor for 
the treatment of rheumatoid arthritis. J 
Pharmacol Exp Ther 2004, 309:348–355.

39. Ma Y, Pope RM: The role of macrophages 
in rheumatoid arthritis. Curr Pharm Des 
2005, 11:569–580.

40. Mulherin D, Fitzgerald O, Bresnihan B: 
Synovial tissue macrophage populations 
and articular damage in rheumatoid 
arthritis. Arthritis Rheum 1996, 39:115–
124.

41. Gordon S, Martinez FO: Alternative 
activation of macrophages: mechanism 
and functions. Immunity 2010, 32:593–
604.

42. Mills CD, Kincaid K, Alt JM, Heilman MJ, 
Hill AM: M-1/M-2 macrophages and the 
Th1/Th2 paradigm. J Immunol 2000, 
164:6166–6173.

43. Haringman JJ, Gerlag DM, Zwinderman 
AH, Smeets TJ, Kraan MC, Baeten 
D, McInnes IB, Bresnihan B, Tak PP: 
Synovial tissue macrophages: a sensitive 
biomarker for response to treatment in 
patients with rheumatoid arthritis. Ann 
Rheum Dis 2005, 64:834–838.

44. Deane KD, O’Donnell CI, Hueber 
W, Majka DS, Lazar AA, Derber LA, 
Gilliland WR, Edison JD, Norris JM, 
Robinson WH, Holers VM: The number 
of elevated cytokines and chemokines 
in preclinical seropositive rheumatoid 
arthritis predicts time to diagnosis in an 
age-dependent manner. Arthritis Rheum 
2010, 62:3161–3172.

69



FM
S

-r
e

la
t

e
d

 t
y

r
o

Si
n

e
 k

in
a

Se
 3

 l
ig

a
n

d
 (

Fl
t

3
l)

/ 
C

d
13

5 
a

x
iS

 i
n

 r
h

e
u

M
a

to
id

 a
r

t
h

r
it

iS

Supplementary Methods
Immunophenotyping by FACS
Single-cell suspensions were stained with the indicated fluorochrome-conjugated 
antibodies for surface and intracellular stainings. The folowing antibodies were used: 
purified goat anti human Flt3L ((Santa Cruz, Heidelberg, Germany,), allophycocyanin 
(APC)- conjugated anti-CD304 (Miltenyi Biotec, Bergisch Gladbach, Germany), Alexa 
700-conjugated anti-CD19 (Becton Dickinson (BD), Breda, The Nederlands), phycoerythrin 
(PE)–conjugated anti-CD135 (eBioscience, Vienna, Austria), eFluor Alexa 750-conjugated 
anti-CD14 (BD), biotin-conjugated anti-CD1C (Miltenyi), PercP Cy5,5-conjugated anti-
CD123 (eBioscience), PE-Cy7–conjugated anti-CD56 (BD), PerCP-Cy5.5–conjugated 
anti-CD4 (BD), APC-Cy7–conjugated anti-CD3 (BD), Alexa 610–conjugated anti-CD8 
((Invitrogen, Breda, The Netherlands) and APC-conjugated anti-CD94 (BD). Intracellular 
stainings were performed for Flt3L and CD135 after surface staining with the above 
indicated fluorochome-conjugated antibodies after fixation (4% paraformaldehyde) and 
permeabilization (saponin, Sigma Aldrich, Zwijndrecht, The Netherlands ). Cytometry 
data were acquired with a FACS CANTO (Becton Dickinson) and analyzed with Flow Jo 
Flow Cytometry Analysis software (Tree Star, Ashland, OR). Results were expressed as 
the percentage of positive cells and mean fluorescence intensity (MFI).

Quantitative measurement of mRNA expression
Total RNA was isolated from synovial tissue biopsy samples using RNA Stat-60 (Tel-Test, 
Friendswood, TX) then treated with DNase I (Invitrogen), and reverse transcribed using 
RevertAid H Minus First-Strand cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany). 
RNA from GM-CSF, M-CSF, IFNg, IL-10-differentiated macrophages and RNA from 
mo-DC was isolated using the RNeasy Kit and RNase-Free DNase Set (Qiagen, Venlo, 
The Netherlands). 500 ng of total RNA was reverse-transcribed using SuperScript™ II RT 
(Invitrogen). The RNA concentration was determined with a NanoDrop spectrophotometer. 
Duplicate PCR reactions were performed using SYBR green (Applied Biosystems, Foster 
City, CA) with an ABI Prism® 7000 sequence detection system (Applied Biosystems). 
cDNA was amplified using specific primers: Flt3L forward, GGAGCCCAACAACCTATCTC; 
Flt3L Reverse, CTGTGTTGGAAGGAGCAGTC; CD135 we used primermix from Qiagen 
PPH00804F-200; TACE forward, ACTGGACCACCAGAGAATGG; TACE reverse, GGCC 
AAACCACACAAGAACT, IL-6 forward, GACAGCCACTCACCTCTTCA; IL-6 reverse, 
CCTCTTTGCTGCTTTCACAC; IL-8 forward, GCTCTGTGTGAAGGTGCAGT; IL-8 reverse, 
CCAGACAGAGCTCTCTTCCA and GAPDH forward, TTCACCACCATGGAGAAG, 
GAPHD reverse, GGCATGGACTGTGGTCAT.

All PCR data were normalized to the expression of GAPDH, used as an internal 
control. PCR data were obtained as Ct values and the mean of the duplicate Ct values 
of each sample was calculated. Relative levels of gene expression were normalised to 
GAPDH housekeeping gene (HK) using the comparative Ct method.
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M.I.P.Ramos Supplementary Figure 1

Supplementary Figure 1. Assessment of global ST inflammation. (A-B) IL-6 and IL-8 gene 
expression level in STs from RA (n=22) and gout (n=12) patients. Gene expression analysis 
by qPCR showed that IL-6 and IL-8 expression was similar between RA ST compared to gout 
ST. Each data point represents a single subject. Results are presented as mean±SEM mRNA 
expression of IL-6 or IL-8 relative to GAPDH. *p < 0.05, **p < 0.01. (C-D) Immunohistochemical 
analysis of CD68 and CD163 macrophage markers in RA (n=12), gout (n=11) and HI (n=7) STs. 
CD68 and CD163 macrophage numbers were increased in RA and gout STs compared to HI 
STs. No differences were observed between RA and gout STs. 
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M.I.P.Ramos Supplementary Figure 2

Supplementary Figure 2. Immunofluorescence staining of TACE+ cells in RA ST. (A) Single 
stainings for TACE+ (red) and other cellular markers (green) can be seen. (B) Double immuno-
fluorescence staining of TACE+ cells in RA ST with CD3+ T cells and vWF+ blood vessels. TACE 
did not colocalized with CD3+ T cells or with vWF+ blood vessels. Single immunofluorescence 
stainings for TACE and vWF are also shown. Figures are representative of five RA patients. 
Original magnification 250x. 
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Supplementary Figure 3. Characterization of Flt3L expression in RA paired PBMC and SFMC 
and in HI PBMC. Intra- and extra-cellular expression of Flt3L by all cell types is shown in terms 
of percentage or MFI (cellular marker+ Flt3L+). No differences were observed for the percent-
age or MFI of extracellular or intracellular Flt3L by CD4+ T cells (A), CD8+ T cells (B) or CD19+ 

B cells (C) in RA compared to HI. Bars represent the mean (±SEM) of 5-10 RA patients and HI. 
*p < 0.05, **p < 0.01. 
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Abstract
Objective: Comprehending the mechanisms that regulate activation of autoreactive 
T cells and B cell antibody production is fundamental for understanding the 
breakdown in self-tolerance and development of autoimmunity. Here we studied 
the role of Fms-like tyrosine kinase 3 ligand (Flt3L) signalling in the pathogenesis of 
collagen-induced arthritis (CIA).

Methods: CIA was induced in mice lacking Flt3L (Flt3L−/−) and wild-type (WT) 
littermates (C57/BL6, 8–10 weeks old). Mice were killed in the initial phase (acute 
phase: experiment 1) and late phase (chronic phase: experiment 2) of the disease. 
Arthritis severity was assessed using a semiquantitative scoring system (0–4), and 
histological analysis of cellular infiltration, cartilage destruction and peptidoglycan 
loss was performed. Phenotypic and functional analysis of T and B cells, FoxP3 
expression, activation and lymphocyte costimulatory markers, and cytokine 
production were performed ex vivo by flow cytometry in lymph nodes. Serum 
collagen type II (CII)-specific antibodies were measured by ELISA.

Results: Flt3L−/− mice showed a marked decrease in clinical arthritis scores and 
incidence of arthritis in both acute and chronic phases of CIA compared with 
WT mice. Moreover, decreased synovial inflammation and joint destruction was 
observed. Both the magnitude and quality of T cell responses were altered in Flt3L−/−. 
In the acute phase, the amount of CII-specific IgG2a antibodies was lower in Flt3L−/− 
than WT mice.

Conclusions: These results strongly suggest a role for Flt3L signalling in the 
development of arthritis.
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Introduction
Dendritic cells (DCs) are key players in the induction and maintenance of adaptive 
immunity. Interestingly, although the role of T and B lymphocytes in autoimmunity is 
well described in both humans and mice, (1–4) and indeed biological agents targeting 
these cell lineages are currently used in the treatment of rheumatoid arthritis (RA) and 
systemic lupus erythematosus (5;6). far less is known about the specific involvement 
of DCs in autoimmune disease. In this respect, it is widely assumed that, because of 
the fundamental role of DCs in initiating T cell responses, DCs might play an essential 
pathological role in autoimmune disease by presenting self-antigens to autoreactive 
T cells. Primary immune responses are initiated in the periphery, where DCs capture 
and process antigens, increase expression of lymphocyte costimulatory molecules, 
migrate to lymphoid organs, and secrete cytokines that differentiate naïve T cells (7). 
It was shown that adoptive transfer of DCs pulsed with collagen type II (CII) was able 
to initiate experimental arthritis in mice (8), thus showing the crucial role of these 
cells in the induction of arthritis. However, DCs not only activate lymphocytes, but 
are also capable of tolerising T cells to self or innocuous antigens, thereby minimising 
autoimmune reactions (9). These dual functions of DCs depend on DC maturation 
status, cytokine profile and DC subset. DCs are a very heterogeneous population of 
cells, and different subsets can have very distinct functions. They are important in the 
breaching of self-tolerance in autoimmunity (10), and plasmacytoid (p)DCs play an 
important anti-inflammatory role in the context of articular breach of tolerance (11). 
It was recently shown that compounds that selectively deplete DCs can ameliorate 
arthritis (12) and that blocking tyrosine kinases may have beneficial effects in arthritis 
by modulating DC numbers (13). DCs can be efficiently differentiated in vitro by 
stimulating monocytes or haematopoietic progenitors with granulocyte macrophage 
colony-stimulating factor (GMCSF) (14;15). Surprisingly, mice lacking GM-CSF or its 
receptor showed only a small decrease in lymphoid-organ DCs, with a maximum 
reduction of threefold in lymph node conventional/classical DCs (cDCs) and only a 
modest reduction in langerhans cells (LC), whereas GM-CSF transgenic mice showed 
reciprocal effects (16;17). Therefore, at least in the presence of compensatory 
cytokines, GM-CSF seemed to have little influence on steady-state DC maintenance, 
and it has been suggested that GM-CSF mostly contributes to inflammatory DC 
generation, potentially from monocytes, in vivo.(18–21) The Fms-like tyrosine kinase 
3 FLT3/Flt3L axis is crucial for DC development from bone marrow progenitors but 
not from monocytes. (22–24) In line with this, it has been shown that DC development 
is confined to haematopoietic precursors in bone marrow expressing FLT3 (22;25). 
FLT3 signalling can also instruct FLT3-negative precursors to differentiate into both 
pDCs and cDCs (26). Flt3L is involved in all lymphoid-organ DC development and 
expansion, from early progenitors in the bone marrow to immediate DC progenitors 
in lymphoid tissues (22;27;28). Flt3L is expressed as a membrane bound protein on 
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the cell surface and can be proteolytically cleaved to generate a soluble protein. Both 
the membrane-bound and soluble forms are biologically active (29). Administration 
of Flt3L induces a large increase in the number of DCs in the spleen and lymph nodes 
(LNs) as well as in the peripheral blood, lungs, liver, Peyer’s patches and thymus.
(30–32) Flt3L-expanded DCs can process and present antigen to naïve T lymphocytes 
both in vitro and in vivo (30). In Flt3L−/− mice, B cell precursors, splenic NK cells 
and lymphoid tissue DCs are severely reduced (33). Leucocyte cellularity is reduced 
in the bone marrow, peripheral blood, LNs and spleen. Thymic cellularity, blood 
haematocrit and platelet numbers are not altered. T and B cells from spleen and LNs 
are reduced in number, but the ratio of T cells to B cells is unchanged in Flt3L−/− mice 
compared with wild-type (WT) mice. Histochemical analyses of spleen, thymus and 
LNs revealed no disruption to normal architecture in the tissues of Flt3L−/− mice (33). 

It has been shown that Flt3L- and GM-CSF-derived DCs are phenotypically and 
also functionally different (34), and they can activate different T cell subsets in vivo 
and in vitro (28;34). 

Flt3L accumulates in RA synovial fluid and induces arthritis when injected into 
healthy mouse knee joints. In addition, administration of Flt3L worsens experimental 
arthritis (35). However, the exact mechanism by which Flt3L affects the development 
of arthritis remains unknown.

Here we took advantage of animals with targeted deletion of Flt3L to provide 
more insight into the role of Flt3L signalling in the pathogenesis of collagen-induced 
arthritis (CIA).

Material and methods
Animals
Male and female Flt3L−/− mice and WT littermates about 8–10 weeks old were used 
for the experiments. Further details are described in online supplementary methods.

Induction and assessment of CIA
We evaluated the role of Flt3L in CIA using Flt3L−/− and WT mice (n=10–15 per 
group). Mice were immunised as previously described. (36;37) Two independent 
experiments—acute (day 43) and chronic (day 60) stages—were performed. Further 
details are given in online supplementary methods.

Histological analysis
Hind paws were fixed for 24 h in 4% buffered formalin and decalcified in Osteosoft 
(Merck, Darmstadt, Germany). After embedding in paraffin, serial 5 μm sagittal 
sections of whole hind paws were cut and stained with hematoxylin/eosin (H&E), 
toluidine blue and safranin O-fast green. Further details are described in online 
supplementary methods.
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Cell staining and flow cytometry
Single-cell suspensions were obtained from spleen and axillary and inguinal 
LNs. After erythrocyte lysis, cells were stained with the indicated fluorochrome-
conjugated antibodies for surface markers and intracellular cytokines. Further details 
are described in online supplementary methods.

Measurement of antigen-specific antibodies and their affinity in serum
Serum levels of antibodies against chicken collagen type II (cCII) were measured by 
ELISA. Further details are described in online supplementary methods.

T cell proliferation in vitro
Carboxyfluorescein diacetate, succinimidyl ester (CFSE)-labelled ovalbumin (OVA)-
specific CD4 T cells from OT II mice (2×105 cells) were stimulated for 3 days with OVA-
pulsed bone marrow-derived DCs from WT and Flt3L−/− mice. T cell proliferation 
was measured by fluorescence-activated cell sorting (FACS). Further details are 
described in online supplementary methods.

Statistical analysis
Areas under the curve for the change in arthritis scores were calculated. Incidence 
was compared using Kaplan–Meier survival analysis (GraphPad Prism V.5). The mean 
changes in scores (clinical, histological and immunohistochemical), total cell numbers, 
and cytokine- and collagen-specific IgG1 and IgG2a antibody levels between groups 
were determined by Mann– Whitney U test. p<0.05 was considered significant.

Results
Reduced incidence and severity of CIA in Flt3L-deficient mice
In agreement with the original description of these mice (33), mice lacking Flt3L developed 
normally and showed no gross anatomical defects or phenotypic abnormalities. Flt3L−/− 
mice in homoeostatic conditions showed a dramatic reduction in DC numbers in 
lymphoid organs (see online supplementary figure 1A, B p=0.0079). After induction 
of arthritis, all mice were killed at day 60 (the point when arthritis reached the chronic 
phase) or at day 43 (during the acute phase of the disease). A dramatic improvement 
in clinical signs of arthritis was seen in arthritic Flt3L−/− mice compared with arthritic WT 
mice (figure 1A, p=0.0003, and 1C, p<0.0001) for both chronic and acute phases of the 
disease, respectively. In addition, WT mice showed accelerated onset of disease and 
significantly higher disease incidence (figure 1B, p<0.0001, and 1D, p<0.0001).

Decreased cellular infiltration and cartilage degradation in Flt3L−/− mice 
in the chronic phase of the disease
We next analysed whether Flt3L deficiency would affect synovial inflammation. Flt3L−/− 
mice showed a significant decrease in cellular influx (figure 2A, D; p=0.0018) into the 
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synovium at day 60 compared with WT mice (figure 2A, B, D). In addition, depletion 
of proteoglycans, assessed by safranin O-fast green staining, was significantly less in 
the knee joints of Flt3L−/− mice compared with WT mice (figure 2C, D; p=0.0339). We 
did not observe any significant differences in cartilage damage in Flt3L−/− mice and 
WT mice (figure 2B).

T cell responses during CIA in Flt3L−/− mice: reduced cytokine 
production, activation and costimulatory markers
Total CD4 and CD8 T cell numbers and phenotype in inguinal and axillary LNs during 
the chronic phase of CIA on day 60 were assessed by FACS analysis. We observed a 
significant reduction in CD8 T cell numbers (figure 3A, p=0.0259) and a trend towards 

A

***

23 25 28 30 32 34 37 40 42 44 47 50 52 54 57
0

2

4

6

8

10

Flt3L-/-
WT

Days post immunization

M
ea

n 
Cl

in
ic

al
 S

co
re

C D
10

6

8 Flt3L-/-
WT

M
ea

n 
Cl

in
ic

al
 S

co
re

60

80
WT

Flt3L-/-

Pe
rc

en
t m

ic
e 

w
it

h 
CI

A

B

***

0 20 40 60
0

20

40

60

80

100
WT
Flt3L-/-

Days post immunization

In
ci

de
nc

e 
(%

)
***

20 22 24 26 28 30 32 34 36 38 40 42 44
0

2

4

6

Days post immunization

M
ea

n 
Cl

in
ic

al
 S

co
re

***

0 10 20 30 40 50
0

20

40

Days post immunization

Pe
rc

en
t m

ic
e 

w
it

h 
CI

A

Figure 1

Figure 1. Development of collagen-induced arthritis (CIA) in wild-type (WT) and Flt3L−/− mice 
in the chronic (experiment 1; day 60; WT, n=14; Flt3L−/−, n=14) and acute (experiment 2; day 43; 
WT, n=10; Flt3L−/−, n=10) phases of the disease. (A) Flt3L−/− mice showed a dramatic decrease 
in arthritis scores (chronic phase) compared with WT mice. All mice are shown. Values are 
presented as the mean±SEM. (B) Chronic phase cumulative disease incidence scores in WT and 
Flt3L−/− mice calculated as the percentage of affected animals. Arthritic Flt3L−/− mice showed a 
significant decrease in disease incidence compared with WT mice. (C) Flt3L−/− mice showed a 
striking decrease in arthritis scores (acute phase) compared with WT mice. All mice are shown. 
Values are presented as the mean±SEM. (D) Acute phase cumulative disease incidence scores 
in WT and Flt3L−/− mice calculated as the percentage of affected animals. Arthritic Flt3L−/− mice 
showed a significant decrease in disease incidence compared with WT mice. ***p<0.0001.
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lower CD4 T cell numbers. We phenotypically analysed CD4 and CD8 compartments 
for naïve and effector memory based on the expression of CD44 and CD62L. While 
there were no differences in the amount of CD4 and CD8 naïve (CD44−CD62L+) T cells 
between Flt3L−/− and WT mice, we observed a reduction in the CD4 effector memory 
(CD44+CD62L−) (figure 3B, p<0.0001) and CD8 effector memory (CD44+CD62L−) 
compartments (figure 3C, p=0.0008). In addition, a reduction in total B cell numbers 
(figure 3D, p<0.0001) was observed in Flt3L−/− compared with WT mice. 

Next, the production of Th1 and Th17 cytokines, involved in the development of 
CIA, was assessed by intracellular staining of phorbol myristate/ionomycin-stimulated 
LN cells. We observed a significant reduction in the number of CD4 T cells that 
produced interleukin (IL)-17 (p=0.0014) and tumour necrosis factor (TNF)a (p=0.0072) 
in Flt3L−/− mice compared with WT mice (figure 4A). In addition, a significant reduction 
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Figure 2. Histological analysis of wild-type (WT) and Flt3L−/− knee joints in the chronic (day 
60; WT, n=14; Flt3L−/−, n=14) phase of the disease. (A) Representative H&E staining of the 
knee joints of a WT mouse and a Flt3L−/− mouse. (B) Representative toluidine blue staining of 
the knee joints of a WT mouse and an Flt3L−/− mouse. (C) Representative safranin O-fast green 
staining of the knee joints of a WT mouse and an Flt3L−/− mouse. (D) Semiquantitative scores 
for synovial infiltration, cartilage damage and proteoglycan (PG) depletion assessed by H&E, 
toluidine blue and safranin O-fast green staining, respectively. Flt3L−/− mice show less synovial 
infiltration and less proteoglycan depletion compared with WT mice. Data are represented as 
the mean±SEM. *p<0.05, ***p<0.0001. Magnification ×100.
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Figure 3. Phenotypic characterisation of T and B cells in wild-type (WT) and Flt3L−/− mice in 
chronic collagen-induced arthritis (WT, n=14; Flt3L−/−, n=14). (A) Total cell numbers of CD4 and 
CD8 T cells in inguinal and axillary lymph nodes (LNs). (B) Naive (N) CD44−CD62L+ and effector 
memory (EM) CD44+CD62L+ CD4+ T cells present in the LNs. We observed a reduction in EM in 
the CD4 T cell compartment in Flt3L−/− mice compared with WT mice. (C) N CD44−CD62L+ and 
EM CD44+CD62L−, CD8+ T cells present in the LNs of WT and Flt3L−/− mice (n=14 per group). 
We observed a reduction in EM in the CD8 T cell compartment in Flt3L−/− mice compared with 
WT mice. (D) Reduced number of total B220+ B cells in the LNs. Data are represented as the 
mean±SEM. *p<0.05, ***p<0.0001.

Figure 4. Changes in cytokine responses of T cells in wild-type (WT) and Flt3L−/− mice 
during the chronic phase of CIA. Lymph nodes (LNs) of WT mice (n=14) and Flt3L−/− (n=14) 
were collected 60 days after primary immunisation, and intracellular cytokine production was 
assessed by flow cytometry. (A) Total cell numbers of cells producing interleukin (IL)-2, inter-
feron (IFN)g, tumour necrosis factor (TNF)a, IL-10 and IL-17 in CD3+CD4+ and CD3+CD8+ T cells 
after 2 h of stimulation with phorbol myristate/ionomycin plus 4 h with brefeldin are shown. A 
significant reduction in the numbers of CD4 T cells that produced IL-17 (p=0.0014) and TNFa 
(p=0.0072) was observed in Flt3L−/− mice compared with WT. In addition, a significant reduction 
in CD8 T cells that produced IFNg (p<0.0001) was observed in Flt3L−/− mice compared with WT. 
(B) Mean fluorescence intensity (MFI) for IL-2, IFNg, TNFa, IL-10 and IL-17 in CD3+CD4+ and 
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Figure 4
CD3+CD8+ T cells. (C) Total CD4 T cell numbers expressing CD25. Flt3L−/− mice have reduced 
numbers of CD4+CD25+ T cells compared with WT ( p<0.0001). (D) Total CD25+FoxP3+ regula-
tory T cells numbers. A significant reduction in the number of T regs was observed in Flt3L−/− 
animals compared to WT. *p<0.05, ***p<0.0001.
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in the number of CD8 T cells that produced interferon (IFN)g (p=0.029) was observed 
in Flt3L−/− mice compared with WT mice (figure 4A). Not only was the number of T cells 
that produced cytokines affected in Flt3L−/− mice, but the amount produced per cell 
basis was also significantly lower. The mean fluorescence intensity is a measurement 
of expression per cell basis. It was calculated only for the positive cell populations for 
each cytokine. In this respect, CD4 T cells in Flt3L−/− mice produced significantly less 
IFNg (p=0.01) and TNFa (p=0.0003), and CD8 T cells had a higher capacity to produce 
IL-17 (p=0.0067) than WT mice (figure 4B). No differences were observed between 
WT and Flt3L−/− mice with respect to IL-2 or IL-10 production (figure 4A, B). 

To compare the overall state of activation of T cells, we calculated the percentage 
of activated CD4+CD25+ T cells in the LN of Flt3L−/− mice and compared this with WT 
mice. We observed a significant reduction (p=0.03) in total cell numbers of activated 
CD4 T cells (figure 4C). The total number of FoxP3+ regulatory T cells (T regs) is also 
diminished in Flt3L−/− animals compared with WT animals (figure 4D).

Reduced DC numbers and changes in DC subsets in Flt3L−/− mice 
during the acute phase of CIA
The half-life of mature DCs is short, and, since cytokine production is transient, 
the number and type of DCs present in the T cell areas will mirror the conditions of the 
tissues from which the lymph is drained (38). To study the number and diversity of the 
DC populations in CIA, LNs were collected during the acute phase of the disease (day 
43; see online supplementary methods), and cells were stained for cellular markers 
present on DC cells. As previously shown for Flt3L−/− mice in the steady-state (33) 
(see online supplementary figure 1A, B), in CIA conditions also, these mice show a 
significant reduction in the percentage of total DC numbers, CD11c+MHCII+ in the 
LNs compared with WT mice (figure 5A, B, p=0.0015). To assess LN DCs in detail, we 
analysed various DC subsets by further flow cytometric staining. cDCs in the LN are 
CD11chi cells that differentially express CD8a and CD11b. We also analysed for the 
presence of migratory CD103 DCs. Since it has been previously shown that pDCs are 
reduced in Flt3L−/− mice and play an anti-inflammatory role in experimental arthritis 
(11;39), either by suppressing arthritogenic autoimmunity preventing exacerbated 
breach of tolerance to self-antigens or by inducting IL-10-producing regulatory T 
cells, we chose to focus on the other DC subsets that are more important for disease 
induction. Myeloid-related DCs were identified as low-density cells expressing high 
levels of CD11c and lacking expression of CD8a, whereas lymphoid-related DCs were 
identified as cells expressing CD11c and being positive or not for CD8a. All CD11cbright 
cells expressed high levels of major histocompatibility complex class II (IAb). Both 
the percentages of myeloid-related and lymphoid-related DCs and migratory CD103 
DCs were reduced in the LNs of Flt3L−/− mice compared with WT mice (figure 5A, B; 
p=0.0039, p=0.0007, p<0.0001 and p<0.0001, respectively). Other CD11cint or CD11c 
populations that expressed high CD11b were likely LN monocytes and macrophages 
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Figure 5. Phenotypic characterisation of dendritic cells (DCs) in wild-type (WT) and in Flt3L−/− 

mice in the acute phase of collagen-induced arthritis (CIA). Inguinal and axillary lymph nodes 
(LNs) of WT mice (n=10) and Flt3L−/− mice (n=10) were collected 43 days after primary immunisa-
tion, and DC subsets were identified by flow cytometry. (A) Representative FACS plot of total 
DCs (CD11c+MHCII+), myeloid-related DCs (CD11b+CD11c+), lymphoid-related DCs (CD8a+/
CD8a−CD11c+) and migratory DCs (CD11c+CD103+) in Flt3L−/− and WT mice are shown. (B) Quan-
tification of total DCs (CD11c+MHCII+), myeloid-related DCs (CD11b+CD11c+) lymphoid-related 
DCs (CD8a+/CD8a−CD11c+) and migratory DCs (CD11c+CD103+) in Flt3L−/− and WT mice. Flt3L−/− 
mice showed a reduction in the total CD11c+MHCII+ DC numbers (p=0.0015) compared with 
WT animals. Both the numbers of CD11b+CD11c+ DCs (p=0.0039), CD8a+/CD8a−CD11c+ DCs 
(p=0.0007 and p<0.0001) and CD11c+CD103+DCs (p<0.001) were reduced in the LNs of Flt3L−/− 
mice compared with WT mice. ***p<0.0001.
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(27;40), and these populations were not affected (data not shown). Bone marrow-
derived DCs from Flt3L−/− are able to efficiently stimulate antigen-specific T cell 
proliferation in vitro (see online supplementary figure 2).

CII-specific antibody production
It has previously been reported that expression of the inducible T cell costimulator 
(ICOS) protein and CD40 ligand play an essential role in promoting effective B 
cell activation and Ig class switching (41). Accordingly, we observed a significant 
reduction in ICOS in both CD4 and CD8 T cells from Flt3L−/− mice compared with 
WT mice (figure 6A, p=0.0001 and p=0.0094, respectively). The severity of CIA is 
reflected by the switch from a Th2 to a Th1 respons (42)., which is accompanied by a 
switch from IgG1 to IgG2a antibody production. At day 43, we observed similar IgG1 
levels but increased IgG2a antibodies in WT compared with Flt3L−/− mice (figure 6B, 
p=0.0232). There were no differences in CII-specific IgG2a and IgG1 antibodies at 
day 60 (see online supplementary figure 3).
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Figure 6. Expression of costimulatory molecules in chronic collagen-induced arthritis (CIA) 
(WT, n=14; Flt3L−/−, n=14) and serum-specific collagen type II (CII) antibodies in wild-type 
(WT) and Flt3L−/− mice during the acute phase of CIA as assessed by ELISA (WT, n=10; Flt3L−/−, 
n=10). (A) Total CD4 and CD8 T cells expressing inducible T cell costimulator (ICOS). In Flt3L−/− 
mice, reduced numbers of CD4 (p<0.001) and CD8 T cells (p=0.0094) that express ICOS were 
observed compared with WT animals. Data are represented as the mean±SEM. (B) CII-specific 
IgG1 and IgG2a antibodies during the acute phase. At day 43 we observed similar IgG1 levels 
but increased IgG2a antibodies in WT compared with Flt3L−/− mice (p=0.02). Levels are shown 
as arbitrary units (AU). *p<0.05, **p<0.001; ***p<0.0001.
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Discussion
In this study, we show that CIA in Flt3L-deficient mice is impaired, with a marked 
decrease in clinical arthritis scores (both in acute and chronic phases of the disease) 
compared with WT littermates. This was accompanied by a decreased incidence 
of arthritis, synovial inflammation and joint destruction and diminished levels of 
proinflammatory cytokines and CII-specific IgG2a antibodies. 

Both the magnitude and quality of a T cell response are considered important 
metrics in evaluating the efficacy of an immune response. The number of responding 
cells provides a measure of the magnitude, whereas the nature and diversity of the 
functional responses have been associated with measures of quality. These functions 
include expression of activation and costimulatory markers and the release of one 
or more cytokines that induce proliferation and modulate inflammation (43). Here 
we show changes in both magnitude and quality of the T cell response in the LNs of 
Flt3L−/− mice compared with WT mice. In this respect, Flt3L−/− mice showed reduced 
cytokine production and total numbers of activated CD4+CD25+ T cells compared 
with WT mice. Given that clinical assessment of the disease is made by quantifying 
local inflammation—by scoring paw swelling—studying the balance between 
cytokine-producing Th1/Th17 and regulatory T cells at the local site of inflammation 
would provide clearer results. 

Immune responses are initiated in the T cell areas of secondary lymphoid organs 
where naive T lymphocytes meet DCs, which present antigens taken up in peripheral 
tissues (7). As shown previously (33), Flt3L−/− mice show a large reduction in DC numbers 
in lymphoid organs. Here we show that the density and quality of DCs present in the 
secondary lymphoid organs might account for the changes in the magnitude and 
class of the T cell response that we observed in Flt3L−/− mice during CIA. We observed 
reductions in MHCII+CD11C+ DCs as well as specific reductions in CD11b+CD11c+ DC, 
CD8a+ and CD8a− DC and CD103 DC subsets both in the LNs and spleen (data not 
shown). In the steady-state, these subsets require Flt3L for their generation.

The availability and quality of antigen-presenting DCs and antigen-specific T cell 
precursors are limiting factors in the generation of a proper immune response. There 
is evidence that responding T cells compete in vivo for access to DCs and that this 
competition can be relieved by increasing total DC numbers (44;45) and/or increasing 
specific subsets that can shape the immune response (46). During the initial phase 
of a primary response, the frequency of naive T cells specific for a given antigen 
is low, which makes competition among responding cells unlikely. However, as the 
responding cells proliferate, competition for sustained T cell receptor stimulation will 
increase, particularly among cells of the same clone, which have the same affinity or 
avidity and occupy the same niche. Knowing that Flt3L−/− mice have severely reduced 
numbers of DCs in their secondary lymphoid organs, and given the importance of 
these cells for the initiation of a proper T cell response, we hypothesized that these 
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mice would have problems in mounting a proper immune response. However, not all 
DC subsets are dependent on Flt3L for their generation (38), and not all DC populations 
in these mice are affected (47), making Flt3L-dependent DCs a very important cell 
type in CIA induction. There are two major pathways of DC development: one 
driven by Flt3L and its receptor, Flt3, acting on monocyte-independent precursors 
(19;26;40). and the other from monocytes independently of the Flt3L/Flt3 system.
(48) Great emphasis has been given to inflammatory DCs arising from monocytes 
through the control of GM-CSF-, inflammation driven monocyte conversion into 
murine splenic DCs (19;20). and DC generation during acute inflammatory arthritis 
and antigen-induced peritonitis (49) have been reported to depend on GM-CSF, 
emphasising the increasing importance of GM-CSF under inflammatory conditions. 
Nevertheless, we show that steady-state Flt3L-dependent DCs play a crucial role in 
the induction of CIA, since Flt3L−/− mice show a dramatic decrease in incidence and 
severity of arthritis. 

Flt3L−/− mice also show a large reduction in NK cell populations. NK cells have been 
described as having both a protective (50) and a pathogenic (51) role in autoimmunity, 
and how they contribute to RA pathology remains to be fully elucidated. Since, in 
Flt3L−/− mice, NK numbers are reduced, we cannot exclude a possible role for these 
cells in CIA. 

B cell-deficient mice are resistant to CIA, indicating that CII-specific antibodies 
are important for disease induction (52). It has been reported that expression of 
the costimulatory proteins, ICOS and CD40 ligand, plays a critical role in promoting 
effective B cell activation and Ig class switching (41). We observed a reduction in the 
total numbers of CD4 and CD8 T cells expressing ICOS in Flt3L−/− mice compared 
with WT animals. In the acute phase of CIA, the amount of IgG2a was significantly 
lower in Flt3L−/− mice compared with WT animals. Switching to the IgG2a isotype is 
strongly associated with a typical Th1 response in mice (53;54). In agreement with 
this notion, we observed reduced levels of the prototypic Th1 cytokine, IFNg, in 
Flt3L−/− mice. Overall, these results strongly suggest a role for Flt3L signalling in the 
development of arthritis.
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Supplementary Methods
Animals
Flt3L-/- mice, maintained on a C57BL/6 background, were a kind gift of Prof. S.E. 
Jacobsen (University of Oxford, Oxford, United Kingdom). They were housed under 
specific pathogen-free conditions at the animal facility of the Academic Medical 
Center/University of Amsterdam (Amsterdam, The Netherlands). Feeding was ad 
libitum. The Institutional Animal Care and Use Committee of the Academic Medical 
Center approved all experiments. 

Induction and assessment of CIA
Mice were immunized as previously described. Briefly, chicken CII (cCII; Sigma 
Chemical Co, St Louis, Missouri) was dissolved in 0.1 M acetic acid to a concentration 
of 2.0 mg/ml by overnight rotation at 4°C and mixed with an equal volume of Freund’s 
complete adjuvant (2.5 mg/ml of Mycobacterium tuberculosis; Chondrex, Redmond, 
Washington, DC). The mice were immunized intradermally at the base of the tail with 
100 μl of emulsion on day 0. The same injection was repeated on day 21. Mice were 
inspected three times a week for signs of arthritis by two independent observers 
who were not aware of the animal’s genetic background. The severity of the arthritis 
was assessed using an established semiquantitative scoring system of 0–4 where 
0=normal, 1=mild swelling, 2=moderate swelling, 3=swelling of all joints and 4=joint 
distortion and/or rigidity and dysfunction.(1) The cumulative score for all four paws of 
each mouse (maximum possible score 16) was used as the arthritis score to represent 
overall disease severity and progression in an animal. For the evaluation of incidence, 
mice were considered to have arthritis if the clinical arthritis score remained stable or 
increased by at least one point for two consecutive days. All animals were sacrificed 
on acute phase, day 43 (experiment 1), or on chronic phase day 60 (experiment 2), of 
the disease. We used the terms acute and chronic in order to discriminate between 
induction (earlier phase- acute) and the effector phases (later phase- chronic) of CIA 
respectively. The onset of CIA usually occurs between days 28 and 35, and resolution 
of the arthritis occurs after several months, when the joints ankylose. The onset of 
arthritis was between days 28 and 33 in 80% of the mice utilized in this study. 

Histological analysis
Two independent observers assessed the tissue for the degree of synovitis and 
cartilage degradation by microscopic evaluation, under blinded conditions, as 
described previously.(2;3) Synovitis and cartilage degradation in the knee joints 
were graded on a scale of 0 (no inflammation) to 3 (severely inflamed joint) based 
on the extent of infiltration by inflammatory cells into the synovium. Sections were 
also stained with safranin O-fast green to determine depletion of proteoglycans. 
Safranin O staining was scored with a semiquantitative scoring system of 0 (no loss 
of proteoglycans) to 3 (complete loss of proteoglycans) in the knee joint.(2) 
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Cell staining and flow cytometry 
Single-cell suspensions were obtained from spleen, inguinal and axilary LNs. Spleen 
erythrocytes were removed. Cells were stained with the indicated fluorochrome-
conjugated antibodies for surface markers and intracellular cytokines. The 
antibodies fluorescein isothiocyanate (FITC)–conjugated anti-CD44, allophycocyanin 
(APC)– conjugated anti-FoxP3, Alexa 700–conjugated anti-CD3; phycoerythrin (PE)–
conjugated anti-CD25, eFluor Alexa780-conjugated anti-CD8, FITC-conjugated 
anti-CD44, PercP Cy5,5-conjugated anti-CD62L, PE–conjugated anti-ICOS, PerCP-
Cy5.5–conjugated anti-B220, FITC–conjugated anti-MHCII, PE-Cy7–conjugated anti-
CD11C, Alexa 700–conjugated anti-CD11b, 488–conjugated IL-17, APC-conjugated 
anti-TNFa, PerCP-Cy5.5–conjugated anti-interferon-g (IFNg) and PE-conjugated 
anti-IL10 were obtained from eBiosciences. PE-Cy7–conjugated anti-CD4, APC-
conjugated anti–IL-2, Alexa 488-conjugated anti–IL-4, and PE-conjugated anti–IL-10 
were from BD Biosciences. FoxP3 intracellular stainings were performed according 
manufacturer’s instructions/recommendations. For assessment of T cell cytokine 
expression, cells were stimulated for 2 hours with phorbol myristate acetate 
(PMA; 10 ng/ml;Sigma-Aldrich ) and ionomycin (1 mM; Sigma-Aldrich). Brefeldin A 
(10 mg/ml; Sigma-Aldrich) was added for the final 4 hours of stimulation, and cells 
were harvested and stained with CD3, CD4 and CD8 antibodies. Cells were then 
fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences) and labeled 
intracellularly with antibodies against the cytokines IL-2, IL-4, TNFa, IFNg, IL-10 and 
IL-17. Cell surface markers and cytokine expression was monitored using Canto flow 
cytometer (BD Biosciences). Doublet discrimination was performed by plotting the 
area (FL-A) of the fluorescence light pulse against the width (FL-W).

Measurement of antigen-specific antibodies and their affinity in serum
A 96-well plate was coated with cCII (5 μg/ml; Chondrex Inc. Redmond, WA) and 
incubated overnight at 4°C. Non-specific binding was blocked with phosphate-
buffered saline containing 1% bovine serum albumin for 1 h at room temperature. 
Serial dilutions of standard antibody solution (mouse anti-type II collagen IgG1 or 
IgG2a both 10 ng/ml, Chondrex) and serum samples were incubated for 1 h at room 
temperature, followed by the addition of horseradish peroxidase-conjugated rat 
anti-mouse IgG1 or IgG2a (BD Biosciences, San Jose, CA). After 1 h of incubation 
at room temperature, tetramethylbenzidine substrate was added and the optical 
density at 450/540 nm was measured using a microplate reader.

T cell proliferation in vitro
CD4 T cells (OT-II T cells) were isolated from pooled LNs and spleen of OT-II mice 
using a CD4+ T cell-positive isolation kit (Dynal, Invitrogen). Purity was determined 
by staining with CD3, CD4, and CD8. Purity was higher than 95%. For CFSE labeling, 
purified OT-II T cells were resuspended in PBS containing 2.5 mM CFSE (Molecular 
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Probes) for 10 min at 37C. Bone marrow DCs (BMDC) were generated based on 
a modified protocol described previously.(4) In brief, 2 × 106 bone marrow cells 
were cultivated for 10 days in RMPI supplemented with 20 ng/ml rmGM-CSF (Fisher 
Scientific), 10% FCS, and 50 μM b-mercaptoethanol; one volume of fresh medium 
was added at day 3, and on days 6 and 9 one volume was replaced by fresh medium. 
Analysis of cells obtained with this procedure revealed that >90% expressed CD11c 
with 50%–60% showing high levels of MHCII. WT or Flt3L-/- BMDC were pulsed for 
2 h at 37°C with 10ug OVA (Sigma). After washing, pulsed BMDCs were cultured 
with CFSE-labeled OT-II T cells in a 1:4 ratio in 200 ul RPMI 1640 supplemented with 
10% FCS, 1 mM sodium pyruvate, 2 mM glutamine, and 50 mM 2-ME. After 3 days 
of culture, T cell proliferation was measured by FACS as a loss of CFSE staining. The 
percentages of dividing OT-II T cells were determined. 
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Supplementary Figure 1. (A) Phenotypic characterization of DC in WT and in Flt3L-/- mice 
in homeostatic conditions. Inguinal and axilary LNs of WT mice (n=5) and Flt3L-/- (n=5) were 
collected and DC subsets were identified by flow cytometry. Flt3L-/- animals show reductions 
in the percentage of CD11c+MHCII+ DC compared with WT animals. (B) Quantification of 
total DC (CD11c+MHCII+), DC myeloid-related (CD11b+CD11c+ DC,) and lymphoid-related DC 
(CD8a+ CD11c+ DC) in Flt3L-/- mice and WT animals. Flt3L-/- animals showed a reduction in 
the percentage of CD11c+MHCII+ DC (p=0.0079) compared with WT animals. The numbers 
of CD11b+CD11c+ DC (p=0.0079), CD8a+CD11c+ DC (p=0.0079), CD8a-CD11c+ DC (p=0.0079) 
were reduced in the LN of Flt3L-/- mice compared with WT mice.
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Supplementary Figure 2. Capacity of WT and Flt3L-/- BMDCs to induce T cell proliferation 
in vitro. T cell proliferation was measured by flow cytometry as a loss of CFSE staining. The 
percentage of proliferating cells is shown. There were no differences in the percentage of 
proliferating T cells between WT and Flt3L-/- BMDCs. A representative plot is shown (n=4).
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Supplementary Figure 3. Serum specific collagen type II (CII) antibodies in WT and Flt3L-/- 

mice during the chronic of CIA as assessed by ELISA. Levels of CII-specific IgG1 and IgG2a 
antibodies. There were no differences in the amount of CII specific IgG1 and IgG2a antibodies 
at day 60.
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Abstract
Rheumatoid arthritis (RA) is chronic autoimmune disease which etiology remains 
unknown. Several cell types have been described to potentiate/aggravate the 
arthritic process however the initiating event in synovial inflammation is still elusive. 
Dendritic cells (DCs) are essential for the initiation of primary immune responses 
and thus we hypothesized that these cells might be crucial for RA induction. DCs 
are a heterogeneous population of cells comprising different subsets with distinct 
phenotype and function. Here we investigated which DC subset(s) is/are crucial for 
the initiation of the arthritic process. We observed that Flt3L-/- mice were susceptible 
to innate K/BxN arthritic model and to arthritic T cell transfer. Batf3-/- mice lacking 
both CD103+ and CD8a+ DCs were resistant to collagen induced arthritis (CIA), 
demonstrating that CD11b+ and monocyte-derived DCs (moDCs) were not sufficient 
to induce CIA. CEP-701 (a Flt3L inhibitor) treatment prevented CIA induction, and 
reduced dramatically CD103+ DCs in the lymph nodes and synovium. Finally, human 
CD141hi DCs, homologues of mouse CD103+ DCs, were present and increased in 
inflamed RA synovium. Hence this study identified non-lymphoid CD103+ DCs as the 
main subset orchestrating the initiation of cell-mediated immunity in arthritis.
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Introduction
Dendritic cells (DCs) are professional antigen-presenting cells that are specialized in 
the uptake of antigens and their transport from peripheral tissues to the lymphoid 
organs. Because of their capacity to stimulate naive T cells, DCs have a central role in 
the initiation of primary immune responses and are considered promising tools and 
targets for immunotherapy. Abnormalities of DC homeostasis have been involved 
in the pathophysiology of various autoimmune diseases, including systemic lupus 
erythematosus and rheumatoid arthritis (RA) (1;2). In RA, these cells infiltrate the site 
of inflammation, the synovium (3;4). DCs can be readily identified and isolated from 
synovial fluid as well as tissue, and account for 5-7% of RA synovial fluid mononuclear 
cells (SFMCs). Synovial DCs show evidence of activation in vivo: upregulation of MHC, 
co-stimulatory molecules, RelB (5), expression of receptor activator of nuclear factor-
κB (RANK) and its ligand (RANKL) (6), and increased production of pro-inflammatory 
cytokines (IL-1, IL-6 and TNF) when stimulated ex-vivo with TLR agonists (7). Several 
studies reported the presence and importance of DCs at the site of inflammation 
in arthritis but it is still unclear if these cells are required for disease induction and 
which DC subset(s) is/are involved in this process. We have recently shown that FMS-
like tyrosine kinase 3 ligand (Flt3L)-signaling plays an important role in the induction 
of arthritis in a mouse model of RA, collagen-induced arthritis (CIA) (8). 

Flt3L and granulocyte macrophage-colony stimulating factor (GM-CSF) 
are important DC growth factors for steady-state (9) and inflammatory (10) DC 
generation, respectively. Distinct DC subsets have been identified based on surface 
marker expression and developmental requirements. Based on the transcriptomic 
(11), functional (12), and developmental (13) studies, mouse LN resident CD11b+ 

DCs, mouse CD207–CD11b+ skin migratory-DCs, human BDCA1/CD1c+ DCs and 
human CD207– CD14+ migratory-DCs can be grouped as CD11b+ DC-like cells. Those 
cells show a CADM1–CLEC9A–SIRPa+CD11chi phenotype and appear dedicated to 
innate responses against extracellular parasites and to the induction of CD4+ T cell 
and humoral immunity. These cells depend both on Flt3L and GM-CSF for their 
generation. Mouse LN resident CD8a+ DCs share a distinct gene signature with human 
CD141hi DCs (14). Both subsets selectively express the membrane markers CADM1 
(15), CLEC9A (16) and XCR1 (17;18) but are negative for SIRPa and require Flt3L for 
their generation. Interestingly, XCL1, the chemokine ligand for XCR1 is selectively 
expressed by both activated NK and CD8+ T cells (19). The specific expression of 
XCR1 on mouse CD8a+ DC and human CD141hi DC likely contributes to their high 
ability for CD8+ T-cell activation. Mouse CD103+ migratory DCs share a number of 
characteristics with CD8a+ DCs, including a dependence on Batf3 (20;21), IRF8 and 
ID2 (22) for their development. Mouse CD8a+ DCs and CD103+ DCs are specialized 
in CD8+ T-cell activation in particular through cross-presentation (23;24) and recent 
reports show that human CD141hi DCs are also capable of cross-presentation (18;25). 
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Here we have sought to clarify the importance of DCs driving RA and which DC 
subset is required for the process. We have identified migratory CD103+ DCs as 
important players in the initiation process in CIA. Specific targeting of these cells 
might be beneficial as therapeutic intervention in RA.

Results
Flt3L-/- mice are susceptive to serum transfer arthritis model
Before addressing the question if DCs are required for CIA induction and which 
DC subset is important for the process we started by excluding the possibility that 
the CIA protection observed in Flt3L-/- mice (8) was due to alterations in the innate 
immune response. For that we used another known mouse model for arthritis, the 
K/BxN serum-induced model of arthritis. Arthritis induced by K/BxN serum transfer 
is MHC independent. Also, T and B cells are not required (26). In this model we 
observed that Flt3L-/- mice showed the same incidence (all animals developed 
arthritis) and increased severity compared to WT mice (Figure 1A, B p=0.004). These 
data indicate that the innate immune response in Flt3L-/- mice is maintained and that 
the protection observed in the CIA model is due to an impairment of the adaptive 
immune response. 

T cell transfer from arthritic mice rescues CIA phenotype in Flt3L-/- mice 
In order to demonstrate that inefficient and/or insufficient T cell activation, due 
to reduced DC numbers, contributed to the CIA protection observed in Flt3L-/- 
mice we performed an rescue experiment by adoptively transferring T cells from 
CD45.1 WT arthritic mice into CD45.2 Flt3L-/- or WT mice. Transferred CD45.1+ T 
cells could be detected in the LNs, blood and spleen of recipient mice (Figure S1). 
In addition, these cells were functional and able to produce cytokines (Figure S1). 
Importantly, Flt3L-/- mice that were adoptively transferred with T cells from arthritic 
mice were able to developed arthritis with incidence and severity comparable to WT 
mice (Figure 1C). These data demonstrates that decreased T cell responses due to 
reduced DC populations contribute for the CIA protection observed in Flt3L-/- mice.

Reduced antigen availability in Flt3L-/- draining LNs upon immunization
CIA can be initiated in mice by intradermal injection of an emulsion consisting of bovine 
or chicken type II collagen in Freund’s complete adjuvant (CFA). A booster injection 
with collagen alone or in combination with CFA, administered intraperitoneally 
or intradermally 21 days later, is usually followed by the development of chronic 
arthritis. Resident skin DCs are reduced in Flt3L-/- mice and specifically CD103+ DCs 
(27) are virtually absent. To understand whether reduced antigen availability in 
the draining LNs underlies the reduced adaptive response in Flt3L-/- mice, WT and 
Flt3L-/- mice were immunized with FITC-labeled OVA. Draining LNs were collected 
and the percentage of DCs within OVA FITC+ cells was examined 36 hours after 
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immunization. We observed a significant reduction in the percentage of FITC+ DCs in 
Flt3L-/- mice compared to WT mice (Figure 2A, p=0.002 upper panel). This effect was 
not caused by a defect in uptake capacity of the migrated DCs, since no difference 
in the mean fluorescence intensity (MFI) of FITC+ DCs was found (Figure 2A middle 
panel). Analysis of OVA-FITC+ DCs revealed a reduction in both CD11b+ and CD103+ 
DC migratory populations in LNs of Flt3L-/- mice (Figure 2A, lower panel p=0.02 and 
p=0.04 respectively). 

Reduced antigen availability in LNs after immunization can result from a reduction 
in DC numbers in the skin or from functional defects of these cells. To examine the 
uptake capacity of Flt3L-/- DCs, bone marrow-derived DCs (BMDCs) were pulsed 
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Figure 1. Contribution of innate and adaptive immune responses in arthritis. (A) Clinical pa-
rameters (severity) of serum transfer arthritis in Flt3L-/- and WT mice (four mice per group). (B) 
Clinical parameters (body weight) of serum transfer arthritis in Flt3L-/- and WT mice (four mice 
per group). Mean ± SEM is shown. *p<0.05. (C) Incidence and severity of CIA in Flt3L-/- and 
WT mice after CD3+ T cell transfer from arthritic mice (five mice per group). See also Figure S1.
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with FITC-labeled OVA at 37ºC (Figure 2B) or at 4ºC (data not shown) and antigen 
uptake was measured by flow cytometry (FACS) at multiple time points. We did not 
find differences in antigen uptake in Flt3L-/- BMDCs compared to WT BMDCs, in 
percentage of uptake (Figure 2B) and in the amount of antigen per cell basis (MFI, 
Figure 2C). 

As previously mentioned, resident skin DCs are reduced in Flt3L-/- mice. However, 
resident skin DCs are not the only cells contributing for the initiation of the immune 
responses in the skin. Circulating monocytes can also play an important role during 
inflammation by differentiating locally into DCs (28) and migrate to the LN carrying 
antigen (29). In the steady-state condition there was an increase in the percentage 
of CD115+CD11b+ monocytes in the blood of Flt3L-/- mice compared to WT mice, 
and no difference in the “inflammatory” Ly6Chi and “patrolling” Ly6Clo monocytes 
frequencies was observed (Figure 2D, p=0.03). Despite a small increase in the 
frequency of circulating monocytes in Flt3L-/- mice no differences in total monocyte 
cell numbers have been reported (30;31). Moreover Flt3L-/- mice do not show 
differences in monocyte-derived DC numbers and function (32).

Flt3L-/- DCs do not display defects in migratory capacity
Next we analyzed whether Flt3L deficiency affects the migratory capacity of skin DCs. 
To test the mobilization capacity of peripheral DCs in vitro, skin explants were floated 
for 48 hours on culture medium alone or supplemented with CCL21, a chemokine 
that regulates cell trafficking. The number of total DCs (CD11c+MHCII+) emigrated into 
the culture medium, with or without CCL21, was reduced in Flt3L-/- mice compared 
to WT mice (Figure 3A). Despite reduced total cell emigration in Flt3L-/- mice we 
observed an increase of migration when the culture medium was supplemented with 
CCL21, indicating that these cells are responsive to chemokines. We also observed 
reductions in the CD103+ and CD11b+ DC populations (Figure 3A). We hypothesize 
that the differences in migration observed between WT and Flt3L-/- mice are due 
to reduction in total DC numbers in the skin of Flt3L-/- mice. In order to study in 
detail the migration process of these cells in vivo we performed a competition assay. 

Figure 2. Reduced antigen availability in the LNs of Flt3L-/- compared to WT mice. (A) Rep-
resentative plot showing the percentage of OVA-FITC+ DCs in the LNs of WT and Flt3L-/- mice 
after OVA-FITC labelled intradermal (i.d) injection (36 hr). DCs were gated as CD11c+MHCII+ 
cells. Quantification of total OVA-FITC+ DCs is shown. Mean fluorescent intensity (MFI) of FITC+ 
DCs from WT and Flt3L-/- mice and quantification of the percentage of migratory CD103+ and 
CD11b+ DC populations from total OVA-FITC+ CD11c+MHCII+ DCs are shown. (B) OVA-FITC 
uptake capacity of BMDCs from WT and Flt3L-/- mice at different time points. (C) MFI quantifi-
cation of WT and Flt3L-/- FITC+ BMDCs at different time points. (D) Representative plot showing 
the percentage of circulating CD11b+CD115+ monocytes and the different monocyte subsets 
Ly6Chi and Ly6Clo. The quantification of circulating monocytes and different monocyte subsets 
is shown. Data represent three independent experiments with four to six mice per group. Mean 
± SEM is shown. *p<0.05.
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Figure 3. Migratory functions are not altered in Flt3L-/- mice compared to WT mice. (A) In vitro 
migratory capacity of skin explant dermal DC populations in Flt3L-/- and WT mice. (B) Migratory 
capacity of WT and Flt3L-/- BMDCs in vivo under inflammatory conditions (using CFA as an 
adjuvant). (C) mRNA expression of CCL19 and CCL21 in skin explants from WT and Flt3L-/- mice. 
(D) CCR7 expression in WT and Flt3L-/- BMDCs with or without TLR stimulation. Data represent 
at least two (D) or three (A-C, E, F) independent experiments with three to four mice per group. 
Mean ± SEM is shown. *p<0.05. See also Table S1.

BMDCs from WT and Flt3L-/- mice were differentiated in vitro with GM-CSF, labeled 
with the fluorescent dyes CSFE (green) or DDAO (far red), respectively, mixed at equal 
numbers and injected into the right footpad of recipient WT or Flt3L-/- mice. In order 
to rule out that the dye-labeling procedure might influence DC migration, DDAO-
labeled WT and CSFE-labeled Flt3L-/- DCs were injected into the left footpad of the 
same recipient mice. As shown in Figure 3B, 36 hours after transfer there was no 
difference in the amount of DCs from WT or Flt3L-/- mice found in the popliteal LNs of 
recipient mice. Importantly, there was also no difference in the migratory capacity of 
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Flt3L-/- BMDCs compared to BMDCs WT when transferred into a WT or Flt3L-/- recipient 
mouse showing that the basal levels of chemokines that regulate cell trafficking 
are not different between Flt3L-/- and WT mice. This observation was confirmed by 
gene expression analysis of CCL21 and CCL19 in skin explants. No difference in the 
expression of these two chemokines were observed in the steady-state between 
Flt3L-/- and WT mice (Figure 3C). An important receptor mediating cell trafficking is 
CCR7. This receptor is involved in steady-state and inflammation-induced LN-bound 
migration of DCs via afferent lymphatics (33). BMDCs from Flt3L-/- mice expressed 
CCR7 and TLR ligands LPS and CpG upregulated its expression in the same manner 
as WT BMDCs (Figure 3D). Collectively we have shown that Flt3L-/- DCs are capable to 
uptake antigen and migrate to the LNs showing no functional impairment comparing 
to WT DCs. Taken together, this data suggests that the reduced antigen availability in 
LNs after immunization resulted from a reduction in DC numbers in the skin. 

Flt3L-/- mice have reduced (in vivo) antigen-specific T cell proliferation 
but no intrinsic defects in antigen presentation
To study the outcome of reduced skin Flt3L-dependent DCs for the initiation of T cell 
responses, we made use of OVA TCR transgenic mice. To address the effect of this DC 
reduction in the initiation of T cell responses CD8+ OVA-specific T cells (OT-I) or CD4+ 
OVA-specific T cells (OT-II) were adoptively transferred into WT or Flt3L-/- mice. After 
24 hours mice were challenged with OVA and CFA intradermally, and 3 days later 
draining LNs were collected and OVA-specific T cell responses were analyzed. We 
observed an almost complete abrogation in the proliferation of OVA-specific CD8+ T 
cells (Figure 5A, 5B p=0.007) in Flt3L-/- mice, while no differences in the percentage 
of proliferating OVA-specific CD4+ T cells (Figure 4A, 4B), were observed. Despite no 
differences in the percentage of proliferating OVA-specific CD4+ T cells there was a 
reduction in the number of divisions each T cell underwent in Flt3L-/- mice compared 
to WT (Figure 4C). The number of divisions each CD8+ T cell underwent was also 
significantly reduced in Flt3L-/- mice (Figure 5C). These data suggest impairment in 
antigen presentation capacity in Flt3L-/- mice compared to WT mice. 

It has been previously shown that migratory DCs transfer antigen to LN-resident 
DCs (34). In order to distinguish the exact contribution of resident versus migratory 
DC subsets, we performed a similar, to the above described, experiment but this time 
challenging the animals with the antigen intraperitoneally. After 3 days we analyzed 
the OVA-specific T cell responses in the spleen. We did not observe differences in 
the percentage of proliferating OT-II cells (Figure 4D, 4E) while OT-I proliferation 
was significantly reduced in Flt3L-/- mice compared to WT mice (Figure 5D, 5E). 
This reduction in T cell proliferation in Flt3L-/- mice compared to WT mice might be 
underestimated (no difference observed in the number of divisions (Figure 5F)) since 
CFSE+ cells in WT animals seem to have proliferated into the CFSE- gate.-The number 
of divisions was reduced in CD4+ T cells (Figure 4F). Next in order to address whether 
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Figure 4. WT and Flt3L-/- DC capacity to induce OVA-specific CD4+ T cell proliferation in vivo 
and in vitro. (A) Representative plot showing in vivo proliferation of CFSE-labeled OVA-specific 
CD4+ T cells in the LNs of i.d. injected mice after 3 days. (B) Percentage of CFSE-labeled OVA-
specific CD4+ T dividing and non-dividing cells in the LNs of i.d. injected mice after 3 days. (C) 
Number of CFSE-labeled OVA-specific CD4+ T cells per division in the LNs of i.d. injected mice 
after 3 days. (D) Representative plot showing in vivo proliferation of CFSE-labeled OVA-specific 
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the differential T cell proliferation capacity in Flt3L-/- mice was not a consequence of an 
intrinsic defect by DCs to present antigen, LPS-activated BMDCs from WT or Flt3L-/- 
mice were cultured with OT-I or OT-II T cells in the presence of OVA. After 3 days 
OVA-specific T cell responses was assessed. WT and Flt3L-/- BMDCs could equally 
induce T cell proliferation (percentage of proliferating cells and number of divisions), 
indicating that Flt3L-/- DCs do not display intrinsic defects on antigen presentation 
capacity (CD4+ T cells: Figure 4H and I; CD8+ T cells: Figure 5H and I). In order to 
identify possible alterations in Flt3L-/- DC function, a qPCR array for 84 known genes 
related with antigen uptake, processing, migration, presentation and cytokine and 
chemokine production was performed in WT and Flt3L-/- BMDCs. We observed that 
Flt3L-/- BMDCs were as responsive as WT BMDCs to LPS or CpG (Table S1). Genes related 
with antigen uptake, processing and presentation were not differentially expressed in 
BMDCs from Flt3L-/- mice compared to WT mice (Figure S1B). In addition, the capacity 
of Flt3L-/- BMDC to produce chemokines (i.e. CCL19, CCL20) and express chemokine 
receptors (i.e. CCR1) with or without TLR stimulation was reduced compared to WT 
BMDC (Table S2). This reduced chemokine/chemokine receptor expression capacity 
might be of importance for the maintenance of the inflammatory process but does not 
account for the observed differences in the induction phase of CIA. 

Overall T cell responses are diminished in Flt3L-/- mice, in particular CD8+ T cell 
proliferation is severely impaired due to reduced skin CD103+ DCs.

Batf3-/- mice are protected from CIA
In order to clarify the importance of CD103+ DCs for CIA induction we made use of 
Batf3-/- mice. Mice lacking the transcription factor Batf3 have a defect in the development 
of CD8a+ cDCs within lymphoid tissues and CD103+CD11b− DCs in the lung, intestine, 
mesenteric LNs, dermis, and skin-draining LNs (21). Due to the absence of CD8a+ and 
CD103+CD11b− DCs these mice show impaired CD8+ T cell responses (20). We observed 
that these mice were protected from CIA induction (Figure 6A p=0.02). Histologically 
Batf3-/- mice showed a trend for reduced synovial infiltration (Figure 6B p=0.053) and 
reduced cartilage damage (Figure 6B p=0.03) compared to WT animals. LN analysis at 
the acute stage of the disease, day 43, showed a reduction in the amount of TNF- and 

CD4+ T cells in the LNs of intraperitoneally (i.p) injected mice after 3 days. (E) Percentage of 
CFSE-labeled OVA-specific CD4+ T dividing and non-dividing cells in the LNs of i.p. injected 
mice after 3 days. (F) Number of CFSE-labeled OVA-specific CD4+ T cells per division in the 
LNs of i.p. injected mice after 3 days. (G) Representative plot showing in vitro proliferation of 
CFSE-labeled OVA-specific CD4+ T cells after 3 days co-culture with WT or Flt3L-/- BMDCs. (H) 
Percentage of CFSE-labeled OVA-specific CD4+ T dividing and non-dividing cells in vitro after 
3 days co-culture with WT or Flt3L-/- BMDCs. (I) Number of CFSE-labeled OVA-specific CD4+ T 
cells per division after 3 days co-culture with WT or Flt3L-/- BMDCs. Data represent two inde-
pendent experiments with five mice per group. Mean ± SEM is shown. *p<0.05; **p<0.01.See 
also Table S1 and Table S2
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Figure 5. WT and Flt3L-/- DC capacity to induce OVA-specific CD8+ T cell proliferation in vivo 
and in vitro. (A) Representative plot showing in vivo proliferation of CFSE-labeled OVA-specific 
CD8+ T cells in the LNs of i.d. injected mice after 3 days. (B) Percentage of CFSE-labeled OVA-
specific CD8+ T cells dividing and non-dividing cells in the LNs of i.d injected mice after 3 days.
(C) Number of CFSE-labeled OVA-specific CD8+ T cells per division in the LNs of i.d. injected 
mice after 3 days. (D) Representative plot showing in vivo proliferation of CFSE-labeled OVA-
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IFNg-producing CD8+ T cells in Batf3-/- mice compared to WT mice (Figure 7A). There 
was no difference in CD4+ T cell cytokine production (Figure 7A) and no difference in 
the amount of FoxP3+ regulatory T cells (Figure S2) in the LNs of Batf3-/- compared to WT 
mice. We observed a trend towards lower total B cell numbers in Batf3-/- mice compared 
to WT (Figure 7B). Importantly a reduction of germinal center B cells (Figure 7C p=0.01) 
in the LN of Batf3-/- mice was observed. In line with this, CII-specific antibody responses 
in Batf3-/- mice were also reduced compared to WT mice (Figure 7D, p=0.04). In addition, 
synovial CD103+ DCs were specifically reduced/absent in Batf3-/- mice compared to WT 
mice (Figure 7E, p=0.01). Recruitment of neutrophils to inflamed joints is a marker of 
synovial inflammation (35). We observed a reduction of neutrophil infiltration in the 
synovium of Flt3L-/- and Batf3-/- mice compared to arthritic WT mice (Figure S2, p=0.01). 
We also observed the reappearance of CD8a+ and CD103+ DCs in the LNs of Batf3-/- 
mice by the end of the experiment (day 43) (Figure S3).

Batf3-/- mice, lacking CD103+ DCs were protected from CIA, showing reduced T 
cell activation and antibody production. CD103+ DCs are necessary for the initiation 
of cellular and humoral responses in CIA.

CD103+ and CD8a+ DC depletion by Flt3 inhibitor CEP-701 protects 
mice from CIA
Flt3 inhibitors are being currently used in the clinic for the treatment of acute myeloid 
leukemia (AML) and are tolerated and safe (36). CEP-701 (also known as lestaurtinib) 
is an orally available known inhibitor of Flt3 and is being investigated in clinical trials 
for patients with AML with Flt3-activating mutations (37). This compound has been 
previously used in an EAE mouse model where it showed clinical efficacy by inducing 
apoptosis of DCs (38). We have used this compound in the CIA model in order to 
access the therapeutic potential of the Flt3 inhibitor CEP-701 in preventing CIA 
development. CIA was induced in DBA1 mice and before showing clinical signs of 
disease mice were treated with CEP-701. We observed that CEP701-treated mice did 
not develop CIA over time (Figure 8A, p=0.02). Next we studied in more detail which 
DC subsets were targeted by CEP-701. We observed that both non-lymphoid migratory 
CD103+ and LN resident CD8a+ DCs were severely reduced in CEP-701-treated mice 

specific CD8+ T cells in the LNs of i.p. injected mice after 3 days. (E) Percentage of CFSE-
labeled OVA-specific CD8+ T dividing and non-dividing cells in the LNs of i.p. injected mice 
after 3 days. (F) Number of CFSE-labeled OVA-specific CD8+ T cells per division in the LNs of 
i.p. injected mice after 3 days. (G) Representative plot showing in vitro proliferation of CFSE-
labeled OVA-specific CD8+ T cells after 3 day co-culture with WT or Flt3L-/- BMDCs. (H) Percent-
age of CFSE-labeled OVA-specific CD4+ T dividing and non-dividing cells in vitro after 3 day 
co-culture with WT or Flt3L-/- BMDCs. (I) Number of CFSE-labeled OVA-specific CD8+ T cells 
per division after a 3 day co-culture with WT or Flt3L-/- BMDCs. Data represent two independ-
ent experiments with five mice per group. Mean ± SEM is shown. *p<0.05; **p<0.01 See also 
Table S1 and Table S2
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Figure 6. Batf3-/- mice are protected from CIA. Clinical responses at the acute phase of the 
disease. (A) Incidence and severity of CIA in WT, Flt3L-/- and Batf3-/- mice. (B) Histological 
analysis of the knee of WT, Batf3-/- and Flt3L-/- mice at day 43.
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Figure 7. Batf3-/- mice are protected from CIA. Cellular responses at the acute phase of the 
disease. (A) CD4+ and CD8+ T cell cytokine production in the LNs of WT, Batf3-/- and Flt3L-/- 
mice. (B) Total B cell numbers in the LNs of WT, Batf3-/- and Flt3L-/- mice. (C) Total germinal 
center B cells in the LNs of WT, Batf3-/- and Flt3L-/- mice. (D) CII-specific antibody responses in 
the serum of WT, Batf3-/- and Flt3L-/- mice. Data obtained at day 43 after first immunization, WT 
and Flt3L-/- eight mice per group, Batf3-/- seven mice per group. Mean ± SEM is shown. *p<0.05. 
(E) Representative plot showing synovial DCs. Quantification of the percentage of CD11b+ and 
CD103+ synovial DCs is shown (WT and Flt3L-/- eight mice per group, Batf3-/- seven mice per 
group). See also Figure S2, S3

compared to vehicle-treated (control) mice (Figure 8B, p=0.003). This reduction was 
not only confined to the LNs but also at the site of inflammation, the synovium. Two 
different DC populations were present in arthritic synovium of vehicle-treated mice 
based on the expression of CD103 and CD11b phenotypical markers. Interestingly, 
CEP-701 treatment led to dramatic and specific reduction in synovial CD103+ DCs 
compared to vehicle-treated mice (Figure 8C, p=0.01) while the CD11b+ DC subset 
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Figure 8. Flt3 inhibitor CEP-701 treatment reduces CD103+ DCs in LNs and synovium of 
arthritic mice. (A) CIA incidence after CEP-701 treatment (i.p injections every 12h for 15 days) 
in mice treated before the onset of disease. (B) Representative plot showing CD103+, CD11b+ 
and CD8a+ DC populations in axilary and inguinal LNs of CEP-701-treated mice. Quantifica-
tion of the different LN DCs is shown. (C) Representative plot showing CD103+, CD11b+ and 
CD8a+ DC populations in the synovium of CEP-701-treated mice. Quantification of the different 
synovial DCs is shown. (D) Representative plot showing CD45+, CD3+ T cells in the synovium 
of CEP-701-treated mice. Quantification of synovial CD3+ T cells is shown. (E) Correlation of 
the percentage of synovial CD3+ T cells with disease severity. Data obtained at day 43 after 
first immunization, treated group eleven mice per group, non-treated group thirteen mice per 
group. Mean ± SEM is shown. *p<0.05.
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remained unchanged. Flt3 signaling inhibition using CEP-701 directly affects antigen-
presenting cells and can have subsequent indirect effects on T cell activation by 
modulating DC numbers and subsets (38). Indeed, a significant reduction in the 
percentage of synovial CD3+ T cells was observed in CEP-701-treated mice compared 
to vehicle-treated mice (Figure 8D, p=0.01). Importantly, the number of synovial T 
cells were correlated with disease severity (Figure 8E, p=0.0034; r2=0.32). Collectively 
this data shows that using CEP-701 prevents CIA induction by reducing dramatically 
the numbers of CD103+ DCs.

CD141hi DC are increased in RA synovial fluid mononuclear cells 
It was recently shown that human tissues contain CD141hi cross-presenting DCs with 
functional homology to mouse CD103+ DCs (39). Since we have shown that in the 
mouse CD103+ DCs have a crucial role in the development of CIA we questioned 
if these cells are present at the site of inflammation in humans. In order to identify 
the presence of CD141hiCLEC9A+ DC cells in RA patients paired peripheral blood 
mononuclear cells (PBMC) and synovial fluid (SF)MC samples were compared to 
PBMC from healthy individuals. As previously observed for CD103+ DCs in the mouse, 
CD141hiCLEC9A+ DCs were present and enriched at the site of inflammation in human 
RA (Figure 9A), suggesting that these cells might play an important role for disease 
development and/or maintenance.A
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Figure 9. CD141hiCLEC9A+ DCs are present and increased at the site of inflammation in arthritic 
patients. (A) Representative plot showing CD141hiCLEC9A+ DCs in PBMC and SFMC from a RA 
patient and PBMC from a healthy individual. A representative plot from five donors is shown. 
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Discussion
Although DCs in arthritis are the object of longstanding and considerable research, 

studies on DCs as inducers of autoimmunity are more recent and less numerous 

(reviewed in (40)). Here we emphasized the role of DC cells driving arthritis and 

identified which subset is required for that process. We have recently shown that CIA 

in Flt3L-deficient mice is impaired with a marked decrease in incidence and clinical 

arthritis scores compared to WT littermates (8). Here we started by demonstrating 

that arthritic models that do not require DCs for disease induction, namely the K/BxN 

serum transfer model, can still be elicited in Flt3L-/- mice. The K/BxN serum transfer 

model has been particularly valuable in eliciting mechanisms by which autoantibodies 

induce joint-specific inflammation. Recent studies suggest the crucial involvement of 

the innate immune system in the development of serum-induced arthritis. Complement 

components, Fc receptors and neutrophils are indispensable for disease induction 

(41). Using this model we observed a similar incidence and increased severity of the 

disease in Flt3L-/- mice compared to WT, indicating that the CIA protection observed 

in Flt3L-/- mice is due to alterations in adaptive immune responses.

T cells are important for the initiation and persistence of CIA. Since in Flt3L-/- mice 

the magnitude and quality of T cell responses was reduced upon CIA induction we 

hypothesized that adoptive transfer of activated CD3+ T cells from WT arthritic mice 

into Flt3L-/- recipient mice would rescue CIA induction. Indeed, it was possible to 

rescue the CIA induction in WT and Flt3L-/- mice by transferring T cells from arthritic 

WT mice. These findings indicate that DC-induced T cell expansion and activation 

is crucial for CIA development since restoring T cell function could rescue the CIA 

phenotype in Flt3L-/- mice where DC numbers are severely reduced leading to 

decreased T cell response. Collectively we have shown that DCs are fundamental 

for the T and B cell activation in CIA. However we observed that the incidence 

and severity of disease was in general very low. This might be explained by the 

fact that DCs play several roles in immune activation and not only are important as 

antigen-presenting cells (42) but also produce several pro-inflammatory mediators 

such as cytokines and chemokines that shape the immune response (43;44). From 

our data we conclude that both T cell activation and cytokine production by DCs 

play an important role in the initiation of CIA. The danger signals that activate 

DCs in autoimmune responses are still unclear. Recent evidence indicates that DCs 

numbers should be tightly regulated in order to prevent autoimmunity. Constitutive 

genetic depletion of DCs have been shown to induce spontaneous development of 

autoimmunity characterized by autoantibodies against nuclear and tissue-specific 

antigens, multi-organ lymphocyte infiltration, and severe tissue damage (45). 

Therefore, DCs are thought to be necessary for the establishment and maintenance 

of immunological self-tolerance (46). In contrast, DCs also seem to be powerful 

inducers of autoimmunity. Mice with an accumulation of DCs as a result of a DC 
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specific defect in apoptosis also develop chronic lymphocyte activation and lupus-
like systemic autoimmunity (47). Several experimental models of autoimmunity have 
demonstrated that DCs accumulate in the secondary lymphoid organs and in the 
tissues targeted by the autoimmune process (48-51), although the mechanism for this 
accumulation remains elusive. 

DCs are a heterogeneous population of cells that can broadly be divided in the 
skin as migratory CD11b+ DCs, CD103+ DCs and Langerhans cells, and in the lymph 
nodes (LNs) as lymphoid-related CD8a+ and CD8a- and myeloid CD11b+ DCs. In 
this study we have demonstrated that absence of CD103+ DCs in Flt3L-/-, Batf3-/- and 
CEP-701-treated mice led to CIA protection with reduced proliferating T cells in LNs 
and at the site of inflammation (synovium) and reduced B cell activation. Importantly, 
T cell responses in Flt3L-/- mice were reduced in vivo, and in particular CD8+ T cell 
proliferation was dramatically diminished after intradermal administration of antigen. 
These data support the importance of migratory non-lymphoid CD103+ DCs in the 
initiation of CD8+ T cell responses (52). Nevertheless, we cannot fully exclude a role 
for resident lymphoid DCs in this response. In this respect, it has been previously 
reported that migratory DCs cooperate with resident DCs for T cell priming in the 
LNs (34). This is particularly important given that relatively robust T cell responses 
were observed with small numbers of skin emigrant DCs, especially in Flt3L-/- mice. 
This inter-DC antigen transfer functions to increase presentation across a larger 
network of lymphoid-resident DCs for efficient T cell activation and together with 
intact mo-DC function might be the reason why antigen-specific T cell responses in 
Flt3L-/- mice are not completely abrogated.

It is well recognized that CD103+ DCs have an important role in cross-presenting 
soluble, cell-associated antigens (39) and necrotic antigens (53;54) for generating 
CD8+ cytotoxic T cells (24). Although the pathogenesis of CIA is not fully understood, 
evidence supports a central role for T cells in the initiation and persistence of the 
chronic autoimmune response. It has been reported that Batf3−/− mice have a 
constitutive absence of CD103+ dermal DCs (55). The resistance of Flt3L−/− mice 
to CIA is comparable to that of Batf3−/− mice suggesting that CD103+ DCs present 
in the dermis and cutaneous lymph nodes are the main initiators of the arthritic 
process in this model. Collectively, these data suggest that CD141+ DCs are likely 
to be of profound importance in the arthritic process and that monocyte-derived 
DCs and GM-CSF-derived DCs appear not to be sufficient for CIA induction. The 
identification of CD103+ DCs as main orchestrators of CIA also delineates points of 
potential environmental impact specifically in the arthritis induction phase. CD103+ 
DCs appear to be functionally specialized. CD103+ cDCs cross-present extracellular 
antigens to CD8+ T cell in the skin (56), and in the lung they are required for optimal 
influenza virus responses (57). These results are quite important since CD103+ DCs 
comprise a small fraction of the DCs in the dermis and in the lung, suggesting that 
despite being a small population CD103+ DCs play a unique role in tissue immunity.
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The requirement for batf3 during CD8a+ and CD103+ DCs development have 
been show to vary in mice on different backgrounds. Notably, the depletion of 
CD8a+ and CD103+ DCs is not irreversible in Batf3-/- mice and can be regenerated 
upon microbial stimulus or IL-12 administration (58). These IL-12-DCs generated in 
Batf3-/- mice are as efficient as WT DCs in initiating responses in antigen-specific 
CD8+ T cells on a cell to cell basis. This “de novo-generation” in Batf3-/- mice was 
elegantly shown to be dependent on the transcription factor IRF8 via a leucin Zipper 
DNA domain shared among Batf3 and Batf (59). In line with these observations, 
we also observed a reappearance of CD8a+ and CD103+ DCs in the LNs of Batf3-

/- at the end of the experiment (day 43). The reappearance of CD8a+ and CD103+ 

DCs in CIA could not compensate for the lack of these cells during the initiation 
of arthritis. Since Batf3-/- mice showed protection from CIA compared to WT mice 
these data support the notion that CD8a+ and CD103+ DCs are indeed required for 
CIA induction.

In order to assess the therapeutic effect of targeting Flt3L-dependent DCs 
we made use of a Flt3 inhibitor (CEP-701) that was previously reported to induce 
apoptosis of DCs in vivo (38). Here we showed that CEP-701 administration before 
clinical signs of disease prevented CIA induction by targeting non-lymphoid 
CD103+ and lymphoid CD8a+ DCs. The present study is the first that identifies 
the presence of migratory CD11b+ and CD103+ DC populations at the site of 
inflammation in CIA, the synovium. Specifically, a reduction in the percentage of 
migratory CD103+ DCs and in the percentage of T cells present in the synovium was 
observed in mice treated with CEP-701. Importantly, the reduction of local effector 
T cells correlated with CIA disease severity. Since CEP-701 specifically targeted 
CD103+ and CD8a+ DCs and proved to be beneficial in preventing CIA induction 
we reason that using this compound might be a good therapeutic strategy in 
individuals at risk to develop arthritis. A DC-targeted therapeutic approach may be 
valuable since it avoids the requirement for knowing the autoantigen(s) involved. 
T cell- or antigen-specific therapies are often unsuccessful due to the diversity 
of T cell responses and the degenerate nature of peptide recognition, attributed 
to epitope spreading (60). The use of DC inhibitors could be useful in blocking 
epitope spreading in the chronic setting. For CEP-701 to be potentially used in 
human arthritis we investigated if the subsets targeted by this compound in the 
mouse were also present in the human disease. As shown for the CIA mouse model, 
here we reported for the first time that CD141hiCLEC9A+ DCs, human homologues 
of CD103+ DCs (61), are present and increased at the site of inflammation in human 
RA suggesting that these cells might play a role in initiation/maintenance of the 
inflammatory process.

This study demonstrates that CD103+ DCs present Ag in the context of murine 
inflammatory arthritis and that development of autoreactivity in this model is crucially 
dependent on their presence. Collectively we have shown that DCs play a crucial 
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role in the initiation of CIA, and that non-lymphoid CD103+ DCs are necessary for 
disease induction. CD103+ DC induced CD8+ T cell cytokine production and/or B cell 
antibody production are of importance for the break of tolerance in CIA. CD103+ 
DCs homologues in humans, CD141hiCLEC9A+, are present and increased at the site 
of inflammation in human disease. Further studies in humans are required in order 
to elucidate the specific role of this DC subset driving autoimmunity. Targeting this 
DC subset might be of interest and valuable in individuals at risk of developing 
autoimmune disorders.

Experimental Procedures
Mice
Flt3L-/- mice, maintained on a C57BL/6 background, were a kind gift of Prof. S.E. 
Jacobsen (University of Oxford, Oxford, United Kingdom). Mice were crossed with 
WT C57BL/6 animals and 8-10 week old littermates were used for experiments. 
Batf3-/- mice were purchased from Jackson Laboratories. 8–10 weeks old male 
and female mice were used for the experiments. DBA1 mice were purchased from 
Charles River Laboratories. 10 weeks old mice were used for the experiments. The 
Institutional Animal Care and Use Committee of the Academic Medical Center 
approved all experiments.

Induction of arthritis by K/BxN serum transfer
Arthritis was induced in 8-10-week-old Flt3L-/- and WT littermates by i.p. injection of 
pooled K/B×N sera (150 µl) on day 0. Clinical disease was scored daily for 15 days (62).

Induction, assessment of CIA and T cell transfer
8 WT mice kept in a CD45.1/CD45.2 background were immunized as previously 
described (63). All mice were sacrificed on day 43 of the disease. LNs and 
splenocytes were restimulated with 20 mg/ml chicken CII (cCII; Sigma, same used for 
CIA induction) for 4 days to expand the collagen specific T cells. After 4 days total 
CD3+ T cells were isolated by positive selection (Dynal, Invitrogen). 4x106 T cells were 
i.v. transferred into WT or Flt3L-/- mice together with i.p injection cCII. Mice were 
monitored for clinical signs of arthritis every 3 days. 

DC migration in vivo 
For the in vivo experiments 10 mg or 100 mg OVA-FITC labeled (Invitrogen) was 
injected in the base of the tail on the right and left sides of WT and Flt3L-/- mice and 
LNs were collected after 36 hours. FITC+ cells were quantified using the following 
markers: anti-CD11c (Pe-Cy7 eBioscience), anti-MHCII (APC-Cy7, Biolegend), anti-
CD11b (Alexa700, eBioscience) and anti-CD103 (Percp-Cy5.5, Biolegend). Flow 
cytometry was performed using a FACS CANTO (Becton Dickinson) and analyzed 
with flow cytometry Analysis software (Tree Star). 
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BMDC uptake in vitro
For the in vitro uptake experiments BMDCs were generated based on a modified 
protocol described previously (64). BMDCs were pulsed with OVA-FITC (Invitrogen) 
for different time points and uptake was measured by flow cytometry. 

DC migration in vitro 
As described before (65) ears were split into dorsal and ventral halves and floated 
split side down in 1 ml medium containing RPMI, 10% FCS, 50 μM b-mercaptoethanol 
and with or without CCL21 for 48 hours. Emigrated non-adherent cells were stained 
with anti-CD11c (Pe-Cy7 eBioscience), anti-MHCII (APC-Cy7, Biolegend), anti-CD11b 
(Alexa700, eBioscience) and anti-CD103 (Percp-Cy5.5, Biolegend) to determine the 
number and different subsets of emigrated DC from the skin to the culture medium. 

Competitive migration in vivo
BMDCs from WT and Flt3L-/- mice were generated according to the protocol described 
above. BMDCs (106 cells/ml) were labeled with the following fluorescent dyes: CFSE 
(2.5 mM; Molecular Probes) or with DDAO (2.5 mM; Molecular Probes) for 7 min at 
37°C. A 1:1 ratio was made by mixing 106 CFSE-labeled WT BMDCs and 106 DDAO-
labeled Flt3L-/- BMDCs and vice versa. CFSE and DDAO-labeled DC mixture was 
injected in a volume of 30 ml into the footpad of WT or Flt3L-/- recipients. After 36 
hours LNs were collected and both DDAO+ and CFSE+ populations were quantified.

Capacity of WT and Flt3L-/- BMDCs to induce proliferation of OT-I and 
OT-II cells in vivo and in vitro
OT-I and OT-II T cells were isolated from pooled LNs and spleen of OT-I or OT-II 
mice kept on a Rag-22/2 3 B6 (CD45.1) background using a CD8+ and CD4+ T cell-
positive isolation kit (Dynal, Invitrogen), respectively. For in vivo studies, 4x106 CFSE-
labeled OT-I and OT-II T cells were adoptively transferred intravenously (i.v.) into 
WT or Flt3L-/- mice. After 24 hours mice were challenged with 10 mg OVA (Sigma) 
intradermally (i.d) or intraperitoneally (i.p). After 3 days T cell proliferation was 
measured by flow cytometry as a loss of CFSE staining. For the in vitro studies, WT 
or Flt3L-/- BMDCs were cultured with CFSE-labeled OT-I and OT-II T cells in a 1:4 ratio 
and in the presence of OVA. After 3 days of culture, T cell proliferation was measured 
by FACS. The percentages and numbers of divisions of OT-I and OT-II T cells that 
have proliferated were determined.

CIA in WT, Flt3L-/- and Batf3-/- animals
Flt3L-/-, WT and Batf3-/- mice were immunized as described above and were inspected 
three times a week for signs of arthritis by two independent observers. All mice were 
sacrificed on day 43 after CIA induction. Blood, LNs and paws were harvested for 
analysis. Single-cell suspensions were obtained and after erythrocyte lysis, cells were 
stained with the indicated fluorochrome-conjugated antibodies for surface markers 
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and intracellular cytokines. LN cells were stained using the following markers: anti-TNF 
(APC, eBioscience), anti-IL-2 (APC, eBioscience), anti-IL-17 (Alexa 488, eBioscience), 
anti-IFNg (PercP Cy5.5, eBioscience), anti-IL10 (PE, eBioscience), anti-GM-CSF (PE, 
eBioscience), anti-B220 (PerCP, eBioscience), anti-CD19 (Alexa 700, eBioscience), anti-
GL7 (biotin, eBioscience), anti-IgD (PE, BD Pharmingen), anti-CD38 (FITC, eBioscience), 
anti-CD95 (APC, eBioscience) and streptavidin (PE-Cy7, eBioscience). Synovial cells 
were isolated and stained using antibodies against CD11c (PE-Cy7, eBioscience), 
MHCII (APC-Cy7, eBioscience), CD11b (Alexa 700) and CD103 (FITC, eBioscience). Cell 
surface markers and cytokine expression were monitored using Canto flow cytometer 
(BD Biosciences). Serum levels of antibodies against chicken collagen type II (cCII) 
were measured by ELISA. Further details are described in supplementary methods.

CEP-701 treatment
Ten-week-old male DBA1 mice (Charles River) were immunized to induce CIA as 
previously described (63;66). Mice were treated intraperitoneously with CEP-701 (20 
mg/kg, LC laboratories) or vehicle solution every 12 hours for 15 consecutive days. 
LNs and paws were collected for further examination. Single-cell suspensions were 
obtained and stained using the following fluorochrome-conjugated antibodies: anti-
CD11c (PE-Cy7, eBioscience), anti-MHCII (APC-Cy7, eBioscience), anti-CD11b (Alexa 
700), anti-CD103 (FITC, eBioscience), anti-CD8 (eFluor780, eBioscience), anti-CD3 
(Alexa 700, eBioscience) and anti-CD45 (PE, eBioscience). Cell surface markers were 
monitored using Canto flow cytometer (BD Biosciences). 

CD141hi analysis in healthy donor PBMC and paired PBMC and SFMC of 
RA patients
PBMCs and SFMCs were isolated by gradient centrifugation with Lymphoprep (Axis-
Shield PoPAS). Cells were frozen in FCS (Invitrogen) containing 10% DMSO (Sigma 
Aldrich) until further experimentation. Flow cytometry analysis of PBMCs and SFMCs 
stained for HLA-DR (APC Cy7, eBioscience), Lineage (FITC, eBioscience), CD141 
(PECY7, Biolegend) and CLEC9A (APC, R&D systems) was performed. 

Statistical analysis
For all experiments, the difference between two groups was calculated with the 
Mann-Whitney U test for unpaired data. If two or more groups were compared, 
Kruskal-Wallis test was used (GraphPad Prism version 5.0; GraphPad, San Diego, 
CA). Differences were considered significant when p < 0.05.
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Supplementary experimental procedures
Measurement of antigen-specific antibodies in serum
A 96-well plate was coated with cCII (5 μg/ml; Chondrex Inc. Redmond, WA) and 
incubated overnight at 4°C. Non-specific binding was blocked with phosphate-
buffered saline containing 1% bovine serum albumin for 1 h at room temperature. 
Serial dilutions of standard antibody solution (mouse anti-type II collagen IgG1 or 
IgG2a both 10 ng/ml, Chondrex) and serum samples were incubated for 1 h at room 
temperature, followed by the addition of horseradish peroxidase-conjugated rat 
anti-mouse IgG1 or IgG2a (BD Biosciences, San Jose,CA). After 1 h of incubation 
at room temperature, tetramethylbenzidine substrate was added and the optical 
density at 450/540 nm was measured using a microplate reader.

Isolation of WT and Flt3L-/- BMDC mRNA and analysis of gene expression 
For analysis of WT and Flt3L-/- BMDCs gene expression, total RNA (miRNeasy RNA 
isolation kit, Qiagen) was isolated from BMDC unstimulated or stimulated with LPS 
(1 mg/ml, Invitrogen) or CPG1886 (10 mg/ml, Invivogen) for 4 hr. 500 ng of total 
RNA was reverse-transcribed using SuperScript™ II RT (Invitrogen). The expression 
of 84 genes involved in DC function was analyzed by quantitative (q)PCR. Briefly, 
diluted cDNA was mixed thoroughly with RT2 SybrGreen Rox qPCR Master Mix 
(SABiosciences) and 25 μl of the experimental cocktail was added to each well of 
the PCR array. After PCR amplification, threshold values were manually equalized 
for all samples and the threshold cycle (Ct) determined for each well. Relative gene 
expression was calculated for each gene using StepOne Software v2.1 (Applied 
Biosystems) and Microsoft Excel spreadsheet software (Microsoft, Redmond, WA), 
and expressed as the ratio between the gene of interest and housekeeping set of 
genes. qPCR reactions were performed on a StepOne Plus Real-Time PCR System 
(Applied Biosystems) using an RT2 Profiler™ PCR Array set (SABiosciences) according 
to the manufacturer’s instructions.
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Supplementary Figures
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Figure S1. CD45.1+ T cells from CIA mice were detected in blood, LNs and spleen of WT and 
Flt3L-/- recipients 30 days post-transfer and are able to produce cytokines ex-vivo. (A) Repre-
sentative FACS plot showing total CD45.1+ T cells and CD4+ and CD8+ T cell frequencies in the 
blood of WT and Flt3L-/- recipient mice. (B) Representative FACS plot showing total CD45.1+ 
T  cells and CD4+ and CD8+ T cell frequencies in the LNs of WT and Flt3L-/- recipient mice. 
(C) Representative FACS plot showing total CD45.1+ T cells and CD4+ and CD8+ T cell frequen-
cies in the spleen of WT and Flt3L-/- recipient mice. (D) Representative FACS plot showing IL-17, 
TNF, IL-10, IFNg, IL-4 and IL-2 cytokine production in WT and Flt3L-/- mice. Data obtained at day 
30 after adoptive cell transfer, WT and Flt3L-/- five mice per group.
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Figure S2. Cells in the lymph nodes and at the site of inflammation in CIA in WT, Flt3L-/- and 
Batf3-/- mice. (A) Quantification of total lymph node FoxP3+CD25+cells is shown (WT and Flt3L-/- 
eight mice per group, Batf3-/- seven mice per group). *p<0.05. (B) Representative plot showing 
synovial neutrophils. Quantification of the percentage of synovial neutrophils is shown (WT 
and Flt3L-/- eight mice per group, Batf3-/- seven mice per group). *p<0.05.
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Figure S3. DCs in the lymph nodes of WT, Flt3L-/- and Batf3-/- mice at the acute phase of the 
disease. (A) Quantification of total CD11b+, CD8a+, CD103+ LN DCs cells is shown (WT and 
Flt3L-/- eight mice per group, Batf3-/- seven mice per group). *p<0.05.
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Figure S1.
This supplementary figure relates with Figure 5 from the main figures. T cells were 
transferred from arthritic mice into Flt3L-/- and WT recipient mice and after 30 days 
mice were sacrificed. In order to identify the presence of these cells in the recipient 
mice we stained for CD3+ T cells expressing CD45.1. We could detect the presence 
of these cells in LN, spleen and blood (S1 A, B, C). Not only the cells were presence 
but they were also functional since they could produce cytokines directly ex-vivo 
stained (S1 D).

Figure S2.
This supplementary figure relates with Figure 7 from the main figures. Neutrophil 
infiltration is a good marker for synovial inflammation as described in literature. 
Comparing the frequency of these cells in Flt3L-/-, Batf3-/- and WT mice we are able 
to access the degree for joint inflammation.
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Table S1. Flt3L-/- BMDC are responsive to TLR ligands LPS and CpG 

WT BMDC Flt3L-/- BMDC

Medium vs LPS Medium vs CpG Medium vs LPS Medium vs CpG

Genes
Fold 

regulation Genes
Fold 

regulation Genes
Fold 

regulation Genes
Fold 

regulation

CCL7 2.5 CCL8 4.73 CCL7 3.15 CCL8 3.3

CCL8 3.83 CD40 4.35 CCL8 3.81 CD40 3.28

Cd1d1 3.54 CXCL1 12.4 Cd1d1 3.59 CXCL1 10.27

Cd1d2 7.3 CXCL10 7.71 Cd1d2 5.15 CXCL10 6.13

CD40 8.76 CXCL2 3.06 CD40 6.55 CXCL2 2.46

CD44 2.47 FCAR1 2.59 CD44 2.58 FCAR1 2.51

CD80 3.72 IFNa 2.87 CD80 3.49 IFNa 2.9

CD86 2.65 IL10 22.36 CD86 2.49 IL10 9.05

Cdkn1a 2.29 IL12a 6.48 Cdkn1a 2.17 IL12a 4.42

CXCL1 16.72 IL12b 108.98 CXCL1 28.67 IL12b 66.93

CXCL10 8.02 IL2 7.56 CXCL10 7.33 IL2 10.9

CXCL2 4.29 IL6 58.51 CXCL2 5.41 IL6 43.15

FCAR1 2.33 IRF7 3.73 FCAR1 2.22 IRF7 3.28

ICAM1 2.38 TNF 5.7 ICAM1 2.37 TNF 6.8

IFNa 14.8   IFNa 12.96  

IL10 254.77   IL10 112.07  

IL12a 26.73   IL12a 28.38  

IL12b 194.14   IL12b 126.78  

IL2 17.75   IL2 24.17  

IL6 99.67   IL6 92.37  

IRF7 6.42   IRF7 4.38  

NFKb1 2.56   NFKb1 2.07  

Stat3 2.48   Stat3 2.58  

Tapbp 2.02   Tapbp 2.06  

TLR1 2.64   TLR1 2.71  

TNF 5.3   TNF 7.91

Table showing genes more than 2-fold upregulated in TLR-treated BMDC compared to unstimulated 
BMDCs. Data represent 2 pooled mice per condition.

Supplementary Figures
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Table S2. No intrinsic defects in uptake, migration and presentation capacity of Flt3L-/- BMDCs 
compared to WT BMDCs

Flt3L-/- BMDC vs WT BMDC

Unstimulated LPS CpG

Genes Fold regulation Genes Fold regulation Genes Fold regulation

Ccl11 -5.40 CCL19 -20.67 Ccl11 -3.49

CCL19 -3.15 CCL20 -2.68 CCL19 -12.04

CCL20 -21.24 CXCL12 -14.00 CCL20 -5.09

CD2 -5.52 CXCR1 -2.31 CD2 -2.96

CD8a -3.16 FLT3L -602.56 CD40LA -2.90

CLEC4B2 -2.25 TNFSF11 -4.30 CD8a -2.50

CSF2 -75.43 FCER1A 3.12 CLEC4B2 -2.26

CXCL1 -2.86 IL16 2.08 CSF2 -37.71

CXCL12 -10.51 CXCL1 -2.83

CXCR1 -2.35 CXCL12 -7.94

ERBB2 -4.27 CXCR1 -2.19

FLT3 -2.30 ERBB2 -2.31

FLT3L -402.73 FLT3L -357.31

RAG1 -11.07 RAG1 -22.26

TNFSF11 -38.22 TNFSF11 -24.88

MGDC -2.4537 MGDC -5.03

FCER1A 2.54 FCER1A 2.31

IL10 2.36

Table showing genes more than 2-fold upregulated (dark grey) or downregulated (light grey) between 
unstimulated Flt3L-/- and WT BMDCs and TLR-treated Flt3L-/- and WT BMDCs. 
Data represent 2 pooled mice per condition.

Table S1.
This supplementary table relates with Figure 2 and 3 from the main figures. In this 
experiment we wanted to study if Flt3L-/- BMDC were as responsive to TLR ligands 
LPS and CpG as WT BMDC. This table shows genes more than 2-fold upregulated in 
TLR-treated BMDC compared to unstimulated BMDCs. Data represent 2 pulled mice 
per condition

Table S2
This supplementary table relates with Figure 2 and 3 from the main figures. In this 
experiment we addressed if Flt3L-/- BMDCs had intrinsic defects in uptake, migration 
and presentation capacity compared to WT BMDCs. This table shows genes 
more than 2-fold upregulated (dark grey) or downregulated (light grey) between 
unstimulated Flt3L-/- and WT BMDCs and TLR-treated Flt3L-/- and WT BMDCs. Data 
represent 2 pulled mice per condition.
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Abstract
Dendritic cells (DCs) connect the innate immune system sensing the environment 
that leads to initiation of adaptive immune responses. It has been suggested that 
distinct subsets of DCs have intrinsic differences leading to functional specialisation 
in the initiation and/or maintenance of immunity. Understanding how different 
DC subsets can contribute to the inflammatory process, especially in chronic 
autoimmune diseases remains elusive. In this study we have identified CD141+ DCs 
at the site of inflammation in arthritis and demonstrated that this DC subset is one 
of the major producers of IL-29. We have also shown a novel mechanism by which 
IL-29 (produced by CD141+ DCs) induces CXCL10 expression in T cells and thus might 
contribute to the perpetuation of inflammation. Importantly, CXCL10 induction was 
JAK1/2-dependent. Understanding how this novel mechanism can influence the 
inflammatory process may result in new therapeutic strategies for the treatment of 
inflammatory arthritis.
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Introduction
Dendritic cells (DCs) are a heterogeneous population of antigen-presenting cells 
(APCs), crucial for the initiation and regulation of adaptive immunity, but also for the 
maintenance of both central and peripheral tolerance. DCs have been implicated 
in the initiation and maintenance of chronic autoimmune diseases through the 
break of self-tolerance and subsequent emergence of self-reactive lymphocytes. 
Clinical and experimental evidence indicates that prolonged presentation of self-
antigens by DC is crucial for the development of destructive autoimmune diseases, 
and defects in tolerogenic DC functions contribute to loss of self-tolerance (1). 
Aberrant accumulation of DCs in tissue, but not of T cells or B cells, has been shown 
to be sufficient to induce symptoms of autoimmunity including the production of 
antinuclear antibodies (2). 

The characterization and function of human DC subsets has been hampered by 
their low numbers, the lack of distinctive markers, and limited access to human tissue. 
However in recent years DC populations have been characterized in more detail. 
Human blood harbors 3 populations of DCs, plasmacytoid DCs (BDCA-4) and two 
subsets of CD11c+ myeloid DCs: a major CD1c+ (BDCA-1) population and a discrete 
CD141+ (BDCA-3) subset (3;4). Several DC subsets have also been identified in human 
skin: dermal CD1a+ DCs and CD14+ DCs and epidermal Langerhans cells (LCs) (5;6). 

The tissue environment in which DCs reside has a profound impact on their 
phenotypic and functional properties. DCs seed non-lymphoid tissues and are primarily 
localized within epithelia, such as LCs in the epidermis (7). By virtue of their location, 
migratory DCs play a central role in the induction of immunity (8;9) and tolerance (10;11). 
Upon activation these cells undergo phenotypic changes that allow them to migrate 
from their site of residence to the T-cell areas in the lymph nodes (LNs) (12). The factors 
that mediate trafficking from the periphery to lymphoid organs are well-defined (13;14). 
However, remarkably little is known regarding the distribution, phenotype, maturation 
status, and functional profile of migratory DC populations in inflamed tissues and 
in particular in chronic autoimmune diseases. DCs were shown to be present in the 
inflamed synovial compartment from arthritis patients and inflammatory tumor ascites 
(15-17). We have previously demonstrated that non-lymphoid CD103+ DCs, mouse 
homologues of human CD141+ DCs (18), play a crucial role in arthritis induction in a 
mouse model for RA (M.I. Ramos et al., manuscript submitted). 

In this study we aimed to characterize the CD141+ DC subset and the nature of 
its in situ functional profile at the site of inflammation in patients with arthritis and to 
understand whether this subset might contribute to ongoing synovial inflammation. 
CD141+ DCs have been found in peripheral blood (4), among resident DCs of LN, 
tonsil, spleen and bone marrow (19-22) and non-lymphoid tissues, skin, lung and 
liver (18). CD141+ DCs have an enhanced ability to take up dead or necrotic antigens 
via CLEC9A, sense nucleic acids with TLR3 and TLR8 and cross-present antigen 
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to CD8+ T-cell clones (23;24). In vitro experiments have also revealed that CD141+ 
DCs are the major producers of IFNλ1/IL-29 in response to poly IC (25). Increasing 
evidence indicates that IFNλ has a broad spectrum of bioactivity, including anti-virus 
(26), inducing target cell apoptosis (27), modulating CD4+ T-cell function, as well 
as inducing cytokine and chemokine production (28-30). Recently, an IFNλ1/IL-29 
signature in RA serum has been reported (31). Based on these observations, we 
hypothesized that CD141+ DCs and IFNλ1/IL-29 might be involved in the inflammatory 
process in arthritis. Here we showed that TLR3 activation on CD141+ DCs leads to 
IFNλ/IL-29 production that subsequently induces the expression of the CXCL10 
chemokine by T cells. This mechanism might be a novel pathway to sustain synovial 
inflammation in arthritis. 

Results 
CD141+ DCs are present and increased in arthritic patients
First we investigated whether CD141+ DCs are present in various compartments in 
inflammatory arthritis patients. CD141+ DCs were identified in peripheral blood and 
synovial fluid (SF) of RA and psoriatic arthritis (PsA) patients (Figure 1A), synovial 
tissue (ST) (Figure 1B, 1D) and LNs (Figure 1E) of RA patients, and lesional skin of 
psoriasis patients (Figure 1C). Moreover, these cells were specifically increased in SF 
mononuclear cells (SFMCs) compared to paired peripheral blood mononuclear cells 
(PBMCs) (Figure 1A; RA SFMC vs RA PBMC p= 0.0317; PsA SFMC vs PsA PBMC p= 
0.0156). Although rare in human peripheral blood, previous studies have shown that 
CD141+ DCs are found in LNs, tonsil, bone marrow, and spleen where they localize 
in T cell areas (32;33). Here we show that in RA ST (Figure 1D) and LNs (Figure 1E) 
CD141+ DCs are present and in close proximity to CD3+ T cells. CD141+ DCs were 
found in the vicinity of both CD4+ and CD8+ T cells in the ST (Figure S1 A and C, 
respectively) and in LN of RA patients (Figure S1 B and D, respectively). 

IFNλ1\IL-29 is expressed in ST of RA and PsA patients and lesional skin 
of psoriatic patients
In humans, CD141+ DCs have been shown to be the major producers of IFNλ1\IL-29 in 
response to poly IC (25). Here we showed that IFNλ1\IL-29 is expressed at the sites 
of inflammation in RA and PsA (ST) and psoriatic skin, both at the mRNA (Figure 2A) 
and protein level (Figure 2B and 2C). IFNλ1\IL-29 expression (mRNA; Figure 2A) in 
RA and PsA ST was similar as well as IFNλ1\IL-29 protein expression in RA ST, PsA 
ST and psoriatic skin (Figure 2A and B). IFNλs comprise three distinct genes: IFNλ1\
IL-29, IFNλ2\IL28A, and IFNλ3\IL28B. IL-28A and IL-28B proteins are 95% identical 
while IL-29 shares only 80% amino acid identity with IL-28A or IL-28B. In addition to 
IFNλ1\IL-29, we have also identified IFNλ2\IL-28A expression (mRNA) in RA and PsA 
ST. IL-28A mRNA gene expression was significantly higher in PsA ST compared to RA 
ST (Figure S2; p= 0.0140). 
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Figure 1. CD141+CLEC9A+ DCs are present and increased in synovial fluid of arthritic patients 
and are in close proximity with CD3+ T cells. (A) Percentage of CD141+CLEC9A+ DCs in pe-
ripheral blood (PB) from healthy donors (HD) (n=10), RA (n=5) and PsA (n=6) patients and 
synovial fluid (SF) of RA (n=5) and PsA (n=6) patients. CD141+ DCs are present in RA synovial 
tissue (ST) (n=4) (B) and psoriatic lesional skin (n=5) (C). Double immunofluorescence staining 
of RA ST (n=2) (D) and RA lymph nodes (LNs) (n=2) (E) showing CD141+ DCs (red) in the vicinity 
of CD3+ T cells (green). . Each data point represents a single subject. Results presented as 
mean±standard error of the mean. *P<0.05, **P<0.01.
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CD141+ DCs are the major population that expresses IFNλ1\IL-29 in 
inflamed ST and skin
In order to identify which cell type was responsible for the local production of IL-29 
in arthritic patients we performed double immunofluorescence staining for IL-29 in 
combination with cellular markers for macrophages (CD68 and CD163), DCs (CD1c, 
CD304, CD141), endothelial cells (CD31) and fibroblast-like synoviocytes (CD55) in 
RA and PsA STs and in psoriatic lesional skin. In ST and lesional skin IL-29 was mainly 
expressed by CD141+ and CD304+ DCs (Figure 2C), and CD31+ endothelial cells 
(Figure S3).

IL-28RA is highly expressed in PsA synovial tissue
IL-29 signals via a heterodimer cell-surface receptor, which is composed of two 
chains, IFNRa1 (also known as IL-28 Receptor-Alpha) and IL-10R Beta forming the 
IL-28RA (26). In PsA ST IL-28RA expression (mRNA) was significantly higher (p=0.0019) 
compared to RA ST (Figure 3A). 

CD3+ T cells expressing IL-28RA are present in the vicinity of IL-29-
expressing cells
With inflammation, mechanisms for the recruitment of various cell populations are 
activated locally, leading to infiltration of the diseased tissue. The arthritic joint is 
infiltrated with high numbers of T cells, which are mostly, activated memory cells, 
inducing the production of high levels of pro-inflam matory cytokines (34;35). Here 
we show that CD3+ T cells that were purified by FACS sorting from PB and SF of PsA 
and RA patients expressed IL-28RA at a higher level than purified CD3+ T cells from 
HD (Figure 3B). Importantly, CD3+ T cells (that express IL-28RA) were found in RA and 
PsA ST and psoriatic skin in close proximity with IL-29-expressing cells (Figure 3C, D 
and E respectively).

IFNλ1\IL-29-derived from TLR3-triggered CD141+ DCs induces CXCL10 
expression by CD3+ T cells
As CD141+ DCs are the major producers of IL-29 upon TLR3 stimulation (25), we 
tested whether CD141+ DCs from SF could produce this cytokine. We found that 
CD141+ DCs sorted from RA SF did express IL-29 upon Poly IC stimulation (Figure 
4A). Since IL-29 has the capacity to induce ELR-CXC chemokines (30) in PBMCs, 
we investigated whether CD141+ DC-derived supernatants might induce CXCL10 on 
sorted CD3+ T cells. Indeed, supernatants from Poly IC-stimulated CD141+ DC induced 
the expression of CXCL10 by autologous purified CD3+ T cells (Figure 4B). In order to 
investigate whether IL-29 present in the Poly IC-stimulated CD141+ DC supernatants 
was the factor that induced CXCL10, we performed a blocking experiment using anti-
IL-28RA antibodies. Indeed, we observed that blocking the IL-29 receptor on T cells 
led to a 50% reduction of CXCL10 gene expression induced by Poly IC-stimulated 
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Figure 2. IFNλ1\IL-29 is expressed in ST of RA and PsA patients and it is expressed by in 
situ CD141+ DCs. (A) IL-29 mRNA gene expression analysis by quantitative polymerase chain 
reaction (qPCR) in RA (n=9) and PsA (n=9) STs. Results are presented as mean±standard error 
of the mean mRNA expression of IL-29 relative to GAPDH. No significant differences were 
observed. (B) IL-29 expression in RA (n= 4) and PsA ST (n=4) and psoriatic lesional skin: (B) 
protein, (C) mRNA. No significant differences were observed (mRNA). (D) Double immunofluo-
rescence staining of IL-29 (red) and DC subset markers (green) in RA (n=4) and PsA ST (n=4) 
and psoriatic lesional skin (n=4). 
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Figure 3. IL-28RA+ cells are present in ST of RA and PsA patients. CD3+ T cells express IL-28RA 
and are in proximity of IL-29-expressing cells in RA and PsA ST, and psoriatic lesional skin. 
(A) IL-28RA mRNA gene expression analysis by qPCR in RA (n=9) and PsA (n=9) ST. Results 
presented as mean±standard error of the mean mRNA expression of IL-28RA relative to 
GAPDH. In ST, PsA patients express higher levels of IL-28RA compared to RA patients. (B) 
IL-28RA protein expression in sorted CD3+ T cells from HD PB (n=3) and RA (n=3) and PsA PB 
and SF (n=3) by Western blot analysis. Double immunofluorescence staining of IL-29 (red) and 
CD3+ T cells (green) in RA ST (n=4) (C), PsA ST (n=4) (D) and psoriatic lesional skin (n=4) (E). 
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Figure 4. IFNλ1\IL-29 induces CXCL10 expression by CD3+ T cells. (A) IL-29 mRNA gene ex-
pression by sorted RA SF CD141+ DCs (n=3) after poly IC stimulation (100 mg/ml ) for 16h 
(B) CXCL10 mRNA gene expression on sorted RA SF CD3+ T cells (n=3) after 5 h stimulation 
with cell-free supernatants from CD141+ DCs (left unstimulated or stimulated with Poly IC). 
(C) CXCL10 gene expression by sorted RA SF CD3+ T cells after 30 min pre-incubation with 
anti-IL28RA (10 mg/ml) or control IgG (10 mg/ml) followed by 5 h stimulation with cell-free 
supernatants from CD141+ DCs (left unstimulated or stimulated with Poly IC). A representative 
plot is shown (from 3 different donors). (D) CXCL10 mRNA gene expression on sorted CD3+ 
T cells from HD PB (n=5) and skin (n=3), RA PB (n=6) and SF (n=6) and PsA PB (n=4) and SF (n=4) 
after 5 h stimulation with recombinant IL-29 (100 ng/ml), or pre-incubation for 30 min with a 
JAK1/2 inhibitor (ruxolitinib, 10 mM) followed by IL-29 stimulation for 5h. Results presented as 
mean±standard error of the mean mRNA expression of CXCL10 relative to GAPDH. 
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CD141+ DC-derived supernatants suggesting that IL-29-derived from CD141+ DCs 
induced CXCL10 gene expression by CD3+ T cells. 

IL-29-induced CXCL10 expression by CD3+ T cells can be blocked by a 
JAK1/2 inhibitor
We found that recombinant IL-29 induced the expression of CXCL10 (mRNA) 
by sorted CD3+ T cells from HD PB, HD dermis, PsA PB and RA SF (Figure 4D). 
While several growth factor receptors have intrinsic tyrosine kinase activity, most 
STAT-activating cytokine receptors do not. The required tyrosine kinase activity 
is provided by receptor-associated cytoplasmic proteins from the Janus kinase 
(JAK) family (36). Here we demonstrated that IL-29-induced CXCL10 expression by 
CD3+ T cells was decreased after pre-incubation with ruxolitinib, a JAK1/2-specific 
inhibitor (Figure 4C). These data indicate that IL-29-induced CXCL10 in CD3+ T cells 
is JAK1/2-dependent.

JAK/STAT pathway is modulated by IL-29 stimulation
Activation of the JAK/STAT signaling pathway leads to modulation of several genes. 
Therefore, we investigated which genes might be responsive to IL-29 stimulation 
in RA SF CD3+ T cells that are present at the site of inflammation in arthritis. To 
this end we used a PCR array to detect 84 genes that are involved in the JAK/
STAT signaling pathway. We found that the genes encoding CXCL9, ISG15, NOS2 
and OAS1 were more than 2-fold upregulated by IL-29 whereas IL-4, A2M, CCND1, 
CFS1R and HMGA1 expression was more than 2-fold downregulated upon IL-29 
stimulation (Figure 5).
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Figure 5. IL-29 modulates JAK/STAT pathway. (A) mRNA gene expression analysis of 84 genes 
by qPCR in sorted CD3+ T cells from RA SFMC (n=2) after 5 h stimulation with recombinant 
human IL-29 (100 ng/ml). Genes more than 2 fold up or dowregulated are shown. Results are 
presented as mean±standard error of the mean mRNA expression of target gene relative to 
GAPDH. 
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Discussion
DCs are generally thought to drive activation and differentiation of effector T-cells 
in various autoimmune diseases. The functional contribution of specific DC subsets, 
remains however to be elucidated. In this study, we aimed to characterize a specific 
subset of DCs, CD141+DCs, in RA, PsA and psoriasis as prototypic immune-mediated 
inflammatory diseases. Various DC subsets have been reported to be present in the 
arthritic joint and may drive synovial inflammation (16). We have previously shown 
that mice lacking CD103+ DCs, mouse homologue of CD141+ DCs, are protected 
from collagen induced arthritis, indicating a crucial role for this DC subset in arthritis 
induction (M.I. Ramos et al., manuscript submitted). Here we extended previous 
observations and investigated the contribution of this DC subset for the maintenance 
of the inflammatory process in human arthritis. This is the first report showing the 
presence of CD141+ DCs in the synovial compartment in arthritis patients. These 
cells express IFNλ1\IL29 in RA and PsA ST and psoriatic lesional skin and are found 
in close contact with T cells. We observed that IL-28RA+ T cells respond to IL-29 
stimulation by upregulating CXCL10 gene expression and that this effect can be 
blocked by JAK1/2 inhibition. Collectively, these data suggest that CD141+ DCs are 
likely to be of profound importance in the maintenance of autoimmune responses by 
increasing local chemokine production sustaining ongoing inflammation.

We found that CD141+ DCs are enriched in the SF compared to paired PB, suggesting 
that these cells may contribute to the inflammatory arthritic process. The same is true 
for inflamed (lesional) skin in psoriasis patients. CD141+ DCs are characterized by high 
TLR3 expression, production of IL-12p70 and IFNλ, and superior capacity to induce 
Th1 responses when compared with the more commonly studied CD1c+ DC subset 
(23). For the maintenance of antigen-specific immune responses, it appears essential 
that non-resident APCs will be actively recruited to the inflamed tissue. The role of the 
small population of PB DCs and the migratory DCs present at peripheral sites is as yet 
not completely clear, but it is possible that these cells can quickly relocate to sites of 
inflammation (37). The presence of CD141+ DCs in the inflamed synovial compartment 
might reflect migration from circulation/bone marrow or local differentiation. In this 
respect, CD141+ DCs specifically express the chemokine receptor XCR1 (38;39) which 
binds to XCL1 (lymphotactin) (40). Importantly, XCL1 expression is detectable in the 
synovium of RA patients, whereas XCR1 is detected in infiltrating mononuclear cells 
(41) suggesting that CD141+ DCs might infiltrate the synovium via this mechanism. 
With regard to possible local differentiation, recent data from mouse studies indicate 
that in the lung during steady-state conditions Ly-6Chigh monocytes are selectively 
prone to give rise to CD103+ DCs (mouse homologue of human CD141+ DCs) (42). 
However, it has also been suggested that CD103+ DCs in the lung can be derived 
from common DC precursors from the bone marrow (43). Whether this monocyte 
population differentiates into CD103+ DC in inflamed tissues and whether this process 
occurs in humans remains elusive. 
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CD141+ DCs produce high levels of IFNλ (25). Here we show that IL-29/IFNλ1 is 
expressed in RA and PsA ST and psoriatic skin. We have identified CD141+ DCs, 
CD304+ DCs and endothelial cells as the major cell populations that express IL-29/
IFNλ1 at the sites of inflammation. Although it has previously been suggested 
that in RA ST CD68+ macrophages and synovial fibroblasts express IL-29 (44), we 
were unable to confirm this. This discrepancy might be explained by the different 
histological staining methods used: paraffin-embeded (44) versus frozen sections 
(present study). Nevertheless our histological data is also supported by qPCR 
analysis of sorted CD141+ DCs and by previous reports that have identified CD141+ 
DCs as major producers of IL-29 upon TLR3 triggering  (45). Factors released from 
stressed or damaged tissues serve as “danger signals” and these ligands activate the 
innate immune system (46). “Endogenous ligands” are potent activators of the innate 
immune response (47;48), and the TLRs are crucial in this process. In this regard, TLR3 
activation has been shown to aggravate and/or potentiate preexisting inflammation 
associated with the kidney (49), rheumatoid synovium (50), and gastrointestinal tract 
(51). We have also shown that TLR3 triggered RA SF CD141+ DCs are able to induce 
IL-29 mRNA expression. As endogenous TLR3 ligands are present in inflamed joint 
(50), local expression of IL-29 might result from this mechanism.

Following activation of the type III IFN pathway by IL-29 an autocrine signaling 
network mediates the cellular response, primarily through JAK/STAT signaling 
leading to the induction of IFN-dependent gene expression (52). Here we show that 
CD3+ T cells express IL-28RA at the site of inflammation in patients with psoriasis or 
arthritis (skin and synovial compartment, respectively) and that CD3+ T cells are in 
close proximity to IL-29-expressing cells suggesting that T cells might be affected 
by IL-29. In addition, here we demonstrated for the first time that supernatants from 
TLR3-triggered synovial CD141+ DC (that express high levels of IL-29) were able to 
upregulate CXCL10 mRNA expression by CD3+ T cells. This observation was confirmed 
by blocking the IL-29 receptor, IL-28RA, on T cells. We observed a 50% reduction in 
CXCL10 mRNA gene expression on T cells after stimulation with Poly IC-triggered 
CD141+ DC-derived supernatants. Moreover, recombinant IL-29 significantly induced 
CXCL10 expression by T cells. These data suggest that IL-29 might be the DC-derived 
factor present in supernatants from TLR3-triggered CD141+ DCs responsible for 
induction of CXCL10 expression on T cells. In addition, our data indicate that IL-29-
induced CXCL10 is JAK1/2-dependent, since CXCL10 expression was blocked using 
a specific pharmacological JAK1/2 inhibitor (ruxolitinib). Related to this, selective 
inhibition of JAK1 and JAK2 was shown to be efficacious in suppressing clinical signs of 
arthritis in rodent models for RA (53), suggesting that blocking this pathway could be 
beneficial for the treatment of arthritis. Recent studies have demonstrated that serum 
and/or tissue expression of CXCL10 is increased in several autoimmune diseases such 
as RA, and systemic lupus erythematosus (54). Knowing that CXCL10 and CXCR3 have 
important roles in homing to inflamed tissues and in the perpetuation of inflammation 
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(55;56) and bone destruction (57), we have identified a new mechanism by which 
CXCR3+ cells could be recruited and tissue damage could be sustained. In order to 
have a broader view of the molecules that could be induced by IL-29 we stimulated 
sorted RA SF CD3+ T cells with IL-29 and analyzed how this cytokine might modulate 
the JAK/STAT signaling pathway. IL-29 induced upregulation of CXCL9, ISG15, NOS2 
and OAS1 and downregulation of A2M, CCND1, CSFR1, HMGA1 and IL-4. Besides 
CXCL10, we identified the upregulation of other chemotactic molecules CXCL9 
and ISG15, and confirmed the induction of other biologic mediators such as OAS1 
involved in viral responses (58). In agreement with previous reports (28;59), we found 
that IL-29 downregulates Th2 responses (IL-4 expression) supporting the notion that 
IL-29 plays a role in skewing Th1 responses. The regulation of T cell infiltration into the 
synovium is an important aspect of RA progression. Even though it has been reported 
that many chemokines and pro-inflammatory cytokines contribute for the infiltration 
of inflammatory cells (mainly mononuclear cells and T cells) into inflamed joints, and 
therefore, mediate inflammation, the etiology of RA remains unknown. We observed 
that CD3+ T cell stimulation with IL-29 resulted in the modulation of a restricted 
number of genes. These results support the notion that IL-29 effects are slower in 
onset and weaker, but are also more specific and last longer than those of IFNa 
(60-62) indicating its importance in the maintenance of the inflammatory process. 

Taken together, we propose that RNA released from necrotic cells in the arthritic 
joint or lesional skin activates TLR3 on CD141+ DCs, as shown for other cell types 
and DCs in inflammation (63;64), leading to IL-29 production. We have identified 
a novel mechanism in which IL-29 produced by CD141+ DCs might function as a 
potent inducer of CXCL10 and other chemotactic proteins in T cells contributing 
for the perpetuation of the inflammatory response. Targeting CD141+ DC cells, 
IL-29 or JAK1/2 might constitute new therapeutic approaches for the treatment of 
autoimmune diseases such as RA.

Materials and methods
Patients and controls
Patients with RA diagnosed according to the 2010 classification criteria defined 
by the European League Against Rheumatism (EULAR) and American College of 
Rheumatology (ACR) (65), patients with PsA fulfilling the ClASsification of Psoriatic 
ARthritis (CASPAR) criteria for PsA (66) and healthy donors (HD) were included in 
the study. 

Peripheral blood mononuclear cells (PBMCs) and synovial fluid mononuclear cells 
(SFMCs) were isolated by gradient centrifugation with Lymphoprep (Axis-Shield 
PoPAS Dieren, the Netherlands). Cells were frozen in FCS (Invitrogen, Breda, the 
Netherlands) containing 10% DMSO (Sigma Aldrich, Zwijndrecht, the Netherlands) 
until further experimentation. Cell-free SF samples were stored at -80°C. Demographic 
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and clinical characterization of the patients is shown in Supplemental Table 1 (PBMC 
and SFMC analysis). Synovial tissue (ST) specimens were obtained during arthroscopy 
(2.7 mm arthroscope, Storz, Tuttlingen, Germany) under local anaesthesia (67) The 
samples were snap frozen en bloc in Tissue-Tek OCT (Miles Diagnostics, Elkhart, 
IN). The frozen blocks were stored in liquid nitrogen. Cryostat sections (5 μm) were 
mounted on glass slides (Star Frost adhesive slides, Knittelgläser, Braunschweig, 
Germany). The glass slides were sealed and stored at -80°C until immunohistological 
analysis. 4-mm punch biopsies were taken from lesional skin of non-biological 
treated PsA patients, preferentially from non-sun-exposed areas. The skin biopsies 
were randomly coded, snap-frozen in Tissue-Tek OCT (Miles Diagnostics) and stored 
at -80°C until processing. Five-micrometer cryostat sections were cut and mounted 
on glass slides (Star Frost) before being stored at -80°C. Ultrasound-guided inguinal 
lymph node (LN) biopsies were obtained by a radiologist using a 16G core needle 
as previously described (68) from two DMARD and biological naïve RA patients. 
Demographic and clinical characterization of the patients is shown in Supplemental 
Table 2 (immunohistochemical and fluorescence analysis), Supplemental Table 3 
(quantitative PCR analysis) and Supplemental Table 4 (immunohistochemical and 
fluorescence analysis).

All patients gave written informed consent before inclusion in the study, and the 
study was approved by the Local Ethics Committee of the Academic Medical Center, 
University of Amsterdam. 

Immunofluorescence
Frozen ST sections were fixed in acetone, followed by overnight incubation with goat 
polyclonal antibody against human IFNλ1\IL-29 (AF1598, R&D Abingdon, United 
Kingdom) followed by 1 h incubation with the following monoclonal antibodies against 
human CD141 (Miltenyi Biotec, Leiden,the Netherlands), CD1c-FITC conjugated 
(Miltenyi Biotec Bergisch, Gladbach, Germany), CD304-FITC conjugated (Miltenyi 
Biotec), CD3 FITC-conjugated (Becton Dickinson (BD), Breda, the Netherlands), 
CD68-FITC (Dako, Heverlee, the Netherlands ), CD163 Alexa488-conjugated 
(R&D), CD55 FITC-conjugated (BD) or CD31 FITC-conjugated (eBioscience, Vienna, 
Austria). After washing with PBS sections were incubated with rabbit anti-goat Alexa 
594-conjugated followed by rabbit anti-mouse Alexa 488-conjugated secondary 
antibodies. The slides were mounted with Vectashield containing DAPI (Vector 
Laboratories, Burlingame, CA) and analyzed on a Confocal imaging microscope. 

Flow cytometry analysis
Single-cell suspensions obtained from paired PBMC and SFMC and lymph node (LN) 
samples were stained with the indicated fluorochrome-conjugated antibodies for DC 
surface markers. Further details are described in the Supplemental methods. 
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Immunohistochemistry 
Briefly, endogenous peroxidase activity was inhibited in the acetone-fixed sections 
by 0.1% sodium azide and 0.3% hydrogen peroxide in phosphate buffered saline 
(PBS). Sections were stained by using goat monoclonal antibody against human IL-29 
(AF1598; R&D) for 1h. Sections were sequentially incubated with a secondary antibody 
HRP-labelled, followed by HRP detection using AEC kit (Brunschwig, Amsterdam, the 
Netherlands), and haematoxylin (Klinipath, Duiven, the Netherlands) as counterstain. 
Parallel sections were incubated with isotype- and concentration-matched goat IgG 
(R&D) as negative control. 

Quantitative measurement of mRNA expression and stimulation assays
IFNλ receptor (IL-28RA), IFNλ (IL-28 and IL-29) gene expression (mRNA) in synovial 
biopsies from RA and PsA patients was assessed by quantitative PCR (qPCR). CD141+ 
DCs and CD3+ T cells were sorted from RA SF using a FACSAria cell sorter (BD).
The following antibodies were used: BDCA3/CD141 PEcY7 (biolegend, Uithoorn, 
the Netherlands); human lineage cocktail (Lin) A700 (MCA2692A700; AbD Serotec, 
Kidlington, UK), HLA-DR APC Cy7 (BD), CD3 FITC (BD). BDCA3/CD141+ cells were 
Lin+HLADR+. For the stimulation experiments sorted CD3+ T cells (0.15x106) were left 
untreated whereas CD141+ DCs (50x105) were left unstimulated or were stimulated 
for 16 h with Poly IC (100 mg/ml; Sigma Aldrich). Cell-free supernatants were 
collected and cells were lysed for IL-29 expression analysis by quantitative PCR 
(qPCR). Undiluted cell-free supernatants from unstimulated or Poly IC stimulated 
CD141+ DCs were added to CD3+ T cells for 5 h. After 5h CD3+ T cells were lysed 
and CXCL10 expression was analysed by qPCR. In order to investigate whether 
CXCL10 expression was dependent on IL-29 signalling, IL-28RA was blocked by 
anti-IL-28RA blocking antibody (10 mg/ml; Santa Cruz). Briefly, CD3+ T cells were 
pre-incubated with anti-IL-28RA or control IgG (R&D Systems) for 30 min before 
addition of undiluted cell-free supernatants from unstimulated or Poly IC stimulated 
CD141+ DCs. After 5h CD3+ T cells were lysed and CXCL10 expression was analysed 
by qPCR. Sorted CD3+ T cells (0.15x106 cells) from healthy donors and patients 
were stimulated with IL-29 for 5h or pre-incubated for 30 min with JAK1/2 inhibitor, 
ruxolitinib (10 mM, Selleckchem, Huissen, the Netherlands), before IL-29 stimulation 
and analyzed for CXCL10 gene expression by qPCR. At the concentration used both 
JAK1 and JAK2 are inhibited. Further details are described in the supplementary 
methods. Demographic and clinical characterization of the patients is shown in 
Supplemental Table 5.

Cell lysates and Western blot analysis
CD3+, CD4+ and CD8+ T cells (0.3x106 cells) were sorted using a using a FACSAria 
cell sorter (BD). Cells were lysed in a 1x Laemmli’s buffer and total cell lysates 
were heated for 10 minutes at 90°C and then loaded on 4-12% gradient Bis-Tris 
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SDS NuPAGE® gels (Invitrogen, Breda, the Netherlands). After electrophoresis, 
proteins were transferred to PVDF membranes (Bio-Rad Laboratories, Veenendaal, 
the Netherlands) using a semi-dry transfer apparatus (Invitrogen). Membranes were 
washed in Tris-buffered saline (TBS) (pH 8.0) containing 0.05% Tween-20 (Bio-Rad) 
(TBS/T), blocked in TBS/T containing 2% milk (Bio-Rad) and incubated overnight at 
4°C with mouse anti-human IL-28RA (IgG2a, MHLICR2a; Biolegend, London, United 
Kingdom) primary antibodies diluted in TBS/T. Following washing, membranes were 
incubated in TBS/T containing secondary Ab, developed with SuperSignal West 
Femto chemiluminescent substrate (Thermo Scientific, Rockford, IL) and visualized 
using the luminescent image analyser ImageQuant LAS 4000 mini (GE Healthcare 
Life Sciences, Diegem, Belgium). Demographic and clinical characterization of the 
patients is shown in Supplemental Table 5.

Stimulation with IL-29 and analysis of gene expression 
80 ng of total RNA from sorted RA SF CD3+ T cells unstimulated or stimulated with 
IL-29 for 4h (100 ng/ml, R&D) was isolated (miRNeasy RNA isolation kit, Qiagen) 
RNA was reverse-transcribed using SuperScript™ II RT (Invitrogen). The expression 
of 84 genes involved in JAK/STAT function (JAK/STAT Signaling Pathway Plus PCR 
Array, PAHS-039Y, SABiosciences, Frederick, MD) was analyzed by quantitative (q)
PCR. Briefly, diluted cDNA was mixed thoroughly with RT2 SybrGreen Rox qPCR 
Master Mix (SABiosciences) and 25 μl of the experimental cocktail was added to 
each well of the PCR array. After PCR amplification, threshold values were manually 
equalized for all samples and the threshold cycle (Ct) determined for each well. 
Relative gene expression was calculated for each gene using StepOne Software v2.1 
(Applied Biosystems, Foster City, CA) and Microsoft Excel spreadsheet software 
(Microsoft, Redmond, WA), and expressed as the ratio between the gene of interest 
and housekeeping set of genes. qPCR reactions were performed on a StepOne Plus 
Real-Time PCR System (Applied Biosystems) using an RT2 Profiler™ PCR Array set 
(SABiosciences) according to the manufacturer’s instructions. Demographic and 
clinical characterization of the patients is shown in Supplemental Table 5.

Statistical evaluation
All analyses were performed using Prism software (GraphPad, La Jolla, CA). 
Results were analyzed using the Mann-Whitney U-test. P values less than 0.05 were 
considered statistically significant.
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Supplementary Methods
Immunophenotyping by flow cytometry
PBMCs and SFMCs were isolated as previously described (1). Cells were stained 
with the following anti-human antibodies: HLA-DR APC Cy7 (Becton Dickinson (BD), 
Breda, The Nederlands), Lineage FITC (BD), CD141 PECY7 (Biolegend, Uithoorn, 
The Netherlands) and CLEC9A APC (R&D systems, Abingdon, United Kingdom). 
Cytometry data were acquired with a FACS CANTO (BD). 

Ultrasound-guided inguinal lymph node (LN) biopsies were obtained by a 
radiologist using a 16G core needle as previously described (2), and immediately 
processed for flow cytometry analysis. LN samples were put through a 70 μm cell 
strainer (BD Falcon) to obtain a single cell suspension. Cells were stained using the 
following directly labeled antibodies: BDCA3 PE Cy7 (Biolegend), Clec9A APC (R&D 
systems), HLA-DR PerCP (BD) and CD45 V500 (BD). Cells were measured on a FACS 
CANTO II (BD Biosciences). All data sets were analyzed with Flow Jo Flow Cytometry 
Analysis software (Tree Star, Ashland, OR). 

Quantitative measurement of mRNA expression
500 ng of total RNA was isolated from synovial tissue biopsy samples using RNA 
Stat-60 (Tel-Test, Friendswood, TX) then treated with DNase I (Invitrogen, Breda, 
The Netherlands)), and reverse transcribed using RevertAid H Minus First-Strand 
cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany). RNA from sorted CD141+ 
DCs and CD3+ T cells was isolated using the RNeasy Kit and RNase-Free DNase 
Set (Qiagen, Venlo, The Netherlands). 50ng of total RNA was reverse-transcribed 
using SuperScript™ II RT (Invitrogen). The RNA concentration was determined with a 
NanoDrop spectrophotometer. Duplicate PCR reactions were performed using SYBR 
green (Applied Biosystems, Foster City, CA) with an ABI Prism® 7000 sequence 
detection system (Applied Biosystems). cDNA was amplified using specific primers: 
RT² qPCR Primer Assay for Human IL-29 (PPH05849A, SABiosciences, Frederick, MD), 
RT² qPCR Primer Assay for Human IL28A (PPH05847A, SABiosciences), RT² qPCR Primer 
Assay for Human IFNLR1/ IL28RA (PPH06227A, SABiosciences) and CXCL10 forward 
TTCAAGGAGTACCTCTCTCTAG, CXCL10 reverse CTGGATTCAGACATCTCTTCTC 
(Invitrogen), GAPDH forward, TTCACCACCATGGAGAAG, GAPHD reverse, 
GGCATGGACTGTGGTCAT.

All PCR data were normalized to the expression of GAPDH, used as an internal 
control. PCR data were obtained as Ct values and the mean of the duplicate Ct values 
of each sample was calculated. Relative levels of gene expression were normalised to 
GAPDH housekeeping gene (HK) using the comparative Ct method.
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Supplementary Figures
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Figure S1. CD141+ DCs are in close proximity with CD4+ T and CD8+ T cells in lymph nodes (LN) 
and ST of RA patients. Double immunofluorescence staining of RA ST (A) and RA LN (B) showing 
CD141+ DCs (green) in the vicinity of CD4+ T cells (red).Double immunofluorescence staining of RA 
ST (C) and RA LN (D) showing CD141+ DCs (green) in the vicinity of CD8+ T cells (red).

Figure S2. IL-28A/IFNλ2 is expressed in ST of RA and PsA patients and increased in PsA ST 
(A) IL-28A mRNA gene expression analysis by qPCR in RA and PsA STs. Results are presented 
as mean ± standard error of the mean mRNA expression of IL-28A relative to GAPDH.

IL-28A/IFN-λλλλ2

RA PsA
0.0

0.5

1.0

1.5

2.0

2.5

R
Q

(2
- ∆

∆
∆

∆
∆

∆
∆

∆
C

t )

*

M.I. Ramos et al., M.I. Ramos et al., M.I. Ramos et al., M.I. Ramos et al., Figure S2Figure S2Figure S2Figure S2

157



H
u

m
a

n
 C

D
14

1+
 D

e
n

D
r

it
iC

 C
e

ll
s 

a
r

e
 p

r
e

se
n

t
 a

t
 t

H
e

 s
it

e
 o

f 
in

fl
a

m
m

a
t

io
n

...

Figure S3. In ST IL-29/IFNλ1 is expressed by CD31+ cells. Double immunofluorescence 
staining of IL-29 (red) and macrophage markers (CD163 and CD68, both green), fibroblast-like 
synoviocyte marker (CD55, green) and endothelial cell/monocyte marker (CD31, green), in RA 
and PsA STs.
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Supplemental Table 1. Characteristics of the paired peripheral blood and synovial fluid from RA, 
PsA and healthy donors. 

RA (n=5) PsA (n=6) HD (n=10)

Age (years) 54 (34-59) 53 (48-62) 30 (26-31)

Female: n (%) 5 (100) 3 (50) 7 (50)

RF positive: n (%) 4 (80) ND ND

RF titer (kU/L) ** 367 (76-993) ND ND

ACPA positive: n (%) 3 (60) ND ND

ACPA titer (kAU/L) ** 670 (106-687) ND ND

Disease duration (months) 80 (15-139) 65 (12-103) ND

VAS GDA (mm) 74 (31-92) 78 (57-84) ND

TJC28 (n) 2 (2-6) 1 (0-1) ND

SJC28 (n) 2 (1-6) 1 (1-1) ND

ESR (mm/Hr) 17 (15-18) 30 (14-32) ND

CRP (mg/L) 46.1 (10.0-72.1) 23.9 (16.9-32.1) ND

DAS28 4.36 (3.45-6.12) 3.49 (2.83-4.40) ND

NSAIDs: n (%) 4 (80) 1 (17) 0 (0)

Corticosteroids: n (%) 3 (60) 0 (0) 0 (0)

Methotrexate: n (%) 3 (60) 4 (67) 0 (0)

Anti-TNF drugs: n (%) 1 (20) 1 (17) 0 (0)

Data presented as median (interquartile range) or number (percentage). RF: rheumatoid factor; ** only 
in positive patients; ACPA: anti-citrullinated protein antibodies; VAS GDA: visual analogue scale (range 
0-100 mm) global disease activity; TJC28: tender joint count of 28 joints; SJC28: swollen joint count 
of 28 joints; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; anti-TNF drugs: anti-tumor 
necrosis factor drugs; ND: not determined. Data presented are from Figure 1A.

Supplementary Tables
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Supplemental Table 2. Characteristics of the synovial tissue from RA and PsA patients.  

RA ST (n=4) PsA (n=5)

Age (years) 45 (40-49) 43 (41-44)

Female: n (%) 2 (50) 2 (40)

Disease duration (months) 180 (48-276) 122 (108-184)

VAS GDA (mm) 64 (18-71) 76 (69-76)

TJC28 (n) 10 (6-10) 6 (4-8)

SJC28 (n) 10 (10-21) 4 (3-5)

ESR (mm/Hr) 7 (5-75) 45 (15-48)

CRP (mg/L) 4.0 (3.0-122.0) 24.3 (24.0-32.3)

DAS28 5.08 (4.27-6.27) 4.86 (4.72-5.59)

NSAIDs: n (%) 2/2 (100) 0 (0)

Corticosteroids: n (%) 0 (0) 0 (0)

Methotrexate: n (%) 3/3 (100) 4 (80)

Anti-TNF drugs: n (%) 0 (0) 2 (40)

Data presented as median (interquartile range) or number (percentage). VAS GDA: visual analogue 
scale (range 0-100 mm) global disease activity; TJC28: tender joint count of 28 joints; SJC28: swollen 
joint count of 28 joints; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; anti-TNF drugs: 
anti-tumor necrosis factor drugs. Data presented are from Figure 1B and C.
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Supplemental Table 3. Characteristics of the synovial biopsies from RA and PsA patients. 

RA (n=9) PsA (n=9)

Age (years) 59 (53-62) 48 (42-58)

Female: n (%) 6 (67) 4 (44)

RF positive: n(%) 6 (67) ND

RF titer (kU/L) ** 80 (75-133) ND

ACPA positive: n (%) 6 (67) ND

ACPA titer (kAU/L) ** 140 (86-2581) ND

Disease duration (months) 120 (53-129) 48 (24-89)

VAS GDA (mm) 63 (28-69) 74 (65-83)

TJC28 (n) 5 (4-10) 7 (2-17)

SJC28 (n) 8 (3-10) 3 (1-14)

ESR (mm/Hr) 22 (16-53) 45 (37-47)

CRP (mg/L) 17.0 (5.9-37.0) 14.0 (5.4-34.0)

DAS28 5.18 (4.51-5.99) 5.63 (4.26-7.26)

NSAIDs: n (%) 3 (33) 4 (50) #

Corticosteroids: n (%) 6 (67) 0 (0)

Methotrexate: n (%) 7 (78) 3 (33)

Other DMARDs: n (%) 1 (11) 1 (9)

Anti-TNF drugs: n (%) 3 (33) 0 (0)

Data presented as median (interquartile range) or number (percentage). RF: rheumatoid factor; ** only 
in positive patients; ACPA: anti-citrullinated protein antibodies; VAS GDA: visual analogue scale (range 
0-100 mm) global disease activity; TJC28: tender joint count of 28 joints; SJC28: swollen joint count 
of 28 joints; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; # only data from 10 patients; 
DMARDs: disease modifying anti-rheumatic drugs; anti-TNF drugs: anti-tumor necrosis factor drugs; 
ND: not determined. Data presented are from Figure 2A.
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Supplemental Table 4. Characteristics of the synovial tissue and/or skin from RA and PsA patients. 

RA ST (n=4) PsA ST (n=4) PsA Skin (n=4)

Age (years) 45 (40-49) 35 (26-47) 49 (45-53)

Female: n (%) 2 (50) 2 (50) 1 (25)

RF positive: n/total (%) 2/3 (67) ND ND

ACPA positive: n/total (%) 2/2 (100) ND ND

Disease duration (months) 180 (48-276) 40 (29-58) 25 (1-98)

VAS GDA (mm) 64 (18-71) 55 (40-68) 67 (63-80)

TJC28 (n) 10 (6-10) 3 (2-5) 5 (2-7)

SJC28 (n) 10 (10-21) 3 (2-4) 6 (4-7)

ESR (mm/Hr) 7 (5-75) 8 (5-38) 20 (12-36)

CRP (mg/L) 4.0 (3.0-122.0) 5.3 (4.0-16.0) 9.4 (4.2-19.9)

DAS28 5.08 (4.27-6.27) 3.59 (3.03-4.62) 4.78 (4.21-5.28)

NSAIDs: n/total (%) 2/2 (100) 0 (0) 0 (0)

Corticosteroids: n (%) 0 (0) 0 (0) 0 (0)

Methotrexate: n/total (%) 3/3 (100) 3/4 (75) 2/4 (50)

Anti-TNF drugs: n (%) 0 (0) 0 (0) 0 (0)

Data presented as median (interquartile range) or number (percentage). RF: rheumatoid factor; ACPA: 
anti-citrullinated protein antibodies; VAS GDA: visual analogue scale (range 0-100 mm) global disease 
activity; TJC28: tender joint count of 28 joints; SJC28: swollen joint count of 28 joints; ESR: erythrocyte 
sedimentation rate; CRP: C-reactive protein; anti-TNF drugs: anti-tumor necrosis factor drugs; ND: not 
determined. Data presented are from Figure 2B and C and from Figure 3C,D and E.
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Supplemental Table 5. Characteristics of the sorted cells from peripheral blood and synovial 
fluid of RA and PsA patients. 

Peripheral blood Synovial fluid

RA (n=6) PsA (n=4) RA (n=6) PsA (n=4)

Age (years) 56 (46-62) 54 (44-59) 41 (31-50) 42 (33-52)

Female: n (%) 3 (50) 2 (50) 2 (33) 1 (25)

RF positive: n (%) 1 (17) ND 3 (50) ND

ACPA positive: n (%) 4 (67) ND 0 (0) ND

Disease duration (months) 30 (13-132) ND 147 (75-208) 103 (78-127)

TJC28 (n) 1 (1-8) ND 3 (1-7) 2 (0-3)

SJC28 (n) 4 (1-6) ND 3 (1-6) 2 (0-3)

ESR (mm/Hr) 15 (11-70) 52# 27 (5-49) 33 (3-63)

CRP (mg/L) 8.2 (4.9-31.1) 17.3# 7.2 (1.2-83.0) 79.6#

NSAIDs: n (%) 0 (0) ND 1 (17) 0 (0)

Corticosteroids: n (%) 3 (50) ND 3 (50) 0 (0)

Methotrexate: n (%) 5 (83) ND 2 (33) 2 (100)

Other DMARDs: n (%) 1 (17) ND 1 (17) 0 (0)

Biologicals: n (%) 1 (17) ND 1 (0) 1 (50)

Data presented as median (interquartile range) or number (percentage). RF: rheumatoid factor; ACPA: 
anti-citrullinated protein antibodies; TJC28: tender joint count of 28 joints; SJC28: swollen joint count 
of 28 joints; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; # only from one patient; 
DMARDs: disease modifying anti-rheumatic drugs; ND: not determined. Data presented are from 
Figures 4 and 5.
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Abstract
Objectives: We investigated the early changes in CLEC9A expression, a C-type 
lectin expressed by a specific subset of dendritic cells (DCs), in three different 
compartments (skin, synovial tissue [ST] and serum) after short term adalimumab 
treatment in psoriatic arthritis (PsA) patients compared to placebo.

Methods: A total of 24 patients with active PsA and psoriasis were randomized to 
receive adalimumab (n=12) or placebo (n=12) for 4 weeks. Synovial and skin biopsies 
were obtained before and after 4 weeks of treatment and serum samples after 4 
and 12 weeks, and one year after treatment. Skin (n=13) and serum (n=10) from 
healthy donors (HDs) were used as control. CLEC9A expression was assessed by 
immunohistochemistry (skin and ST) and by qPCR (ST). To detect CLEC9A associated 
with apoptotic cells, double immunofluorescence using TUNEL assay was performed. 
CLEC9A serum and synovial fluid (SF, n=10) levels were determined by ELISA.

Results: CLEC9A expression was significantly higher in psoriatic skin compared to 
HD. Importantly, in psoriatic skin and PsA ST CLEC9A+ cells were detected in close 
proximity with TUNEL+ cells. In SF, CLEC9A levels were significantly lower compared 
to paired PsA serum. Adalimumab treatment did not affect CLEC9A serum levels 
and skin expression. However, CLEC9A protein expression in ST was significantly 
lower after adalimumab treatment than in the placebo group while CLEC9A gene 
expression remained unchanged. Notably there was a positive correlation between 
T cell numbers and CLEC9A protein expression in ST.

Conclusion: Synovial CLEC9A expression was lower after adalimumab treatment than 
placebo while other compartments, namely serum and skin remained unaffected. 
Targeting CLEC9A might be valuable in reducing synovial inflammation in PsA 
patients by modulating T cell presentation and cross-presentation.
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Introduction
Psoriatic arthritis (PsA) is an inflammatory disease in patients with psoriasis affecting 
the joints and presenting distinct clinical, genetic and immunohistochemical 
characteristics. Major advances in the study of PsA have occurred over the past 
several decades. The composition of the inflammatory infiltrate in the skin and 
synovial tissue has been the subject of multiple detailed investigations. In both 
tissues there is a prominent lymphocytic infiltrate, localized in the dermal papillae in 
skin and in the synovial sublining in the joint (1). Previous evidence suggests that a 
similar infiltrate is found in the inflamed enthesis (2).

There is growing evidence that CD8+ T cells colonize the developing skin lesion 
first, and that lymphocyte specific therapy results in a reduction of CD8+ T cells in 
the epidermis, which correlates with clinical signs of improvement (3-5). Recent work 
showed an increased presence of CD8+ IL-17- and IL-22-producing T cells in lesional 
psoriatic skin implying that these cells play a significant role in the pathogenesis of 
psoriasis (6). A dominant CD8+ T cell population was also found in PsA synovial fluid 
(SF) suggesting that these cells may be driving the immune response in the joint (7). 
This is further corroborated by historical data showing an association of PsA with 
human leucocyte antigen (HLA) class I (8). 

Dendritic cells (DCs) are a crucial link between the adaptive and innate immune 
systems. DCs are vital for the initiation of primary immune responses and the mouse 
CD8a-type DC is particularly efficient at cross-presenting exogenous antigens for 
the activation of CD8+ T lymphocytes (9) . A human DC subset expressing high CD141 
(BDCA3) was recently reported to be the equivalent to the mouse CD8a-type DCs 
(10;11). This finding was confirmed phenotypically and functionally by identifying 
overlapping markers specific for these cell types and conserved across species, in 
particular the endocytic C-type lectin receptor CLEC9A (12;13) and the chemokine 
receptor XCR1 (11;14). We have recently observed that CD141+ DCs are increased in 
the synovial compartment in PsA patients (unpublished observations). CLEC9A is a 
group V C-type lectin-like receptor that functions as an activation receptor and is 
expressed on a specific subset of DCs, CD141+DCs, and small subset of CD14+CD16- 
monocytes (15). CLEC9A has been found to bind to dead cells and also regulates the 
cross-presentation of dead cell-associated antigens in a Syk-dependent manner (16). 
The recognition of damaged cells by CLEC9A in CD141+ DCs has the potential to play 
an important role in exacerbating chronic inflammatory processes.

Tumor necrosis factor (TNF) plays a key pathogenic role in both psoriasis and 
PsA. Increased levels of TNF have been reported in serum, SF, skin and synovial 
tissue (ST) of affected patients (17;18) and blocking this molecule has a beneficial 
effect in this condition (19;20). Adalimumab is a fully human, anti-TNF monoclonal 
antibody that binds both to soluble and cell membrane-bound TNF with high affinity, 
preventing the interaction between TNF and its receptor (21). Clinical improvement 

167



R
e

d
u

c
e

d
 c

Le
c

9A
 e

x
p

R
e

ss
io

n
 i

n
 s

y
n

o
v

iA
L 

t
is

su
e

...

after adalimumab treatment is associated with a reduction of synovial inflammation 
in the joint and skin. Accordingly, there is a decrease in leukocyte numbers (including 
T cells and macrophages), vascularity and expression of proinflammatory cytokines 
and matrix metalloproteinases (MMPs) in the synovium of patients with PsA after 
treatment with the chimeric anti-TNF antibody infliximab (22). The T cell reduction 
observed in PsA patients after adalimumab therapy (23) might be due in part to 
a direct effect on T cell trafficking but also by modulating DCs numbers/function 
resulting in reduced T cell activation/expansion. 

Taking into account that CD8+ T cells play an important role in PsA pathology and 
that CLEC9A is expressed in cross-presenting CD141+ DCs, we aimed to assess whether 
CLEC9A expression might be modulated after successful response to adalimumab 
therapy, studying three different compartments (skin, ST and peripheral blood).

PATIENTS AND METHODS
Patients and controls
Patients with PsA fulfilling the ClASsification of Psoriatic ARthritis (CASPAR) criteria 
for PsA (24) and healthy donors (HD) were included in this study. PsA patients were 
enrolled in a randomized, double-blind, placebo-controlled, single centre study 
performed at the Academic Medical Center of the University of Amsterdam (Current 
Controlled Trials ISRCTN23328456) (23). All patients and controls were included into 
the study after written informed consent was obtained. Demographics and clinical 
features for PsA patients and HDs can be found in Supplementary Table 1, and in 
Supplementary Table 2 for the PsA patients enrolled in the adalimumab study. In 
Supplementary Table 2, the parameter values for serum (samples from all 12 patients 
available), skin and ST differ because skin and/or ST specimens were not available 
anymore from some patients. The 28-joint Disease Activity Score (DAS28) was chosen 
to monitor changes in clinical disease activity after therapy (25). 

Treatment
Patients were randomized to receive subcutaneous injections with either adalimumab 
40 mg or matching placebo at baseline (day 0) and day 15. After the second 
arthroscopy all patients received adalimumab 40 mg every other week.

Skin Biopsies
4-mm punch biopsies were taken from lesional (L) and non-lesional (NL) skin of PsA 
patients, preferentially from non-sun-exposed areas, at baseline and at week 4. The 
first and second biopsies were collected from the same psoriatic plaque, separated 
by at least 1 cm. Normal adult skin was obtained from healthy individuals undergoing 
plastic surgery of the breast or abdomen after informed consent. The skin biopsies 
were randomly coded, snap-frozen in Tissue-Tek OCT compound (Sakura Finetek 
Europe, Zoeterwoude, the Netherlands) by immersion in liquid nitrogen and stored 
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at -80°C until processing. Five-micrometer cryostat sections were cut and mounted 
on glass slides before being stored at -80°C until immunohistochemical staining.

Arthroscopic synovial biopsy sampling
Controls and PsA patients, under local anesthesia, underwent miniarthroscopy of a 
knee joint, wrist, or ankle, as described previously in detail (26;27). The samples were 
snap frozen en bloc in Tissue-Tek OCT (Miles Diagnostics, Elkhart, IN). The frozen 
blocks were stored in liquid nitrogen. Cryostat sections (5 μm) were mounted on 
glass slides (Star Frost adhesive slides, Knittelgläser, Braunschweig, Germany). The 
glass slides were sealed and stored at -80°C until analysis. 

ELISA
Levels of soluble CLEC9A were determined by ELISA (Cusabio Life Sciences, Wuhan, 
China) following the manufacturer’s instructions. Paired serum and synovial fluid (SF) 
from PsA patients not treated with biologicals (n=10) (see supplementary Table 1) 
and healthy donor serum (n=10); and from placebo (n=13) and adalimumab (n=11) 
treated PsA patients were included (see supplementary Table 2).

TUNEL assay and immunofluorescence staining
To detect cell apoptosis, the terminal deoxynucleotidyl-transferase dUTP nick-end 
labeling (TUNEL) assay was performed using a commercial kit (Thermo Scientific, 
Pierce Biotechnology, Rockford, IL) according to the manufacturer’s protocol. Positive 
and negative controls were set up each time. Apoptotic cells were identified by 
positive nuclear staining. After the TUNEL assay was performed immunofluorescence 
was performed using a mouse monoclonal purified antibody against CLEC9A (Clone: 
8F9 from Biolegend Europe b.v., Uithoorn, the Netherlands) on the same sections. 
After washing with PBS/BSA1% sections were incubated with Alexa 594-labeled 
goat anti-mouse antibody (Invitrogen, Bleiswijk, the Netherlands) for 30 min. After 
washing with PBS/BSA1% the slides were mounted with Vectashield containing DAPI 
(Vector Laboratories, Burlingame, CA,) and analyzed on a fluorescence microscope 
(Leica DMRA, Wetzlar, Germany) coupled to a charge-coupled device (CCD) camera.

Immunohistochemistry 
Briefly, endogenous peroxidase activity was inhibited in the acetone-fixed ST and 
skin sections by 0.1% sodium azide and 0.3% hydrogen peroxide in PBS. Sections 
were stained by using mouse monoclonal antibodies against CLEC9A (Clone: 8F9, 
Biolegend). Sections were sequentially incubated with HRP-labelled anti-mouse 
antibody, followed by HRP detection using an AEC kit (Brunschwig, Amsterdam, 
the Netherlands), and haematoxylin (Klinipath, Duiven, the Netherlands) as counter 
stain. Parallel sections were incubated with isotype- and concentration-matched 
monoclonal antibodies as negative controls. All samples were coded and stained 
in a single run to minimize technical biases. Due to the “filamentous” staining 
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pattern, coded sections stained for CLEC9A were analyzed in a random order using 
a 4-point semiquantitative scale, as described previously (28). CD8+ T cell staining 
was performed as previously described (29). For the analysis of the CD8+ T cell count, 
the images of the high-power fields (18 high-power fields from different parts of the 
synovial tissue section were analyzed, e.g. the mean of the 18 high-power fields was 
calculated) were analyzed using the Qwin analysis system (Leica, Cambridge, UK) 
(30). Positive staining was expressed as cell count per mm2. Scoring was carried out 
by two independent observers who were blinded to each patient’s diagnosis and 
clinical data. 

Quantitative measurement of mRNA expression 
Total RNA was isolated from ST biopsy samples using RNA Stat-60 (Tel-Test, 
Friendswood, TX), then treated with DNase I (Invitrogen), and reverse transcribed 
using RevertAid H Minus First-Strand cDNA synthesis kit (Fermentas, St. Leon-
Rot, Germany). 500 ng of total RNA was reverse-transcribed using SuperScript™ 
II RT (Invitrogen). The RNA concentration was determined with a NanoDrop 
spectrophotometer. Duplicate PCR reactions were performed using SYBR green 
(Applied Biosystems, Foster City, CA) with an ABI Prism® 7000 sequence detection 
system (Applied Biosystems). cDNA was amplified using specific primers: CLEC9A 
we used primer mix from Qiagen PPH24284A; XCR1 primer mix from Qiagen 
PPH01042B and GAPDH forward, TTCACCACCATGGAGAAG, GAPHD reverse, 
GGCATGGACTGTGGTCAT.

All PCR data were normalized to the expression of GAPDH, used as an internal 
control. PCR data were obtained as Ct values and the mean of the duplicate Ct values 
of each sample was calculated. Relative levels of gene expression were normalised to 
GAPDH housekeeping gene (HK) using the comparative Ct method.

Statistical evaluation
The expression of CLEC9A in HD serum and PsA paired serum and SF was compared 
using GraphPad Prism Software (V.5, GraphPad Software, La Jolla, CA). Differences 
between groups were analyzed using Kruskall-Wallis test with post-Dunn’s multiple 
comparison tests or non-parametric Mann Whitney U-test where appropriate. 
P values less than 0.05 were considered statistically significant. 

SPSS version 15.0 (SPSS, Chicago, IL) was also used for statistical analysis. 
Correlations of clinical parameters and CLEC9A serum levels, immunohistochemical 
CLEC9A expression and qPCR gene expression at week 4 after adalimumab therapy 
were analyzed with Spearman rank correlation. Additionally, an analysis of covariance 
model (ANCOVA) after rank transformation was used to correct for baseline 
differences (31). The model included expression level at week 4 as dependent 
variable, treatment group as fixed effect and expression at week 0 as covariate. 
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Results
CLEC9A expression is increased in the skin of psoriasis patients 
compared with healthy donors
To investigate CLEC9A expression in skin and potential differences between HD skin 
and psoriasis non-lesional and lesional skin we performed immunohistochemical 
analysis. We found that CLEC9A expression was confined to the dermis and was 
significantly higher in both psoriasis lesional and non-lesional skin compared to HD 
skin (Figure 1 A, p= 0.0021; p= 0.0246; respectively). In addition, the CLEC9A staining 
pattern (cellular indicated by the punctuated arrows and “filamentous” structures 
indicated by the straight arrows) and distribution was similar in psoriasis lesional skin 
and non-lesional skin CLEC9A (Figure 1A, right panel).

CLEC9A binds to dead cells present in the skin 
CLEC9A expressed by CD141+ DCs was recently reported to couple the recognition of 
necrotic cells to the subsequent cross-presentation of dead-cell-associated antigens 
to CD8+ T cells (16). We performed TUNEL assays in combination with CLEC9A 
staining to study whether CLEC9A expression is present in close proximity with dead 
cells in inflamed tissues of psoriasis patients. The TUNEL assay has been designed 
to detect cells that undergo extensive DNA degradation during the late stages of 
apoptosis. We observed that CLEC9A co-localizes with late-stage apoptotic cells 
(Figure 1B), but not with live cells in the skin and ST of psoriasis and PsA patients, 
respectively, suggesting that recognition of dead cells by CLEC9A+ cells might take 
place in the inflamed skin and ST. Using this staining it is not possible to discriminate 
between soluble and membrane bound CLEC9A expression.

Lower CLEC9A protein expression after adalimumab treatment than 
placebo in PsA synovial tissue but not in psoriatic skin 
Next we investigated whether CLEC9A expression in psoriatic skin might be modulated by 
TNF blockade. ANCOVA was applied to correct for baseline imbalances for the placebo 
and adalimumab treated groups. There was no difference in CLEC9A expression in the 
skin between placebo and adalimumab treated group after 4 weeks (Figure 2A; Table 1). 
Skin biopsies from later time points were not available to study whether any changes 
in CLEC9A expression might occur in a later phase after treatment. We observed that 
CLEC9A expression in ST was much lower than in the skin (Figure 2A and 2B). CLEC9A 
expression in PsA ST was significantly lower in the adalimumab treated group compared 
to placebo after 4 weeks (Figure 2B; Table 1), although the change from baseline per se 
did not reach statistical significance (p=0.187), possibly due to the relatively small size of 
the study. We performed qPCR analysis to understand whether differences in CLEC9A 
protein levels could be due to changes in CLEC9A gene expression upon treatment. In 
contrast to reduced CLEC9A protein expression, we found that CLEC9A gene expression 
was not altered after adalimumab treatment (Table 1).
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Figure 1. CLEC9A expression in healthy donor (HD) skin and serum (S) and psoriatic skin, 
synovial tissue (ST) and paired serum (S) and synovial fluid (SF). (A) Representative immuno-
histochemical staining of CLEC9A expression in HD and psoriatic skin (right). Quantification of 
CLEC9A expression in HD and PsA skin (lesional and non-lesional). Each dot represents one 
donor (left). Cellular staining is indicated by the punctuated arrows and “filamentous” structures 
are indicated by the straight arrows. Original magnification 100x. (B) Representative CLEC9A/
TUNEL double immunofluorescence staining in HD and PsA ST and psoriatic skin.Original mag-
nification 250x. (C) CLEC9A quantification in HD serum and paired S and SF of PsA patients.
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Soluble CLEC9A levels in PsA patients are similar to those in HD and 
are not affected by adalimumab therapy 
CLEC9A is present as a cell surface receptor, but can also be found in a soluble 
form. We found that soluble CLEC9A is detectable in serum of HD and PsA at similar 
levels (approximately 1 ng/ml). Remarkably, CLEC9A levels were significantly lower 
in PsA SF compared to paired serum samples (Figure 1C, p=0.0037). To study 
whether adalimumab treatment would affect CLEC9A serum levels we collected 
serum samples at baseline (week 0), week 4, 12 and after 1 year of treatment with 
adalimumab or placebo. In PsA patients, CLEC9A serum levels were not altered after 
adalimumab treatment compared to placebo at any time point studied (Table 1). The 
effect of adalimumab on CLEC9A levels in PsA SF could not be determined as these 
specimens were only available at baseline; synovial fluid cannot be obtained after 
successful treatment.

In PsA synovial tissue CLEC9A expression correlates positively with 
T cell numbers and CLEC9A+ cells are in proximity to CD8+ T cells
Recently, CLEC9A was found to be required for efficient cross-presentation of dead 
cell associated materials (16). To study the link between CLEC9A-expressing cells 
and T cells in PsA ST we investigated whether the expression of these markers 
after 4 weeks of adalimumab treatment are associated with each other. Indeed, we 
observed that CLEC9A expression correlates positively with the number of CD8+ T 
cells and CD4+ T cells (Figure 2C; CD8+ T cells p=0.01, r=0.43; CD4+T cells p=0.003, 
r=0.8) in ST of PsA patients. Importantly, there was no correlation between CD68+ 
macrophages (in the synovial sublining (SL) and intimal lining layer (L)) and CD163+ 
macrophages with CLEC9A expression (Supplementary Figure 1A)). We performed 
immunofluorescence to understand whether CLEC9A and CD8 T cells interact in 
the synovial compartment. We observed that in ST from PsA patients not treated 
with biologicals, CLEC9A+ cells are in close proximity to CD8+ T cells (Figure 2D). 
In addition, in the same PsA ST samples, most of the CD141+ DCs co-expressed 
CLEC9A (Supplementary Figure 1B). 

Discussion
We found that CLEC9A expression is significantly upregulated in psoriatic skin 
and that CLEC9A binds to TUNEL+ dead cells in inflamed psoriatic skin and PsA 
ST. After adalimumab treatment CLEC9A serum levels and expression of CLEC9A in 
skin were not changed compared to placebo. However, we observed that CLEC9A 
protein expression in ST was significantly decreased after adalimumab therapy, 
although CLEC9A gene expression remained unchanged. This reduction in CLEC9A 
protein levels might be the result of posttranslation modifications. Posttranslational 
modifications are important to diversify protein functions and dynamically 
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Table 1. ANCOVA analysis for CLEC9A expression levels after 4 weeks of adalimumab treatement 
comparing placebo versus adalimumab treated and corrected for week 0 after ranking of the data

adalimumab placebo

CLEC9A expression At baseline
Change upon 

treatment At baseline
Change upon 

treatment
Ancova
(P value)

Serum
(ng/ml)

1.052 4 weeks -0.07 1.126 4 weeks -0.03 0.866

12 weeks -0 12 weeks -0.04 0.853

1 year -0.10 1 year -0.18 0.926

Skin (week 4)
(semiquantative 
score 0-4)

Lesional 1.8 -0.1 1.6 -0.1 0.544

Non-lesional 1.4 0.3 1.3 -0.3 0.957

Synovial tissue 
(week 4)

IHC
(semiquantative 
score 0-4)

1.7 -0.5 2.1 -0.1 0.045

qPCR
(RQ2 –DDCT)

1.229 -0.30 0.929 0.22 0.943

A positive or negative value for change represents an increase or decrease in CLEC9A expression 
respectively. After ANCOVA was applied to correct for baseline imbalances, the effect of adalimumab 
versus placebo treatment after 4 weeks was significant only for the reduction in CLEC9A expression in 
ST by IHC (p = 0.045).

coordinate their signaling networks affecting enzymatic activity of kinases (32) and 
protein degradation (33). Importantly, in PsA ST CLEC9A expression was positively 
correlated with the numbers of CD8+ and CD4+ T cells after 4 weeks of adalimumab 
treatment. Moreover, we showed that in ST from PsA patients not treated with 
biologicals CLEC9A+ cells are in close contact with CD8+T cells suggesting a possible 
interaction. CD141+ DCs excel in antigen cross-presentation to CD8+ T cells, but can 
concomitantly present antigen to both CD4+ and CD8+ T lymphocytes, allowing 
optimal delivery of CD4+ T-cell help for CD8+T priming (34). In PsA ST the numbers 
of CD8+T cells and CD4+ T cells were significantly correlated with the expression of 
CLEC9A suggesting that cross-presentation and CD4+ T cell help might occur at the 
site of inflammation. In recent years it has become clear that DCs can in addition 
to being superior antigen-presenting cells for T cell priming also activate innate 
lymphocytes such as natural killer cells (NK) (35). NK cells are activated by IFNa and 
TNF released by DCs upon stimulation of TLRs, usually endogenous TLR3, 7 or 9 
which are activated by viral nucleic acids (36). 

Expression of human CLEC9A in peripheral blood is highly restricted to CD141+ 
DCs and on a small subset of CD14+CD16– monocytes (15). We found that in PsA ST 
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most of the CD141+ DCs express CLEC9A. CLEC9A has been shown to be expressed 
only on immature CD141+ DCs and surface expression is rapidly lost after TLR-
mediated maturation (37). This differential expression of CLEC9A by CD141+ DCs in 
PsA ST might reflect different maturation/activation status as previously reported for 
other DC subsets (38). CLEC9A+CD141- cells in PsA ST might be infiltrating monocytes. 

As mentioned above, CLEC9A was increased in psoriatic skin. As dermal DCs 
are increased in psoriatic lesions (39) it is tempting to speculate that the observed 
increase in CLEC9A expression in the skin of psoriasis patients might be related to 
an increase in DC numbers. CLEC9A has been shown to bind actin filaments that are 
exposed upon loss of membrane integrity, when cells undergo primary or secondary 
necrosis (16;40). In the skin and ST of PsA we observed that CLEC9A+ cells were in 
close proximity with TUNEL+ cells supporting previous observations that CLEC9A is 
a damaged cell-recognition molecule. In addition to the above mentioned function, 
CLEC9A was suggested to induce pro-inflammatory cytokine production and thus 
function as an activation receptor (15) contributing to the inflammatory process. We 
found that in SF of PsA patients soluble CLEC9A is reduced compared to paired 
serum. This reduction of soluble CLEC9A in the synovial compartment might be due 
to binding to dead cells, hijacking this receptor from solution. Indeed here we have 
demonstrated that CLEC9A+ cells recognize dead cells in ST and skin of PsA patients, 
the same phenomena might occur with soluble CLEC9A in PsA SF. 

CLEC9A might be a receptor that allows CD141+ DCs to respond to tissue damage 
signals generated during inflammation in PsA patients. As previously mentioned, 
CLEC9A surface expression is downregulated after TLR-mediated maturation (37). 
As SF DCs have a semi-mature phenotype (41), this might also account for the lower 
CLEC9A expression in PsA SFMCs compared to PBMCs. 

We observed that CLEC9A expression in blood is stable after adalimumab 
treatment. This might perhaps be explained by the very low frequency of CLEC9A 
expressing cells (CD141+ DCs and CD14+CD16– monocytes) in peripheral blood. 
Similarly, we did not observe differences in CLEC9A expression levels in the skin after 
adalimumab therapy compared to placebo. Despite studies in the skin of psoriasis 
patients have shown that TNF blockers can selectively induce apoptosis of dermal DC 
in plaques of responding patients (42;43), this remains controversial(22). Indeed our 
results suggest that adalimumab treatment does not target CD141+ DCs in the skin 
since no change was observed in CLEC9A expression after 4 weeks of adalimumab 
treatment between placebo and treated group. It should be noted however that 
we cannot completely exclude the possibility that the results for the skin were 
influenced by patient selection. The patients were primarily included in the study 
based on arthritis activity rather than activity of the skin lesions, and this may have 
contributed to a relatively low PASI (44) and possibly lower inflammatory infiltrate in 
the skin. Previous work has shown that the severity of arthritis and skin disease often 
do not correlate with each other (45). Further studies on larger groups of patients 
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Figure 2. CLEC9A expression in psoriatic skin (lesional and non-lesional) and ST before and 
after adalimumab treatment. (A) Representative immunohistochemical staining of CLEC9A 
expression in skin of PsA patients before (baseline) and after treatment with adalimumab. 
Original magnification 100x. (B) Representative immunohistochemical staining of CLEC9A ex-
pression in ST of PsA patients before (baseline) and after treatment with adalimumab. Original 
magnification 100x. (C) Correlation between CLEC9A expression and T cells (CD8+ and CD4+ 
T cells). (D) Representative CLEC9A/CD8 double immunofluorescence staining in PsA ST. 
Original magnification 250x.
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with higher PASI are required to confirm our data on the effect of adalimumab on 
CLE9A expression in the skin. 

In contrast to the effects on the skin, we observed a decrease in CLEC9A 
expression in the ST of PsA patients after 4 weeks of treatment with adalimumab 
compared to placebo. This might be due to a reduction of CD141+ DCs or infiltrating 
monocytes. Blocking TNF can have different effects. DC trafficking to draining 
lymph nodes is orchestrated through a complex interplay of pro-inflammatory 
cytokines (TNF, IL-1b, IL-18), chemokine and chemokine receptors (CCL19, CCR2, 
CCR7), leukotrienes, and cell adhesion molecules (e.g. E-cadherin down-regulation) 
(46). The lower TNF availability might lead to a reduction in DC migration to the ST 
after adalimumab which might account for the reported reduction of the CLEC9A 
expression after therapy. It has been suggested in mice that adalimumab binds 
to and has an apoptosis-inducing effect on monocytes in vivo (47). However, our 
previous work suggested that TNF blockade in PsA results in reduced celularity 
which could not be explained by apoptosis induction (19) supporting our hypothesis 
that adalimumab might affect trafficking of CLEC9A+ cells to the inflamed synovium. 

CD141+ DCs expressing CLEC9A are particularly efficient at cross-presenting 
necrotic antigens on MHC class I inducing CD8+ T cell responses (48). Therefore 
CLEC9A might be involved in cross-presentation at the site of inflammation. In 
agreement with this we observed a positive correlation between CLEC9A expression 
and CD8+ T cell numbers in PsA ST. Consistent with this observation CLEC9A+ cells 
were localized in the vicinity of CD8+ T cells in inflammatory infiltrates in PsA ST 
suggesting a possible interaction between these two cell types. Therefore we 
suggest that targeting CLEC9A (blockade of its function) might modulate CD8+ T cell 
responses in PsA ST by reducing cross-presentation. 

Since T cells play such a central role in PsA, it is important to define the DC role 
as these cells may influence activation/expansion of T cell responses. Investigating 
the impact of effective therapies that modulate particular DCs subsets with specific 
pattern recognition receptors, such as CLEC9A might provide a valuable insight into 
how T cell responses are maintained during inflammation and how these responses 
can be dampened. 

Conclusion
We observed that adalimumab therapy in PsA patients leads to a specific significant 
decrease in CLEC9A expression in the ST compared to placebo. Targeting this 
molecule known to be expressed by a specific subset of DCs (CD141+ DCs) and 
monocytes (CD14+CD16–) might be promising in reducing inflammation in PsA 
patients by modulating (cross)presentation and T cell responses.
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Supplementary Figure 1. CLEC9A expression in PsA ST. (A) Correlation between CLEC9A 
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Supplementary Tables

Supplementary Table 1. Demographic and clinical characteristics of the patients with psoriatic 
arthritis 

Serum/ 
Synovial Fluid Skin Synovial tissue

Sex, female/male (n) 5/5 (10) 4/9 (13) 2/3 (5)

Age in years, median (range) 56 (45-80) 46.6 (21-56.8) 43 (37-54)

Currently receiving MTX, n (%) 4 (40) 8 (62) 2 (40)

Duration of PsA in years, median (range) 5.12 (0.4-23.2) 6.6 (0.4-18.2) 10.2 (4.5-19)

DAS28 score, median(range) 4 (2.09-4.82) 5.26 (3-5.97) 4.86 (4.20-5.76)

VAS disease activity, median (range) n.a.* 71 (34-92) 72.50 (50-76)

VAS pain, median(range) n.a.* 76 (41-88) n.a*

CRP (mg/liter), median (range) 17.15 (0.7-174.4) 5.65 (1.7-26.7) 25.6 (1.3-51)

ESR mm/h, median(range) 14 (2-64) 14 (4-66) 45 (8-48)

PASI, median (range) n.a.* 6 (1.5-13.8) 6.2 (0-6.2)

*n.a.: not available; MTX, methotrexate; DAS28, disease activity score of 28 joint; VAS, visual analogue 
scale (100 mm); CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; PASI, psoriasis area 
severity index.
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Abstract
Objective: Understanding the mechanisms regulating osteoclastogenesis in 
rheumatoid arthritis (RA) is fundamental for the prevention and treatment of bone 
loss. Here we studied the role of Fms-like tyrosine kinase 3 ligand (Flt3L) in driving 
osteoclastogenesis in RA patients and in mouse models of RA. 

Methods: Osteoclasts (OCs) were generated from human RA peripheral blood 
mononuclear cells (PBMCs) and cultured for 21 days in the presence of M-CSF (25 
ng/ml), Flt3L (25 ng/ml), RANKL (50 ng/ml), or CEP-701 (1 μM). TRAP and toluidine 
blue stainings were performed to access histological and functional properties 
of OCs. In mice, arthritis was induced in Flt3L-/- and WT littermates by injection of 
pooled K/B×N sera. For the treatment experiment mice were immunized to induce 
collagen-induced arthritis (CIA) and before showing clinical signs of disease they 
were treated with the Flt3L inhibitor CEP-701 or vehicle solution. Histological and 
bone parameters were analyzed for both animal experiments. 

Results: Flt3L induced OC formation in RA PBMCs and this effect was blocked by 
CEP-701 treatment, however in vitro Flt3L-generated OCs did not display resorption 
capacity. CEP-701 treatment of M-CSF-induced OCs resulted in a significant 
reduction of their resorption capacity. Nevertheless no differences in histological 
and bone parameters between Flt3L-/- and WT mice in the K/B×N serum transfer 
model of RA. Despite histological differences in infiltration and cartilage damage 
in the CIA mouse model no differences in bone parameters were observed after 
CEP-701 treatment compared to vehicle-treated groups.

Conclusions: We have demonstrated that Flt3L can induce OC formation in RA 
patients. Importantly, in vitro disruption of FLT3 signaling by CEP-701 led to a 
reduction of OC resorption capacity suggesting that CEP-701 might have a potential 
therapeutic effect in preventing bone loss.
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Introduction
Rheumatoid arthritis (RA) is a chronic, systemic, inflammatory autoimmune disease, 
affecting approximately 0.8 percent of adults worldwide. For many years, few 
treatment options were available for patients with RA, leading to extensive joint 
damage and increased mortality. During the past years, understanding the 
pathophysiology of RA has led to marked improvement in therapy. A common and 
characteristic feature of RA is focal articular bone loss, or erosion, that becomes 
apparent early in the disease (1). Current views of bone damage in RA suggest that 
pro-inflammatory cytokines produced by the inflamed synovium facilitate osteoclast 
(OC) activation and increase bone resorption at specific anatomical sites (2). 

We have previously shown that there is an increase of dendritic cell (DC) numbers 
in RA synovial tissue (ST) and synovial fluid (SF) (3). DCs are heterogeneous and 
several subtypes with distinct features have been identified in lymphoid and non-
lymphoid human and mouse tissues (4). DCs play several roles in autoimmunity, 
from priming of lymphocytes to production of pro-inflammatory mediators (5;6). 
DCs share common progenitors with OCs (7;8) and can dedifferentiate into OCs 
themselves (9); these cells also infiltrate bone adjacent tissues during inflammation, 
where their interactions with T cells constitute a key component of the inflammatory 
infiltrate at active disease sites in human and experimental RA (10). OCs are the 
bone resorbing cells and play an essential role not only in bone development and 
remodeling but also in calcium homeostasis. OCs are considered to be central 
players during inflammation-induced bone loss (11;12).

Fms-like tyrosine kinase 3 (FLT3), a receptor tyrosine kinase with homology to c-Kit 
(the receptor for stem cell factor) and c-fms (the receptor for macrophage-colony 
stimulating factor, M-CSF), has a non-redundant role in steady-state differentiation 
of immature progenitor cells and DCs (13). FLT3+ precursors can differentiate 
sequentially into OCs, DCs, and microglia (8), implying possible involvement of FLT3 
in the development of OCs. In mouse studies it has been shown that Flt3 ligand 
(Flt3L) can induce OC differentiation by substitution for M-CSF, which plays a critical 
role in the formation and function of OCs (14). Supporting this notion, our recent 
data (15) revealed that abrogation of Flt3L signalling lead to reduced bone and 
cartilage destruction in a mouse model of RA. Another report demonstrated that 
FLT3 polymorphisms play a role in determination of bone mass density (BMD) and 
subsequent fractures in postmenopausal women (16). Moreover, we and others have 
shown that Flt3L levels are elevated in RA patients compared to disease controls 
(17;18). The aim of the present study was to investigate the involvement of FLT3/
Flt3L axis in osteoclastogenesis and bone loss. We hypothesised that the DC growth 
factor Flt3L might be directly involved in osteoclastogenesis in RA and that blocking 
this pathway may prevent bone loss in animal models of RA. 
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Material and methods
Patients for osteoclast culture
Early untreated RA patients (fulfilling the 2010 ACR-EULAR classification criteria 
for RA (19;20)) followed up in the Rheumatology Department, Lisbon Academic 
Medical Centre, Portugal were recruited for this study. Patients were submitted to 
a clinical protocol as described for Reuma.pt (21). This study was approved by the 
local ethics committee and all participants gave written informed consent. Patient’s 
management was done in accordance with the standard practice and the study 
was conducted in accordance with the Declaration of Helsinki as amended in Seoul 
(2008). Early RA patients enrolled in the study are characterized in table 1. Serum and 
peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples. 
The collected serum was centrifuged at 300 g, 4°C and immediately frozen at -80°C. 

Peripheral blood mononuclear cell isolation from human donor and 
osteoclast culture
PBMCs were isolated from 30 ml of heparinized blood following density gradient 
centrifugation with Histopaque®-1077 (Sigma-Aldrich, St. Louis, MO). Cellular count 
was performed with Trypan Blue (Sigma-Aldrich, St. Louis, MO). 7 x 105 cells/200 μL in 
96-well plates were seeded on bovine bone slices (Immuno Diagnostic Systems Ltd., 
London, UK). Isolated PBMC were cultured in Dulbecco’s Modified Eagle Medium 

Table 1. Characterization of the RA patients enrolled in the study

  RA patients

Sample size 9

Gender (% women) 100%

Age (years) 50 [31 - 58]

Disease duration (years) 1 [0.6 - 1.3]

ESR (mm/h) 19 [17 - 90]

CRP (mg/dL) 0.3 [0.2 - 2.3]

NSAIDs (% Yes) 33.3 %

DAS28 4.3 [3.8 - 5.4]

Tender joint count 2 [1 - 7]

Swollen joint count 2 [0 - 8]

HAQ 2.0 [1.2 - 2-3]

RF (% Pos) 66.7 %

ACPA (% Pos) 33.3 %

Erosive (% Yes) 44.4 %

ESR, erythrocyte sedimentation rate; CRP, C reactive protein, NSAIDs, non-steroidal anti-inflammatory 
drugs; DAS28, disease activity score; HAQ, health assessment questionnaire; RF, rheumatoid factor; 
ACPA, anti-citrullinated protein antibodies
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(DMEM; Invitrogen, Paisley, UK) supplemented with 50000 units of penicillin/
streptomycin (Invitrogen, Paisley, UK), 2 mM L-Glutamine (Invitrogen, Paisley, UK) and 
10% heat-inactivated fetal bovine serum (FBS, Invitrogen, Paisley, UK). The cultures 
were left overnight at 37°C with 5% CO2 to allow monocytes to adhere. The next day, 
medium was replaced by an equal amount of DMEM as stated above, supplemented 
with sRANKL (50 ng/ml; Peprotech, Rocky Hill, NJ), M-CSF (25  ng/ml; Peprotech, 
Rocky Hill, NJ), Flt3L (25 ng/ml; R&D Systems, Bethesda, MD) and CEP-701 (1 μM; 
Sigma-Aldrich, St. Louis, MO) in different combinations as described below. PBMCs 
were cultured for 21 days in the presence of M-CSF, RANKL, Flt3L and CEP-701 at 
37ºC, 5% CO2 in multi-well culture plates and the media was changed every 3 days. 
OC differentiation was analyzed at day 21 of culture to access cellular dynamics. 
At this time-point cells were stored for gene expression analysis and used in two 
functional assays.

Functional assays: tartrate-resistant acid phosphatase staining and 
resorption assay
Staining for cytoplasmic enzyme tartrate-resistant acid phosphatase (TRAP) was 
performed according to the manufacturer’s instructions with Acid Phosphate, Leukocyte 
Kit (Sigma-Aldrich, St. Louis, MO). The resorptive cell (OC) is rich in TRAP, which, in 
the bone context, is a specific and sensitive OC marker (22). The cells were observed 
under an upright bright field microscope (model DM2500, Leica, Wetzlar, Germany) 
equipped with a color camera (Leica, Wetzlar, Germany). Images were captured with 
10x magnification and all were analyzed with Image J (version 1.47g, Java 1.6.0_20, 
64 bit, NIH, Bethesda, MD). TRAP positive cells with three or more nuclei were count 
as OCs. TRAP positive cells with one or two nuclei were count as pre-OCs.

Bone slices were incubated with 5% sodium hypochlorite (Sigma-Aldrich, St. Louis, 
MO), then stained with 0.1% toluidine blue (Sigma-Aldrich, St. Louis, MO). Toluidine 
blue stains acidic pH structures (in this case the resorption pits) with blue to purple 
color. Slides were washed with H2O and observed under an upright brightfield 
microscope (model DM2500, Leica, Germany) equipped with a color camera (Leica, 
Germany). Images were captured with 10x magnification and all were analyzed with 
Image J (version 1.47g, Java 1.6.0_20, 64 bit, NIH, Bethesda, MD). The resorption pit 
number was counted and resorbed area was measured.

Animals
Male and female Flt3L−/− mice and WT littermates about 8–10 weeks old and 10 week-
old DBA1 males mice (Harlan) were used for the experiments. 

Induction and assessment of K/BxN serum transfer arthritis model and 
CEP-701 treatment
Arthritis was induced in Flt3L-/- and WT littermates (C57/Bl6 background) by i.p. 
injection of pooled K/B×N sera (150 µl) on day 0 (n=4 per group). Animals were 

189



D
e

n
D

r
it

ic
 c

e
ll

 g
r

o
w

t
h

 f
a

c
to

r
 f

lt
3

l 
D

r
iv

e
s 

o
s

t
e

o
c

la
s

to
g

e
n

e
s

is
 in

 r
h

e
u

m
a

to
iD

...
 

monitored for clinical signs of disease daily during 15 days. For CEP-701 treatment, 
DBA1 mice (CEP-701 treated group n=6 and vehicle treated group n=12) were 
immunized to induce CIA as previously described (23;24). Before showing clinical 
signs of arthritis mice were treated intraperitoneally (i.p.) with CEP-701 (20 mg/kg, 
LC laboratories, Woburn, MA) or vehicle solution every 12 hours for 15 consecutive 
days. Animals were monitored for clinical signs of disease daily by two independent 
observers who were not aware of the animal’s treatment group, during the whole 
course of the experiment. The severity of the arthritis was assessed using an 
established semiquantitative scoring system of 0–4 where 0=normal, 1=mild 
swelling, 2=moderate swelling, 3=swelling of all joints and 4=joint distortion and/or 
rigidity and dysfunction (25). The cumulative score for all four paws of each mouse 
(maximum possible score 16) was used as the arthritis score to represent overall 
disease severity and progression in an animal. Paws from both sets of experiments 
were collected for further examination. 

Ex-vivo computed-tomography scans 
Ex vivo scans were performed using Skyscan1172 ex-vivo micro computed-tomography 
(mCT) machine. Source settings were 50kV and 200 mM and a 0.5 mm aluminium filter 
was applied. Flatfield correction was applied before scans were started and used 
was continually used throughout all samples. Pictures were taken with an exposure 
of 590 ms set to a rotation step of 0.6’ and pixel size of 4.9 mm. Frame averaging of 2 
was also used. Samples were submerged in PBS and positioned at a 90’ angle. Total 
scan time for each sample was approximately 18 minutes.

Reconstructions 
Reconstructions were completed using the NRecon software (version: 1.6.9.4). 
Settings for smoothing (2), ring artefact reduction (7) and beam hardening correction 
(40%) were applied. Histogram for image conversion was set from zero to 0.121 
for FLT3 inhibitor (CEP-701) experiment and 0.120 for the K/B×N serum transfer 
experiment. All other settings described were applied to both experiments. 

mCT data analysis 
Reconstructed images were analysed using CT Analyser software (version 1.13.5.1). 
For the general 3D analysis a region of interest (ROI) was specified from the lowest 
point of the tibia (left side) and then extended to include the entire width and length 
of the tarsals. The final ROI size was determined from the smallest available ROI size 
and applied to all others samples. The ROI was maintained at a constant total volume 
throughout. After selection of the ROI, this dataset was loaded for 3D analysis. 
Analysis was performed for bone volume (BV), bone surface (BS), total volume (TV), 
and ratios of bone surface to bone volume (BS/BV) and bone volume to total volume 
(BV/TV). Trabecular analysis was also performed (cortical bone analysis was not 
possible with the samples). Selection of the trabecular analysis ROI was constructed 
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from an anatomical landmark of the tibia whereby 100 images were selected 20 
images above this point. After selection the trabecular bone was manually selected 
for the final ROI. These data were then subjected to trabecular analysis consisting of 
measures for trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular 
separation (Tb.Sp).

Analysis of results
For all experiments, the difference between three or more groups was calculated 
with the Kruskal-Wallis test. For comparison between two groups, the Mann-
Whitney U test for unpaired data was used. All data was analyzed with GraphPad 
Prism (version 5.0; GraphPad, San Diego, CA) and p value under 0.05 was considered 
statistically significant.

Results
Flt3L induces osteoclast formation in RA
In order to access the capacity of Flt3L to promote osteoclastogenesis in RA, PBMCs 
were isolated and incubated with RANKL in the presence of M-CSF or Flt3L or left 
unstimulated. The numbers of OCs were significantly higher in RANKL treated 
monocyte cultures supplemented with M-CSF and Flt3L compared to medium 
control (Figure 1A). OCs were identified as TRAP+ cells with more than three nuclei 
(Figure 1B). Morphologically, there were no differences between M-CSF and Flt3L 
generated OCs (Figure 1B). To evaluate whether the OCs generated with Flt3L 
were functional we assessed the capacity of cells to resorb mineralized bone. We 
observed a lower number of lacunar resorption pits and less resorbed area in Flt3L 
generated OCs compared to M-CSF generated OCs (positive control; Figure 1C). 
Gene expression analysis showed that the resorption inability of Flt3L-generated 
OCs was not due to lack of cathepsin K expression (Supplementary Figure 1A). In 
addition, no differences in ATP6v0d2, TRAF2 and TRAF6 mRNA expression were 
observed between M-CSF- and Flt3L-generated OCs (Supplementary Figure 1B, C 
and D respectively).

CEP-701 treatment blocks Flt3L-induced osteoclastogenesis
CEP-701 is a known inhibitor of FLT3 and is being investigated in clinical trials for 
patients with acute myeloid leukemia (AML) with FLT3-activating mutations (26). 
We used this compound, CEP-701, in our culture system to assess the therapeutic 
potential of this FLT3 signaling inhibitor in preventing Flt3L-dependent osteoclast 
generation. We found that CEP-701 treatment led to fewer OC numbers in cultures 
containing Flt3L compared to cultures with medium alone (Figure 2 A and B). In 
addition, CEP-701 treatment also led to a significant reduction in Flt3L-generated 
pre-OC numbers (Supplementary Figure 2A). Morphologically, there were no 
differences between OCs generated in the presence or in the absence of CEP-701 
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M.I. Ramos et al., Figure 1Figure 1. Flt3L induces osteoclastogenesis in RA patients. (A) Quantification of osteoclasts 
numbers, identified by TRAP expression and presence of more than 3 nuclei, at day 21 after 
monocyte culture with M-CSF (25 ng/ml) or Flt3L (25 ng/ml) in the presence of RANKL (50 ng/
ml). (B) Representative TRAP staining for each culture condition. Osteoclasts are marked with 
open arrows and pre-OCs (defined as TRAP+ cells with less than 3 nuclei) are marked with 
closed arrows. (C) Quantification of the number of resorption pits and resorbed area at day 21. 
(D) Representative toluidine-blue staining in bone slices for each culture condition. Resorption 
pits are marked by open arrows.
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Figure 2. CEP-701 treatment blocks Flt3L induced osteoclastogenesis. (A) Quantification of 
osteoclasts numbers at day 21 after monocyte culture with M-CSF (25 ng/ml), Flt3L (25 ng/ml) 
or the combination of M-CSF + CEP-701 (1 μM) and Flt3L + CEP-701 in the presence of RANKL 
(50 ng/ml). Statistical differences were observed between Flt3L cultures with and without 
CEP-701 (p=0.01). (B) Representative TRAP staining for each culture condition. Osteoclasts are 
marked with open arrows and pre-OCs are marked with closed arrows. (C) Quantification of 
the number of resorption pits and resorbed area at day 21. (D) Representative toluidine-blue 
staining in bone slices for each culture condition. Resorption pits are marked by open arrows.
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(Figure 2B). Although we did not find significant differences between the number 
of resorption pits in CEP-701-treated cultures compared to untreated cultures, a 
reduction in the resorbed area in M-CSF cultures was observed (Figure 2C and D). 
It has been shown previously that the resorption pit surface is linearly related to 
the nuclei number per OC, strongly suggesting that the functional advantage of 
OC multinucleation is to improve resorption efficiency (27). In this respect, we did 
not find differences in the number of nuclei per OC between the different culture 
conditions (Supplementary Figure 2B). 

No differences in histological and bone parameters between Flt3L-/- and 
WT mice in the K/BxN serum transfer arthritis model
K/BxN mice spontaneously develop severe symmetrical polyarthritis, and serum 
from these mice induces a similar arthritis in a wide range of mouse strains (28). 
Serum transfer arthritis is rapid in onset and resembles histologically spontaneous 
arthritis in K/BxN mice. The serum transfer model provides an opportunity to 
investigate the role of Flt3L on osteoclastogenesis and bone erosion in inflammatory 
arthritis resembling RA but it is independent of cooperative T cell-DC interactions. 
No significant differences in histological parameters were found between Flt3L-/- and 
WT mice (Figure 3).

High-resolution CT allows for three-dimensional (3D) assessment of the 
bone microstructure and evaluation of the trabecular and cortical microstructure 
separately. Recent studies have suggested that mCT is a superior method for 
detecting bone erosions in RA (29). mCT evaluated by automated image analysis 
can be used to quantify bone loss and is commonly used in small animal models to 
detect morphological changes (30). Therefore we evaluated several bone parameters 
(Figure 4) in Flt3L-/- mice compared to WT mice after serum transfer. There were no 
significant differences in bone microstructure between Flt3L-/- mice and WT mice.

CEP-701 treatment reduces synovial infiltration and cartilage 
damage but does not change bone parameters compared to vehicle-
treated animals
CEP-701 is a FLT3 inhibitor which has previously been used in an experimental 
autoimmune encephalomyelitis mouse model showing clinical efficacy associated 
with induction of apoptosis in DCs (31). We treated DBA1 mice immunized with 
type II collagen with CEP-701 before mice showed clinical signs of disease. CEP-701 
treatment prevented the development of arthritis (M.I. Ramos et al., submitted) and 
these mice had a significant reduction in synovial infiltration and cartilage damage 
compared to vehicle-treated mice, as shown by histology (Figure 5). No differences 
were observed in bone parameters between CEP-701- and vehicle-treated mice 
(Figure 6).
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M.I. Ramos et al., Figure 3

Figure 3. No differences in histological analysis of wild-type (WT) and Flt3L−/− knee joints 
after KBN serum transfer arthritis model (WT, n=4; Flt3L−/−, n=4). Representative hematoxilin/
eosin (H&E) and toluidine blue stainings of the knee joints of a WT mouse and a Flt3L−/− mouse, 
and semiquantitative scores for synovial infiltration, cartilage damage and proteoglycan (PG) 
depletion assessed by H&E, and toluidine blue stainings. No differences were observed. Data 
are presented as means ± S.E.M. Magnification ×100.

Discussion 
In pathological conditions such as RA, increased osteoclastic activity is responsible 
for bone loss and joint destruction. Understanding the fine tuning of OC activity is 
important to explain their deregulated functions in pathological conditions. Several 
lines of evidence in RA and in animal models of RA support a role for OCs in the 
pathogenesis of bone erosions (32). Here we show for the first time that Flt3L can 
induce OC formation in vitro from human RA PBMCs in the absence of M-CSF. 
However the OCs generated with Flt3L were not functional as shown by reduced 
lacunar pit numbers and lack of resorption ability. We also found that using the FLT3 
inhibitor CEP-701 Flt3L-induced osteoclastogenesis was blocked. In addition, CEP-
701-treated M-CSF OC cultures lost the capacity to resorb bone suggesting that this 
inhibitor could be used to prevent bone loss. Although our in vitro studies showed 
direct effects on OC function using CEP-701 suggesting a therapeutic potential 
in RA, in vivo we mainly found an effect on synovial inflammation and cartilage 
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Figure 4. Similar changes of bone parameters in Flt3L−/− mice compared to wild-type (WT) 
mice in K/BxN serum transfer arthritis model analyzed by μCT. Analysis was performed 
for bone volume (BV), bone surface (BS), total volume (TV), and ratios of bone surface to 
bone volume (BS/BV) and bone volume to total volume (BV/TV). Trabecular analysis was also 
performed for trabecular thickness (TH), separation (TS) and number (TN). Data are presented 
as means ± S.E.M. 
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degradation with little to no effect on OCs and bone damage. In contrast to c-fms, 
RANK lacks intrinsic kinase activity to phosphorylate and activate downstream 
signaling molecules. RANK recruits TRAFs, particularly TRAFs 1, 2, 3, 5 and 6, which 
acts as adapter proteins to recruit protein kinases (33). Of these, TRAF6 appears to 
have an essential function in osteoclastic cells. TRAF6 initiates a signaling cascade 
that is crucial for the maturation of monocyte precursors to fully differentiated 
OCs (34). TRAF2 positively and TRAF3 negatively regulates OC formation. There 
were no differences in TRAF2 and TRAF6 mRNA expression between M-CSF- and 
Flt3L-generated OCs. Nevertheless, despite similar OC numbers, Flt3L-generated 
OCs displayed a diminished lacunar pit number and were not able to resorb bone. 
These observations are in contrast with previous reports in mice showing that Flt3L 
and RANKL enable the differentiation of functional OCs in the absence of M-CSF 
(13). However, studies using human monocytes and mature OCs demonstrated 
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Figure 5. CEP-701 treatment reduces inflammation and cartilage degradation in the collagen-
induced arthritis (CIA) model. Vehicle, n=12; CEP-701-treated, n=6. Representative hematoxi-
lin/eosin (H&E) and toluidine blue stainings of the ankle joints of a vehicle and CEP-701 treated 
mice, and semi-quantitative scores for synovial infiltration, cartilage damage and proteoglycan 
(PG) depletion assessed by H&E, and toluidine blue stainings. A significant reduction in synovial 
infiltration (p=0.03) and cartilage degradation (p= 0.01) was observed in CEP-701 treated 
compared to vehicle treated mice. Magnification ×100. Data are presented as means ± S.E.M.
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Figure 6. No differences in bone parameters in vehicle and CEP-701 treated mice after CIA 
model analyzed by μCT. Analysis was performed for bone volume (BV), bone surface (BS), total 
volume (TV), and ratios of bone surface to bone volume (BS/BV) and bone volume to total 
volume (BV/TV). Trabecular analysis was also performed for trabecular thickness (TH), separa-
tion (TS) and number (TN). Data are presented as means ± S.E.M.
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that M-CSF is necessary for the resorptive activity and stimulated resorption in a 
concentration-dependent manner (35;36) indicating that Flt3L alone in humans 
might not be suficient to generate funtional osteoclasts. Cathepsin K is a cysteine 
proteinase that cleaves key bone matrix proteins and is believed to play an important 
role in degrading bone during bone resorption (37). Gene expression analysis on 
Flt3L-generated OCs showed that the resorption inability was not due to lack of 
cathepsin K expression. However whether the protein is produced and cleaved to its 
functional form is unknown. Bone resorption relies on the extracellular acidification 
function of vacuolar (V-) ATPase proton pump(s) present in the plasma membrane of 
OCs. Atp6v0d2 was found to be an essential component of the OC-specific proton 
pump that mediates extracellular acidification in bone resorption (38). Here we did 
not find differences in the expression of Atp6v0d2 between M-CSF- and Flt3L-
generated OCs. It has been shown that there is a positive correlation between the 
number of nuclei per OC and the volume of the pit made (21;27). Nonetheless the 
lack of resorption capacity could not be explained by differences in the number of 
nuclei between the different culture conditions supporting the notion that in humans 
M-CSF seems to be required for the resorption capacity. Since in homeostatic and 
arthritic conditions both M-CSF and Flt3L are present simultaneously (16;17) it would 
be interesting to study whether the combination of these two factors could lead 
to an increase in OC number (higher than each condition alone) and whether the 
differentiated OCs would be functional. This is currently being investigated.

Here we demonstrated that using the FLT3 inhibitor CEP-701 Flt3L-induced 
osteoclastogenesis was significantly blocked/diminished. Notably, despite no 
differences in the number of lacunar pit numbers in CEP-701-treated cultures, 
CEP-701 treated M-CSF-generated OCs lost the capacity to resorb bone. Again, no 
differences were observed in mRNA expression of cathepsin K, ATP6v0d2, TRAF2, 
TRAF6 or number of nuclei per OC between CEP-701-treated and non-treated 
cultures. A number of studies indicate that the rate limiting proteinases for the 
solubilization of collagenous matrix belong to the groups of cysteine proteinases but 
also matrix metalloproteinases (MMPs) (28;29). The most direct evidence for a role 
of MMPs in the subosteoclastic resorption zone has been provided by experiments 
using cultured calvariae in the presence or absence of proteinase inhibitors and 
analyzed the ultrastructure of the subosteoclastic resorption compartment. It was 
shown that MMP inhibitors can block osteoclastic resorption (30). Nevertheless, it 
seems that the relative importance of cysteine proteinases and MMPs is dependent 
for instance on the bone type and/or on the stage in the resorption cycle. Studying 
the MMP expression profile in CEP-701-treated and non-treated M-CSF osteoclast 
cultures might shed some light on the mechanism by which CEP-701 could prevent 
bone resorption. The effect observed in resorption capacity on OCs after CEP-701 
treatment might also result from direct or indirect targeting of additional molecules/
pathways other than FLT3. Indeed, CEP-701 was also shown to inhibit JAK2 in an in vitro 
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kinase assay. At nanomolar concentrations, it markedly inhibits the phosphorylation 
of JAK2 and TrkA and components of the downstream signaling cascade, including 
STAT5, AKT, and ERK (39). 

Despite the potential for Flt3L to promote osteoclastogenesis (13) the contribution 
for this process compared to M-CSF in vivo seems to be negligent since blocking 
this pathway was not sufficient to prevent bone loss in the mouse models of arthritis 
used in the present study. Indeed, Flt3L-/- mice have normal bone development (31). 
In contrast, mice with a defect in the production of functional M-CSF (op/op mice) 
have a severe deficiency in OCs, monocytes and macrophages (32) demonstrating 
that in homeostatic conditions the role of M-CSF is more important than Flt3L in 
osteoclastogenesis. Although OCs are severely reduced in op/op mice, they are 
still present and functional (33) suggesting that other molecules, namely Flt3L can 
substitute for the actions of M-CSF. FLT3 signaling blockade by the administration of 
FLT3-Fc dramatically reduced the number of OCs in the bones of op/op mice. This 
indicates that Flt3L accounts for the presence of OCs in these mice, in the absence 
of M-CSF (13). We did not observe differences in bone parameters in the serum 
transfer arthritis model using WT and Flt3L-/- mice. Our data supports the notion that 
Flt3L might have a more secondary role in osteoclastogenesis. We and others (16;17) 
have previously reported that Flt3L levels are increased in the serum of RA patients 
compared to healthy individuals and that synovial fluid from RA patients contained 
higher levels of Flt3L compared to paired serum. We propose that Flt3L alone might 
be insufficient to support normal osteoclastogenesis in vivo, however it might have 
an additive effect in combination with M-CSF. Taking into account that RA patients 
have higher Flt3L titters than healthy individuals, using an arthritic mouse model with 
increasing Flt3L titters or recombinant Flt3L administration would help to understand 
its role in osteoclastogenesis in vivo.

Since our in vitro studies showed direct effects on OC function using the FLT3 
inhibitor CEP-701, we used an in vivo mouse model to study its therapeutic potential. 
To address this question we used the CIA model. We observed that CEP-701 
treated mice did not develop clinical signs of arthritis (M.I. Ramos et al. manuscript 
submitted). In contrast to clinical scoring, which is mainly indicative of the degree 
of inflammation, histological examination provides additional information pertaining 
to cartilage and bone damage. In this respect, despite reduced cellular infiltration 
and cartilage damage in CEP-701-treated compared to vehicle treated mice we did 
not observe differences in several bone parameters. One explanation for the lack 
of effect of FLT3 inhibition (CEP-701 treatment) on bone loss compared to vehicle-
treated group might be related to the arthritis model where CEP-701 was used 
prophylactically. As previously stated Flt3L levels are increased in the serum of RA 
patients compared to healthy individuals (16;17). Since homeostatic Flt3L levels in the 
circulation are low and the contribution to osteoclastogenesis in vivo is lower than 
M-CSF blocking the FLT3 signaling before the onset of disease might not be enough 
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to lead to a reduction in OC numbers.There is no evidence that other ligands for the 
FLT3 receptor exist, nor is there any evidence that Flt3L binds to any other protein 
besides FLT3. However since we are blocking the FLT3 receptor we cannot exclude 
the possibility that circulating Flt3L could bind to an unknown receptor maintaining 
normal osteoclastogenesis. From our in vitro studies in humans we observed that 
M-CSF generated OCs in the presence of CEP-701 lost the capacity to resorb bone, 
however mice treated with CEP-701 had the same bone microstructure as the vehicle-
treated group suggesting that OCs from CEP-701-treated mice are fully functional. 
The analysis of bone parameters in mice without arthritis might help to understand 
the lack of differences between the above mentioned groups. Another reason for 
the lack of differences in bone parameters might be due to low disease severity that 
as a consequence resulted in reduced bone loss. Importantly, in the present study 
the analysis were performed at day 43. It is tempting to speculate that the effects 
of CEP-701 on bone loss might occur at a later time points. In addition, the reduced 
effect of CEP-701 on bone loss might be due to the route of administration since 
differences in therapeutic responses are related to different routes of administration 
(40). Therefore, we propose that local administration of CEP-701 (intra-articular) might 
be more effective in reducing bone loss compared to systemic administration. Taken 
together, we have shown that Flt3L can induce OC formation in RA patients and that 
CEP-701 treatment in vitro might have a potential therapeutic effect in preventing 
bone loss. Further studies are necessary to better understand the mechanism how 
Flt3L and its blockade might contribute to osteoclastogenesis in RA.
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Supplementary Methods
Quantitative measurement of mRNA expression
RNA was isolated from OC samples at day 21 using trizol/chloroform extraction 
and the concentration was determined with a NanoDrop spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA). RNA was reverse transcribed using 
DyNAmo cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA) to a final 
concentration of 0.6 ng/µL. Duplicate PCR reactions were performed using SYBR 
green (Applied Biosystems, Foster City, CA) with an ABI Prism® 7000 sequence 
detection system (Applied Biosystems, Foster City, CA). cDNA was amplified using 
specific primers (all from Invitrogen, Breda, The Netherlands).: Cathepsin K forward 
GCCAGACAACAGATTTCCATC, Cathepsin K reverse CAGAGCAAAGCTCACCACAG; 
Atp6v0d2 forward CATTCTTGAGTTTGAGGCCG, Atp6v0d2 reverse CCGTAATGAT 
CCGCTACGTT; TRAF2 forward CGGCCACGATCACAATCT, TRAF2 reverse GCTTTGAG 
GGGTCCATGA, TRAF6 forward GCACTAGAACGAGCAAGTGAT, TRAF6 reverse 
GGCAGTTCCACCCACACTAT and 18S forward GGACAACAAGCTCCGTGAAGA, 
18S reverse CAGAAGTGACGCAGCCCTCTA. All PCR data were normalized to the 
expression of 18S, used as an internal control. PCR data were obtained as Ct values 
and the mean of the duplicate Ct values of each sample was calculated. Relative 
levels of gene expression were normalised to 18S housekeeping gene (HK) using the 
comparative Ct method.
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M.I. Ramos et al., Figure S1

Supplementary Figure 1. No differences in mRNA gene expression of osteoclast genes. 
Quantification of Cathepsin K (A), Atp6v0d2 (B), TRAF2 (C) and TRAF6 (D) mRNA expression in 
OC at day 21 after monocyte culture with M-CSF (25 ng/ml), Flt3L (25 ng/ml) or the combina-
tion of M-CSF + CEP-701 (1 μM) and Flt3L + CEP-701 in the presence of RANKL (50 ng/ml). No 
significant differences were observed. 
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Supplementary Figure 2. CEP-701 reduces Flt3L induced pre-osteoclast formation but does 
not alter the number of nuclei per osteoclast. (A) Quantification of pre-osteoclasts numbers 
at day 21 after monocyte culture with M-CSF (25 ng/ml), Flt3L (25 ng/ml) or the combination 
of M-CSF + CEP-701 (1 μM) and Flt3L + CEP-701 in the presence of RANKL (50 ng/ml). Signifi-
cant differences were observed between Flt3L cultures with and without CEP-701 (p=0.01) (B) 
Quantification of the number of nuclei per osteoclasts at day 21 after monocyte culture with 
M-CSF (25 ng/ml), Flt3L (25 ng/ml) or the combination of M-CSF + CEP-701 (1 μM) and Flt3L + 
CEP-701 in the presence of RANKL (50 ng/ml). No significant differences were observed.
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Dendritic cells in the center court of immune regulation: 
understanding the importance of Flt3L and Flt3L-
dependent dendritic cells in arthritis 
General discussion
The immune system developed to protect against invading pathogens and to help 
tissue repair after injury. However in systemic autoimmune diseases the mechanisms 
that regulate the balance between recognition of pathogens and avoidance of 
self-attack are impaired. Studying the characteristics of the microenvironment 
affecting immune cell differentiation, leading to activation of adaptive immunity, is 
fundamental for understanding the break of tolerance in autoimmunity. The precise 
cellular and molecular mechanisms leading to autoimmune disease and which factors 
determine which organs are involved continue to be poorly understood and these are 
key questions in immunology. Moreover, not only the initiation of the autoimmune 
process remains elusive but also the factors contributing to the perpetuation of 
the inflammatory process are not fully understood. In autoimmune diseases the 
ability to control and resolve inflammation is partly lost, resulting in continuous 
immune activation without any obvious infection, with different degrees during 
flares and quiescent phases (1). It is unlikely that only one mechanism is responsible 
for sustaining autoimmunity and recent evidence has suggested that both innate 
and adaptive mechanisms participate in this process. Studying the bridge between 
innate and adaptive immune response might provide further insight into the genesis 
and pathogenesis of autoimmunity. 

Dendritic cells bridging innate and adaptive immune 
response
The dark side of dendritic cells: the role of dendritic cells in rheumatoid 
arthritis and autoimmunity
Dendritic cells (DCs) are present in all tissues and are involved in the initiation of 
immune responses (2). They recognize pathogens and various danger signals (see 
Chapter 1), which leads to the upregulation of co-stimulatory molecules, cytokine 
production, and pathogen-specific T cells activation/differentiation. Additionally, 
DCs communicate with various immune cells (e.g., natural killer cells (NKs)) bridging 
the innate and adaptive arm of the immune response.

Clinical and experimental evidence has shown that prolonged presentation of 
self-antigens (3;4) and defects in tolerogenic DC functions are fundamental events 
for the development of destructive autoimmune diseases. In rheumatoid arthritis 
(RA), DCs have been shown to infiltrate synovial tissue (ST) and synovial fluid (SF) (5) 
and they are able to take up, process and present antigen locally, contributing to 
disease perpetuation (6;7). Studies of DCs from SF of RA patients show that these 
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cells display an activated phenotype as they express high levels of HLA-DR and co-
stimulatory molecules (8). 

Chronic inflammatory conditions due to improper eradication of pathogens, 
autoimmune processes and chronic allograft rejections are associated with the 
genesis of organized lymphoid tissue. Interestingly, DCs in RA inflamed tissues 
are associated with T cells in structures resembling germinal centers where they 
can stimulate self-reactive T cells (9). DCs have also been involved in promoting 
synovial inflammation due to their ability to secrete pro-inflammatory cytokines and 
chemokines (10;11). Assuring immune homeostasis requires a complex interaction of 
soluble and cell-associated components. Understanding this network may lead to the 
identification of novel therapeutic targets for the treatment of autoimmune disease.

Flt3L-dependent dendritic cells - the ones to blame?
The fms-like thyrosine kinase 3 receptor (FLT3) and its ligand (Flt3L) are key 
regulators of DC commitment and development (12;13) (see Chapter 1). FLT3 
is expressed on the surface of early multipotent hematopoietic progenitors, 
committed DC precursors, and differentiated DCs in lymphoid tissues. FLT3 
expression and its signaling is essential for steady-state DC development and 
homeostasis as loss of FLT3 or its ligand resulted in a substantial reduction in DC 
numbers in mouse lymphoid tissues (14). Conversely Flt3L administration leads to 
increased numbers of these cells in both mice and humans (15;16). The role of FLT3 
signaling in autoimmune diseases is not fully understood, although in recent years 
Flt3L has been linked to primary Sjögren’s syndrome (pSS) and RA. In pSS patients, 
Flt3L was reported to be increased in the serum and B-cells expressing FLT3 can be 
found in both peripheral blood and salivary glands of these patients. Furthermore, 
Flt3L was found to promote survival and proliferation of anti-IgM stimulated B-cells 
isolated from both pSS patients and healthy individuals (HI) (17). Studies in mouse 
models of RA have demonstrated that intra-articular expression of Flt3L in the knee 
joint aggravates the severity of peptidoglycan-induced arthritis and FLT3 signaling 
blockade can reduce the severity of arthritis in an antigen-induced arthritis model 
(18). Flt3L was also recently listed in a panel of cytokines found to be elevated during 
the preclinical stage of RA (19). To understand the importance of the FLT3/Flt3L axis 
and whether this pathway is deregulated in RA contributing to disease induction/
maintenance, we studied in Chapter 2 in detail the FLT3 and Flt3L expression 
levels, as well as the major sheddase for Flt3L (TACE) in 3 different compartments 
in RA patients compared to disease controls. We observed that the levels of Flt3L 
in RA serum, SF and ST are significantly elevated compared to gout patients and 
HI. We have identified monocytes and DCs as main Flt3L producers in RA and also 
showed that these cells express the FLT3 receptor. Co-expression of FLT3 and its 
ligand in the same cell suggests a possible autocrine stimulatory mechanism as 
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already reported for primary acute myeloid leukemia (AML) (20). Binding of Flt3L to 
FLT3 triggers the phosphatidylinositol 3-Kinase (PI3K) and Ras pathways, leading 
to increased cell proliferation and the inhibition of apoptosis (21;22). Taking into 
account that DCs are increased at the site of inflammation in RA and that Flt3L 
is particularly important in driving DC differentiation we hypothesized that the 
high levels of Flt3L in RA might contribute to DC differentiation. Indeed, local DC 
differentiation occurs in the RA synovium supporting the concept that the synovial 
compartment may be a reservoir for joint-associated DCs revealing an important 
mechanism for the amplification and perpetuation of DC-driven responses in the 
joint of RA patients, including inflammatory-type Th1 responses (6). Whether Flt3L 
participates in this differentiation process still needs to be addressed. However 
since DCs can respond to but also produce Flt3L, it remains unclear whether the 
high Flt3L levels observed in RA patients are a cause or a consequence of elevated 
DC numbers. A good way to address this question would be to monitor Flt3L serum 
levels at different stages of disease and to correlate them with DCs numbers. It 
has also been reported that overexpression of FLT3 leads to IL-6 induction (23). 
Besides being involved in inflammatory responses, IL-6 has pleiotropic effects 
on hematopoietic cells (24). IL-6 has been shown to acts in synergy with IL-3 to 
stimulate proliferation of primitive hematopoietic progenitors (25). Thus, the 
induction of IL-6 in FLT3 overexpressed cells may also play a role in sustaining cell 
proliferation. Soluble Flt3L levels are highly dependent on TNF converting enzyme 
(TACE) activity (26). We observed the same TACE expression levels between RA 
and gout patients and increased soluble Flt3L expression in RA, suggesting that 
TACE biological activity might be increased in RA patients. Blocking this molecule 
could have beneficial results in RA by reducing FLt3L and TNF levels. Since TACE 
is involved in TNF processing (27) and TNF has an important role in RA, several 
studies have been conducted using TACE inhibitors. TACE inhibitor(s) have shown 
efficacy in the collagen-induced arthritis (CIA) mouse model both prophylactically 
and therapeutically (28). It would be interesting to monitor Flt3L levels in the 
above mentioned studies to better understand the Flt3L importance in disease 
development/progression. Macrophages are critically involved in the pathogenesis 
of RA (29) . Importantly we have demonstrated (Chapter 2) that in vitro IFNg-
differentiated macrophages (mimicking M1 type macrophages mainly present in 
RA ST) are important sources of Flt3L. Since synovial sublining macrophages are 
a reliable biomarker for response to therapy in RA (30), we also evaluated the 
impact of effective therapy, prednisone treatment, on Flt3L serum levels. We 
observed a positive correlation between disease activity score (DAS28) and Flt3L 
serum levels that might reflect the reduction in the numbers of the main source(s) 
of Flt3L: circulating monocytes (31)/DCs and/or ST macrophages. Overall, we 
have demonstrated that FLT3/Flt3L pathway is deregulated in RA and might be of 
importance for RA pathogenesis.
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We investigated the importance of FLT3/Flt3L axis in more depth in Chapter 
3 by making use of a constitutive knockout mouse for Flt3L where we were able 
to study in more detail how Flt3L-dependent signaling affects CIA induction and 
development. Mice lacking this molecule have severe reductions in DC numbers and 
are protected from disease indicating that Flt3L-dependent DCs play a crucial role in 
the pathogenesis of CIA. In addition, CIA severity was dramatically reduced in Flt3L-/- 
mice indicating the importance of Flt3L-dependent DCs in the initiation of adaptive 
immune responses. We observed a reduction in synovial cellular infiltration and 
cartilage damage in Flt3L-/- mice. We observed quantitative and qualitative alterations 
in the adaptive immune response, namely reduction of cytokine production by T 
cells and collagen specific antibody production by B cells. Immune responses are 
initiated in the T cell areas of secondary lymphoid organs where naive T lymphocytes 
meet DCs, which present antigens taken up in peripheral tissues (32). As previously 
shown (14), Flt3L−/− mice have a severe reduction in DC numbers in lymphoid organs. 
We observed reductions in MHCII+CD11C+ DCs as well as specific reductions in 
CD11b+CD11c+ DC, CD8a+ and CD8a− DC and CD103+ DC subsets in the LNs of Flt3L-

/-mice after CIA induction. In the steady-state, these subsets require Flt3L for their 
generation. However not all DC subsets depend on Flt3L for their development (33)
(see Chapter 1), and not all DCs subsets in these mice are affected (34). In Chapter 3 
we have demonstrated that the density and quality of DCs present in the secondary 
lymphoid organs might account for the changes in the magnitude and class of the T 
and B cell responses observed in Flt3L−/− mice during CIA. Together, Flt3L-dependent 
DCs seem necessary for CIA induction and contribute to disease severity. 

In Chapter 4 we aimed to identify which Flt3L-dependent DC subset is required 
for the initiation of CIA. DCs are instrumental in the initiation of immune responses by 
transporting antigen from the periphery to lymphoid organs presenting them to T and 
B cells. In this chapter we identified dermal cross-presenting CD103+ DCs as crucial 
for the initiation of CIA. Mice lacking this subset by constitutive (Flt3L-/- and Batf3-/-) or 
chemical deletion (CEP-701 treatment) are protected from disease showing reduced 
cellular infiltration and cartilage destruction. A decrease in T cell (especially CD8+ T 
cells) and B cell responses (antibody production) was also observed. The importance 
of T cells for the initiation and maintenance of CIA is has been established before 
(35;36). Therapies targeting co-stimulatory pathways operative between antigen-
presenting cells and T cells have shown clinical improvement and protection against 
progressive joint destruction in RA patients with disease reduction comparable to 
anti-TNF agents while perhaps providing a better safety profile (37;38). However many 
questions still remain over the exact role of T cell function in the pathogenesis of 
disease and particularly regarding the role of CD8+ T cells. Studies indicate that CD8+ 
T cells are necessary for the establishment of germinal centers observed in nearly 50% 
of RA patients (39). Despite the decisive role these structures have been suggested to 
play in the initiation and maintenance of the disease process and a correlation between 
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the phenotypical structure of these ectopic lymphoid structures and enhanced auto-
antibody production as well as disease severity suggested by several studies (40;41), 
this remains controversial (42;43). B cells require cognate interaction with T helper 
cells in the germinal center of lymphoid follicles to generate protective antibodies. 
The observed decrease of antibody production in mice lacking CD103+ DCs after CIA 
induction could be due to a reduction in T cell help. Nevertheless, recent evidence has 
shown that B cells receive additional help from invariant natural killer T cells, DCs, and 
various granulocytes, including neutrophils, eosinophils, and basophils (44-46). These 
cells can deliver T cell-independent B-cell helper signals at the mucosal interface and 
in the marginal zone of the spleen to initiate rapid innate-like antibody responses 
suggesting a more direct role for DCs in antibody production. It has also been shown 
that the recognition of antigens on the surfaces of antigen-presenting cells by B cells 
results in efficient formation of an immune synapse (47) which has been proven to be 
much more active and dynamic than that predicted from the response of B cells to 
Ags in solution (48). In addition, DCs are also associated with plasmablast survival (49). 

It has been suggested that functional differences between DCs in guiding immune 
responses might depend on not only their subset but also of the microenvironment 
of cytokines and/or inflammatory mediators (50). In homeostatic conditions CD103+ 
DCs have been shown to exert a tolerogenic function (51) but we (Chapter 4) and 
others have shown that this subset is also able to initiate an inflammatory immune 
response (52). Overall, our data indicate that activation of Flt3L-dependent DCs, 
especially CD103+ DCs is necessary for T and B cell activation and CIA development. 
Targeting this DC subset might be of interest and valuable in individuals at risk of 
developing autoimmune disorders.

Dendritic cells deciphering the signals
The chronic inflammatory response is heterogeneous and generates different types 
of cellular infiltrates depending on factors such as antigenic stimulus and affected 
tissue. Changing tissue microenvironments shapes the phenotypes of the resident 
and infiltrating cells determining cell heterogeneity in a temporal and spatial manner. 
RA is characterized by a systemic inflammatory state, in which immune cells and 
soluble mediators play a crucial role. During arthritis a number of changes in joint 
tissues can be observed. RA is characterized by key histological features including 
intimal lining layer hyperplasia, synovial sublining infiltration with mononuclear cells, 
increased vascularity and fibrin deposition (53). DCs constitute a big portion of 
the synovial mononuclear infiltrate and several subsets have been identified in RA 
patients (10). In Chapter 5 we identified for the first time CD141+CLEC9A+DCs at 
the site of inflammation in RA and demonstrated that through interferon (IFN)λ1/
IL-29 these cells can induce an increase in chemokine mRNA expression in T cells, 
contributing to the perpetuation of the inflammatory process.
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Increased expression of IFN inducible genes in RA ST was an early finding of 
molecular studies of RA pathogenesis (54;55). In addition to the known type I and II 
groups of IFNs, a novel group of IFNs was recently discovered. This family comprises 
three cytokines, designated interleukin-28A (IL-28A), IL-28B, and IL-29, also called IFNλ2, 
IFNλ3, and IFNλ1 that form the type III IFNs family (56;57). Type III IFNs are expressed 
in several tissues and are produced by human peripheral blood mononuclear cells 
(PBMC) mainly by DCs upon infection with viruses and/or after stimulation with poly 
(I:C) or lipopolysaccharide (LPS) (58). Recently it has been reported that RA patients 
have an IFNλ1/IL-29 serum signature (59). Importantly, mouse CD8a+ DCs and human 
CD141+ DCs are the major producers of IFNλ in response to poly IC (60). In Chapter 5 
we have identified CD141+ DCs as the major contributors to IFNλ1/IL-29 production 
in RA ST both at the gene and protein levels. IFNλ cross-linking activates the same 
intracellular signaling pathways as type-I IFNs (61). In addition, IFNλ has been shown 
to induce ELR(-) CXC chemokine mRNA in PBMCs, in an IFN-gamma-independent 
manner (62). It is generally accepted that chemokines and their receptors are essential 
for the recruitment and positioning of cells in the inflamed synovium (63;64) . In vitro 
studies have suggested that chemokines including CC chemokine receptor (CCR)1, 
CCR2, CCR5, CC chemokine ligand (CCL)2/monocyte chemoattractant protein 
(MCP)-1, CCL5/RANTES and CXCL8/IL-8, are intimately involved in cell migration 
toward the synovial compartment in RA (65). More recently other chemokines such 
as CXCL10 have also been identified in RA synovium (66;67). CXCL10 is categorized 
functionally as a Th1-chemokine binding to the receptor CXCR3 and regulating 
immune responses through the activation and recruitment of leukocytes, such as, 
T cells, eosinophils, and monocytes (68). Several studies have shown that serum 
and/or tissue expression of CXCL10 are increased in autoimmune diseases such as 
arthritis (69-71). Furthermore, reports have demonstrated that CXCL10 and CXCR3 
have important roles in leukocyte homing to inflamed tissues (39), synovial fibroblast 
invasion (72) and bone destruction (40;41) in RA patients leading to the perpetuation 
of inflammation, and therefore, tissue damage. The regulation of T cell infiltration in 
the synovium is an important aspect of RA progression. The immune system plays an 
essential role not only in protecting the host against infections but also in monitoring 
the health of cells, and responds to ones that have been injured and die, even under 
sterile conditions. This process is initiated when dying cells expose intracellular 
molecules that can be recognized by cells of the innate immune system. We propose 
that RNA released from necrotic cells in the arthritic joint or lesional skin activates 
TLR3 on CD141+ DCs, as previously shown for other cell types in the joint and during 
acute inflammatory events (73;74), leading to IFNλ1/IL-29 production that induces 
CXCL10 mRNA expression on T cells. This mechanism might be a novel pathway to 
sustain inflammation in RA. An important area of future research will be the molecular 
identification of endogenous adjuvants and their receptors as well as elucidation of 
their mechanism of action and contribution to immune responses.
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Dendritic cells listening to the dead cell talk
The interaction between dying cells and phagocytes reflects the involvement of 
inflammation in normal tissue homeostasis (75). Alterations of this equilibrium due 
to the inappropriate death of non-inflammatory cells (76) or deficient clearance 
of dying or dead cells by phagocytes (77;78) can lead to autoimmune disease, as 
well as sustained inflammation. Once inflammation is set or an immune response 
is mounted, resolution of inflammation requires the clearance of effector cells 
(1;79). Therefore, understanding the pathways for cell death and clearance is key 
for the exploration and therapeutic approach aimed at resolving inflammation. 
Germline-encoded pattern recognition receptors (PRRs) are responsible for sensing 
the presence of pathogens. PRRs are also responsible for recognizing endogenous 
molecules released from damaged cells, termed damage-associated molecular 
patterns (DAMPs)(see Chapter 1). In Chapter 5 we have shown an example of how 
DCs sense the surrounding microenvironment (TLR3 activation) and modulate 
immune responses (CXCL10 induction) but other receptors besides TLRs can 
also be involved in this process. CLEC9A, group V C-type lectin-like receptor is 
important for transmitting information from necrotic cells to CD8+ T cells and defines 
a pathway by which adaptive immune response can be elicited in the absence of 
infection (80). It has been demonstrated that there is a collaborative recognition 
of distinct microbial components by different classes of innate immune receptors. 
Importantly, the addition of poly I:C to apoptotic cells enhanced the cytotoxicity 
of antigen-specific CD8+ T cells (81). CD8+ T cells have been shown to play an 
important role in psoriatic arthritis (PsA) pathology (82). PsA is a common chronic 
inflammatory joint disease in which both inflammation and tissue damage contribute 
to disease outcome (83). Innate and adaptive immune mechanisms appear to fulfill 
complementary roles in the pathogenesis of PsA. T cells, in particular the CD8+T cell 
population (namely IL-17 producing), are likely to be involved in the progression of 
disease (84). In Chapter 6 we aimed to assess whether CLEC9A expression might 
be modulated after response to adalimumab therapy compared to placebo, where 
T cell numbers were reduced, studying three different compartments (skin, ST and 
peripheral blood). We observed that CLEC9A protein expression in ST is significantly 
reduced after 4 weeks of adalimumab therapy compared to placebo and there is a 
positive correlation between CLEC9A and T cell numbers. Moreover PsA ST CLEC9A+ 
cells were in close contact with CD8+ T cells (in non-biological treated patients) 
suggesting a possible interaction. The reduction of synovial inflammation associated 
with clinical improvement of the joint after adalimumab treatment was accompanied 
by a decrease in T cell numbers, as well as reduced expression of MMPs (85). Studies 
with TNF blockers have suggested that the observed cellular changes after treatment 
could be explained by alterations in cell migration due to reduced neoangiogenesis 
and decreased expression of adhesion molecules and chemokines (86-88). Here we 
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suggest an additional mechanism for adalimumab induced T cell reduction by which 
adalimumab might target CLEC9A expressing cells (CD141+ DCs and CD14+CD16- 
monocytes) and thus reducing antigen specific T cell responses in PsA ST. CLEC9A 
possesses a cytoplasmic immunoreceptor tyrosine-based activation-like motif that 
can recruit Syk kinase, and using receptor chimeras, it has been shown that this 
receptor can induce proinflammatory cytokine production and potentially contributes 
to the maintenance of the inflammatory process (89). Therefore reducing CLEC9A 
expression might contribute not only to a decrease in T cell numbers but also to 
a reduction in proinflammatory cytokine production in PsA ST. Investigating the 
impact of effective therapies on modulation of different DC subsets with different 
PRR expression, different phenotypes and maturation states, and mechanisms 
involved in migration and recirculation could provide valuable insight into how T 
cell responses may be manipulated. Targeting CLEC9A or CLEC9A-expressing cells 
might be promising in reducing inflammation in PsA patients by modulating (cross)
presentation, T cell responses and pro-inflammatory cytokine production.

Flt3L - more than just a DC growth factor
In the previous Chapters 3 and 4 we have demonstrated the importance of Flt3L in 
tissue inflammation by reducing DC numbers. DCs infiltrate bone adjacent tissues 
during inflammation, where their interactions with T cells constitute a key component 
of the inflammatory infiltrate at active disease sites in human and experimental RA 
(90;91). It has previously been shown that DCs share a common FLT3+ progenitor 
with osteoclasts (OCs) (90) and can also de-differentiate into OCs in the RA synovial 
microenvironment (92). Exacerbated bone resorption associated with chronic 
inflammation has been considered, until now, to be the result of enhanced constitutive 
osteoclastogenesis from bone marrow monocyte/macrophage precursors under the 
control of M-CSF. Despite evidence supporting the role of DCs in the development 
as well as the perpetuation of inflammatory processes in RA, it is still unclear whether 
they play a direct role in inflammation-induced osteoclastogenesis and bone loss. 
In Chapter 7 we investigated if FLT3/Flt3L axis might be directly involved in bone 
damage in both human and animal models of RA, and whether specific targeting of 
this system would be beneficial for the prevention of bone damage in arthritis. It has 
been proposed that the contribution of DCs to osteoclastogenesis is only indirect 
and linked to their ability to activate naive T cells, which then produce RANKL and 
stimulate OC differentiation (93). However, it has been shown in mice that Flt3L can 
directly induce OC differentiation by substitution for M-CSF (94). In Chapter 7 we 
have demonstrated that Flt3L can induce osteoclastogenesis from human PBMCs 
and that blocking FLT3 leads to a reduction of the resorption capacity of M-CSF 
generated OCs. Of note, Flt3L-generated OCs could not resorb bone. The lack of 
resorption capacity could not be explained by differences in cathepsin K (protease 
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involved in bone resorption) and Atp6v0d2 (essential component of the OC-
specific proton pump that mediates extracellular acidification in bone resorption) 
mRNA expression and numbers of nuclei between the different culture conditions, 
supporting the notion that in humans M-CSF is required for resorption capacity 
(95;96). Despite promising in vitro data using the FLT3 inhibitor CEP-701 affecting 
bone resorption capacity of M-CSF-generated OCs and previous observations that 
Flt3L-/- mice are protected from CIA showing reduced cellular infiltration and cartilage 
damage (Chapter 3), in vivo administration of CEP-701 did not protect mice from 
bone damage. This might perhaps be explained by CEP-701 administration before 
the onset of disease, to low disease severity, short duration of the experiment or 
route of CEP-701 administration. Further studies are necessary to evaluate the impact 
of FLT3/Flt3L axis in bone damage in in vivo mouse models of RA. Flt3L seems to have 
a more secondary role in osteoclastogenesis compared to M-CSF. We have reported 
in Chapter 2 that Flt3L is increased in RA serum compared to healthy individuals 
and in RA SF compared to paired serum. Importantly, in combination with exclusive 
pathways of differentiation, cellular plasticity seems to play an important role within 
the myeloid lineage. Since both in mice and in humans Flt3L leads to an increase in DC 
numbers and these cells express FLT3 (and can transdifferentiate into OCs), mouse 
models where Flt3L could be induced (as observed in human RA) would provide 
better models to study CEP-701 effect. We propose that Flt3L alone is insufficient 
to support normal osteoclastogenesis in vivo, but it might have an additive effect in 
combination with M-CSF. Taken together, we have shown that Flt3L can induce OC 
formation in RA patients and that CEP-701 might have a potential therapeutic effect 
in preventing bone loss. Manipulating DC numbers or function may have tremendous 
implications, because in addition to DCs important roles in regulating innate and 
adaptive immunity, a direct contribution by these cells to inflammation-induced bone 
loss may provide promising therapeutic targets not only for controlling inflammation 
but also for preventing bone destruction. Further studies are necessary to better 
understand the mechanism by which Flt3L regulates osteoclastogenesis in RA.

Connecting the dots - looking at dendritic cell subsets, the 
missing link?
Autoimmune diseases such as RA have a complex pathogenesis and multifactorial 
etiology. An increasing body of evidence has highlighted the importance of 
environmental factors in the development of RA in genetically predisposed 
individuals. Some of these environmental factors have been identified, while others 
are hypothesized and not yet proven, and it is likely that most have still to be 
identified. Cigarette smoke (97;98) , obesity (98) and periodontitis (99) are amongst 
the most studied environmental risk factors. Because of their location at the border 
zones of the organism and close proximity to the environment, DCs are regarded 
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as important sentinels of the immune system. DCs residing at peripheral sites are 
known to integrate antigen specificity with environmentally responsive immune 
control. DC subsets differ in their specialized functions, including the location of 
activity, cytokine profiles, types of antigens detected, migratory or tissue resident 
status and presence during immunological homeostasis or during inflammation. 
We tried to integrate all the knowledge gained within this thesis and elaborate a 
schematic representation where Flt3L and Flt3L-dependent DCs might contribute to 
arthritis development and maintenance (Figure 1). 

Aiming at dendritic cells-FLT3 inhibition as a treatment for 
autoimmunity
DCs presenting autoantigens have been shown to cause organ specific T cell-
mediated autoimmune diseases, such as type 1 diabetes and autoimmune 
myocarditis (100). Different compounds have been examined in vitro and in vivo and 
reported as potential FLT3 inhibitors (101-103). Recent studies using FLT3 inhibitors 
have shown efficacy in mouse models of autoimmune diseases by targeting DCs 
(104;105). In Chapter 4 we have shown that pretreating mice with the FLT3 inhibitor 
CEP-701 before the onset of disease protects mice from CIA. Treatment with FLT3 
inhibitors leads to a reduction of total DC numbers by acting on progenitor cells and 
inducing apoptosis in a significant fraction of the more mature DCs (104). This latter 
finding is particularly relevant since for FLT3 inhibition to have an effect on ongoing 
disease, mature DCs would need to be dependent on this pathway. Moreover, it 
indicates that constant T cell activation by DCs is required to maintain/sustain the 
inflammatory process. In Chapter 7 we propose that FLT3 inhibitors might also have 
a role in bone damage in arthritis, acting on the resorption capacity of OCs. It is 
also important to point out that the DC depletion was reversible in vivo and that 
DC numbers returned to normal after discontinuation of therapy. No serious toxicity 
effects were reported and both in vitro colony-forming capacity and repopulation 
of bone marrow stem/progenitor cells were maintained. Importantly, treated mice 
were able to mount a proper immune response to Listeria infection in a manner 
similar to control counterparts, demonstrating that no severe immunosuppression 
was present (104). FLT3 inhibitors are currently being used in the clinic. FLT3 is 
frequently mutated in patients with AML and FLT3 inhibitors have shown therapeutic 
activity in AML patients (106). Since oral bioavailability and Phase II data in humans 
are available, if proven efficacious and safe in autoimmunity, this may facilitate the 
development of FLT3 inhibitors for the treatment of immune-mediated inflammatory 
diseases. Obviously, much more work needs to be done before we get to this stage. 
Nevertheless, we could envision 2 different routes of administration; systemic and 
intra-articular (see Figure 2). FLT3 inhibitors could perhaps constitute a new and safe 
therapeutic approach for the treatment of autoimmune diseases such as RA.
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Figure 1. Schematic representation of the arthritic process via Flt3L and Flt3L-dependent 
DCs. In Chapter 2 and 3 we have highlighted the importance of Flt3L DCs in induction and 
maintenance of the arthritic process. In Chapter 4 we proposed that peripheral migratory 
Flt3L-dependent CD103+ DCs contribute to arthritis induction in a mouse model of RA and in 
Chapter 5 we have identified CD141+ DCs, human homologue of mouse CD103+ DCs, at the 
site of inflammation in arthritis (ST in RA and lesional skin in PsA) and shown that this subset 
contributes to the inflammatory process via IFNλ1/IL-29 induction and CXCL10 mRNA expres-
sion on T cells. CD141+ DCs are regarded as the human cross-presenting DCs. They have an 
enhanced ability to take up dead or necrotic cell antigens via CLEC9A, sense nucleic acids with 
TLR3 and 8, and cross present to CD8+ T cells in vitro. These cells might be involved not only 
in the initiation of the (auto)immune process but also in sustaining inflammation. In Chapter 6 
we have shown that CLEC9A expression in ST of PsA patients is decreased after adalimumab 
treatment compared to placebo correlating with reduced T cell numbers. Lastly, in Chapter 7 
we have shown that Flt3L might contribute to the arthritic process not only via DCs but also by 
interfering with osteoclastogenesis and osteoclast function.
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Concluding remarks
DC subsets are emerging as cells endowed with particular functions, either in terms 
of specific cytokine secretion profile or of signals provided to other neighboring 
cells through distinctive surface molecules during cell-to-cell contacts. An increased 
awareness of the intricate relationship between DCs (and their different subsets) 
and other cell types of the adaptive immune system is vital for understanding how 
inflammatory processes are initiated, maintained and suppressed. Manipulating 
specific DC subsets or molecules specifically expressed by particular DC subsets 
might constitute promising therapeutic targets for the prevention and treatment of 
autoimmune diseases.

Figure 2. Cellular impact of FLT3 inhibition depending on the route of administration. FLT3 
inhibitors have direct and indirect effects that modulate immune responses. Overall, abroga-
tion of FLT3 signaling results in the reduction of DC numbers (FLT3 expressing DCs) leading 
to lower T and B cell activation. The work presented in this thesis provides the rationale for 
further studies exploring the potential therapeutic use of FLT3 inhibitors for the treatment of 
autoimmune diseases such as RA.

Systemic administration
Direct effect
Reduces:
Bone marrow: FLT3+ progenitor cells
Peripheral blood: circulating 
monocytes, DCs and NK cells(?)

Indirect effect 
Reduces:
T and B cell activaction

Local administration

FLT3 
inhibitors

Local administration
Direct effect
Reduces:
DCs, macrophages,NK cells(?) 
and  reduces osteoclast bone 
resorption capacity

Indirect effect 
Reduces:
T and B cell activaction

FLT3 
inhibitors

RA patient
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English Summary

Dendritic cells (DCs) are the sentinels of the immune system. They scout the body 
for possible forms of danger and are ready to initiate and guide a tailored immune 
response depending on the nature of the treat. Due to their pivotal role in shaping 
innate and adaptive immune responses, DCs have been implicated in autoimmune 
diseases where they present self-antigens to autoreactive T cells. Surprisingly, 
although the role of T and B lymphocytes in autoimmunity is well characterized, and 
in fact biologics targeting these cell lineages are currently been used in the treatment 
of autoimmune diseases such as rheumatoid arthritis (RA), far less is known regarding 
the DC involvement in the autoimmune process. DCs are very heterogeneous and 
several subsets with different functional and phenotypical characteristics have 
been identified (Chapter 1). FMS-related tyrosine kinase 3 Ligand (Flt3L) is a crucial 
growth factor for DC development both in mice and in humans. Given the relevance 
of FLT3/Flt3L in early hematopoiesis and DC generation and the importance of 
DCs in autoimmunity, with this thesis we aimed to study in more detail the Flt3L-
dependent DCs involvement in the autoimmune process. In Chapter 1 we summarize 
the importance of Flt3L-dependent DCs and its influence on chronic inflammation 
and autoimmunity. In RA different DC subsets have been reported to be present and 
increased at the site of inflammation. In Chapter 2 we wanted to investigate whether 
FLT3/Flt3L pathway would be altered in RA patients compared with disease controls 
and healthy individuals (HI). We showed that FLT3/Flt3L axis was de-regulated in RA. 
Flt3L levels in RA serum, synovial fluid (SF) and synovial tissue (ST) were significantly 
elevated compared with disease controls and HI. Importantly, Flt3L serum levels were 
reduced by effective therapy, indicating that targeting this pathway might provide a 
new therapeutic approach for the treatment of arthritis. In order to evaluate in more 
detail the importance of Flt3L signaling in arthritis development in Chapter 3 we 
made use of mice constitutively lacking Flt3L expression (Flt3L-/- mice). We observed 
a marked decrease in clinical arthritis scores and incidence of arthritis in both acute 
and chronic phases of collagen induced arthritis (CIA) compared with WT mice. In 
addition, decreased synovial inflammation and joint destruction was observed. We 
also showed that Flt3L-/- mice had a severe reduction in DC numbers in the lymphoid 
organs after CIA induction leading to a decrease of the magnitude and quality of T 
and B cell responses. This work outlined the importance of Flt3L-dependent DCs for 
the initiation of CIA and suggested that manipulating this pathway might be beneficial 
in the prevention of arthritis. In Chapter 4 we have highlighted the migratory dermal 
Flt3L-dependent CD103+ DCs as the main subset orchestrating the initiation of cell-
mediated immunity in arthritis. It is important to understand the role of lymphoid 
versus non-lymphoid organ DCs in augmenting autoreactive responses. We showed 
that mice lacking CD103+ DCs were resistant to CIA, indicating that CD11b+ and 
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monocyte-derived DCs (moDCs) (not dependent on Flt3L) were not sufficient to 
induce CIA. In addition, we demonstrated that CEP-701 (a FLT3 inhibitor) treatment 
prevented CIA induction, and reduced dramatically CD103+ DCs in the lymph nodes 
and synovium. Since CD103+ DCs played a crucial role in CIA induction we wondered 
whether they would also have a role in the maintenance of the autoimmune process. 
To this aim we studied this population in human arthritis. In Chapter 5 we have 
shown that human CD141hi DCs, homologues of mouse CD103+ DCs, were present 
and increased in inflamed sites in RA and psoriatic arthritis (PsA) patients. In humans 
CD141+ DCs were shown to be the major producers of IFNλ in response to poly IC, a 
Toll-like receptor 3 (TLR3) ligand. We showed that IFNλ1/IL-29 is expressed at the site 
of inflammation in RA and PsA and we identified CD141+ DCs and CD31+ endothelial/
monocytes as the main cells expressing IL-29 in ST. In addition, we demonstrated 
that T cells express IL-28RA+ (IFNλ receptor) and importantly supernatants from poly 
IC-triggered CD141+ DCs (with high levels of IFNλ1 /IL-29) or recombinant IFNλ1/
IL-29 upregulated the expression of CXCL10 by T cells. Importantly, this effect was 
abrogated using a JAK1 inhibitor. In this way, we identified a novel mechanism by 
which IFNλ1/IL-29 produced by TLR3-activated CD141+ DCs might contribute to the 
perpetuation of synovial inflammation, e.g. potently inducing CXCL10 by T cells. 
Pattern recognition receptors (PRRs), such as TLRs and C-type lectin receptors (CLRs), 
enable antigen recognition and mediate appropriate immune responses. CD141+ 
DCs are caracterized by the expression of a specific set of PRRs, namely CLEC9A 
expression, a CLR involved in cross-presentation of death-associated antigens to 
CD8+ T cells. In Chapter 6 we aimed to assess whether CLEC9A expression, by 
CD141+ DCs, might be modulated after successful response to adalimumab therapy 
compared to placebo in PsA patients. We observed that CLEC9A protein expression 
in ST was significantly lower after 4 weeks of adalimumab therapy compared to 
placebo. In addition, a positive correlation between CLEC9A and CD8+ T cell numbers 
was observed. Furthermore in PsA ST CLEC9A+ cells were in the vicinity of CD8+ 
T cells suggesting a possible interaction. An important implication of this finding 
is that specific CLEC9A or CD141+ DCs targeting might be beneficial in reducing 
the inflammatory process in PsA patients. FLT3 signaling has been suggested not 
only to regulate DC development but the development of other immune cells 
that have been postulated to pose key roles in RA such as osteoclasts (OCs). In 
Chapter 7 we investigated whether FLT3/Flt3L axis might be directly involved in 
osteoclastogenesis and bone damage in both human and animal models of RA, and 
whether specific targeting of this system would be beneficial for the prevention of 
bone damage in arthritis. We showed that Flt3L can induce OC formation in RA 
patients and we demonstrated that using the FLT3 inhibitor CEP-701 Flt3L-induced 
osteoclastogenesis was significantly diminished. Notably, CEP-701 treated M-CSF-
generated OCs lost the capacity to resorb bone suggesting that CEP-701 might have 
a potential therapeutic effect in preventing bone loss. Despite the potential for Flt3L 
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to promote osteoclastogenesis blocking this pathway in vivo was not sufficient to 
prevent bone loss in the KxBN and CIA mouse models of arthritis. Further studies 
are necessary to better understand the mechanism how Flt3L and its blockade might 
contribute for osteoclastogenesis in RA. With this thesis, and discussed in Chapter 8, 
we have evidenced an important role of FLT3/Flt3L signaling in the pathogenesis 
of rheumatic diseases and have shown that manipulating this pathway might be 
beneficial for the prevention/treatment of arthritis.
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Nederlandse samenvatting 

Dendritische cellen (DCs) zijn de kritische bewakers van het immuunsysteem. Ze 
verkennen het lichaam op mogelijk schadelijke binnendringers en mogelijk gevaar 
en zijn in staat om de juiste immuunrespons te initiëren, passend bij de aard van de 
bedreiging. Naast hun cruciale rol in het vormgeven van de aangeboren en verworven 
immuunrespons, zijn DCs mogelijk ook betrokken bij auto-immuunziekten waarbij 
zelf-antigenen worden gepresenteerd aan auto-reactieve T cellen. Het is opvallend 
te constateren dat, alhoewel de rol van T en B lymfocyten bij auto-immuniteit al 
goed gekarakteriseerd is, en immuunglobuline gebaseerde therapie gericht op deze 
celtypes reeds wordt toegepast bij de behandeling van auto-immuunziekten zoals 
reumatoïde arthritis (RA), er veel minder bekend is over de betrokkenheid van DCs 
in auto-immuniteit. DCs zijn zeer heterogeen, diverse DC-subsets met verschillende 
functie en fenotypering zijn geïdentificeerd (Hoofdstuk 1). 

FMS-gerelateerd tyrosine kinase 3 Ligand (Flt3L) is een cruciale groeifactor in 
de DC ontwikkeling in muis en mens. Gezien de relevantie van FLT3/Flt3L tijdens de 
vroege hematopoëse en DC ontwikkeling, en het belang van DCs bij auto-immuniteit 
is in dit proefschrift getracht de betrokkenheid van de Flt3L-afhankelijke DCs in auto-
immuniteit verder te karakteriseren.

Hoofdstuk 1 beschrijft het belang van Flt3L afhankelijke DCs en hun invloed 
op chronische ontsteking en auto-immuniteit. Bij RA zijn verschillende DC subsets 
beschreven die in verhoogde concentratie aanwezig zijn in het ontstoken gebied 
synoviale weefsel. 

In hoofdstuk 2 wilden wij onderzoeken of FLT3/Flt3L signaal transductie bij RA 
patiënten anders verliep in vergelijking met patiënten met andere aandoeningen en 
gezonde personen. Wij lieten zien dat de FLT3/Flt3L-as ontregeld was in RA. Flt3L 
concentraties in RA serum, synoviaal vocht en synoviaal weefsel waren significant 
verhoogd in vergelijking met patiënten met andere aandoeningen en gezonde 
personen. Een belangrijke waarneming was dat de Flt3L concentratie verlaagd werd 
door effectieve therapie, wat er op kan duiden dat gerichte modulatie van de FLT3/
Flt3L-as een nieuwe behandelingsaanpak zou kunnen vormen bij de behandeling 
van artritis. 

Om het belang van FLT3 signaal transductie bij de behandeling van artritis verder 
te evalueren hebben we in hoofdstuk 3 gebruik gemaakt van muizen die permanent 
geen Flt3L tot expressie brengen (Flt3L -/- muizen). Wij observeerden een opvallende 
afname van klinische artritis scores en de frequentie van artritis, zowel in de acute 
als in de chronische fase bij CIA-muizen vergeleken met wildtype muizen. Daarnaast 
werd een verminderde synoviale ontsteking en gewrichtsdestructie waargenomen. 
Flt3L -/- muizen hadden ook een sterk verminderd aantal DCs in de lymfoïde organen 
na CIA inductie, wat er toe leidde dat de omvang en kwaliteit van de T- en B-cel 
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respons afnam. Dit onderzoek benadrukt het belang van Flt3L-afhankelijke DCs bij 
de initiatie van CIA en suggereert dat manipulatie van deze signaleringsroute een 
positieve rol kan spelen bij de preventie van artritis. 

In hoofdstuk 4 bleken de Flt3L afhankelijke CD103+ DCs die migreren vanuit de 
huid de belangrijkste subtype DCs te zijn die betrokken zijn bij het initiëren van de 
cel gemedieerde immuniteit bij artritis. 

Het is belangrijk om meer inzicht te verkrijgen in de rol van DCs in de lymfoïde 
organen en in de periferie in het sterker worden van auto-reactieve responsen. Wij 
hebben laten zien dat muizen zonder CD103+ DCs resistent waren voor CIA wat 
aangeeft dat alleen de aanwezigheid van CD11b+ en van monocyten afgeleide DCs 
(MoDCs) (niet afhankelijk van Flt3L) niet genoeg was voor de inductie van CIA. 

Daarnaast hebben we aangetoond dat CEP-701 (een FLT3 remmer) behandeling, 
de CIA ontwikkeling tegenging, en het aantal CD103+ DCs in lymfeknopen en 
synovium drastisch liet dalen. Omdat CD103+ DCs een cruciale rol zouden kunnen 
spelen bij de CIA inductie vroegen wij ons af of zij ook van belang zouden kunnen 
zijn bij het continueren van het auto-immuun-proces. Om dit uit te zoeken hebben 
wij deze celpopulatie onderzocht in humane artritis.

In hoofdstuk 5 hebben wij laten zien dat humaan CD141hi DCs, homoloog van 
de muizen-CD103+DCs, in verhoogde aantallen voorkwamen op plaatsen waar 
ontsteking werd geobserveerd, bij zowel RA als psoriatrische artritis (PsA) patiënten. 
Bij mensen waren het vooral de CD141+DCs die de grootste aanmaak van IFNλ 
lieten zien in respons tot poly-IC, een Toll-like receptor 3 (TLR3) ligand. Het werd 
duidelijk dat IFNλ1/IL-29 tot expressie komt in het ontstoken gebied zowel bij RA 
als PsA en wij identificeerden CD141+DCs en CD31+ endotheliale cellen/monocyten 
als de belangrijkste cellen die IL-29 tot expressie brachten in het ST. Daarnaast 
hebben wij laten zien dat T-cellen IL-28RA+ (IFNλ receptor) tot expressie brachten. 
Wat verder opviel was dat supernatanten van poly-IC geactiveerde CD141+DCs 
(met hoge concentratie IFNλ1/IL-29) of recombinant IFNλ1/IL-29 de expressie 
van CXCL10 bij T-cellen verhoogde. Opvallend genoeg werd dit effect te niet 
gedaan als er een JAK1 remmer werd gebruikt. Langs deze weg hebben wij een 
nieuw mechanisme geïdentificeerd waarbij IFNλ1/IL-29, geproduceerd door TLR3 
geactiveerde CD141+DCs bijdragen bij het continueren van de synoviale ontsteking, 
bijvoorbeeld als gevolg van het sterk induceren van CXCL10 door T cellen. Pattern 
recognition receptors (PRRs) zoals TLRs en C-type lectine receptors (CLRs) maken 
antigeen herkenning mogelijk en faciliteren een doeltreffende immuunrespons. 
CD141+DCs worden gekenmerkt door een specifieke combinatie van PRRs, namelijk 
CLEC9A expressie, een CLR die betrokken is bij de cross-presentatie van death-
associated antigeen aan CD8+ T cellen. In hoofdstuk 6 hebben wij getracht vast te 
stellen of CLEC9A expressie door CD141+DCs veranderd kunnen worden door een 
succesvolle adalimumab therapie (ten opzichte van placebo) in PsA patiënten. Wij 
hebben gezien dat CLEC9A eiwit expressie in ST significant lager was na 4 weken 
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behandelen met adalimumab (vergeleken met placebo). Daarnaast hebben wij 
PsA ST CLEC9A+ cellen in de nabijheid van CD8+ T cellen waargenomen wat een 
mogelijke interactie suggereert. Een belangrijke gevolgtrekking van deze observatie 
is dat een op CLEC9A of CD141+ DCs gerichte therapie het ontstekingsproces in 
PsA patiënten zou kunnen verminderen. FLT3 signaal transductie liet niet alleen een 
regulatie van de DC ontwikkeling zien, maar had ook een effect op andere cellen 
(zoals osteoclasten, OCs) die mogelijk een belangrijke rol spelen in de pathogenese 
van RA. 

In hoofdstuk 7 hebben wij onderzocht of de FLT3/Flt3L-as direct betrokken 
is bij de osteoclasten aanmaak en bij de botdestructie in zowel mens als in muis-
modellen van RA en of interventie in deze as gunstig zou zijn voor de preventie van 
botdestructie bij artritis. 

We hebben laten zien dat Flt3L OC vorming kan induceren in RA patiënten en 
we hebben aangetoond dat, door de FLT3 remmer CEP-701, de Flt3L geïnduceerde 
osteoclasten aanmaak aanzienlijk afnam. 

Het was opvallend te constateren dat CEP-701 behandelde M-CSF-gegenereerde 
OCs het vermogen verloren om bot te resorberen wat suggereert dat CEP-701 
een potentieel therapeutisch effect kan hebben bij het bestrijden van botverlies. 
Ondanks het vermogen van Flt3L om osteoclasten aanmaak te stimuleren, was het 
blokkeren van dit mechanisme in vivo niet genoeg om botverlies, in zowel KxBN als 
CIA muizenmodellen voor artritis, te voorkomen. Vervolgstudies zijn nodig om het 
mechanisme hoe Flt3L en zijn blokkade bij kan dragen aan osteoclastenaanmaak 
in RA, beter te begrijpen. In dit proefschrift, en bediscussieerd in hoofdstuk 8, 
hebben wij een belangrijke rol van de FLT3/Flt3L signaal transductie aangetoond 
in de pathogenese van reumatoïde aandoeningen. Verder hebben wij laten zien dat 
manipulatie van dit mechanisme gunstige effecten kan hebben op de preventie en 
behandeling van artritis.
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Sumário 

As células dendríticas (CDs) são as sentinelas do sistema imunitário. Elas patrulham o 
corpo e estão prontas a iniciar e guiar uma resposta imune especifica dependendo 
da natureza do insulto. As CDs devido à sua importância na iniciação de respostas 
imunitárias, tanto do sistema inato como adaptativo, têm sido envolvidas na 
patogénese de doenças autoimunes, onde desempenham um papel crucial ao 
apresentarem autoantigénios a células T autoreactivas. Enquanto o papel dos 
linfócitos T e B em autoimunidade tem sido alvo de intenso estudo estando bem 
caracterizado e de facto fármacos contra estas linhagens celulares têm sido usados 
no tratamento de doenças autoimunes como Artrite Reumatoide (AR), muito menos 
se sabe acerca do envolvimento das CDs. As CDs são uma população de células 
muito heterogénea e diferentes subtipos com funcionalidades e características 
distintas foram identificados (Capítulo 1). FMS-related tyrosine kinase 3 Ligand (Flt3L) 
é um fator de crescimento crucial para o desenvolvimento de CDs tanto em ratinhos 
como em humanos. Dada a importância do sistema FLT3/Flt3L em hematopoese e 
diferenciação de CDs e o papel das CDs em autoimunidade, o objetivo desta tese é 
estudar de forma detalhada o papel das CDs que dependem de Flt3L em processos 
autoimunes. No Capítulo 1 caracterizámos a importância das CDs dependentes de 
Flt3L em processos inflamatórios crónicos e processos autoimunes. Em AR foram 
identificados diferentes subtipos de CDs no compartimento sinovial (local de 
inflamação) e observou-se que a sua frequência está aumentada. No Capítulo 2 
procurámos investigar se a via de sinalização FLT3/Flt3L estaria alterada em doentes 
com AR comparando-os com outras doenças ou indivíduos saudáveis. Observámos 
que o sistema FLT3/Flt3L estava desregulado em AR. Os níveis de expressão de 
Flt3L no soro, líquido e tecido sinovial de doentes de AR estavam elevados em 
comparação com os controlos escolhidos. Também constatámos que há uma redução 
nos níveis de Flt3L no soro após tratamento eficaz com corticosteroides sugerindo 
que a manipulação deste sistema pode constituir uma nova abordagem terapêutica 
no tratamento de artrite. No Capítulo 3 fizemos uso de ratinhos sem expressão 
de Flt3L (Flt3L-/-) de forma a avaliar a importância da via de sinalização Flt3L no 
desenvolvimento de artrite. Verificámos uma redução na incidência e severidade da 
doença, tanto na fase crónica como na fase aguda, em ratinhos Flt3L-/- comparando 
com ratinhos WT. Revelámos também que ratinhos sem Flt3L apresentavam uma 
redução na inflamação sinovial e destruição articular. Ratinhos Flt3L-/- evidenciavam 
ainda um decréscimo na magnitude e qualidade das respostas das células T e B 
devido a reduções no número de CDs nos órgãos linfáticos após indução de artrite. 
Este trabalho salientou a importância das CDs dependentes de Flt3L para a iniciação 
da artrite em modelos animais (artrite induzida por colagénio, CIA) sugerindo que 
interferindo neste sistema pode ser crucial para a prevenção de artrite. No Capítulo 4 
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enfatizámos o papel das CDs dermais migratórias CD103+ como o principal subtipo 
de CDs envolvido na iniciação de artrite. É importante compreender a função das 
CDs presentes em órgãos linfáticos e periferia para as respostas autoimunes. Neste 
capítulo demonstrámos que ratinhos sem CDs 103+ estavam protegidos de artrite 
(CIA) realçando que outros subtipos de CDs não dependentes de Flt3L, como CD11b+ 
e CDs derivadas de monócitos (MoDCs), não são suficientes para induzir doença. 
Usando um inibidor de FLT3 (CEP-701) constatámos que a indução de artrite era 
bloqueada e observámos uma redução acentuada no número de CDs 103+ presentes 
nos nódulos linfáticos e tecido sinovial. Sabendo que as CDs 103+ desempenham 
um papel fundamental na inducão de artrite (baseado nos resultados obtidos no 
Capítulo 4) hipotisámos que estas células também participassem na manutenção 
do processo autoimune. Assim, no Capítulo 5 estudámos esta população de CDs 
em pacientes com artrite (AR e artrite psoriática) e verificámos que as CDs 141+ 
(células homologas em humanos das CDs 103+ em ratinho) estavam presentes e 
a sua frequência aumentada em locais de inflamação. Em humanos as CDs 141+ 
foram identificadas como as maiores produtoras de interferão lambda (IFNλ) em 
resposta a estimulação com poly IC, um ligando de Toll-like recetor 3 (TLR3). Neste 
capítulo mostrámos que IFNλ1/IL-29 é expresso no local de inflamação em AR e 
artrite psoriática e identificámos as CDs 141+ e células CD31+ (células endoteliais ou 
monócitos) como as principais células que expressam IFNλ1/IL-29 em tecido sinovial. 
Demonstrámos também que células T expressam o recetor para IFNλ (IL-28RA+). 
Verificámos que sobrenadantes de CDs estimuladas com Poly IC (contendo níveis 
elevados de IFNλ) ou IFNλ recombinante aumentam a expressão da chemoquina 
CXCL10 por células T e que este efeito pode ser bloqueado usando um inibidor 
para JAK1. Desta forma identificámos um mecanismo novo pelo qual IFNλ1/IL-29 
produzido por CDs 141+ TLR3 ativadas leva a produção de CXCL10 por células T 
podendo contribuir para a perpetuação da inflamação sinovial. Pattern recognition 
receptors (PRRs), como recetores do tipo Toll (TLRs) e lectinas do tipo C (c-type 
lectins, CLRs), permitem o reconhecimento de antigénios e regulam respostas 
imunes. CDs 141+ são caracterizadas pela expressão de um grupo específico de 
PRRs, nomeadamente CLEC9A uma c-type lectin envolvida em apresentação cruzada 
(crosspresentation) de antigénios provenientes de morte celular para células T CD8+. 
No Capítulo 6 procurámos estudar se a expressão de CLEC9A por CDs 141+ em 
doentes com artrite psoriática seria alterada em resposta a 4 semanas de tratamento 
com adalimumab em comparação com doentes tratados com placebo. 

Após 4 semanas de tratamento com adalimumab verificámos que a expressão 
proteica de CLEC9A estava significativamente reduzida em comparação com o grupo 
placebo. Observámos ainda uma correlação positiva entre a expressão de CLEC9A 
e o número de células T CD8+. Constatámos também que no tecido sinovial de 
doentes com artrite psoriática as células CLEC9A+ se encontravam na proximidade 
de células T CD8+ sugerindo uma possível interação. Desta forma propomos que 

242



 a
nn

ex
es

CLEC9A ou CDs 141+ podem ser importantes alvos terapêuticos no tratamento de 
artrite nomeadamente no controlo do processo inflamatório em doentes com artrite 
psoriática. A sinalização via Flt3L é fundamental para desenvolvimento de CDs, no 
entanto tem sido sugerido que outras células do sistema imunitário, nomeadamente 
células que desempenham papéis importantes em artrite como osteoclastos 
também podem ser reguladas por este sistema. No Capítulo 7 investigámos se a 
via de sinalização FLT3/Flt3L estava diretamente envolvida no processo de formação 
de osteoclastos e destruição articular em humanos e modelos animais de artrite e 
se a manipulação deste sistema seria benéfico na prevenção da destruição articular. 
Verificámos que Flt3L induz a formação de osteoclastos em doentes com AR e 
usando um inibidor para FLT3 (CEP-701) constatámos que este processo pode ser 
significativamente reduzido. É de salientar que osteoclastos gerados com GM-CSF e 
tratados com CEP-701 perdem a capacidade de reabsorver osso indicando que este 
inibidor pode ter um possível efeito terapêutico na prevenção da destruição óssea. 
No entanto, e apesar do potencial de Flt3L para o desenvolvimento de osteoclastos 
in vitro, bloqueando este sistema in vivo não foi suficiente para prevenir a perda 
óssea nos modelos animais de artrite KxBN e CIA. Mais estudos são necessários 
para compreender o mecanismo pelo qual Flt3L e a sua depleção podem contribuir 
para a formação de osteoclastos em artrite. Nesta tese, e discutido em mais detalhe 
no Capítulo 8, evidenciámos o papel fundamental da sinalização via FLT3/Flt3L na 
patogénese de doenças reumáticas e demonstrámos que a modulação desta via 
pode constituir uma forma eficaz para a prevenção e/ou tratamento de artrite. 
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