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General introduction and scope of this thesis

Immune system
Our immune system is essential to maintain tissue homeostasis, and to protect
our body from constant exposure to encountered pathogens, such as invading
bacteria, viruses and parasites. Dysregulation of immune activation can lead to
severe diseases, excessive tissue damage and autoimmunity. To prevent this from
happening, our immune system has to recognize invading pathogens, needs to
discriminate between self and foreign structures, and has to be tightly regulated.
Dendritic cells (DCs) and the complement system are two essential parts of our
immune system, that are both involved in pathogen recognition and elimination.
They belong to the so called innate immune system, which can recognize and
eliminate a wide variety of potential dangerous compounds and pathogens, and
present these to the adaptive immune system1. The adaptive immune system is
specialized in recognition of specific pathogen-derived antigens, and plays an
important role in pathogen elimination and the generation of immunological
memory1. Although not part of the adaptive immune system itself, both DCs and
the complement system form an important bridge between innate and adaptive
immunity2, 3.
Increased levels of both DCs and complement activation products are observed
during infection and in several autoimmune diseases, indicating that crosstalk
between these two arms of innate immunity is likely to occur. Until recently,
however, these two arms of innate immunity have mostly been studied separately,
and data on the interplay between complement and DC activation, especially
in humans, is limited. The potential use of complement interfering compounds
for treatment of several diseases is gaining more interest4-8, emphasizing the
importance of understanding the effect of complement on DC activation. In this
thesis, we aim to clarify the effect of C5aR and TLR crosstalk on the activation
of human DCs.

Dendritic cells
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Together with macrophages (MØs) and B cells, DCs belong to the group of
professional antigen-presenting cells (APCs). DCs can be found through the
entire body, both residing in tissues, and in the bloodstream. Upon infection,
circulating DCs migrate into the affected tissue, where they can recognize
pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs) via specific pattern recognition receptors (PRRs)9, 10.
Triggering of PRRs on DCs induces DC maturation, resulting in the production of
inflammatory cytokines, increased expression of co-stimulatory molecules, and
the expression of chemokine receptors. In addition, DCs internalize and process
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encountered pathogens, which results in the presentation of antigens in major
histocompatibility complex (MHC) class I and II molecules on the cell surface2.
The expression of chemokine receptors by DCs is necessary to migrate to
T cell areas of secondary lymphoid organs2. Antigen presentation, cytokine
production, and the expression of co-stimulatory molecules by DCs are three
essential steps in initiating appropriate and antigen-specific T cell response.
First, antigen-containing MHC molecules on activated DCs interact with antigenspecific T cell receptors on naïve CD4+ and CD8+ T cells, leading to activation of
only antigen-specific T cells. Second, co-stimulatory molecules are recognized
by receptors present on T cells, and provide activation and survival signals to T
cells11. In absence of co-stimulatory molecules, T cells are not properly activated
and become nonresponsive to antigens. This is important to maintain selftolerance and to prevent autoimmunity2. Third, DC can dictate the polarization
of naive antigen-specific T cells by the type of cytokines that they produce.
Upon recognition of pathogenic bacteria, viruses, and fungi, DCs produce IL12, which induces the formation of IFN-γ producing Th1 cells. These promote
the activation of CD8+ cytotoxic T cells and the activation of MØs, thereby
inducing direct killing of infected cells and pathogen clearance, respectively1.
Parasitic helmints, on the other hand, prime DCs to induce Th2 polarization.
Th2 cells induce IgE class switching of B cells and the recruitment of mast cells,
eosinophils, and basophils, which are important during parasite elimination12.
T cell polarization is not restricted to Th1 and Th2 subsets. Production of TGF-β,
IL-23 and IL-6, for example, leads to the induction of Th17 cells, which play
an important role in the defense against extracellular bacteria and fungi by
enhancing neutrophil responses13. Another Th subset, the follicular T helper
cells (Tfh), are formed upon the production of several inflammatory cytokines,
namely IL-6, IL-12, IL-21 and IL-2714. Tfh cells promote humoral immunity (the
production of antibodies) by providing help to antigen-specific B cells, resulting
in B cell activation and differentiation into memory B cells and antibody
producing plasma cells14.
Pro-inflammatory effector functions of our immune system are required to
initiate proper immune activation, however, our immune system needs to be
tightly regulated to prevent overactive immune activation, excessive tissue
damage, and autoimmunity13, 15, 16. Strong Th17 and Tfh responses, for example,
have been associated with several autoimmune diseases14, 15. Regulatory T
cells play an important role in tissue homeostasis and immune regulation13, 16.
They are both formed during T cell development (natural Tregs), and upon the
production of the immunosuppressive cytokines TGF-β and IL-10 by DCs2, 16, 17.
Induced regulatory T cells secrete the anti-inflammatory cytokine IL-10,
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which inhibits the activity of several immune cells, including APCs, monocytes,
and T cells16, 18. Although immune regulation is important to maintain tissue
homeostasis and to prevent uncontrolled immune activation, excessive immune
regulation can interfere with the effector phase of the immune response and
is, therefore, undesired. Summarizing, DCs play an important role in T cell
activation, polarization and immune regulation.
Toll-like receptors

DCs express different types of PRRs, which are essential to detect both
extracellular and intracellular PAMPs and DAMPs10. PRRs expressed by DCs
include Toll-like receptors (TLRs), NOD-like receptors, C-type lectin receptors
and RIG-I-like receptors9. Since each PRR has its own specific ligand(s),
activation of DCs by different pathogens induces the triggering of a different
(combination of) PRR(s), resulting in pathogen-specific DC activation. Ten
different TLRs have been described in humans, of which TLR4 is by far the best
studied. TLR4 has many different ligands, including lipopolysaccharide (LPS)
from Gram-negative bacteria (Table 1)9. Other TLRs are specialized in, for
example, recognition of single or double stranded RNA and DNA from viruses
Table 1. Toll-like receptors and their corresponding physiological and synthetic
ligands
TLR

Physiological ligands

Syntethic ligands

TLR1-2

Triacyl-lipopeptides (Gram-negative bacteria)

Pam3CSK4

TLR2

Lipopeptides (bacteria, fungi, viruses, parasites); ECM
components, HMGB1 (host)
dsRNA (viruses)

Poly I:C

ssRNA (viruses, bacteria, host)

Imidazoquinoline compounds, R848

TLR2-6
TLR3
TLR4
TLR5

lipopolysaccharide (LPS) (Gram-negative bacteria, viruses);
oxidated phospholipids, ECM components, HMGB1, Hsp*,
Amyloid-β, β-defensin-2 (host)
Flagellin (Flagellated bacteria)

TLR9

CpG-DNA (viruses, bacteria, parasites, host)

TLR7/8
TLR10
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Diacyl-lipopeptides(Gram-positive bacteria, mycoplasm);
oxidated phospholipids, Amyloid-β (host)

Unknown

MPLA

CpG-ODNs

TLR, Toll-Like receptor; ECM, extracellular matrix; HMGB1, high mobility Groep Box 1; Hsp, heatshock proteins. As reviewed by Takeuchi and Akira (2010)9, Kawai and Akira (2010)10, Zhang et al.
(2017)19. *May be due to contamination with Escherichia coli products.
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Figure 1. Schematic overview on TLR4 signaling. Activation of TLR4, for example by LPS, leads
to the activation of MyD88 and TRIF, followed by downstream activation of IRF3, MAPKs, NF-κB
and IRF5. This results in the production of inflammatory cytokines, Type I interferons (IFNs) and
the expression of co-stimulatory markers. This overview has been simplified, a more detailed
overview on signal transduction pathways downstream TLR4 can be found in Kawai et al.10.

and bacteria (TLR3, TLR7/8 and TLR9) or recognition of lipoproteins (TLR2,
TLR1-2 and TLR2-6 heterodimers) (Table 1)9, 10, 19. In addition, almost all TLRs
can recognize specific DAMPs (Table 1)10, 19.
TLR4 activation induces the recruitment of the adaptor molecules MyD88
and TRIF to the cytosolic domain of the receptor (Figure 1). Both MyD88 and
TRIF signaling induce NF-κB activation and signaling via mitogen-activated
protein kinases (MAPKs), such as ERK, p38 and JNK. Signaling via interferon
regulatory factor (IRF) 3 is restricted to TRIF-induced signaling, whereas IRF5
signaling only has been described downstream of MyD8810. IRF5, MAPKs and
NF-κB signaling induce the production of inflammatory cytokines, such as IL-6,
TNF-α, IL-12, IL-23 and IL-10, while IRF3 signaling leads to the production of
type I interferons (IFNs), and the expression of co-stimulatory markers10, 20, 21.
TLR4 is unique in activating both the adaptor molecule MyD88 and TRIF;
activation of the other TLRs induces the recruitment of only one of these adaptor
molecules10.
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Figure 2
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Figure 2. Human hematopoietic dendritic cell subsets. Development of the different circulating
dendritic cell (DC) subsets and inflammatory monocyte-derived DCs (moDCs). HSC, Hematopoietic
stem cells; GMDP, granulocyte, monocyte and dendritic cell precursor; MDP, monocyte and DC
precursor; CDP, common DC precursor; pDCs, plasmacytoid DCs; slanDCs, 6-sulfo-LacNAc DCs;
moDCs, monocyte-derived DCs. Adapted figure from Breton et al 26.

Human circulating DC subsets
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During homeostasis, DCs both reside in tissues as well as in the circulation.
The recruitment of circulating DCs into the affected tissue is strongly increased
during tissue inflammation22-24. DCs are not a homogenous population and can
be divided in specific DC subsets. Four main DC subsets have been distinguished
in human circulation (Figure 2), which all originate from hematopoietic stem
cells (HSC)25-27. Some of these DC subsets in addition are precursors for tissue
residing DC subsets28, 29.
6-sulfo LacNAc DCs (slanDCs) are the most abundant circulating DC subset,
representing 0.5-2% of the PBMC fraction30. They comprise a very proinflammatory DC subset only described in humans, and express almost
all TLRs31. Increased infiltration of slanDCs is observed at the site of
inflammation in several chronic diseases, including psoriasis22, 32, systemic
lupus erythematosus (SLE)31, arthritis33, inflammatory bowel disease34, 35,
and multiple sclerosis36. In addition, slanDCs were found to accumulate in
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human carcinoma-draining lymph nodes37, and upon HIV-1 infection38. slanDC
are also called slan+ monocytes, and are as such part of the non-classical
monocyte subset (CD14-CD16+)27. However, they are considered to be more
related to DC subsets in terms of their capacity to induce T cell activation30, 39.
The other circulating DC subsets are the myeloid DC subsets (or conventional
DCs), and the plasmacytoid DCs (pDCs). Myeloid DCs can be divided in two
subsets, cDC1 (defined by CD141+ in humans and CD8+ DCs in mice) and cDC2
(defined by CD1c+ DCs in humans, and CD8- DCs in mice). They differ from each
other in the expression of transcription factors (IRF8 and IRF4, respectively),
TLRs (TLR3 and TLR7/8, respectively) and in their tissue distribution40, 41.
Both myeloid DC subsets can induce CD4+ and CD8+ T cell responses, however,
in mice, cDC1 induce much stronger CD8+ T cell responses compared to cDC2.
In human, differences between myeloid DCs in terms of CD8+ T cell activation
seems to be less clear40. pDCs are the most deviant DC subset compared to
the other DC subsets, and are mainly found in the circulation and in lymphoid
tissues24. They are specialized in the recognition of viruses via TLR7 and TLR9,
and do not express other TLRs. Upon activation, pDCs produce high levels of
type I interferons, which leads to the activation of macrophages, myeloid DCs,
NK cells and CD4+ and CD8+ T cells24, 42.
Inflammatory DCs comprise yet another DC subset. They are different from
the above described human DC subsets by their absence during steady state.
Inflammatory DCs are also called monocyte-derived DCs (moDCs), as they
specifically arise from monocytes during extravasation at the inflammatory
site in vivo. Inflammatory DCs are found during several bacterial, viral and
fungal infections, as well as in several autoimmune diseases23, 43. moDCs can be
generated in vitro from monocytes using GM-CSF and IL-4, and are commonly
used as inflammatory DCs during in vitro studies and immunotherapy44.

1

The complement system

Complement activation is important to combat invading pathogens, as it leads
to immune cell recruitment (via the production of anaphylatoxins), pathogen
opsonization and uptake (via the production of opsonins), and pathogen
disruption (by the formation of membrane attack complexes (MACs) on
pathogenic surfaces). Complement deficiency results in increased susceptibility
to bacterial infections45, 46, illustrating the importance of complement activation.
However, complement activation needs to be tightly controlled to prevent
tissue damage, organ failure and autoimmunity45, 46. This is highlighted by the
fact that many inflammatory diseases have been associated with excessive
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complement activation, including many autoimmune, neurodegenerative and
infectious diseases7, 47, 48.
The complement system consists of more than 30 soluble and membranebound proteins. The soluble complement components are mainly produced in
the liver, but can also be produced locally by various immune cells, including
DCs and T cells49-53. Membrane-bound complement components, which include
many of the complement regulators and receptors, are widely expressed
among host cells. They are important to facilitate host protection and form an
important link between complement and cell-mediated immunity.
Complement activation and regulation

The classical view on complement activation is based on the induction of
three main pathways, which are activated via immune complexes (classical
pathway), pathogenic mannose structures (mannose-binding lectin pathway)
and via spontaneous C3 hydrolysis (alternative pathway) (Figure 3)1, 45.

Figure 3
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Figure 3. The complement system. Complement activation by the classical, mannose-binding
lectin and alternative pathway, as well as convertase-independent complement actvation.
Adapted figure from Huber-Lang et al.55.
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Activation of these three pathways is tightly regulated and converge at the level
of C3 cleavage by pathway-specific C3 convertases. This subsequently leads
to the formation of C5 convertases, C5 activation, and downstream terminal
complement activation. More recently, it has become clear that complement
activation is not limited to these three complement pathways; also convertaseindependent activation of C3 and C5 contributes to complement activation54-63.
Since C3 and C5 can be produced locally by immune cells49-52, 64, 65, convertaseindependent complement activation is suggested to play an important role in
local immune cell activation54.
Terminal complement activation results in the formation of membrane attack
complexes (MAC; C5b-9) on pathogenic surfaces, inducing pathogen lysis.
Host cells are protected against complement-mediated destruction both by
binding of soluble regulators as well as by the expression of membrane-bound
regulatory complement proteins66. Furthermore, complement activation
leads to the formation of opsonins (C3b, iC3b, C4b), and anaphylatoxins
(C3a, C4a and C5a) (Figure 3). Pathogens are opsonized with C3b, iC3b and
C4b, and can be recognized by membrane-bound complement receptors (CR1,
CR2 and CR3) present on phagocytes3. This facilitates the uptake of invading
pathogens, which results in pathogen clearance, and antigen presentation
to the adaptive immune system. Opsonization also improves the uptake of
immune complexes3, 46.
The anaphylatoxins C5a and C3a are well-known for their function as
chemoattractants. C5a is the most potent chemoattractant and induces the
recruitment of many different immune cells to inflamed tissue, among which
neutrophils67-69, eosinophils67, 69, monocytes70, and human DCs30, 71. In addition,
release of C5a increases blood vessel permeability, chemokine release from
neutrophils, and the expression of adhesion molecules on endothelial cells72,
thereby further facilitating immune cell recruitment into inflamed tissue
and local inflammation. Compared to C5a, C3a is a weaker chemoattractant,
and is mainly involved in the attraction of eosinophils and mast cells67, 73. The
chemoattractic function of C4a is at the moment still unclear74. To prevent
overwhelming immune cell recruitment, the activity of anaphylatoxins
is regulated by the presence of plasma carboxypeptidases75. Cleavage of
anaphylatoxins C3a and C5a by carboxypeptidases results in the formation
of C5a desArg and C3a desArg66, 75. These inactivated anaphylatoxins have
been described as less active compared to their activate counterparts70, 76. C5a
desArg, however, can still induce the recruitment of immune cells70, 77.
Both endothelial cells and immune cells, such as APCs, recognize anaphylatoxins
via specific receptors78, named C3aR, C5aR1 (CD88) and C5aR2 (previously
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called C5L2). These are seven transmembrane-spanning receptors, of which
only C3aR and C5aR1 are G-protein coupled receptors. Stimulation of C3aR
and C5aR1 induces Ca2+ influx and can induce the activation of several different
signaling transduction pathways. For a long time, C5aR2 was thought to only
function as a decoy receptor, thereby regulating C5a availability to C5aR1.
More recently, however, C5aR2 was stated to actively inhibit C5aR1 induced
signaling79, 80. The effect of C5a on APC activity will be further explained below.
Complement and diseases

Many pathological conditions and diseases are associated with altered
complement activation. Deficiencies in complement components MBL and C3,
as well as deficiencies in terminal complement components, for example, are
associated with predisposition to bacterial or pyrogenic infections45. In addition,
a strong correlation exists between deficiencies in complement components
C1q, C4 and C2 and the development of SLE81, whereas defects in complement
regulators are linked to the development of atypical hemolytic uremic
syndrome (aHUS) and paroxysmal nocturnal hemoglobinuria (PNH)7, 45, 66.
This highlights complement interference as an interesting strategy to treat
various complement-mediated diseases.
There are many compounds in clinical development to interfere with undesired
effector functions of complement8, 77. Treatment of PNH and aHUS by the use of a
monoclonal antibody directed against C5, called eculizumab, is very successful
in humans, and has been approved for the treatment of patients since 20077, 8.
In addition, treatment with C5 or C5a modulating compounds improved
disease severity in murine models for several autoimmune diseases4, 5, 77,
and C5a is associated with several autoimmune diseases, including SLE82, 83,
psoriasis71, rheumatoid arthritis84, 85, allergic asthma86 and inflammatory bowel
disease5. Also transplant rejection is associated with elevated C5a levels87,
88
. The potential use of C5/C5a modulating compounds for treatment of
autoimmune diseases is gaining more interest4-8, and their use for the treatment
of RA and psoriasis already reached clinical trials7. The involvement of C5a in
these diseases is, however, still poorly understood. C5a interference may for
example affect APC activation and subsequent adaptive immune responses, as
will become clear below. Long term complement inhibition in these diseases
may, furthermore, lead to increased susceptibility to bacterial infections8.
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murine

human

murine

murine

murine

murine

murine

peritoneal MØ
and monocytes*
monocyte*

moDC

BMDC

n.d.

BMDC

BMDC

peritoneal MØ

LPS

LPS

no stimulus

LPS

allograft

LPS

OVA

OVA

allograft

LPS

OVA

stimulus

↑ IL-6, TNF-α, no effect on
IL-10

↑ IL-1, TNF-α

↑ IL-6, TNF-α, IL-12

↑ IL-12, TNF-α, ↓ IL-10

↓ IL-12, TNF-α, MIP-2

↓ IL-12, ↑ IL-10

↓ IL-12, IL-23

n.d.

n.d.

↓ IL-12, ↑ IL-10

n.d.

Cytokine production

n.d.

n.d.

↑ HLA-DR, CD86, CD40

↑ MHCII, CD86, CD40

n.d.

↓ MHCII, CD80, CD86

↓ MHCII, CD80, CD86, CD40

↓ CD80, CD40

n.d.

↓ MHCII, CD80, CD86

n.d.

Co-stimulatory molecules

n.d.

n.d.

↑ IFN-γ, TNF-α, IL-17

↑ T cell response, ↑ IFN-γ

n.d.

↓ T cell response, ↓ IFN-γ

↓ T cell response, ↓ IFN-γ

n.d.

↓ T cell response, ↓ IFN-γ

↓ T cell response, ↓ IFN-γ

↓ T cell response, ↓ IFN-γ

T cell activation
Th1 response to T. gondii
and in EAE and herpes keratitis models
n.d.

n.d.

n.d.

n.d.

C5aR inhibition improves renal graft
survival
n.d.

n.d.

n.d.

prolongs renal allograft survival
and decreases cell infiltration
n.d.

C5aR-/-

[103]

[94]

[102]

[49]

[88]

[49]

[50]

[50]

[95]

[49]

ref
[50]

C5aR-/- reduces

Clinical relevance

n.d., no data; BMDC, bone marrow-derived dendritic cell; MØ, macrophages; moDC, monocyte-derived dendritic cells; OVA, Ovalbumin; *monocytes
are not defined antigen presenting cells

C5a
treatment

C5aR
antagonist

BMDC

BMDC

murine

murine

BMDC

murine

C5aR
deficiency

cell type

species

Treatment

Table 2. Stimulatory effect of C5a on antigen presenting cell activation and adaptive immunity
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IL-5, IL-6, IL-9, IL-12, IL-13, IL17, Eotaxin, GM-CSF, IFN-γ, KC,
MCP-1, MIP-1α, MIP-1β,
RANTES, TNF-α, ↑ G-CSF, IL-10
↓ IL-6, TNF-α, ↑IL-10
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n.d.
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n.d.

↑ T cell infiltration,
↑ IFN-γ
n.d.

T cell activation

[99]

[98]

[97]

[100]

[97]

[96]

[93]

[97]

[97]

[93]

ref

n.d.

n.d.

n.d.

[101]

[105]

[104]

C5a decreases S. typhimurium survival in [103]
MØ
n.d.
[101]

n.d.

C5a promotes P. gingivalis intracellular
survival
C5a attenuates P. gingivalis intracellular
clearance
n.d.

n.d.

n.d.

n.d.

C5aR-/- more resistant to L. major
infections
C5aR-/- mice are more protected against
periodontal bone loss, C5aR-/- promotes
intracellular clearance of P. gingivalis
C5aR inhibition promotes intracellular
clearance of P. gingivalis

Implication

n.d., no data; MØ, macrophages; moMØ, monocyte-derived macrophages; SAC, S. aureus Cowan-I. *monocytes are not defined antigen presenting cells

human

human

monocyte*

monocyte*

moDC

human

human

moMØ

peritoneal MØ

peritoneal MØ

peritoneal MØ

peritoneal MØ

peritoneal MØ

peritoneal MØ

human

murine

murine

murine

murine

murine

murine

n.d.

C5aR
antagonist
C5a
treatment

murine

n.d.

murine

C5aR
deficiency

cell type

species

Treatment

Table 3. Inhibitory effect of C5a on antigen presenting cell activation and adaptive immunity

C5aR and TLR crosstalk in APCs

General introduction

Although both DCs and the complement system are activated at the site of
inflammation and play an important role during infections and in autoimmunity,
crosstalk between complement activation products and DCs has only been
investigated during the last decade. Although some studies address the direct
effect of anaphylatoxins on T cell activation59, 89, most research focuses on
the effect of anaphylatoxin C5a during DC and MØ maturation by PAMPs49, 50,
64, 65, 90-93
. Published data on the effect of anaphylatoxins on APC activation
and subsequent adaptive immune responses are, however, contradicting.
In addition, most research has been performed in mice and it remains to be
shown if these findings can be translated to the human setting (Table 2 and 3).
The increased interest in the use of C5/C5a modulating compounds for the
treatment of various diseases, emphasizes the importance to understand the
crosstalk between these two arms of innate immunity. Especially because DCs
can strongly modulate adaptive immunity, and can locally produce complement
components, including C549, 51, 52, 64.

1

C5aR and TLR crosstalk in mice

In mice, the effect of C5a on immune activation has been investigated mainly
in bone marrow-derived DCs (BMDCs) and peritoneal MØs (Table 2 and 3).
C5a promotes co-stimulatory marker expression and enhances LPS-induced
IL-12 production in BMDCs, resulting in increased Th1 polarization49. In line
with this, disabled C5aR signaling during BMDC-T cell interaction, either by
the use of C5aR deficient mice or by the use of C5aR antagonists, results in an
impaired Th1 immune response49, 50, 90. C5a stimulation also leads to increased
production of IL-1 and TNF-α in BMDCs, while decreasing IL-10 production49, 94.
In these studies, the pro-inflammatory effect of C5a on cytokine production
is associated with increased PI3K-induced Akt phosphorylation and NF-κB
activity, whereas cAMP/PKA signaling is reduced49 (Figure 4B).
This pro-inflammatory effect of C5a on DC activation may promote adaptive
immunity during infections, but can also contribute to the development of
autoimmunity in the absence of an infection. During Toxoplasma gondii infection,
C5aR deficient BMDCs are indeed impaired to induce Th1 immune responses,
resulting in decreased protection during infection50. In C5aR deficient mice,
impaired Th1 immune responses are observed in models for experimental
autoimmune encephalomyelitis and herpes keratitis50 (Table 2), indicating
that C5a indeed promotes disease severity in autoimmune settings. In addition,
the pro-inflammatory effect of C5a on DCs interferes with successful organ
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Figure 4
A

B

C

Absence of PAMPs
Pro-inflammatory

Presence of PAMPs
Pro-inflammatory

Presence of PAMPs
Anti-inflammatory

Human moDC

Mice BMDCs

Mice MØ
Human MØ

C5a

C5aR

[102]
[102]

cAMP Akt

C5a

C5aR

C5aR

[102]

[49]

[102]

NF-κB ERK1/2

[97, 100]
[49]

cAMP

PI3K

[93, 96,
102, 104]

[49]

NF-κB ERK1/2

Akt

Pro-inflammatory cytokines

C5a

Pro-inflammatory cytokines
IL-10 dependent effect on pro-inflammatory
cytokine production [49]

cAMP

PI3K

[93, 96, 103]

NF-κB ERK1/2

Akt

Pro-inflammatory cytokines
IL-10 independent effect on pro-inflammatory
cytokine production [93, 96, 103]

Figure 4. C5aR signaling in antigen-presenting cells and the effect on pro-inflammatory
cytokine production. Three models on C5a induced signaling. Depicted are the signal transduction
pathways induced (green arrows) or inhibited (red lines) in specific APCs (as indicated in the
figure) upon C5aR signaling in the (A) absence or (B, C) presence of PAMPs. Blue arrows indicate
the mechanisms involved in the modulating effect of C5a on the production of pro-inflammatory
cytokines as suggested in previous publications. Numbers in brackets refer to references.
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transplantation, for dysregulated C5aR signaling reduces graft rejection and
allo-reactive T cells responses in mice88, 95.
In contrast to the stimulatory effects of C5a, also inhibitory effects of C5a on
APC activation and Th1 immunity have been reported (Table 3)93, 96-99. Different
from the studies described above, all of these studies were performed in mouse
peritoneal MØs. C5a decreases the production of many pro-inflammatory
cytokines, including TNF-α, IL1-β, IL-6, IL-12, and IL-23, while increasing the
expression of IL-1093, 96-99. Decreased pro-inflammatory cytokine production
upon C5a stimulation is associated with reduced Th1 polarization and
attenuation of Porphyromonas gingivalis clearance93, 97. In line with this, C5aR
deficiency increases the resistance against Leishmania major infections93. In
these studies, C5a treatment is associated with both increased ERK1/2 as well
as increased PI3K phosphorylation93, 96 (Figure 4C). The inhibitory effect of C5a
on IL-12 production, as well as the stimulatory effect of C5a on IL-10 production,
is dependent on ERK1/2 signaling93, 96. Also, cAMP levels increase upon C5a
treatment in mouse peritoneal MØs97, 100. In general, C5a seems to promote proinflammatory immune activation of mouse BMDCs, whereas C5a decreases the
activation of mouse peritoneal MØs.

C5aR and TLR crosstalk in human

General introduction

Knowledge on C5aR and TLR crosstalk in human APCs is very limited (Table 2
and 3)101-103. C5a stimulation had no effect on pro-inflammatory cytokine
production of human moDCs when added 1 h prior to stimulation with
Staphylococuss aureus Cowan I (SAC) and IFN-γ101. To our knowledge, this is the
only study investigating C5aR and TLR crosstalk in human DCs. C5aR expression
is present on moDCs51, 52, and C5a increases the production of TNF-α, IL-6, and
IL-12 and the expression of co-stimulatory marker expression by human moDC
in the absence of LPS102. Although different in experimental set-up (presence of
PAMPs compared to the absence of PAMPs), the activation of signal transduction
pathways by C5a in these moDCs is in line with observations in TLR-stimulated
mouse BMDCs (Figure 4A and B). In human MØs, similar results have been
found as observed in mouse peritoneal MØs. Also here, C5aR and TLR crosstalk
is associated with an decrease in IL-6 and TNF-α production, phosphorylation
of ERK1/2, and independency of PI3K signaling in relation to cytokine
production103 (Figure 4C). Although not defined as APCs, it is still worthwhile
to mention that C5a also inhibits pro-inflammatory cytokine production in three
out of four studies performed in human monocytes (Table 2 and 3)101, 103-105.
Among human circulating DC subsets, no C5aR expression is observed on ex
vivo isolated myeloid DCs, whereas C5aR expression by pDCs correlates with
DC activation status30, 52, 106. Apart from expression on moDCs101, high C5aR1
expression is also observed on slanDCs30, 32. This suggests that in humans,
especially moDCs and slanDCs may be susceptible to modulation by C5a. As
mentioned before, increased levels of both DCs and C5a are observed in several
autoimmune diseases, and DCs play an important role in modulating adaptive
immune responses during pathogen infections and in autoimmunity. In addition,
the increasing interest in the use of C5/C5a modulating compounds highlights
the importance to unravel the effect of C5aR and TLR crosstalk in human DCs.
Overall, knowledge on C5aR and TLR crosstalk in human DCs is very limited,
and needs further investigation.
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Scope of this thesis
The scope of this thesis was to investigate how C5aR and TLR crosstalk
affects the activation and eventual function of human moDCs and slanDCs. In
chapter 2 we investigated the impact of C5aR and TLR crosstalk on
the production of inflammatory cytokines and co-stimulatory molecule
expression by human moDCs. C5a reduced the production of TLR-induced proinflammatory cytokines. This inhibitory effect of C5a was very much depending
on simultaneous activation of C5aRs and TLRs. C5aR and TLR crosstalk had no
effect on the expression of co-stimulatory molecules by moDCs.
In chapter 3, we assessed the effect of C5aR and TLR crosstalk on other
human DC subsets, and elucidated how C5aR and TLR crosstalk occurred
in the underlying intersecting signaling transduction pathways. In addition,
we investigated the effect of C5a-primed DCs on subsequent T cell immunity.
Analysis of C5aR expression on human DC subsets indicated that especially
slanDCs are prone to regulation by C5a. We uncovered that C5a inhibited TLRinduced pro-inflammatory cytokine production by slanDCs. IL-10 induction
upon accelerated TLR-induced ERK/p38-CREB1 signaling was demonstrated to
be key in the regulatory effect of C5a on pro-inflammatory cytokine production
by DCs. In line with these findings, C5a-priming of DCs reduced Th1 and
cytotoxic CD8 T cell immune responses.
RNA sequencing analyses were performed to investigate the early effects of
C5aR and TLR crosstalk on DC activation in an unbiased fashion in chapter 4.
This demonstrated that C5aR and TLR crosstalk not only affects expression
of pro-inflammatory cytokines, but induces a core regulatory network in
human moDCs. Forkhead box (FOX)O1 and FOXO3 transcription factors play a
central role in this regulatory network. In addition, motif enrichment analysis
revealed a prominent role for basic leucine zipper and IFN regulatory factor 4
transcription factors during C5aR and TLR crosstalk.
In chapter 5, RNA sequencing analyses were used to determine the effect
of C5a on DC activation in absence of TLR stimulation. Gene ontology term
enrichment analysis was suggestive for a role of C5a in Fc-receptor mediated
phagocytosis and endosomal maturation. Functional experiments revealed
that C5a specifically acts on DCs to inhibit Fc-gamma receptor mediated uptake
of immune complexes. Finally, chapter 6 contains a general discussion and
summarizes our present findings.
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Abstract
The complement anaphylatoxin C5a, has been implicated in regulation of
adaptive immune responses through modulation of APC function, as shown
mainly in studies in mice. C5a was shown to enhance cytokine production in
immature dendritic cells (DCs), but the effect of C5a on DC function during DC
activation has not been elucidated in human. In this study, we investigated the
effect of C5a on human monocyte-derived DCs (moDCs) when simultaneously
stimulated with TLR ligands. While C5a indeed enhanced cytokine production
of immature DCs, the addition of C5a inhibited production of IL-12, IL-23 and
TNF-α induced by various TLR ligands, such as LPS, R848 and Pam3CSK4. The
inhibitory effect of C5a on LPS-induced IL-6 production was less pronounced
and LPS-induced IL-10 was not affected at all. This indicates that C5a receptor
(C5aR) signaling has a differential effect on human DC differentiation
depending on the crosstalk with other receptors. Furthermore, we found that
C5a affects the LPS induced cytokines in a small time frame, and requires almost
concurrent signaling of C5aR and TLR4. These data emphasize the complexity
of DC regulation by anaphylatoxins. While complement activation may provide
pro-inflammatory signals to immature DCs in the absence of pathogens, the
same products may serve to downmodulate or deviate immune responses upon
combat against infections. These context depending effects of anaphylatoxins
on immune responses may have important implications for the emerging use of
complement inhibitors in clinical practice.
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Introduction

C5aR-TLR crosstalk suppresses inflammatory cytokine production

During complement activation, the anaphylatoxins C3a and C5a are generated
by the cleavage of complement proteins C3 and C5 by the C3 and C5 convertases.
The anaphylatoxins have chemotactic and activating effects on innate immune
cells, such as neutrophils and mast cells. More recently, the anaphylatoxins
have also been implicated to play an important role in shaping the adaptive
immune response1-5. In mice, local production and/or activation of C3 and C5
was shown to mediate graft rejection through increase in pro-inflammatory
cytokine secretion3, 6, 7. These findings were supported by studies in mice, in
which a disabled C3a-C3aR or C5a-C5aR interaction resulted in an impaired
Th1 response and an increased time of graft survival1-3. C3a and C5a were
shown to bind to their receptors (C3aR and C5aR, respectively) on DCs, hereby
enhancing IL-12 production and upregulating co-stimulatory markers of these
DCs. Subsequently, Th1 polarization of interacting T cells was enhanced1-3.
Most complement proteins are mainly synthesized by hepatocytes. Cells
of the immune system, however, can also synthesize complement factors
extrahepatically. Complement proteins produced by immune cells are thought to
have local effects. Both APCs and T cells express several complement receptors
and human DCs have also been described to produce complement factors8-11.
The effect of C5a on cytokine production by human monocyte-derived DCs
(moDCs) is still not fully cleared. While in the past no effects were observed12, a
recent paper13 described an enhancing effect of C5a on immature human moDC
activation and cytokine production, which is in agreement with observations in
mice1-3. In contrast to the stimulatory effect assigned to C5a, negative effects of
the anaphylatoxins on cytokine production by TLR-stimulated APCs in mice1, 14, 15
as well as in human monocytes have also been described12, 16, 17. Taken together,
these data suggest that the impact of C5aR and C3aR signaling on production of
inflammatory cytokine production by APCs is complex.
Until now most studies concerning the effect of anaphylatoxins on the adaptive
immune response have been performed in mice and information on the effects
of anaphylatoxins on human APCs is more restricted. Studies on the effects
of complement on human APC function is necessary to better understand the
contextual differential effects of the anaphylatoxins on immune modulation. This
has recently become even more important, as several complement modulatory
compounds (such as the C5 blocking monoclonal antibody eculizumab and low
molecular weight complement inhibitors as compstatin) are now available for
clinical practice or will enter the clinic soon18, 19. In this study, we investigated
the effect of C5a on human moDCs when simultaneously stimulated with TLR
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ligands. Pro-inflammatory cytokine production, such as IL-12, IL-23 and TNF-α,
induced by LPS-maturation of DCs was inhibited by C5a. In addition, also proinflammatory cytokines induced by other TLR ligands could be inhibited by
C5a, indicating crosstalk between C5aR and TLR signaling. In contrast, C5a
enhanced cytokine production of immature DCs. These results imply that C5a
has a differential effect on human DCs depending on the absence or presence of
pathogen-sensing signals by local DCs, thus emphasizing the complexity of DC
regulation by anaphylatoxins.

Materials and Methods

Reagents, media and cell lines
Cellgro DC serum-free medium, IL-4 and GM-CSF were obtained from CellGenix
(Freiburg, Germany). All monoclonal antibodies (mAb) used for flow cytometry
were obtained from Becton Dickinson (BD, San Jose, USA), except the anti-C5aR
which was obtained from Biolegend (San Diego, USA). C5a was obtained from
Sigma-Aldrich (Steinheim, Germany). C5a receptor antagonist (C5aRA), W-54011,
was from Calbiochem (Darmstadt, Germany). Fetal Calf Serum (FCS) was from
Bodinco (Alkmaar, The Netherlands). LPS (E.coli 0111:B4), Pam3CSK4 and R848
were from InVivoGen (San Diego, USA). Salmonella typhimurium was grown as
described before20. Bacteria were heat killed by incubation at 65°C for 20 min.

Dendritic cell generation and phenotyping

36

Monocytes were isolated from fresh aphaeresis material of healthy volunteers
(Sanquin Blood Bank North West, Amsterdam, The Netherlands) upon informed
consent by using the Elutra cell separation system (Gambro, Lakewood, USA).
Monocytes were cultured at a concentration of 1 x 106 cells/ml in 20 ml of in
Cellgro medium supplemented with GM-CSF (1000 IU/ml) and IL-4 (800 IU/ml)
in a 80 cm2 cell culture flask (Nunc, Roskilde Denmark). At day 6 the immature
DCs were harvested and were cultured in 96-wells plates with 2 x 105 imDC/well
or in 6-wells plates with 1 x 106 imDC/well in Cellgro medium containing 1% FCS.
Routinely more than 85% of the harvested cells are within the ‘DC-gate’ and are
alive. Previous studies showed that immature DCs generated in this manner are
able to express CD83 upon maturation stimuli21, 22. Maturation was performed
for 2 days at 37˚C, 5% CO2, unless indicated otherwise. To induce maturation
we used different TLR stimuli, e.g. LPS (50 ng/ml), Pam3CSK4 (5 µg/ml),
R848 (5 µg/ml) or 4 x 106 S.typhimurium. C5a (10 nM or stated otherwise) was
added together with the TLR stimulus or at time points indicated in the text.

C5aR-TLR crosstalk suppresses inflammatory cytokine production

C5aRA (130 nM) was added 10 min prior to C5a addition. After maturation the
supernatant was harvested and cells were analyzed. The adherent DCs were
harvested after a few min’ incubation with a 0.25% solution of trisodiumcitrate
and washed. For phenotyping, the DCs were washed with PBS containing 0.5%
bovine serum albumin (PBA) and incubated with mAb or appropriate isotype
controls diluted in PBA with 3 mg/ml human gamma globulin for 30 min. DAPI
was added to the cells before analysis to assess cell viability and exclude dead
cells from analysis. Cells were analyzed on an LSRII flow cytometer (BD) and
using FACS Diva software (BD).
Cytokine analysis

After maturation, supernatants were harvested. The production of IL-12p70,
IL-23, IL-6 and IL-10 was determined by ELISA. For the detection of IL-10, IL-6
and TNF-α the PeliKine-compact ELISA kit was used (Sanquin Reagents). For
the detection of IL-12p70 a combination of B-T21 mAb (Diaclone, Besançon,
France) and C8.6 (BD) was used in an ELISA. For the detection of IL-23 a
combination of a monoclonal IL-23p19 (eBioscience, San Diego, CA, USA) and
C8.6 (BD) was used.

2

Statistics

Data are expressed as mean ± standard error of the mean (SEM). Statistical
significance was analyzed using either a paired t-test or an one-way Analysis Of
Variance (ANOVA) with Bonferroni post test in Graphpad Prism 5.00 software
(San Diego, USA).

Results

C5a effects cytokine production by human DCs dependent on the culture conditions
Extensive studies in mice showed that the anaphylatoxin C5a affects cytokine
production by the APCs. Mainly enhancing effects of C5a, such as increased
IL-12 production levels, were found, resulting in more Th1 polarized T
cells1-3. In contrast, a few studies in mice showed inhibitory effects of C5a
on cytokine production by APCs1, 14, 15. Recently Li et al.13. showed that C5a
addition to human moDCs increased cytokine production. We investigated if
C5a would regulate human moDCs function differently under different culture
conditions. Immature DCs (imDCs) generated from monocytes expressed the
C5a receptor (C5aR) (Figure 1A), confirming earlier findings10, 13. Exposure
of these imDCs to C5a yielded increased IL-6 levels (Figure 1B), which is in
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Figure 1. C5a suppresses LPS-induced pro-inflammatory cytokine production by DCs. (A)
imDCs were analyzed by flowcytometry for C5aR expression. (B) ImDCs were cultured in presence
of C5a for 48 h after which IL-6 levels were determined in culture supernatant (n=6). TNF-α and
IL-12 were not detectable in these cultures. (C and D) imDCs were stimulated with LPS in presence
or absence of C5a. After 48 h cytokine levels were determined in culture supernatant. (D) Cytokine
production in cultures in which C5a was present is expressed relative to cultures without C5a. Data
are presented as mean ± SEM of at least 7 different donors. (B-D) Paired student’s t-test was used
to determine significant differences (*P<0.05, **P<0.01).
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agreement with the study of Li et al.13. Next, C5a modulation of DC function
was investigated in the presence of pathogen-derived TLR ligands that
induce DC maturation. Therefore, C5a was added simultaneously with LPS to
imDCs. Interestingly, C5a reduced the LPS-induced production of IL-12, IL23 and TNF-a strongly and significantly to about 20-30% of untreated cells
(Figure 1C, D). IL-6 production was also significantly inhibited, but to a lesser
extent (Figure 1C, D). IL-10 production induced by LPS was not affected by
the addition of C5a (Figure 1C,D). To determine whether the inhibition of
cytokine production by C5a is mediated via the C5aR, we investigated the
effect of a C5aR antagonist (C5aRA). C5aRA by itself did not influence the
LPS-induced cytokine production, but was able to counteract the suppression

Figure 2
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Figure 2. Inhibitory effect of C5a on LPS-induced cytokine production by DCs is mediated
via C5aR. ImDCs were stimulated with LPS in presence or absence of C5aRA. C5a (1.25 nM)
was added 10 min after LPS addition. After 48 h TNF-α, IL-12 and IL-23 levels were determined.
Cytokine production levels are expressed as percentage of culture with LPS alone (TNF-α:10.2-158
ng/ml, mean 91.2 ng/ml; IL-12: 110-2400 pg/ml, mean 820 pg/ml; IL-23: 635-7150 pg/ml, mean
2740 pg/ml) and are depicted as mean ± SEM of at least 3 different donors. Statistical analysis was
performed by one-way ANOVA (*P<0.05, **P<0.01, ***P<0.001).
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of IL-12, IL-23 and TNF-α production by C5a (Figure 2). Subsequently, we
investigated if addition of C5a to a LPS stimulated DC culture also influenced
the phenotypic maturation of the DCs. No effect however, was observed
on the expression of CD40, CD80, CD83, CD86 and HLA-DR (Figure 3).
These results indicate that C5a affects cytokine production by human DCs
via C5aR either by stimulating or inhibiting the production depending on the
presence or absence of LPS stimulation.
Inhibitory effect of C5a on LPS-induced cytokine production is timing dependent

In the above described experiments, C5a was added to the DCs simultaneously
with LPS. To analyze if C5a would also influence LPS-induced cytokine
150

100

50

R

Figure 3. LPS-induced phenotypic
maturation of DCs was not affected
by C5a. imDCs are stimulated with
LPS in presence or absence of C5a.
After 48 h expression levels of CD40,
CD80, CD83, CD86 and HLA-DR were
determined. Data are represented
as percentage of the MFI of LPSstimulated DCs. Data are mean ± SEM
of 3 different donors.
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Figure 4. C5a affects the LPS-induced cytokines in a small time frame around TLR4
stimulation. ImDCs were stimulated with LPS. Moment of C5a addition in relation to the
addition of LPS varied between 90 min before and 90 min after the LPS stimulus. After 48 h
TNF-α production was determined in the culture supernatants. TNF-α levels are expressed as
percentage of culture without C5a (32.9 ng/ml). A representative graph of 4 donors is depicted as
mean ± SEM of triplicate samples.

production when present already before or some time after LPS stimulation, we
added C5a to the culture at various time points relative to addition of LPS. C5a
suppressed the LPS-induced TNF-α production efficiently up to 30 min after
LPS addition. When C5a was added after 60 min, the inhibition of LPS-induced
cytokine production was less prominent, while no effect was observed when
C5a was added 90 min after LPS stimulation. C5a was much less effective in
inhibiting TNF-α production when added before LPS stimulation. Even when
added just 10 min before LPS stimulus it was less effective in inhibiting TNF-α
production levels (Figure 4). The same pattern of inhibition by C5a was
observed for LPS-induced IL-12 and IL-23 (data not shown). In conclusion,
C5a regulates LPS-induced DC cytokine production within a small time frame
and requires more or less concurrent signaling of C5aR and TLR4.
C5a inhibits cytokine production induced by several TLR ligands

40

In order to investigate if C5a also suppresses cytokines induced by other TLR
ligands, we also stimulated imDCs with R848 (TLR7/8) or Pam3CSK4 (TLR2)
in the presence and absence of C5a. The TNF-α and IL-23 production induced
by R848 and Pam3CSK4 was significantly suppressed by C5a (Figure 5A, B).
Finally, we investigated if C5a would still be modulatory in more physiological
settings, where whole pathogens are likely to activate DCs via multiple pattern
recognition receptors (PRRs). Therefore, we cultured imDCs in the presence of

Figure 5
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Figure. 5. Effect of C5a on cytokine production induced by various TLR stimuli and the
gram-negative bacterium S. typhimurium. (A and B) ImDCs were stimulated with LPS, R848
or Pam3CSK4 in presence or absence of C5a. TNF-α (A) and IL-23 (B) levels were determined
in culture supernatants after o/n culture. Cytokine production levels in presence of C5a are
expressed as percentage of culture with only the TLR stimulus and are mean ± SEM of at least
6 (TNF-α) (LPS: 0.52-135 ng/ml, mean 3.07 ng/ml; R848: 1.1-346 ng/ml, mean 52.0 ng/ml;
Pam3CSK4:0.24-6.66 ng/ml, mean 3.26 ng/ml) or 5 (IL-23) (LPS: 40-15500 pg/ml, mean 2.8 ng/
ml; R848: 45-24500 pg/ml, mean 4.3 ng/ml; Pam3CSK4: 15-2615 pg/ml, mean 1.7 pg/ml) donors.
Statistical analysis was performed by student’s t-test (*P<0.05, **P<0.01, ***P<0.001). C. ImDCs
were stimulated with S. typhimurium. TNF-α, IL-12 and IL-23 levels were determined after o/n
culture. Representative graphs of 3 donors are depicted.

the gram-negative bacterium S. typhimurium, which induced DC maturation and
high levels of pro-inflammatory cytokines. Simultaneous addition of C5a could
also inhibit the IL-12, IL-23 and TNF-α production induced by S. typhimurium
(Figure 5C). Thus, C5a shows broad immune regulatory capacities, as it
modulates DC function in the presence of multiple pathogen-derived compounds
that activate DCs via different pathogen sensing receptors.
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Discussion
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Complement can be activated by pathogens and TLR ligands. In this paper
we show that C5aR-TLR crosstalk inhibits TLR-induced cytokine production
by human DCs. In addition, we showed that the extent of cytokine inhibition
depends on the timing of C5aR stimulation in relation to TLR triggering.
Although stimulatory effects of C5a on human immature DCs have been
described13, to our knowledge we are the first to demonstrate inhibitory effects
of C5a on human DCs upon DC activation. The observed suppressive effect
of C5a on TLR-induced cytokine production is mediated via the C5aR and is
timing dependent. Addition of C5a 30 or 60 min after the TLR trigger is less
inhibitory, and when C5a was added 30 or 60 min before the LPS stimulus it also
had minor effects on LPS-induced cytokine production. In a study performed by
Braun et al.12, no effect of C5a on stimulated human DCs was found. The timing
dependency observed in our study might explain this lack of effect of C5a in
that study, since C5a was added 1 h before the stimulation. Together, these
data imply that signaling via C5aR can only affect TLR-induced signaling when
initiated around the same time.
C5a also affected DC function when DCs were activated by other TLR ligands,
R848 and Pam3CSK4, or by the gram-negative bacterium S. typhimurium, which
simultaneously triggers multiple PPRs. This indicates that the inhibitory
effect of C5a is not specific for TLR4-induced cytokines, but modulates the
function of TLR-activated DCs in general. A different relative impact of C5a
on the production of different types of cytokines was observed. IL-12, IL-23
and TNF-α production was inhibited in a more pronounced manner than IL-6,
while LPS-induced IL-10 levels were not affected by C5a. We cannot exclude
that this is caused by different effectiveness in inducing the different cytokines.
Interestingly, although C5a affected cytokine production, we did not observe an
effect on DC maturation markers, HLA-DR and co-stimulatory markers induced
by LPS. This indicates that C5a does not inhibit DC maturation in general, but
specifically affects cytokine expression.
Data on the role of anaphylatoxins on APC function are slowly accumulating,
but often show conflicting results. The effect of C5a that we observed on TLRstimulated human DCs is in line with the effect of anaphylatoxins observed for
APCs in mice and for monocytes in human1, 12, 14-17. In some studies however, TLR
stimulation in conjunction with C5a triggering did not inhibit LPS-induced IL-6
production, but stimulated IL-6 instead23, 24. In these studies the impact on other
cytokines was not studied. The effect of C5a on LPS-induced cytokine production
might be explained by sequestering of signal transduction components away
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from the TLR-induced signaling pathway by C5aR induced signaling. In addition,
the involvement of JNK and ERK activation have been implicated14, 16. Moreover
induction of cAMP by C5aR-TLR2 crosstalk induced by P. gingivalis has been
shown25.
We could confirm that C5a addition to human immature DCs without presence
of other stimulatory signals leads to an induction of IL-6 production13. The
opposite of the effect observed when C5a was present together with a TLR
stimulus. It is evident that the anaphylatoxins modulate immune responses
by DCs. The outcome, however, seems to be dictated by the environmental
conditions, again pointing to the complex role of C5a in DC regulation. We
hypothesize that complement-mediated signaling via the C5a receptor renders
DCs competent for inflammatory cytokine production under non-infectious
conditions, while exposure of DCs to C5a in combination with TLR stimulation
leads to redirection of the immune system by downmodulation of the production
of potentially harmful pro-inflammatory cytokines to prevent an overwhelming
tissue-destructive response. Kildsgaard et al.26 demonstrated by the targeted
disruption of the C3a receptor gene that C3a has an anti-inflammatory role in
endotoxin-shock in vivo, which fits with this hypothesis. The context depending
effects of anaphylatoxins on immune responses may have important implications
for the emerging use of complement inhibitors in several diseases. Complement
inhibition in plasma and by this the inhibition of anaphylatoxin formation might
have differential effects on the APCs and the subsequent induced adaptive
immune response depending on the diseases and environmental conditions.
More research is necessary to delineate the fascinating crosstalk between the
anaphylatoxin receptors and pathogen recognition receptors in APCs.
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Abstract
Activation of antigen-presenting dendritic cells (DCs) and the complement
system are essential early events in the immune defense against invading
pathogens. Recently, we and others demonstrated immunological crosstalk
between signaling from receptors recognizing complement activation products
and PAMPs on DCs. This affects DC effector function, as demonstrated by the
finding that C5a prevents induction of pro-inflammatory cytokines by Toll-like
receptor (TLR) ligands in human monocyte-derived DCs (moDCs).
Here, we demonstrate that this regulatory crosstalk is specifically important in
6-sulfo LacNAc dendritic cells (slanDCs), the most pro-inflammatory DC subset
found in human. C5aR and TLR signaling show profound interference in the
ERK/p38/CREB1 signaling pathways. C5aR signaling accelerates TLR-induced
CREB1 phosphorylation both in moDCs and slanDCs. This is key in the regulatory
effect of C5a on pro-inflammatory DC maturation by mediating induction of
IL-10, which subsequently inhibits pro-inflammatory cytokine production via
negative feedback signaling. Importantly, the regulatory effect of C5a affects T
cell immunity by decreasing Th1 and cytotoxic CD8 T cell responses. The finding
that the pro-inflammatory effector function of slanDCs can be down modulated
by activation products of the complement system highlights the existence of
intricate regulatory interactions between various arms of the immune system.
Intensive immune monitoring of patients suffering from complement-mediated
diseases or patients receiving complement modulating compounds can give
more inside in the contribution of complement receptor and TLR crosstalk in
APCs in disease.
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Introduction

C5a accelerates TLR-induced CREB signaling in DCs

Immune protection against invading pathogens often requires both activation
of the innate complement system and activation of antigen-presenting dendritic
cells (DCs) to induce adaptive immunity. The complement activation product
5a (C5a) is a well-known chemoattractant, but has also been implicated
in modulation of mouse antigen-presenting cell function1-7. We previously
demonstrated that crosstalk between C5a receptor (C5aR) and Toll-like receptor
(TLR) signaling dampens the pro-inflammatory potential of human monocytederived dendritic cells (moDCs) by decreasing production of IL-6, TNF-α, IL-12
and IL-238. This inhibitory effect of C5a on human moDCs only occurred on
maturing DCs, as in absence of a TLR stimulus, C5a promoted production of the
pro-inflammatory cytokines IL-6, TNF-α and IL-128, 9.
The fact that more than 20 C5/C5a modulating compounds are in preclinical
development or have already reached clinical trials10, 11, emphasizes the relevance
for further elucidation of regulation of TLR-mediated DC differentiation by
complement activation products. Important questions remain. Firstly, it is
unclear which DC subset in human is subject to regulation by C5a. In blood,
four DC subsets have been described, being CD1c+ DC (MDC1), CD141+ DC
(MDC2), CD123+ DC (pDC) and 6-sulfo LacNAc DC (slanDC). slanDCs comprise
the most pro-inflammatory DC subset described in human and express high
levels of C5aR12, 13. Increased infiltration of slanDCs is observed at the site of
inflammation in several chronic diseases, including psoriasis13, 14, systemic
lupus erythematosus15, arthritis16 and inflammatory bowel disease17. In murine
models that mimic some of these immune-mediated diseases, treatment with the
C5aR antagonist PMX53 improved disease outcome18, 19. Although known to be
mainly pro-inflammatory, slanDCs can also regulate immune cell activation20. It
is not clear how activation of slanDCs is regulated and if slanDCs are susceptible
to regulation by C5a.
Second, signal transduction pathways involved in C5aR and TLR crosstalk in
human DCs remain to be elucidated. In mice, Akt, PI3K, MAPKs and NF-κB have
been implicated in C5aR and TLR crosstalk in macrophages1, 2 or DCs3, but key
signaling molecules have not been identified. Understanding the mechanism
behind C5aR and TLR crosstalk in human DCs is relevant to determine the
potential importance of this crosstalk in autoimmune diseases and upon
pathogen invasion. Mice studies reported that C5aR signaling in macrophages
diminished clearance of Leishmania major and Porphyromonas gingivalis upon
infection1, 21, 22.
In this study, we show that C5a inhibits pro-inflammatory cytokine production
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in the potent pro-inflammatory slanDC. Acceleration of TLR-induced CREB1
phosphorylation by C5a plays a central role in inhibition of TLR-induced proinflammatory cytokine production as it induces IL-10 secretion. Negative
feedback signaling by IL-10 is essential for the inhibitory effect of C5a in both
slanDCs and moDCs. The regulatory effect of C5a on moDC pro-inflammatory
cytokine production reduces Th1 and cytotoxic T cell responses, implying that
C5a can dampen adaptive immune responses by modulating slanDC function.

Material and methods
Reagents
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Cellgro DC serum-free medium, IL-4 and GM-CSF were obtained from CellGenix
(Freiburg, Germany). C5a and Fetal Calf Serum (FCS) were from Sigma-Aldrich
(St. Louis, MO, USA). LPS (lipopolysaccharide, Escherichia Coli 0111:B4,
Ultrapure; TLR4 ligand) and R848 (imidazoquinoline compound;TLR7/8
ligand) were from InVivoGen (San Diego, CA, USA). Penicillin/streptomycin
was obtained from Life technologies (Gibco®, Carlsbad, CA, USA). BIRB796
was obtained from Selleckchem (Munich, Germany), U0126 was obtained from
Calbiochem (Darmstadt, Germany), SB747561A was obtained from Tocris
Bioscience (Minneapolis, MO, USA) and anti-IL-10 blocking antibody was
obtained from Sanquin Research (clone 10.8, Amsterdam, The Netherlands).
The following kit or antibodies were used to stain immune cells: anti-HLADR brilliant ultraviolet (BUV) 395 (cat#564040), anti-CD3 brilliant violet
(BV) 510 (cat#563109), anti-CD3 phycoerythrin (PE) (cat#345765), antiCD11c PE (cat#347637, RRID:AB_2129929), anti-CD14 allophycocyanin
(APC) (cat#345787), anti-CD19 BV510 (cat#562947), anti-CD56 BV510
(cat#563041), anti-CD123 BV650 (cat#563405), anti-pp38 (pT180/pY182)
Alexafluor (AF) 647 (cat#612595, RRID:AB_399878) and anti-pERK1/2 (ERK1
pT202/pY204; ERK2 pT184/pY186) AF488 (cat#612592), which were obtained
from BD Biosciences (San Jose, CA, USA). Anti-CD1c PE/Cy7 (cat#331515,
RRID:AB_1953227), anti-CD141 BV421 (cat#344113, RRID:AB_2562956), antiC5aR APC (cat#344310, RRID:AB_11204420) were from BioLegend (San Diego,
CA, USA). Anti-CD14 Qdot800 (cat#Q10064, RRID:AB_2556449) and Fixable
Near-IR Dead Cell stain Kit (cat#L10119) were obtained from Thermo Fisher
Scientific (Life Technologies). Anti-MDC8 fluorescein isothiocyanate (FITC)
(cat#130-093-027, RRID:AB_871581) was from Miltenyi Biotec (Bergisch
Gladbach, Germany). Rabbit anti-pCREB1 (pS133) (cat#9198L) and rabbit
anti-p65 (cat#8242S, RRID:AB_10859369) were from Cell Signaling Technology
(Beverly, MA, USA) and the secondary antibodies goat anti-rabbit AF568
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(cat#A-11036, RRID:AB_143011) and goat anti-rabbit AF488 (cat#A-11034)
were from Molecular Probes (Invitrogen). 4’,6-Diamidino-2-phenylindole
(DAPI) used in Imagestream experiments was from Sigma-Aldrich.
Human DCs

To isolate slanDCs, PBMCs were isolated from buffy coats, obtained from healthy
volunteers upon informed consent (Sanquin, Amsterdam, The Netherlands), by
density gradient centrifugation on Lymphoprep (Axis-shield, Oslo, Norway).
Next, PBMC were enriched for slanDCs by elutriation with the Beckman-coulter
JE-6B elutriator, followed by slanDC sorting on the Aria II or Aria III Cell-sorter
(BD Bioscience) using the slanDC-specific antibody MDC8 FITC in combination
with anti-CD14 APC and anti-CD3 PE antibodies. The gating strategy used during
sort included removal of CD3+ and CD14+ cells before selecting for MDC8+ cells
(Supplemental Figure 1). Isolation typically resulted in more than 97% purity
of the slanDC. slanDCs were rested overnight in Cellgro DC serum-free medium
with penicillin/streptomycin (100 U/ml) and 1% FCS at 37˚C, 5% CO2.
To generate moDCs, monocytes were isolated from fresh apheresis material
(Sanquin) of healthy volunteers upon informed consent using ELUTRA cell
separation system (Gambro, Lakewood, CO, USA). Purity of monocytes was
confirmed with flow cytometry and monocytes were cultured at 20 x 106
cells in 20 ml Cellgro DC serum-free medium supplemented with penicillin/
streptomycin (100 U/ml), GM-CSF (1000 IU/ml) and IL-4 (800 IU/ml) for 7 days
at 37˚C, 5% CO2 as described previously 8. After 7 days, moDCs were harvested and
rested for 2 h in Cellgro DC serum-free medium supplemented with penicillin/
streptomycin (100 U/ml) and 1% FCS at 37˚C, 5% CO2 prior to stimulation.
Dendritic cells were plated at a concentration of 0.5-1.0 x 105 cells/well
for cytokine production or at 2.5-5 x 105 cells/well for analyses of cytokine
mRNA expression. For analyses of phosphoproteins, moDCs were plated at a
concentration of 5 x 105 cells/well or PBMCs were plated at a concentration of
2 x 106 cells/well.
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Stimulation of DCs

Dendritic cells were stimulated with LPS (50 ng/ml) or R848 (50 µg/ml) either
or not together with C5a (10 nM). The chemical inhibitors SB-747561A (1 μM),
U0126 (2 μM), BIRB796 (0.1 μM), anti-IL-10 blocking antibody (33 µg/ml) or an
IgG1 control antibody (anti-Feld1, 33 µg/ml) were added 30 min prior to TLR
stimulation when appropriate. Expression of phosphoproteins was assessed
after 0-60 min of stimulation. Cytokine mRNA expression was determined after
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2-7 h of stimulation. Cytokine production in the supernatants was determined
after 5 h or overnight stimulation.
To analyze CREB1 phosphorylation in slanDC, isolated PBMCs were stained
with the Fixable Near-IR Dead Cell stain Kit, followed by labelling with antiCD14 APC, anti-CD19 BV510 and anti-MDC8 FITC antibodies. Anti-CD19 BV510
was added during PBMC staining for analysis of B cells, which is not within the
scope of this manuscript. Next, PBMCs were rested for 2 h in Cellgro DC serumfree medium supplemented with penicillin/streptomycin (100 U/ml) and 1%
FCS at 37˚C, 5% CO2 and stimulated as described above. Cells were labeled prior
to stimulation because the timing of the experiment did not allow for staining
after stimulation and prior to fixation.
C5aR expression on human blood dendritic cell subsets
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PBMCs were stained with Fixable Near-IR Dead Cell stain Kit in PBS followed
by staining with the antibodies anti-HLA-DR BUV395, anti-CD1c PE/Cy7,
anti-CD3 BV510, anti-CD14 Qdot800, anti-CD19 BV510, anti-CD56 BV510,
anti-CD123 BV650, anti-CD141 BV421, anti-MDC8 FITC and anti-C5aR APC in
PBS supplemented with 0.5% BSA, 0.01% sodium azide, and 3 mg/ml human
gamma globulin. PBMCs were analyzed by flow cytometry (5-laser Fortessa, BD
Biosciences).
Prior to spanning-tree progression analysis of density-normalized events
(SPADE), dead cells and CD3+, CD19+ and CD56+ cells were removed from
the FCS files to prevent undesired clustering. For initial clustering during
SPADE analysis (to generate the tree), expression of HLA-DR, CD11c, CD1c,
CD141, slan (MDC8), CD14 and CD123 was used. An adapted script provided
by Stephan Schlickeiser (Institute of Medical Immunology, Charité University
Medicine, Berlin, Germany)23 was used to perform the clustering analysis in R24.
The expression data of three independent donors were used to generate 120
clusters. Expression of individual markers in the 120 clusters was visualized
using software packages for R and Cytoscape25 (v2.8.2) and the CytoSPADE
plugin. This allows visualization of one parameter in all clusters generated using
a color scale representing the fluorescent intensity of the selected marker. The
clusters comprising the different human DC subsets were identified based on the
expression of a combination of markers. pDCs were selected as CD123+, CD11c¯,
CD1c¯, CD14¯, slan¯; slanDC were CD11c+, CD1c¯, CD14¯, slan+, CD123¯; MDC1
were CD11c+, CD1c+, CD14¯, slan¯, CD123¯; and the MDC2 cluster was CD11c+,
CD141++, CD1c¯, CD14¯, slan¯. To determine C5aR expression, the anti-C5aR
antibody was included during staining and visualized in the 120 SPADE clusters.

Quantitative real time PCR and ELISA
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Monocyte-derived dendritic cells or slanDCs were lysed in peqGold Trifast
(Peqlab, Erlangen, Germany). Glycoblue (Invitrogen, Carlsbad, CA, USA) was
added as a carrier and total RNA was extracted according to manufacturer’s
instructions (Peqlab). First-strand cDNA was reverse transcribed using random
hexamers (Invitrogen) and SuperScript II, RNase reverse transcriptase kit
(Invitrogen). Cytokine mRNA expression was determined on StepOnePlus using
the Sybr Green PCR method (Invitrogen). Primers sets were selected to span
exon-intron junctions and were ordered from Eurogentec (Seraing, Belgium).
mRNA expression was normalized using an internal control, 18S rRNA. Primer
sequences can be found in Supplemental Table 1.
The production of TNF-α, IL-10 and IFN-γ was determined using Compact
PeliKine Cytokine ELISA kits according to manufacturer’s instructions (Sanquin
Reagents). For the detection of IL-12p40, a combination of two anti-IL-12p40
antibodies was used (clone C11.79 and C8.6, Sanquin Reagents).
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Measurement of NF-κB activation and phosphoproteins

Monocyte-derived dendritic cells or PBMCs were fixed for 15 min at 37˚C using
3.7% formaldehyde and washed with PBS containing 1% BSA after indicated
times. Permeabilization was performed overnight in 90% methanol at -20˚C. To
measure NF-κB, moDCs were washed and stained using rabbit anti-p65 antibody
and goat anti-rabbit AF488. DAPI was added, and moDCs were analyzed on the
Amnis Imagestream Mark II (Millipore, Darmstadt, Germany). NF-κB nuclear
translocation was analyzed on double positive cells with the nucleus in focus
using the nuclear translocation wizard in the Amnis IDEAS software (Millipore).
To measure phosphorylation of ERK1/2, p38 or CREB1, moDCs or PBMCs were
washed and stained with anti-pERK1/2 AF488, anti-pp38 AF647 or rabbit
anti-pCREB1, followed by goat anti-rabbit AF488 (moDC) or goat anti-rabbit
AF568 (PBMC). Cells were analyzed by flow cytometry (five-laser LSRII, BD
Biosciences, different settings were used for PBMC and moDC). slanDCs were
gated in the PBMC fraction as CD14 negative and MDC8 positive.
Co-culturing DCs and T cells

CD4+ and CD8+ T cells were isolated from fresh apheresis material (Sanquin) of
healthy volunteers upon informed consent using the ELUTRA cell separation
system (Gambro) and CD4+ and CD8+ isolation kits (Miltenyi Biotec). moDCs
were plated in 96-wells plates (25,000 DC; ratio 1:8) and rested at 37˚C, 5%CO2
for 2 h. moDCs were stimulated overnight with 50 ng/ml LPS in the absence or
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presence of 10 nM C5a, after which 200,000 CD4+ or CD8+ T cells were added.
Co-cultures were incubated at 37˚C, 5%CO2 and supernatants were collected
after 6 days of stimulation.
Statistical analysis

Data was analyzed for statistical significance using GraphPad Prism Version 6.0
software (La Jolla, CA, USA, RRID:SCR_002798). Ratio paired t-test was used for
normalized data. Otherwise, a paired t test or one-way ANOVA (when comparing
more than 2 conditions) was used. Results were considered significant when P
values were below 0.05 (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). Error
bars represent SEM or culture duplicates when representative figures are
shown.

Results

C5aR is almost exclusively expressed on slanDCs
To investigate which DC subsets in human blood may be especially sensitive
to modulation by C5a, expression of C5aR was compared between all four DC
subsets present in human blood, being CD1c+ DC (MDC1), CD141+ DC (MDC2),
CD123+ DC (pDC) and slanDC, using multiparameter flow cytometry. SPADE26
was used to visualize expression data into 120 clusters. Clusters comprising
the four human blood DC subsets were identified by mapping expression of
known DC subset identification markers (Figures 1A,B)12, 13. Analysis of C5aR
expression in these 120 clusters revealed that C5aR was most strongly expressed
on monocytes (CD14+ clusters from Figure 1A) and slanDCs, whereas no C5aR
was found on MDC1 and MDC2 and low-to-intermediate C5aR expression was
found on pDCs (Figure 1B). These findings are in line with previously reported
C5aR expression by human DC subsets12, 13.
C5a inhibits the pro-inflammatory potential of slanDCs
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The finding that of all DC subsets in human blood, C5aR is most strongly expressed
on slanDCs, suggests that especially slanDCs may be prone to regulation by C5a.
The modulatory potential of C5a on TLR-mediated pro-inflammatory cytokine
production of ex vivo isolated slanDCs was investigated. The TLR7/8 ligand R848
was used because R848 activates slanDCs stronger compared to LPS (Figure 1C).
C5a inhibited production of TNF-α and IL-12p40 in R848-stimulated slanDCs
(Figure 1D). A similar trend was observed in LPS-stimulated slanDCs, even
though cytokine production was much lower (Supplemental Figure 2A).

C5a accelerates TLR-induced CREB signaling in DCs
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Figure 1. C5a affects the pro-inflammatory potential of 6-sulfo LacNAc dendritic cells
(slanDCs). (A) Slan, CD123, CD1c, CD141, CD11c, HLA-DR, and CD14 expression in the 120
different clusters defined by spanning-tree progression analysis of density-normalized events
(SPADE). (B) C5aR expression in the 120 clusters defined by SPADE. Different DC subsets are
indicated with black ellipses and were selected based on the expression of known DC identification
markers 12, 13. pDC were selected as CD123+, CD11c¯, CD1c¯, CD14¯, slan¯; slanDCs were CD11c+,
CD1c¯, CD14¯, slan+, CD123¯; MDC1 were CD11c+, CD1c+, CD14¯, slan¯, CD123¯; and MDC2 were
CD11c+, CD141++, CD1c¯, CD14¯, slan¯. (A-B) Fluorescent intensity of marker expression is
visualized using a color scale. (C) Sorted slanDCs were stimulated overnight with LPS or R848
or left untreated. TNF-α and IL-12p40 production in supernatants is depicted (n=4). (D) TNF-α
and IL-12p40 production by slanDCs determined after overnight stimulation with R848 in the
absence or presence of C5a (n=5). Cytokine production was measured using ELISA.
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No inhibitory effect of C5a on TLR-induced cytokine production was found in
ex vivo isolated MDC1 (Supplemental Figure 3). These results show that C5a
specifically regulates the differentiation potential of slanDCs.
C5a rapidly induces ERK and p38 phosphorylation in TLR-stimulated DCs

To elucidate the mechanism by which C5a downmodulates DC pro-inflammatory
cytokine production, potential crosstalk was investigated between known
C5aR and TLR signaling cascades involving phosphorylation of ERK1/2, p38
or JNK or activation of NF-κB1, 9, 27-29. Since slanDCs comprise 0.5-2% of the
PBMC fraction on average, only low numbers of slanDCs could be obtained
from each donor (ranging from 0.8 to 3.0 x 106 slanDCs per buffy coat). We,
therefore, first analyzed potential involvement of specific signaling molecules
in human moDCs. Both C5a and LPS induced ERK1/2 and p38 phosphorylation
in moDCs (Figure 2), which could be specifically inhibited using MEK1/2
and p38 inhibitors (Supplemental Figure 4). While C5aR signaling yielded
rapid, but limited phosphorylation of both ERK1/2 and p38, TLR4 signaling
induced slower, but more sustained ERK1/2 and p38 signaling (Figure 2A-D).
Interestingly, C5aR and TLR4 signaling showed cooperation in activation of
these signaling molecules, by yielding rapid and prolonged ERK1/2 and p38
phosphorylation (Figure 2C and D). C5a did not affect TLR4-induced nuclear
translocation of NF-κB (Supplemental Figure 5) or JNK phosphorylation (data
not shown).
C5a accelerates TLR-induced CREB1 phosphorylation in human DCs
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To unravel how cooperation of ERK1/2 and p38 activation by C5aR and TLR
signaling is conferred onto transcriptional regulation of DC cytokine production,
phosphorylation of cAMP responsive element binding protein 1 (CREB1) was
assessed. CREB1 forms a common downstream target of both p38 and ERK30-34
and can bind to the cAMP response element sequence in the promoter site of
various pro- and anti-inflammatory cytokines35, 36.
C5a strongly induced transient CREB1 phosphorylation between 5 and 15
min after moDC stimulation, while LPS induced delayed and prolonged CREB1
phosphorylation (Figure 3A and B). Combining DC stimulation via C5aR and
TLR4 showed that, in addition to the rapid induction CREB1 phosphorylation,
C5a strongly accelerated TLR4-induced CREB1 activation at later time points
(Figure 3B and C). Investigation of C5aR and TLR7/8 crosstalk in ex vivo
isolated slanDCs, demonstrated that also here, C5a accelerated TLR-induced
CREB1 phosphorylation (Figure 3D and E). Although slanDCs responded much
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Figure 2. C5a rapidly induces ERK and p38 phosphorylation in LPS-stimulated DCs. (A)
pERK and (B) pp38 expression in moDCs stimulated for indicated times. (C, D) Mean fluorescent
intensity (MFI) for (B) pERK and (D) pp38 in moDCs stimulated in the absence or presence
of LPS and/or C5a at different time points. Representatives of 6 (A-B) or 3 (C-D) independent
experiments are shown. MFI was determined using flow cytometry. (C-D) Error bars represent
SEM of duplicate measurements.

stronger to TLR7/8 stimulation (R848) compared to TLR4 (LPS) stimulation
(Figure 1C and 3E; Supplemental Figure 2B), a similar profile was found for
LPS-stimulated slanDC (Supplemental Figure 2B).
C5a induces IL-10 production via ERK/p38-CREB1 signaling in TLR-stimulated
DCs

As the cAMP response element sequence in the IL-10 gene can bind CREB1
in macrophages33, 36, 37, we assessed if cooperation between C5aR and TLR
in CREB1 phosphorylation induced IL-10 production. C5a significantly
increased IL10 mRNA expression in LPS-stimulated moDCs already after 2 h of
stimulation (Figure 4A), yielding increased levels of IL-10 protein (Figure 4B).
C5a did not induce IL-10 mRNA expression in moDCs in absence of LPS (Figure 4C;
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Figure 3. C5a accelerates TLR-induced CREB1 phosphorylation. (A) pCREB1 expression in
moDCs stimulated for indicated times. (B) corrected MFI (cMFI) for pCREB1 in moDCs stimulated
with or without LPS and/or C5a for different time points. Representatives of (A) 6 or (B) 5
independent experiments are shown. (C) MFI of pCREB1 measured in moDC stimulated for 5 or 15
min with LPS in the absence or presence of C5a (n=6). (D) pCREB1 expression in slanDCs stimulated
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and C5a for different time points, compared to MFI of unstimulated slanDC. (D-E) Representatives
of 3 independent experiments are shown. MFI was determined using flow cytometry. Corrected
MFI was calculated by subtracting MFI of untreated moDCs for each time point.
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Supplemental Figure 6A). Analysis of IL-10 mRNA expression in human slanDCs,
demonstrated that also in this very pro-inflammatory human DC subset, C5a
increased TLR-induced IL-10 mRNA expression already after 2 h of stimulation
(Figure 4D).
To investigate actual involvement of ERK/p38-CREB1 signal transduction in
induction of IL-10 upon C5aR and TLR4 crosstalk, phosphorylation of each of
these proteins was prevented using the MEK1/2 inhibitor U0126, p38 inhibitor
BIRB796 or MSK1/2 inhibitor SB747561A. Figure 4E illustrates the signal
transduction
Figure 4 pathway induced downstream of C5aR and TLR4 activation
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and the inhibitor used. Functionality of the inhibitors and specificity was as
expected (Supplemental Figure 4). Inhibition of ERK1/2 or p38 phosphorylation
(Figure 4F and G, respectively), or inhibition of signal transduction downstream
of ERK1/2 and p38 and upstream of CREB1 (via MSK1/2 inhibition)
(Figure 4H), abrogated the ability of C5a to induce IL-10 mRNA in LPSstimulated moDCs. Thus, immunological crosstalk between C5aR and TLR4
signaling at the level of CREB1 signaling is responsible for induction of early
IL-10 expression in differentiating human moDCs.
The effect of C5a on pro-inflammatory cytokine production is caused by the
induction of IL-10

To investigate whether C5a regulates TLR-induced pro-inflammatory cytokine
production via early IL-10 induction in maturing DCs, IL-10 was blocked during
Figure 5
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strongly induced mRNA expression of pro-inflammatory cytokines by moDCs
(Supplemental Figure 6B-D) and the reported inhibitory effect of C5a on LPSinduced pro-inflammatory cytokine production by moDCs8 could be confirmed
at mRNA level (Supplemental Figure 6B-D; Figure 5C). Whereas C5a-induced
IL-10 mRNA expression was not affected by inhibition of IL-10 (Figure 5A,B),
the inhibitory effect of C5a on TNF-α and IL-12p35 mRNA expression was fully
nullified and the inhibitory effect on IL-12p40 mRNA expression was partially
abrogated (Figure 5C,D). The addition of IL-10 blocking antibody during
overnight culture diminished the inhibitory effect of C5a on TNF-α production
(Figure 5E). In addition, blockage of IL-10 in ex vivo isolated slanDCs during C5a
and R848 stimulation partially abrogated the effect of C5a on TNF-α production
after overnight stimulation (Figure 5F). Thus, the inhibitory effect of C5a on
pro-inflammatory cytokine production is mainly dependent on IL-10 induction
and subsequent negative feedback of IL-10 in maturing moDC and is at least
partly mediated by IL-10 in slanDCs.
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C5a reduces the capacity of TLR-stimulated moDCs to induce Th1 and cytotoxic T
cell responses
IL-12 production by DCs is crucial in programming Th1 immune responses.
Since C5a inhibited IL-12 production by TLR-stimulated DCs, the effect of
C5a on the capacity of TLR-stimulated moDCs to induce Th1 responses was
investigated. C5a addition during LPS maturation of moDCs diminished IFN-γ
production by CD4+ T cells (Figure 6A). A similar effect of C5a on the capacity
of moDCs to induce IFN-γ production by CD8+ T cells was observed (Figure 6B).
These findings indicate that C5a reduces the capacity of differentiated moDC to
induce Th1 and cytotoxic immune responses.
Taken together, during C5aR and TLR crosstalk, C5a inhibits the proinflammatory potential of human moDCs by accelerating TLR-induced ERK/
p38-CREB1 signaling, leading to induction of IL-10 and subsequent negative
feedback of IL-10 on pro-inflammatory cytokine production by DCs. Accelerated
CREB1 phosphorylation upon C5aR and TLR crosstalk was confirmed in slanDCs
(Figure 3D,E), as well as the involvement of IL-10 negative feedback signaling
in the inhibitory effect of C5a on slanDC pro-inflammatory cytokine production
(Figure 5F). Furthermore, priming of human moDCs with C5a reduces the
capacity of moDCs to induce Th1 and cytotoxic immune responses (Figure 6).
These data emphasize the widespread functional consequences of complement
activation products and demonstrate potential regulation of DC differentiation
and subsequent T cell effector function by complement.
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Discussion
We previously demonstrated that C5a inhibits TLR-induced pro-inflammatory
cytokine production in human moDC8. It remained unclear, however, which
human DC subsets present in vivo are under control of C5a upon TLR-mediated
maturation. In addition, the mechanism through which C5a conferred its
regulation remained elusive. Of all human DC subsets present in blood, C5aR
was most strongly expressed by slanDCs. Until now, high C5aR expression on
slanDCs has only been linked to potent migratory capacity of slanDCs towards
C5a12, 13. In this study, we demonstrated for the first time that C5a regulates the
pro-inflammatory potential of slanDC.
Accelerated CREB1 phosphorylation plays a central role during C5aR and TLR
crosstalk in human moDCs, as it leads to early induction of IL-10 in maturing
DCs, followed by inhibition of pro-inflammatory DC maturation through negative
feedback via IL-10. CREB is involved in various cellular processes, including
cell proliferation and differentiation, and can interfere with immune responses
by modulating NF-κB activity38. Here, we demonstrate a new function of CREB
as being a central regulator of moDC cytokine production, which affected
subsequent regulation of T cell responses during DC encounter with PAMPs.
Also in slanDCs, C5a accelerated TLR-induced CREB phosphorylation and C5ainduced IL-10 production was required for the inhibition of TLR-induced TNF-α
production.
Although C5a inhibits pro-inflammatory cytokine production in TLR-stimulated
human DCs, the opposite has been found in immature DCs8, 9. Since negative
feedback via IL-10 turned out to be essential for the inhibitory effect of C5a on
TLR-induced pro-inflammatory cytokine production, our finding that C5a did
Figure
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why C5a differently affects cytokine production in immature and mature DCs.
Our findings thus show that the effect of C5a on DC effector function depends
on the presence of other environmental stimuli, such as PAMPs9. The induction
of IL-10 that we observed in this study seems to contrast with our previous
finding showing that C5a did not affect TLR-induced IL-10 production after
overnight stimulation8. Most likely, this difference can be explained by cytokine
consumption during the overnight culture, since we did observe differences
analyzing IL-10 production at earlier time points.
The important role for IL-10 in mediating the inhibitory effect of C5a on TLRinduced DC cytokine production has not been observed before. In contrast
to our results, Seow et al.27 have described that the inhibitory effect of C5a
on TLR-induced TNF-α production was fully IL-10 independent. Their study,
however, assessed the effect of C5a on human monocytes and macrophages.
Thus, involvement of IL-10 during C5aR and TLR crosstalk seems to be different
between cell types. This may be due to differences in IL10R expression, CREB
expression, or IL-10 induction upon stimulation. In line with this, Hutchins et
al.39 found that various LPS-stimulated myeloid immune cells react differently
upon IL-10 stimulation and that expression of proteins involved in IL-10R
signaling differs between immune cells. The capacity of IL-10 to interfere
with TLR-induced signal transduction pathways may therefore differ between
antigen-presenting cells.
The inhibitory effect of C5a on IL-12p40 production appeared not to be
completely dependent on induction and negative feedback of IL-10. In
monocytes and macrophages, C5a inhibits IL-12 production in an IL-10
independent manner1, 40, 41. The presence of both an IL-10 dependent and
independent effect of complement on IL-12 production was also suggested in
studies in mice 42. The mechanism behind the IL-10 independent inhibition of
IL-12p40 production by C5a needs further investigation. Although implicated
to modulate IL-12 production38, CREB1 signaling is probably not involved here,
because preventing CREB1 phosphorylation using the MSK1/2 inhibitor did not
diminish the inhibitory effect of C5a on IL-12p40 mRNA expression (data not
shown).
Although pro-inflammatory APC functions are required to initiate the
appropriate adaptive immune response, regulation of immune responses is
necessary to prevent overactive or prolonged immune activation43, 44. Especially
very pro-inflammatory immune cells, like slanDCs, should be tightly regulated
to prevent overwhelming adaptive immune responses. Regulation of slanDCs
by histamine and erythrocytes has been reported16, 45, but other regulatory
mechanisms have not been described. By inducing IL-10 and dampening
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production of pro-inflammatory cytokines, C5a regulates TLR signaling in
slanDCs, preventing dysregulation which may otherwise lead to overwhelming
adaptive immune responses, tissue damage or IL-12 toxicity46. In addition,
increased production of IL-10 may also protect DCs from complement-mediated
lysis by inducing expression of several complement regulating factors, such
as demonstrated for monocytes and macrophages47. Regulatory functions
of complement have been described before. Truscott et al.48 demonstrated a
strong regulatory effect of complement receptor CD46 in T cell activation. In
macrophages, crosstalk between C5aR and TLR signaling was shown to dampen
pro-inflammatory immune responses1, to suppress clearance of P. gingivalis21
and to induce a switch away from the pro-inflammatory state, while increasing
phagocytic capacity27. Overall, C5a may play an important role in protecting the
host by regulating the pro-inflammatory state of slanDCs.
Exposure to C5a during DC maturation affected adaptive immune responses
by dampening IFN-γ production by CD4+ and CD8+ T cells. C5a increased IL-10
production by human DCs while dampening production of TLR-induced IL-12
and TNF-α. This suggests that C5a induces a more tolerogenic phenotype in TLRstimulated DCs. IL-10 production by DCs has been associated with formation
of regulatory T cells49, 50, indicating that C5aR and TLR crosstalk may result in
increased induction of specifically this T cell subset. Although C5aR and TLR
crosstalk was previously shown not to affect expression of co-stimulatory
markers by human moDCs8, the effect of C5a on phenotypical changes typical
for DC maturation, as well as the effect of DC on subsequent T cell differentiation
needs further investigation, especially in human slanDCs.
There are several C5/C5a modulating compounds in clinical development
to interfere with clinically undesired C5a effector function10, 11. Although
only shown to be successful for the treatment of atypical hemolytic uremic
syndrome and paroxysmal nocturnal hemoglobinuria in human, the potential
use of these compounds for treatment of several autoimmune diseases has been
investigated not only in murine models for arthritis18 and inflammatory bowel
disease19 but also in human arthritis patients51. slanDCs are locally found in
high frequencies in both arthritis16 and inflammatory bowel disease17 and can
produce high levels of several pro-inflammatory cytokines12, 15, 16. In this article,
we found that C5a regulates the pro-inflammatory potential of slanDCs by
dampening the production of pro-inflammatory cytokines. In addition, Arbore
et al.52 demonstrated that C5a can also directly affect T cell immunity. The use
of C5/C5a modulating compounds in inflammatory diseases may thus not only
have desirable effects like damping complement-mediated immunity and influx
of immune cells but at the same time may also affect local DC activation and
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adaptive immune responses. Our findings further emphasize the importance
of careful consideration and evaluation of the use of C5/C5a modulating
compounds and underscore the importance of understanding the underlying
mechanisms and consequences of C5aR and TLR crosstalk in slanDCs during
disease.
In summary, we demonstrated for the first time that C5aR and TLR crosstalk
inhibits the pro-inflammatory potential of slanDCs, the most pro-inflammatory
DC subset found in human. Acceleration of TLR-induced CREB1 phosphorylation,
and subsequent IL-10 induction, is key in the inhibitory effect of C5a on
TLR-induced pro-inflammatory cytokine production. C5a priming dampens
subsequent Th1 and cytotoxic immune responses induced by moDCs. These
findings highlight the existence of regulatory feedback mechanisms between
two arms of the immune system and emphasize the importance for intensive
monitoring upon application of complement modulating compounds.
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Figure S1
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Supplementary Material

3
Figure S1. Gating strategy used for slanDCs sorting. The enriched PBMC fraction obtained
after elutriation was stained with anti-CD3 PE, anti-CD14 APC and MDC8-FITC. slanDCs were
sorted by excluding doublets in both the forward scatter and side scatter. Both CD3+ and CD14+
cells were excluded and slanDCs were selected based on MDC8 positivity.
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Figure S2. Effect of C5a on LPS-stimulated slanDCs. (A) Sorted slanDCs were stimulated with
LPS in the absence or presence of C5a.TNF-α and IL-12p40 production by slanDC was determined
after overnight stimulation using ELISA (n=5). (B) pCREB1 in slanDC stimulated in the absence or
presence of LPS and C5a for different time points. Representative of 3 independent experiments
is shown. Intensity was determined using flow cytometry. Corrected MFI was calculated by
subtracting MFI of with medium incubated moDC for each time point.
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Figure S3. No effect of C5a on TLR-induced pro-inflammatory cytokine production in MDC1.
MDC1 were isolated using CD1c MACS beads and stimulated overnight with (A) LPS (TNF-α; n=3,
IL-23, IL-6; n=2) or (B) R848 (TNF-α, IL-23; n=2, IL-6; n=1) in the presence or absence of C5a.
Cytokine production was analysed using ELISA. Expression is depicted relative to stimulation
with the TLR ligand.
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Figure S4
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Figure S4. Inhibitors for MEK1/2, p38 and MSK1/2 prevent phosphorylation of ERK, p38
and MSK1/2 in a specific manner. ERK (left), p38 (middle) and CREB (right) phosphorylation
in moDCs stimulated with LPS in the absence or presence of the ERK inhibitor U0126 (upper),
p38 inhibitor BIRB796 (middle) or MSK1/2 inhibitor SB-747561A (lower). Representatives are
shown of 2 independent experiments. Intensity was measured using flow cytometry.
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Figure S5. LPS-induced nuclear translocation of NF-κB is not affected by C5a. (A) Examples
of moDCs stimulated with LPS for 5, 15 and 30 min, which corresponds with a mean nuclear
translocation of -0.73, 1.0 and 2.2, respectively. (B) Nuclear translocation of p65 in unstimulated
moDCs and LPS-stimulated moDCs in the absence or presence of C5a. Representative of four
independent experiments is shown.
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Figure S6. TLR-induced cytokine mRNA expression relative to untreated moDCs. (A-D)
Cytokine mRNA expression was determined after 5 h of stimulation with C5a, LPS or a combination
of the two. mRNA expression was compared to mRNA expression in untreated moDCs to determine
TLR induced mRNA induction and subsequent C5a effect. (A) IL-10 mRNA, (B) TNF-α mRNA, (C)
IL12p35 mRNA, and (D) IL-12p40 mRNA expression (n=2). mRNA expression in LPS-stimulated
moDCs was set to 1 for one of the 2 duplicates for each of the independent experiments. (E) IL-10
mRNA expression in moDC stimulated for 2 h with LPS relative to untreated moDC (n=14). Error
bars represent standard deviation of independent experiments.
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Table S1. qRT-PCR Primers
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Target

Forward

Reverse

Amplicon

TNFα

5’-ACAAGCCTGTAGCCCATGTT-3’

5’- AAAGTAGACCTGCCCAGACT-3’

428bp

IL12p40

5’-AGACCTTTCTAAGATGCGAGG-3’

5’- CTGCAGAGAGTGTAGCAGC-3’

156bp

IL12p35
IL10
18S

5’-TATGAAGACTTGAAGATGTACC-3’
5'-CCTTGTCTGAGATGATCCAG-3'
5’-CGGCTACCACATCCAAGGAA-3’

5’-TTGAAATTCAGGGCCTGCATC -3’
5'-AAGAAATCGATGACAGCGCC-3'
5’-GCTGGAATTACCGCGGCT-3’

137bp
146bp
187bp
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The anaphylatoxin C5a attenuates Fc-gamma receptormediated uptake of immune complexes by human dendritic
cells
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Abstract
Objective. Dendritic cells (DCs) can take up and present immune complexes
(ICs) to T cells, thereby modulating antigen-specific adaptive T cell immune
responses. Recently, DCs were found to be susceptible to regulation by
complement component 5a (C5a), which is formed upon complement activation.
It is unclear, however, whether C5a affects IC uptake by DCs. This may be of
relevance in diseases associated with both aberrant complement activation and
presence of self-antigen-containing ICs, like observed in several autoimmune
diseases. The present study investigates the effect of C5a on IC uptake by human
monocyte-derived dendritic cells (moDCs).
Methods. Transcriptomics of human moDCs either or not exposed to C5a were
analyzed for C5a-dependent effects on biological processes using Gene ontology
(GO) term enrichment analysis. Functional effects of C5a on Fc-gamma receptor
(FcγR) expression and uptake of ICs were investigated using (imaging) flow
cytometry analysis.
Results. Stimulation of moDCs with C5a resulted in differential expression
of 49 genes involved in Fc receptor signaling, phagocytosis and endosomal
maturation. Functional analyses showed that C5a did not affect expression of
FcγRs, but selectively reduced FcγR-mediated uptake of large ICs. Interestingly,
C5a did not affect ingestion of small ICs.
Conclusion. Human dendritic cells can be selectively skewed away from uptake
of large ICs in the presence of the activated complement component C5a.
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Introduction

C5a attenuates FcγR-mediated uptake of immune complexes

DCs can internalize and process antibody-coated antigens, also called ICs,
and present their peptides to T cells. This mechanism helps fighting against
invading pathogens by facilitating activation of antigen-specific T cells and
production of antigen-specific antibodies through the induction of T celldependent B cell differentiation. On the negative side, presentation of ICs
composed of self-antigens and autoantibodies in autoimmunity may support
autoreactive T cells and further autoantibody formation. Indeed, several
autoimmune diseases are associated with the presence of such ICs and
autoantibodies, such as systemic lupus erythematosus1 and rheumatoid
arthritis2.
C5a is the most potent chemoattractant produced during complement
activation. Apart from recruitment of immune cells, C5a can directly modulate
human DC function by regulating production of pro-inflammatory cytokines3-5.
Furthermore, priming of human DC with C5a during LPS stimulation reduces
IFN-γ production in DC-T cell co-cultures5. This shows that there is extensive
crosstalk between complement and DC activation in inflammation and
that complement activation products can indirectly contribute to adaptive
immunity by modulating DC effector functions. Interestingly, complement
activation and presence of complement activation products, such as C5a, are
also associated with autoimmunity6-10. Whether C5a can affect IC uptake by
DCs, and thereby antigen presentation to cells of the adaptive immune system,
is still unclear. In the present study, we assessed involvement of C5a in antigen
acquisition and specifically uptake of ICs by human moDCs.
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Materials and Methods

RNA sequencing and GO term enrichment analysis
RNA sequencing analysis of human moDCs stimulated for 2 h with C5a followed
by differential expression analysis was performed previously11. Sequencing
data are publicly available at Gene Expression Omnibus series under accession
number GSE101396. GO term enrichment analysis was performed on the
219 differentially expressed genes upon C5a exposure of human moDCs as
previously described11, in which GO terms were filtered using the cut off >15
and <500 genes. For comparative analysis BioVenn was used (http://www.
biovenn.nl/index.php)12.
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Generation and stimulation of moDCs
Generation of moDCs was performed as described previously3. At day 6-7,
moDCs were plated at 1 x 106 cells/well (24-wells plate; for qRT-PCR), 0.5 x
106 cells/well (24-wells plate; for Salmonella typhimurium and IC uptake
experiments) or 1 x 105 cells/well (96-wells plate; for Luciferase yellow
and Transferrin uptake experiments). moDCs were rested for 2 h in Cellgro
DC serum-free medium (CellGenix, Freiburg, Germany) supplemented with
penicillin/streptomycin (100 U/ml; Life Technologies, Gibco, Carlsbad, CA,
USA) and 1% Fetal Calf Serum (FCS; Sigma-Aldrich, St Louis, MO, USA) at 37˚C,
5% CO2. Next, moDCs were stimulated with C5a (10 nM; Sigma-Aldrich or R&D
Systems, Oxon, UK) and were incubated for 2 h or overnight at 37˚C, 5% CO2.

qRT-PCR

Lysis of moDCs, mRNA extraction, cDNA synthesis and analysis of mRNA
expression was performed after 2 h of stimulation as described previously5.
Primers were ordered at Eurogentec (Seraing, Belgium) and mRNA expression
was normalized using 18S rRNA. Primer sequences can be found as in
Supplemental Table 1.
Generation of ICs and HP-SEC

ICs between recombinant human monoclonal anti-infliximab and infliximab
(Remicade, Centocor, PA, USA) labelled with DyLight488 (Invitrogen) (IFX488) were made as described previously by van Schie et al. (manuscript in
preparation). An equal amount of the anti-infliximab antibodies and IFX-488
was used, at a final concentration of 150 µg/ml for each antibody. The mixture
was incubated for 1 h at room temperature to allow formation of ICs, which
was confirmed by HP-SEC as described by van Schie et al. (manuscript in
preparation). To obtain different sizes of ICs, two anti-infliximab clones were
used. Both clones were expressed as IgG1.
Antigen uptake by moDCs
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moDCs were stimulated overnight with C5a or left untreated followed by
incubation with Transferrin Alexa Fluor 647 (40-400 µg/ml; Molecular Probes,
Invitrogen, Carlsbad, CA, USA), Luciferase Yellow (25-250 µg/ml; Sigma-Aldrich)
for 30 min or ICs (10 µg/ml total antibody) for 60 min. After incubation, moDCs
were washed with PBS and fixated for 20 min in 4% paraformaldehyde. To
block FcγRs, moDCs were pre-incubated for 20 min with 10 µg/ml anti-CD16
F(ab’)2 (Ancell, MN, USA), 10 µg/ml anti-CD32 F(ab’)2 (clone AT10, AbD Serotec,
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Kidlington, UK) and 10 µg/ml purified human IgG-Fc fragments (Bethyl,
Montgomery, AL, USA).
To assess uptake of S. typhimurium (strain SL1344) by moDCs, dsRED-labelled
carbenicillin resistant S. typhimurium (construct pMW211) were grown in LuriaBertani (LB) medium supplemented with 50 µg/ml carbenicillin overnight at
37˚C while shaking. Bacteria were diluted 1/33 and cultured for 2 h before they
were washed twice with PBS and fixed with 4% paraformaldehyde. Aspecific
binding sites were blocked with 0.02 M glycine. Bacteria were opsonized for 30
min at 37˚C with 10% human serum or 10% heat inactivated human (h/i) serum
in PBS supplemented with 10 mM CaCl2, 2 mM MgCl2. Bacteria were washed
with PBS and resuspended in Cellgro DC serum-free medium, after which they
were incubated with moDCs for 1 or 2 h. After incubation, moDCs were fixed as
described above.
Flow cytometry and Imagestream

To determine antigen uptake by moDCs, antigen-exposed moDCs were
membrane stained using anti-HLA-DR APC or anti-DC-SIGN HorizonV450 (BD
Biosciences, San Jose, CA, USA) and analyzed using flow cytometry (five-laser
LSRII, BD Biosciences) or Amnis Imagestream Mark II (Millipore, Darmstadt,
Germany). Data were processed using FlowJo v10 or IDEAS software version 6.1
(Merck Millipore), respectively. For flow cytometry analysis, moDCs were gated
as single HLA-DR or DC-SIGN positive cells. For Imagestream analysis, moDCs
were gated as single cells (using Aspect Ratio vs Area of both the bright field and
the membrane stain), focused cells (using bright field Gradient RMS), and HLADR or DC-SIGN positive cells. In case of uptake of S. typhimurium, additional
gating on moDCs with S. typhimurium in focus was performed. S. typhimurium
or IFX-488 positive cells were selected (using Intensity in the dsRED channel or
a combination of Intensity and max pixel of the IFX-488 channel, respectively).
Internalization was determined using the Internalization Erode modus and
gating of moDCs with intracellular S. typhimurium or IFX-488. Percentage of
antigen- or IC-containing moDC refers to the percentage of moDCs containing
intracellular S. typhimurium or IFX-488 of the total number of HLA-DR or DCSIGN positive moDCs within the focal plane.
FcγR expression was determined using flow cytometry (five-laser LSRII;
BD Biosciences). moDCs were stained with anti-CD16 PE (BD Biosciences),
anti-CD32 APC (BD Biosciences) and anti-CD64 FITC (AbD Serotec) in PBS
supplemented with 0.5% BSA, 0.01% sodium azide and 3 mg/ml human gamma
globulin after overnight stimulation. Expression was analyzed in FlowJo v10.
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Statistical analysis
Results were analyzed for statistical significance in GraphPad Prism Version 7.03
(La Jolla, CA, USA) using paired student t test (*P<0.05). For RNA sequencing
data, a Wald test with a Benjamini-Hochberg (FDR-adjusted P-value) (*P<0.05,
***P<0.001) was used as described previously11.

Results

GO term enrichment analysis is suggestive for a role of C5a in phagocytosis,
endosomal maturation and Fc receptor signaling
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Recently, we revealed that C5a induces an immune regulatory gene expression
profile upon C5a receptor and Toll-like receptor crosstalk in human DCs11.
In addition, whole transcriptome analysis on human moDCs revealed that
exposure to C5a itself significantly affected expression of 219 genes in human
moDCs11. Comparative analysis between the transcriptome of moDCs either or
not exposed to C5a revealed that C5a reduced expression of 33 genes, while
increasing expression of 186 genes11. It remains to be determined, however,
whether C5a stimulation affects specific functional processes in DCs and
whether these are relevant for to initiation or progression of autoimmune
diseases.
GO term enrichment analysis on the 219 differentially expressed genes
revealed that C5a affected the expression of genes involved in cell migration,
immune response and cytokine production (Figure 1), confirming the wellknown functions of C5a in these processes3, 13. Interestingly, C5a specifically
induced differential expression of genes associated with Fc receptor signaling,
phagocytosis and endosomal maturation (Figure 1 and Supplemental Table 2-3).
In total, 22% of the genes (49 out of 219 in total) affected by C5a fell into these
categories, and most genes were found to be upregulated upon C5a exposure
(Figure 2A-B)11. The effect of C5a on gene expression upon transcriptome analysis
was confirmed using qRT-PCR for three randomly chosen genes (Figure 2C).
Comparative analysis between the genes involved in phagocytosis and
endosomal maturation and the genes involved in Fc receptor signaling revealed
that 18% (9 of 49) of the genes were involved in both processes (Figure 2B),
whereas 82% of the genes were uniquely associated with phagocytosis and
endosomal maturation (28 of 49) or Fc receptor signaling (12 of 49). C5a thus
differentially regulates phagocytosis and endosomal regulation and Fc receptor
signaling through a wide variety of genes and does not target only a few genes
involved in these processes.

Figure 1
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Figure 1. GO term enrichment analysis of differently expressed genes upon C5a exposure
in moDCs. The 219 genes differentially expressed upon C5a exposure of moDCs were analyzed
using GO term enrichment analysis. As described in Zaal et al.11, red nodes represent gene sets
defined by a specific GO term, node size reflects the number of genes within specific GO terms and
green lines indicate the degree of overlapping genes between the GO terms. Ellipses represent the
different categories to which the GO terms were enlisted, in which the names reflect the GO terms
within the ellipses.
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C5a reduces uptake of immune complexes by moDCs
To assess if C5a indeed regulates antigen acquisition by moDCs, effects of C5a on
uptake of antigen by moDCs via various potential routes of antigen acquisition
was investigated. C5a did not modulate uptake of fluid phase antigen (Luciferase
Yellow) (Supplemental Figure 1A), receptor-mediated cargo (Transferrin)
(Supplemental Figure 1B) or uptake of large particles in the form of serum
opsonized S. typhimurium (Supplemental Figure 1C and D).
Since Fc receptor signaling and Fc receptor-mediated internalization are
essential for uptake of ICs, the effect of C5a on IC uptake by moDCs was
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Figure 2. C5a alters expression of 49 genes involved in phagocytosis, endosomal
maturation and Fc receptor signaling. (A) Visualization of enrichment of significantly affected
genes involved in phagocytosis, endosomal maturation and Fc receptor signaling (green; genes
with selected GO term, number of reduced and induced genes are depicted in green in the lower
left and right corner, respectively) upon C5a exposure of moDCs. Depicted are the fold change
and FDR-adjusted P-value in a minus log 10 transformation (blue; all significantly affected genes,
number of significantly reduced and induced genes are indicated in the lower left and right corner,
respectively, orange; selected hits to confirm RNA sequencing results in C). (B) Comparative
analysis of genes involved in phagocytosis and endosomal maturation and genes involved in Fc
receptor signaling. Size and overlap of the circles is proportional. (C) Normalized counts of RNA
sequencing analysis (upper graphs) and relative mRNA levels determined by qRT-PCR (lower
graphs) of selected genes from A in moDCs either or not exposed to C5a. Error bars represent
standard error of the mean of four or six independent experiments, respectively.
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addressed. ICs of different sizes were generated using DyLight488-labeled
infliximab and two different human monoclonal anti-infliximab antibodies
(clone 2.1 and clone 2.4; van Schie et al., manuscript in preparation).
Infliximab with anti-infliximab clone 2.1 (IC 2.1) yielded mainly dimers and
tetramers, whereas infliximab with anti-infliximab clone 2.4 (IC 2.4) gave
mainly rise to tetramers, hexamers and ICs of larger sizes (Figure 3A; van
Schie et al., manuscript in preparation).
Incubation of moDCs with ICs resulted in substantial fractions of IC 2.1-positive
and IC 2.4-positive moDCs, although somewhat less pronounced for IC 2.1
(Figure 3B). Overnight exposure of moDCs to C5a before incubation with
ICs specifically reduced the fraction of IC 2.4-positive moDCs (Figure 3B). To
determine whether ICs were indeed internalized, moDCs were analyzed by
imaging flow cytometry using Imagestream. Of the IC 2.1- and IC 2.4-positive
moDCs, 98-100% displayed intracellular IC staining (Figure 3C and data not
shown). Pretreatment with C5a significantly diminished uptake of IC 2.4,
while not affecting uptake of IC 2.1 (Figure 3D), in line with our findings
using flow cytometry (Figure 3B). IC uptake by moDCs was FcγR dependent,
as uptake was completely abolished in presence of Fc block (Figure 3E).
These data show that C5a specifically diminishes uptake of large ICs.
FcγR expression is not affected by C5a in moDC

Although C5a affected expression of 49 genes involved in phagocytosis,
endosomal maturation and Fc receptor signaling (Figure 2B), expression of
FcγRs itself was not affected by C5a in moDC after 2 h of stimulation (Figure 3F).
At the time of IC challenge, however, moDCs were pre-incubated with C5a
for 24 h, instead of the 2 h used to analyze mRNA expression. To determine
whether C5a affected FcγR expression by moDCs at the time of IC challenge,
FcγRI (CD64), FcγRII (CD32) and FcγRIII (CD16) expression was assessed
by flow cytometry after 24 h of exposure to C5a. Treatment with C5a did not
alter surface expression of FcγRI, FcγRII or FcγRIII (Figure 3G). Also after
48 h of stimulation, no changes in FcγR expression were observed (data not
show). In conclusion, C5a diminishes FcγR-mediated uptake of ICs by human
moDCs without affecting expression of FcγRs.

5

Discussion

C5a can modulate human DC effector function by regulating production of proinflammatory cytokines by DCs and reducing the capacity of DCs to induce
IFN-γ production by CD4+ and CD8+ T cells3, 5. In this study, transcriptome

137

Figure 3
A

B
500

Control
Medium
C5a

IC 2.4

Donor 1

200

7

C

10

13

IC 2.4

HLA-DR

Elution volume (ml)

BF

16

19

D

merge

80

medium

*

C5a

60
40
20
0

IC 2.1

IC 2.4

E
% with intracellular ICs

300

Donor 2

Normalized to mode

400

% with intracellular ICs

Fluorescence (mV)

IC 2.1

IFX-488
IFX-488 + Clone 2.1 (IC 2.1)
IFX-488 + Clone 2.4 (IC 2.4)

80
60
40
20
0

-

-

Fc block
IC 2.4

15

10

5

-

+

10

5

0
C5a

FCGR1B

+

10

5

0
C5a

-

+

10

5

-

+

10

5

0
C5a

-

5

-

+

10

5

0
C5a

FcγRII

+

FcγRIII

15

10

0
C5a

FcγRI

FCGR3B

15

normalized counts

normalized counts

138

-

G

15

FCGR2B

15

0
C5a

15

normalized counts

0
C5a

FCGR3A

Normalized to mode

normalized counts

normalized counts

15

FCGR2C

Normalized to mode

FCGR2A

normalized counts

FCGR1A

normalized counts

F

-

Control
Medium
C5a

+

Figure 3. C5a reduces FcγR-mediated uptake of ICs by moDCs without affecting FcγR
expression. (A) HP-SEC analysis of immune complexes (ICs) generated with Dylight 488-labelled
infliximab and anti-infliximab clone 2.1 (IC 2.1) or anti-infliximab clone 2.4 (IC 2.4). (B) moDCs
were incubated with IC 2.1 or IC 2.4 after overnight incubation in absence (dotted line) or
presence (solid line) of C5a. moDCs without ICs were used as negative control (grey). Positivity
for ICs was determined by flow cytometry in 2 independent donors (upper and lower panels). (C)
Example of IC 2.4 positive moDCs analyzed by Imagestream. (D-E) Percentage of moDCs that have
taken up ICs analyzed using Imagestream. (D) moDCs were incubated overnight in presence or
absence of C5a after which IC 2.1 or IC 2.4 was added for 60 min (n=6). (E) moDCs were incubated
with IC 2.4 after overnight incubation in absence or presence of C5a. Fc block was added 20 min
prior to incubation with ICs (n=2). (F) Normalized counts of RNA sequencing data are depicted
for the 7 FcγR genes (n=4). (G) Cell surface expression of FcγRI, FcγRII and FcγRIII on moDCs after
24 h of incubation in absence or presence of C5a. Control depicts the relevant isotype control.
Representative of 2 independent experiments is depicted.
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analyses indicated a potential regulatory role of C5a on antigen acquisition.
Functional analyses showed that C5a can diminish acquisition of larger, but
not small-sized, ICs by DCs in a FcγR-dependent manner, without altering
expression of FcγRs.
Although the finding that C5a downmodulates uptake of large ICs by DCs
is striking, the implications of our findings need further investigation.
Acquisition of antigen-containing ICs by DCs is important for the induction
of antigen-specific T and B cell responses. On one hand, these data indicate
that C5a may downmodulate uptake of antibody-coated antigens and
their subsequent antigen presentation by DCs to T cells during infection.
This indicates that upon complement activation during infection, influx of
antigen-specific antibodies and IC formation may effectively give rise to
negative feedback signals; antigen uptake in the form of ICs will be limited
through the action of C5a potentially contributing to return to homeostasis.
In addition, C5a may have a protective role in autoimmune diseases by
reducing activation of autoreactive T cells after DC acquisition of selfantigen containing ICs. Indeed, deficiencies in complement components of
the classical complement pathway strongly increase the susceptibility to
develop SLE7. In contrast, however, increased complement activation and C5a
levels have also been reported during disease activity in several autoimmune
disease8-10, indicating that high C5a levels are not by definition protective.
Overall, the present study demonstrates that C5a has a regulatory role
in FcγR-mediated IC acquisition by human DCs. Future research in this
exciting new field of investigating the interactions between complement
and DC activation, should address the full implications of our findings in
autoimmunity and upon infections.
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Figure S1. C5a does not affect uptake of Luciferase Yellow, Transferrin or Salmonella
typhimurium by moDCs. (A-B) moDCs were incubated overnight in absence (medium; dotted
lines) or presence of C5a (C5a; solid lines), followed by incubation for 30 or 60 min with (A) 25250 µg/ml Luciferase Yellow or (B) 4-40 µg/ml Transferrin-AF647. moDCs not incubated with
Luciferase Yellow or Transferrin are depicted as controls (filled histograms). Histograms are
representatives of 2 independent experiments. (C) Example of S. typhimurium-positive moDCs
analyzed by Imagestream. (D) Percentage of moDCs that have taken up serum opsonized S.
typhimurium (n=2) or S. typhimurium opsonized with heat inactivated (h/i) serum (n=3).
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Table S1. Primers used for real time quantitative PCR
Target

ACTG1
ANXA1
BAIAP2
18S

Forward primer

5'-TCGCAATGGAAGAAGAGATCG-3'
5'-GGATGTCGCTGCCTTGCATA-3'
5'-CTATGCCACCACCGAGAACA-3'
5’-CGGCTACCACATCCAAGGAA-3’

Reverse Primer

5'-CCCGACGATGGAAGGAAACA-3'
5'-TCCAGGGGCTTTCCTGTTTC-3'
5'-CCTTGAAGCTCAGGAGGGTG-3'
5’-GCTGGAATTACCGCGGCT-3’

Table S2. GO terms in the category Fc receptor signaling
GO.ID

description

GO:0002253
GO:0002768
GO:0002757
GO:0002429
GO:0038093

activation of immune response
immune response-regulating cell surface receptor signaling pathway
immune response-activating signal transduction
immune response-activating cell surface receptor signaling pathway
Fc receptor signaling pathway
immune response-regulating cell surface receptor signaling pathway
involved in phagocytosis
Fc-gamma receptor signaling pathway involved in phagocytosis
Fc-gamma receptor signaling pathway
Fc receptor mediated stimulatory signaling pathway
vascular endothelial growth factor receptor signaling pathway

GO:0002433
GO:0038096
GO:0038094
GO:0002431
GO:0048010

FDR, false discovery rate adjusted p-value

Amplicon
113bp
141bp
137bp
187bp
FDR

genes

3,24E-06
4,50E-06
5,62E-06
8,39E-06
1,11E-05

16
16
15
12
13

1,50E-07

genes
12

1,78E-04
1,88E-04
3,92E-04
5,90E-04
0,00108602

3
9
11
5
6

4,75E-05
4,75E-05
5,76E-05
7,33E-05
0,00102044

6
6
6
6
9

Table S3. GO terms in the category Phagocytosis and Endosomal maturation
GO.ID
GO:0006909

description
phagocytosis

GO:0090382
GO:0030139
GO:0060627
GO:0045335
GO:0030666

phagosome maturation
endocytic vesicle
regulation of vesicle-mediated transport
phagocytic vesicle
endocytic vesicle membrane

GO:0005525
GO:0003924
GO:0032561
GO:0019001
GO:0030659
GO:0012506

GTP binding
GTPase activity
guanyl ribonucleotide binding
guanyl nucleotide binding
cytoplasmic vesicle membrane
vesicle membrane

FDR, false discovery rate adjusted p-value
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FDR
5,12E-06
6,30E-06
8,84E-06
9,10E-06
3,60E-05
5,75E-05

13
10
13
13
14
14

Summarizing discussion

The very potent chemoattractant C5a recently has been implicated in
modulation of mouse MØ and DC function1-8. Studies on the modulating effect of
C5a on APC function, however, often show conflicting results, and the number of
studies on the effect of C5a on human DCs is limited (reviewed in chapter 1)9, 10.
DCs play a profound role in T cell activation and polarization11, 12, thereby forming
an important link between innate and adaptive immunity both upon pathogen
invasion, and in autoimmune diseases. Since both the complement system and
DCs are activated upon infection, this emphasizes the importance of unraveling
the effect of C5a on human DC activity. In addition, the increased interest in
the use and development of C5/C5a interfering compounds for the treatment
of various diseases13-15 further stresses the need to increase our knowledge on
overall effects of C5a on the different arms of the immune system.

Consequences of C5aR and TLR crosstalk on DC-mediated T cell
activation
C5a dampens TLR-induced pro-inflammatory cytokine production by human DCs

DCs are activated by various PAMPs, including TLR4 ligand LPS16. C5a
diminishes LPS-induced production of the pro-inflammatory cytokines IL-6,
IL-12, IL-23 and TNF-α in human moDCs (chapter 2), in line with previous
observations in MØs3, 6, 7, 17. Similar results were found using other TLR
ligands, namely R848 (TLR7/8), and Pam3CSK4 (TLR2), or during exposure
to the gram-negative bacterium S. typhimurium (chapter 2). Further analysis
of human blood DC subsets indicated that especially slanDCs are prone
to regulation by C5a (chapter 3)18, 19, and revealed that C5a also inhibits
R848-induced pro-inflammatory cytokine production by human slanDCs.
Expression of co-stimulatory molecules and hallmark genes involved in
antigen presentation, together responsible for the first essential steps for T cell
activation, are not affected upon C5aR and TLR crosstalk (chapter 2 and 4).
Taken together, the inhibitory effect of C5a on human DCs seems to be more
restricted to DC cytokine production, but is not restricted to either the subset
of moDCs or to TLR4 signaling alone, as C5aR and TLR crosstalk also affects
slanDC activity and pro-inflammatory cytokine production induced by other
TLR receptors. The effect of C5a on DC activation via other pattern recognition
receptors (PRRs), such as C-type lectin receptors and NOD-like receptors,
however, has not been investigated and remains to be elucidated.
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Summarizing discussion

C5a hampers DC-mediated Th1 polarization and pathogen clearance in vivo
Since cytokine production by DCs dictates T cell polarization, changes in
the production profile of DC cytokines can strongly affect adaptive immune
responses. The inhibitory effect of C5a on DC cytokine production can,
therefore, effect the modulating capacity of DCs on T cells. This fits with the
observation that IFN-γ production by Th1 and cytotoxic T cells is reduced
upon stimulation with C5a-primed human DCs (chapter 3) and mouse
MØs3. In mice, the inhibitory effect of C5a on TLR-induced MØ activation and
subsequent Th1 differentiation is, furthermore, associated with inefficient
pathogen clearance3-5. C5aR deficiency increased the resistance to L. major
infections in vivo3. In addition, the clearance of P. gingivalis is increased in
C5aR deficient mice, using in vivo studies as well as in vitro MØ cultures4, 5.
P. gingivalis can even exploit C5a-mediated protection via the expression of its
own C5 convertase5, which results in increased C5a production and pathogen
survival. These findings indicate that C5a can strongly dampen DC-mediated
Th1 immune responses as well as MØ-mediated pathogen clearance, thus
negatively regulating Th1 dependent pathogen elimination.
C5aR and TLR crosstalk induces a more regulatory DC phenotype
C5a decreases production of IL-6, IL-23 and TNF-α upon C5aR and TLR crosstalk
in human moDCs (chapter 2), indicating that C5a might in addition dampen
DC-mediated Th17, Tfh or Th22 polarization12, 20. The modulating effect of C5a
on DC-mediated Th17, Tfh and Th22 polarization has not yet been investigated
in humans. More is known from studies in mice, in which C5aR deficiency has
been associated with increased production of Th17 polarizing cytokines IL-6
and TNF-α, and induction of Th17 polarization by spleen-derived DCs and
BMDCs21, 22. This suggests that C5aR and TLR crosstalk might indeed dampen
DC-mediated Th17 polarization in human moDCs and slanDCs.
Although Th1 and Th17 immune responses are required to induce efficient
pathogen clearance, immune regulation of these most pro-inflammatory Th
subsets is crucial to prevent overwhelming and uncontrolled immune activation
and tissue damage. IL-10 production has been associated with formation of
regulatory T cells12, 23, which are essential in control of immune responses and
in prevention of immunopathology23, 24. Strikingly, C5aR and TLR crosstalk in
DC increases IL-10 production (chapter 3), indicating that C5a skews towards
a more regulatory DC phenotype and most likely towards Treg polarization.
This is further supported by whole transcriptome analyses we have performed
(chapter 4), in which a core regulatory network was identified upon C5aR
and TLR crosstalk. Central in this regulatory network is the inhibition of the
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pro-inflammatory transcription factor FOXO125 and induction of the antiinflammatory transcription factor FOXO326. Although also some potential proinflammatory genes outside the core regulatory network were identified, these
findings suggest that C5aR and TLR crosstalk preferentially skew towards
increased immune cell regulation (Figure 1). Further research should reveal
whether C5a indeed affects DC-mediated induction of regulatory T cells.

Signal transduction pathways involved in the regulatory effect of
C5a in human DCs

The past decade, the use of C5/C5a modulating compounds for the treatment of
various diseases is gaining more interest, focusing mainly on the chemoattractant
effector function of C5a in innate immunity. This underscore the importance of
understanding the underlying mechanism of C5aR and TLR crosstalk in human
DCs, especially because of the existing contradictions regarding the effect of
C5aR and TLR crosstalk among different APCs (reviewed in chapter 1). In
addition, increased knowledge on the involved signal transduction pathways
may provide interesting new targets for future investigations with respect to
pharmaceutical interference.
Key role for CREB1 in C5a-mediated inhibition of TLR-induced pro-inflammatory
cytokine production
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In contrast to previous observations in human MØs and monocytes2, 3, 6, 9, 17, 27,
LPS-induced phosphorylation of JNK or NF-κB nuclear translocation in
human moDCs is not affected by C5a (chapter 3). Instead, C5a rapidly
induces phosphorylation of ERK1/2 and p38 in human moDCs (chapter 3),
resulting in phosphorylation of the downstream transcription factor CREB1.
Accelerated TLR-induced CREB1 phosphorylation plays a key role during C5aR
and TLR crosstalk, as it leads to the early induction of IL-10 in maturing DCs
(Figure 1). Negative feedback signaling by IL-10 inhibits production of the
pro-inflammatory cytokines TNF-α and IL-12 by human DCs (chapter 3). Similar
results are observed in human slanDCs, in which C5a-induced IL-10 production
inhibits TNF-α production. The identification of CREB1 phosphorylation upon
C5aR and TLR crosstalk is novel, and was not investigated before. ERK1/2
induction, however, has been observed before upon C5aR and TLR crosstalk
in mouse MØs3, 6, 17, indicating that CREB1 might also be involved here. Overall,
accelerated CREB1 phosphorylation and the induction of IL-10-mediated
negative feedback signaling thus play a key role in the inhibitory effect of C5a
on TLR-induced pro-inflammatory cytokine production in human moDCs.
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Figure 1. Schematic overview on C5aR and TLR crosstalk in human moDCs. Signal
transduction pathways involved in C5aR and TLR crosstalk in human moDCs and the effect on
subsequent T cell activation by DCs is depicted.

IRF4 and bZIP activation upon C5aR and TLR crosstalk may contribute to the
inhibition of IL-12 and induction of the regulatory phenotype in human DCs
In contrast to our observations in human moDCs, the inhibitory effect of C5a
on TLR-induced pro-inflammatory cytokines by mouse and human MØs3, 6, 17,
and human monocytes10, 28, is mainly IL-10 independent. Although IL-10
production by MØs is increased upon C5aR and TLR crosstalk6, 17, blockage of
IL-10 signaling using IL-10 and IL-10R blocking antibodies, or IL-10 deficient
MØs, did not diminish the effect of C5a on TLR-induced pro-inflammatory
cytokine production3, 6, 10, 17, 28. Of note, the role for IL-10 in inhibition of proinflammatory cytokines by C5a has been based only on the effect on IL-12
production3, 6, 10, 28. In line with this, we also observed that the inhibitory effect
of C5a on IL-12p40 mRNA expression in human moDCs is not completely IL-10
or CREB1 dependent (chapter 3). Together, these findings are suggestive for
the existence of additional regulatory mechanisms besides CREB1 that affect
IL-12 production upon C5aR and TLR crosstalk.
Further assessment of CREB1-mediated signaling in C5aR and TLR crosstalk
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has been performed by whole transcriptome analysis, comparing the
differential expressed genes between human moDCs stimulated with LPS or
LPS and C5a in the absence or presence of MSK inhibitor (which prevents
CREB1 phosphorylation) (chapter 4). This revealed that the final outcome
of C5aR and TLR crosstalk is mainly CREB1 independent. So, although CREB1
signaling plays a key role in regulating IL-23 and TNF-α production by DCs
via the induction of IL-10 and IL-10 negative feedback signaling (chapter 3),
whole transcriptome analysis in presence and absence of MSK inhibitor further
provides evidence for the existence of additional regulatory mechanism(s)
involved in C5aR and TLR crosstalk.
Motif enrichment analysis on the differentially expressed genes upon C5a
stimulation in both immature moDCs, and LPS-stimulated moDCs revealed a
prominent role for bZIP transcription factors (ATF3, BATF and AP-1), both upon
C5aR and TLR4 crosstalk, as well as during C5a stimulation alone. Furthermore,
IRF4 motifs are specifically enriched upon C5aR and TLR crosstalk and among
synergistically induced genes upon C5aR and TLR4 stimulation. Both IRF4 and
ATF3 activity have been associated with dampening of TLR4-induced immune
activation29-33, indicating that they may be involved in the regulatory effect of
C5aR and TLR crosstalk in human DCs. In addition, IRF4 interferes with TLRinduced IL-12 production by inhibiting IRF5 signaling in mouse MØs and
DCs29, 34. We therefore like to propose that IL-12 production upon C5aR and
TLR crosstalk is inhibited through the induction of IRF4 activation as well as
via CREB1-mediated IL-10 production (Figure 1). Further investigations are
needed to determine the involvement of bZIP transcription factors and IRF4 in
C5aR and TLR crosstalk and IL-12 inhibition.
Presence or absence of additional environmental stimuli determines outcome of
C5a stimulation on pro-inflammatory cytokine production by moDCs
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The inhibitory effect of C5a on human moDC cytokine production depends on
the presence of other (environmental) triggers (Figure 2), as C5a promotes
pro-inflammatory cytokine production in the absence of a TLR stimulus
(chapter 2)9. C5aR signaling induces ERK1/2 and p38 phosphorylation both
in the absence and presence of additional stimuli, such as LPS (chapter 3).
Strikingly, C5a-induced ERK1/2 and p38 activation does not lead to IL-10
induction without TLR stimulation, most probably due to the absence of
prolonged CREB1 phosphorylation in absence of TLR stimulation (chapter 3).
ERK1/2 and p38 activation upon C5a stimulation in the absence of CREB1induced IL-10-mediated negative feedback signaling, therefore, leads to the
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induction of several pro-inflammatory cytokines in human moDCs. The fact that
C5aR signaling is different in the presence of a TLR ligand, is supported by our
finding that only 23% of the 173 genes regulated by C5a during LPS stimulation
overlapped with the 219 differentially expressed genes in moDC stimulated with
C5a alone (chapter 4). Although motif enrichment analysis both in the presence
and absence of LPS leads to enrichment for bZIP transcription factors, no
enrichment for IRF4 was observed in the absence of LPS. This further highlights
the context dependent difference in C5aR-mediated signaling in human DCs.

Differences in C5aR1 and C5aR2 expression might explain
contradicting effects of C5a among different APCs
C5aR2 is mainly expressed by MØs, and not by mouse BMDCs

C5a can bind to two different receptors, namely C5aR1 and C5aR2. Both C5aR1
and C5aR2 are expressed on human monocyte-derived MØs (moMØs)35 and
immature moDCs36, 37, whereas in human slanDCs only C5aR1 expression has
been investigated and detected (chapter 3)18. Although no C5aR1 expression is
observed on circulating conventional DC subsets (chapter 3)18, 38, some reports
state that tissue residing DCs do express C5aR139, 40. Data regarding C5aR1 and
C5aR2 expression in human DC and MØ subsets is very limited, and should be
included in future studies as will become clear below.
In mice, both C5aR1 and C5aR2 are strongly expressed on various MØ subsets,
including peritoneal macrophages, whereas expression of both receptors
varies among mouse DC subsets41, 42. Modest C5aR2 expression is observed in
lung moDCs (60-65%) and lung CD11b+CD103- DCs (15-20%), and low C5aR2
expression is observed in intestinal CD11b+ and CD103+ DC subsets. C5aR2

Figure 2

C5a

Pro-inflammatory

Recruitment
DC development
DC activation (no PAMPs)
C5aR1

6

Anti-inflammatory

DC activation (PAMPs)
C5aR1-C5aR2

Figure 2. The balance between pro-inflammatory and anti-inflammatory effects of C5a
on DCs. Whereas C5a promotes DC recruitment to the site of inflammation and is suggested
to promote DC development, the effect of C5a on DC activation depends both environmental
conditions and C5aR expression by DCs.
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expression is absent on all other DC subsets investigated, including pDC, splenic
DCs, and BMDCs42. C5aR1 is expressed on BMDCs, lung resident CD11b+, lung
moDCs, but not on intestinal and pulmonary CD103+ DCs41.
C5aR1 and C5aR2 hetrodimerisation as important step in the regulatory effect of
C5a on TLR-induced cytokine production

The inhibitory effect of C5a on IL-12, TNF-α and IL-23 production by human
moDCs was almost completely abolished by blocking C5aR1 (chapter 2),
suggesting that C5a mainly signals via C5aR1. The inhibitory effect of C5aR
and TLR crosstalk was also C5aR1 dependent in peritoneal MØs3, 17, 43,
however, involvement of C5aR2 has not been investigated specifically. For a
long time C5aR2 has been postulated as a non-signaling decoy receptor that
limits C5a availability to C5aR1, thereby regulating C5aR1-mediated proinflammatory immune responses44-46. More recent publications, however, state
that C5aR1-C5aR2 hetrodimerisation is crucial for the induction of ERK1/2
phosphorylation in human monocyte-derived MØ, resulting in increased
IL-10 production35, 47, 48. C5aR and TLR crosstalk in human moDCs inhibits TLRinduced pro-inflammatory cytokine production via ERK/p38-induced CREB1
phosphorylation and subsequent IL-10 induction (chapter 3), and in addition
induces a more regulatory phenotype in human moDCs (chapter 4). Together,
these observations suggest that C5aR2 might be involved in the inhibitory effect
of C5a on human moDCs. The receptor antagonist we used to determine the
involvement of C5aR1 has been reported as specific for C5aR149, 50, however,
blockage of C5aR1 may also interfere with the functionality of the C5aR1C5aR2 hetrodimer complex. In this way, interference with C5aR1 indirectly
affects C5aR2 signaling. The inhibitory effect of C5a is, thus, likely to occur
via C5aR1-C5aR2 hetrodimerisation. However, we have to keep in mind that
hetrodimerisation of C5aR1 and C5aR2 has only been investigated until now in
MØs by two groups, and thus needs to be confirmed in other human APC subsets.
C5a may differently regulate TLR-induced pro-inflammatory cytokine production
in mouse BMDCs due to the absence of C5aR2
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Based on C5aR1 and C5aR2 expression profiles and the proposed involvement
of C5aR1-C5aR2 hetrodimerization during C5a-mediated inhibition of TLRinduced pro-inflammatory cytokine production, we could speculate that
specific APC subsets are more sensitive to the inhibitory effect of C5a compared
to others. MØ subsets, lung resident CD11b+ DC and moDC, for example, are
more likely to be subject to the regulatory effect of C5a because of their high
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expression of both C5aR1 and C5aR241, 42. This fits with the observed inhibitory
effect of C5aR and TLR crosstalk on pro-inflammatory cytokine production
by human moDCs (chapter 2 and 3) and peritoneal MØs3-8. In line with this,
BMDCs might be much less sensible to C5a-mediated inhibition because they
lack C5aR2 expression. This might explain why findings regarding the effect of
C5aR and TLR crosstalk on cytokine production in human DCs (chapter 2 and 3)
do not so much resemble previous observations in mouse DCs (reviewed
in chapter 1)1, 2. So, we propose that the inhibitory capacity of C5a on TLRinduced pro-inflammatory cytokine production depends on C5aR2 expression,
which explains why C5a does not inhibit pro-inflammatory cytokine production
in BMDCs, which do not express C5aR2 (Figure 2).
Of note, the involvement of C5aR and TLR crosstalk in BMDCs is mostly
investigated by the use of complete C5aR1 deficient mouse1, 2, 21, 22, 51, in which costimulatory marker expression and cytokine production was already reduced
during steady state2, 52. This may indicate that C5aR1 signaling is important
during DC development (Figure 2). Interference with C5aR signaling already
during DC development can, therefore, affect the responsiveness of APC prior
to TLR stimulation, providing an additional explanation for the differences
observed between C5aR and TLR crosstalk in human and mouse DCs.

The ongoing debate on APC nomenclature

The classification of monocyte, DC and MØ subsets is still a point of debate, and
has changed to a great extent during the last decade. Traditionally, classification
of APC subsets is based on the expression of a wide variety of cell surface
proteins as well as APC-specific functional properties53, 54. MØs have been
defined as the APC subsets mainly involved in pathogen clearance, whereas DCs
are considered to be unique by their capacity to activate naive T cells53, 54. Based
on this classification, slanDCs have been characterized as a novel DC subset,
because they induce strong T cell responses19, 55. However, others state they are
a specific inflammatory monocyte subset that induce only weak T cell activation,
and that they are part of the non-classical CD16+ monocyte population38, 56.
Discriminating between monocyte-derived cells, DC and MØ subsets can be
difficult using traditional classification, especially with regard to inflammatory
DC and MØ subsets, and it is not always clear to which subset a population of
APCs belongs53, 57-59. Guilliams et al.53 proposed that monocyte-derived cells,
DCs and MØs should therefore be classified based on ontogeny53, resulting in a
more robust classification of different APC subsets. This nomenclature permits
for overlapping functions or phenotypic properties among APCs, and is already
widely accepted in the scientific community.
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Based on this nomenclature, monocyte-derived cells are a distinct lineage of
APCs, which exists next to the DC and MØ lineages53. Inflammatory DCs57, such
as moDCs and monocyte-derived MØs (moMØs), thus belong to the lineage of
monocyte-derived APCs53, 57, 59. In addition, dermal CD14+ DCs, intestinal CD103CD172+ DCs, and tissue residing CD16+ cells (including slanDC), are suggested
to be of monocytic origin53, 56, 60, 61, and would therefore be part of this lineage.
Although monocyte-derived cells are a different class of APCs next to MØ and
DC subsets, they are of great importance upon infection and in several diseases.
Inflammatory DCs, such as slanDCs, moDCs and moMØ, strongly contribute
to local immune activation19, 57. In addition, slanDCs and moDCs are found in
many autoimmune diseases19, 57, 62-67 and induce T cell immune responses19,
57, 68
. With regard to C5aR and TLR crosstalk, both slanDCs and moDCs can
produce complement components and express C5aRs18, 37, 38. Taken together,
this underscores the possible impact of C5aR and TLR crosstalk in monocytederived APCs in vivo.
Studies on “traditionally classified” peritoneal MØs revealed that they actually
comprise of two subsets69. One of these subsets is of embryonic origin, which
is classify as MØ subset based on ontogeny. However, the other subset is of
monocytic origin, which is classified as monocyte-derived APC lineage based
on ontogeny69. Interestingly, the procedure to collect peritoneal MØ for in vitro
studies includes the injection of thioglycollate several days before isolation of
MØs. This injection increases the recruitment of monocytes to the peritoneum,
and promotes the development of monocyte-derived peritoneal MØ69. This
suggests that in vitro experiments on peritoneal MØs are actually performed
using monocyte-derived APCs. Of note, the inhibitory effect of C5aR and TLR
crosstalk on pro-inflammatory cytokine production by human moDCs and
slanDCs are in line with previous findings in in vitro cultured mouse peritoneal
MØs and human monocyte-derived MØs (chapter 2 and 3)3-8. Since all of these
APC subsets are thus part of the monocyte-derived lineage, the inhibitory
effect of C5a during C5aR and TLR crosstalk seems to be more general among
monocyte-derived APC subsets. Whether the inhibitory effect of C5aR and TLR
crosstalk on APC activation is restricted to monocyte-derived DCs remains to be
determined and will largely depend on their capacity to express C5aRs.

C5a affects FcγR-mediated IC uptake by human moDCs
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Antigen uptake and processing by DCs is important for the induction of antigenspecific adaptive immune responses, as it leads to antigen presentation in MHC
molecules required to activate antigen-specific T cells. Although the expression
of MHC molecules increases upon LPS stimulation, C5a has no effect on
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expression of MHC molecules by human moDCs, both in presence and absence
of TLR stimulation (chapter 2 and 4). Stimulation of moDCs with C5a, however,
does alter the expression of genes associated with Fc-receptor mediated
phagocytosis and endosomal maturation (chapter 5).
Preliminary data indicate that C5a inhibits Fc-gamma receptor mediated ICs
uptake (chapter 5). Since uptake of antigen-containing ICs by DCs results
in antigen presentation to T cells, reduced IC uptake is expected to reduce
activation of the adaptive immune system. Although striking, the implications of
these findings are hard to predict and need further investigation. Especially the
context (autoimmunity or infection), and composition of the ICs (the antigen
they contain) strongly affect whether reduced IC uptake by C5a will increase
or dampen disease severity. In autoimmune diseases, for example, an decrease
in the uptake of ICs containing self-antigens might decrease activation of
autoreactive T cells, thereby decreasing disease progression. Since PAMPs or
DAMPs are also present during IC encounter by moDCs, activation of DCs via
C5aR alone is unlikely to occur in vivo. The effect of C5a on IC uptake should,
therefore, be investigated in more detail in the presence of additional stimuli,
such as DAMPs or PAMPs. The effect of multidimensional crosstalk between
C5aRs, TLRs and FcγRs on DC activation has not been investigated, and will
further reveal the importance of C5a during IC uptake.
Crosstalk between FcγRs and C5aRs was shown to be complex in mouse MØs70.
C5a modulated the expression of FcγRs, increasing expression of inhibitory
FcγRIIb, while decreasing expression of stimulatory FcγRIIa. In turn, FcγR
signaling regulated C5aR signaling70. The balance between expression of
inhibitory FcγRIIb and the stimulatory FcγRIIa demonstrated to be important
in immune regulation71. Although C5a affects FcγR expression in mouse MØs,
no effect on FcγR expression was observed in human moDCs stimulated with
C5a (chapter 5). This suggests that C5a affects FcγR expression differently
in moDCs and MØs. Of note, however, no discrimination was made between
the inhibitory FcγRIIb and the stimulatory FcγRIIa in human moDCs. Further
analysis dissecting these two FcγRs may therefore be interesting in the future.
Most of the 49 genes designated to the GO terms phagocytosis, endosomal
maturation and Fc receptor signaling are induced upon C5a stimulation.
Interestingly, we observed that C5a decreased IC uptake, which was opposite of
our initial expectation. The 49 differentially expressed genes include building
blocks of the actin cytoskeleton and microtubule network as well as genes that
promote actin polymerization (chapter 5)72. To facilitate IC uptake, dynamic
cytoskeleton remodeling is required to allow increased receptor mobility and
internalization. Increased expression of genes involved in actin polymerization
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may interfere with dynamic cytoskeleton remodeling required for Fc receptormediated uptake. Overall, it is yet unclear how the effect of C5a on the expression
of these 49 genes specifically reduced IC uptake and which genes may be more
essential in this process compared to others.

Implications of C5aR and TLR crosstalk in autoimmune diseases

Autoimmune diseases are associated with excessive complement activation73-79,
increased slanDC recruitment to the site of inflammation19, 62-67, and undesirable
Th1 and Th17 responses80, 81. In addition, DAMPs are present at the site of
inflammation which can stimulated PRRs. C5aR and TLR crosstalk in slanDCs is,
therefore, likely to occur during autoimmunity, and would have desirable affects
by inhibiting inflammatory T cell responses and increasing immune regulation.
Pro-inflammatory immune responses are, however, not well regulated in these
diseases, as illustrated by the presence of chronic inflammation and undesirable
Th1 and Th17 responses80, 81.

C5aR and TLR crosstalk may be dysregulated in autoimmune diseases

C5aR and TLR crosstalk is not the only process that should be considered with
regard to autoimmune diseases, and we do not want to suggest that autoimmunity
can be explained solely by unraveling C5aR and TLR crosstalk. Still, dysregulation
of C5aR and TLR crosstalk may contribute to the development of autoimmune
diseases. This idea is supported by several observations in autoimmune
diseases (Box 1). Polymorphisms in the IL-10 gene and a specific SNP in IRF4
have been associated with increased susceptibility to development several
autoimmune diseases, including rheumatoid arthritis, inflammatory bowel
disease and systemic lupus erythematosus (SLE)82-85. Since CREB1-mediated IL10 negative feedback signaling and IRF4 activity are involved in the regulatory
effect of C5aR and TLR crosstalk (chapter 3 and 4), alterations in IL-10 or IRF4
activity provide a direct link between dysregulated C5aR and TLR crosstalk
and autoimmune diseases. In addition, C5aR and TLR crosstalk may become
insufficient due to presence of (too) many other pro-inflammatory signals and
other immune cells active in autoimmunity. Furthermore, the complement
system is suggested to become exhausted due to excessive activation in SLE86, 87,
which could result in the absence of active C5a for interference with TLRmediated signaling. Future research should focus on providing more insights in
the importance of C5aR and TLR crosstalk in autoimmune diseases.
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Considerations for future research on C5aR and TLR crosstalk in autoimmunity

Autoimmunity is a well-represented field of research. C5aR and TLR crosstalk,
however, has not been addressed in these studies. The emerging interest in
the use of C5/C5a modulating drugs for the treatment of several autoimmune
diseases, emphasizes the need to clarify the involvement of C5aR and TLR
crosstalk in these diseases. The involvement of IL-10 polymorphisms and a
SNP in IRF4, for example, should definitely be further explored, as both IL-10
and IRF4 activity is involved in the regulatory effect of C5a on DC activation in
human DCs (chapter 3 and 4). We listed several additional points that should
be considered during further investigations on C5aR and TLR crosstalk in
autoimmune diseases in box 1, which are also further explained below.
Box 1. Considerations with regard to C5aR and TLR crosstalk in autoimmune
diseases
Possible explanations for dysregulated C5aR and TLR crosstalk in autoimmune
1.

diseases:

Downstream signal transduction pathways of C5aR and TLR crosstalk may be
affected in autoimmune disease

i. a SNP in IRF4 has recently been identified as risk locus for the development of
rheumatoid arthritis82

2.
3.

ii. Polymorphisms in the IL-10 gene are correlated with susceptibility for
rheumatoid arthritis83 , IBD84, SLE85 and many autoimmune diseases

Immune regulation by C5aR and TLR crosstalk may be insufficient due to the
presence of many other pro-inflammatory signals and other immune cells

Due to strong complement activation, the complement system may become
exhausted during chronic inflammation86, 87

Considerations for future experiments:
1.

Possible differences in C5aR1 and C5aR2 expression on APCs at the site of

3.

The complement system has other important functions apart from DC

2.

4.
5.
6.
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inflammation should be investigated

Further research should focus on APC subset(s) that are involved in a specific
disease

activation88

ICs induce complement activation

Some autoimmune diseases, such as SLE, are strongly associated with
complement deficiencies89

In vivo, DCs will be subject to multidimensional crosstalk by the activation and

regulation of many different receptors, such as other PRRs, cytokine receptors,
and Fc receptors, and is thus not limited to C5aR and TLR4 signaling90
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First, C5aR1 and C5aR2 expression appears to be of relevance for the
modulating effect of C5aR and TLR crosstalk on human DC function. Much
is still unclear on C5aR1 and C5aR2 expression by human APCs, especially
at the site of inflammation. Expression of C5aRs by APCs might be altered
during chronic inflammation, directly affecting the outcome of C5aR and TLR
crosstalk in autoimmune disease. Second, further research should focus on the
role of slanDCs in autoimmunity, for they represent an important DC subset
in several autoimmune diseases19, 62-67 and induce undesirable Th1 and Th17
immune responses19, 55, 64. Other APC subsets may also be relevant for further
investigations, and should be selected based on their involvement the disease
of interest.
One should not forget that the complement system has many important functions
apart from modulation DC activation which may also be involved or altered in
disease development88. This is nicely illustrated by findings in SLE, in which
complement deficiencies of the classical pathway (C1q, C1r, C1s, C4 and C2) are
strongly associated with the susceptibility to develop SLE73, 89. This emphasizes
the importance of considering also other complement components during future
studies on complement and how these may affect APC activation. In addition,
ICs can strongly activate the complement system, which can lead to chronic
complement activation in autoimmune disease in which increased IC deposits
are found89. This may affect DC activation differently compared to observations
in in vitro studies. Last, DCs are probably subject to multidimensional crosstalk
in vivo, by activation of both PRRs, cytokine receptors, and Fc receptors,
indicating that crosstalk will not be limited to C5aR and TLR4 signaling90. This
should therefore be a point of attention in future research where possible.
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Concluding remarks
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In this thesis, we described and discussed our discoveries on C5aR and TLR
crosstalk on the activation of human DCs. C5a reduced the production of TLRinduced pro-inflammatory cytokines both by human moDCs and slanDCs,
and reduced the induction of Th1 and cytotoxic T cell responses by DCs.
Furthermore, C5a skewed DC activation towards immune regulation, as shown
by the finding of a core regulatory network upon C5aR and TLR crosstalk. We
postulate that the regulatory effect of C5a on DC activation is a mechanism
to prevent overwhelming and prolonged DC activation. This is important to
prevent uncontrolled immune activation, which can lead to tissue damage and
the development of autoimmune diseases91. The induction of IL-10 upon C5a
stimulation might further contribute to regulation of uncontrolled immune
activation by the induction of regulatory T cells12, 92.
Although this thesis focused on the effects of C5aR and TLR crosstalk on DC
activation, it is important to realize that C5a is also a very potent chemoattractant.
Although C5a can regulate DC activation, the recruitment of more immune
cells, including neutrophils, monocytes and slanDCs, to the site of infection has
not been taken into account in these studies, and might compensate for the
inhibitory effect of C5a on pro-inflammatory cytokine production by individual
DCs. In addition, produced C5a might be involved in DC development prior to
DC activation1, 52. We therefore suggest that the balance between immune cell
recruitment, C5aR and TLR crosstalk in APCs (the presence of environmental
triggers), and the effect of C5a on other immune cells is crucial for the overall
effect of C5a during inflammation. Nevertheless, we discovered a potential
regulatory role of C5a in human DC activation, which may especially be of
importance to prevent the development of autoimmunity and to regulate
inflammation during bacterial infections. The use of C5/C5a interfering drugs
for the treatment of complement-mediated diseases or diseases associated with
altered complement activity should, therefore, be considered with extreme care.
More knowledge on the interplay between all the different effector functions of
C5a is required to fully understand the implications of C5aR and TLR crosstalk
in human DCs.
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Our immune system is crucial to combat invading pathogens and to maintain
tissue homeostasis. Both the complement system and dendritic cells (DCs) are
essential parts of our immune system and form an important bridge between
innate and adaptive immunity. Although both are activated at the site of infection
and in autoimmune diseases, these two arms of the innate immune system have
mostly been studied separately.
DCs are activated upon recognition of pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) via specific
pattern recognition receptors (PRRs), including Toll-like receptors (TLRs). DC
activation leads to the production of pro-inflammatory cytokines, increased
expression of co-stimulatory markers and migration of DCs to secondary
lymphoid tissues. In addition, DCs take up pathogens and immune complexes,
resulting in the presentation of antigens on their cell surface. Together, these
induced properties of DCs determine T cell activation and differentiation,
which is essential for the induction of a proper and pathogen specific immune
response. On the negative side, the presence of immune complexes containing
self-antigens can contribute to undesired immune activation, as observed in
autoimmune diseases, emphasizing that immune activation needs to be tightly
regulated.
Complement activation leads to immune cell recruitment, pathogen opsonization
and uptake, and pathogen disruption. Thereby, the complement system
contributes to pathogen elimination. C5a is a well-known chemoattractant
produced upon complement activation, which only recently has been implicated
to modulate antigen-presenting cell (APC) activity in mice. Human DCs can
produce complement components and express receptors that recognize
complement activation products, such as receptors for C5a (C5aRs), indicating
that C5a may affect human DC activity. Data on the interplay between C5a and DC
activation is, however, limited, especially in human. The emerging interest in the
use of C5/C5a modulating compounds to interfere with the effector function of
C5a in various diseases, including auto-immune diseases, emphasizes the need
to further elucidate the impact of C5a on DC activation. The scope of this thesis
is to investigate how C5aR and TLR crosstalk modulates human DC activation.
The impact of C5aR and TLR crosstalk on the production of inflammatory
cytokines and co-stimulatory molecule expression by human monocyte-derived
DCs (moDCs) was investigated in chapter 2. C5a reduced the production of
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TLR4-induced pro-inflammatory cytokines IL-6, IL-12, IL-23 and TNF-α. The
inhibitory effect of C5a on TLR4-induced cytokine production by human moDCs
was very much depending on simultaneous activation of C5aRs and TLRs. In
addition, C5a promoted pro-inflammatory cytokine production by human DCs
in the absence of additional stimuli (PAMPs), revealing that the inhibitory effect
of C5a on human DCs is dependent on the presents of pathogens. C5aR and
TLR crosstalk had no effect on the expression of co-stimulatory molecules by
moDCs, indicating that the inhibitory effect of C5aR and TLR crosstalk is not
general. C5aR and TLR crosstalk is not restricted to TLR4 signaling, as C5a
also inhibits pro-inflammatory cytokine production induced upon TLR7/8 and
TLR2 activation.
Immune regulation is important to prevent uncontrolled and overwhelming
immune activation. As described above, C5a regulates TLR-induced proinflammatory cytokine production in human DCs, suggesting that C5a may
contribute to immune regulation. Studies on C5aR and TLR crosstalk in mouse
APCs, however, reported both regulatory as well as stimulatory effects of C5a on
TLR-induced DC activation. These combined findings highlight the importance
of further elucidating the effect of C5aR and TLR crosstalk on human DCs. The
effect of C5aR and TLR crosstalk on other human DC subsets and involved
signaling transduction pathways was, therefore, further investigated in chapter
3. C5aR was almost exclusively expressed on 6-sulfo LAcNAc DCs (slanDCs),
indicating that especially slanDCs are prone to regulation by C5a. slanDCs
are a very pro-inflammatory DC subset accumulating in several autoimmune
diseases. We revealed that C5a inhibited TLR-induced pro-inflammatory
cytokine production by slanDCs.
C5a accelerates TLR-induced ERK/p38-CREB1 signaling, resulting in IL10 induction and negative feedback signaling (chapter 3). CREB1 and IL10 demonstrated to be key in the regulatory effect of C5a on TLR-induced
production of the pro-inflammatory cytokines IL-23 and TNF-α by DCs,
whereas the inhibitory effect of C5a on TLR-induced IL-12 production only
partly depends on CREB1-mediated IL-10 induction. In addition, the effect of
C5aR and TLR crosstalk in DCs on subsequent T cell activation was assessed in
chapter 3. In line with the observed inhibition of pro-inflammatory cytokine
production, C5a-priming of DCs reduced Th1 and cytotoxic CD8+ T cell immune
responses. These findings underline the existence of functionally relevant
regulatory feedback mechanisms between the complement system and human
DCs.
Whereas in the first chapters we mainly focused on the effect of C5a on TLRinduced cytokine production, we addressed the full extent of C5aR and TLR

7

169

crosstalk in human DCs using whole transcriptome analyses in chapter 4.
C5aR and TLR crosstalk induced a core regulatory network in human moDCs,
with a central role for FOXO1 and FOXO3 transcription factors. Although
CREB1 plays an important role in C5a-mediated inhibition of TLR-induced proinflammatory cytokines (as observed in chapter 3), the effect of C5a on the whole
transcriptome upon C5aR and TLR crosstalk was mainly CREB1-independent
in human DCs. Instead, motif enrichment analysis revealed a prominent role
for the transcription factor IFN regulatory factor 4 (IRF4) upon C5aR and TLR
crosstalk.
In chapter 5, we performed whole transcriptome analyses on DC activated by
C5a in the absence of additional stimuli. Analysis of biological processes affected
by C5a was suggestive for a role of C5a in Fc-receptor mediated phagocytosis
and endosomal maturation. Given that both complement activation and the
presence of immune complexes is associated with autoimmunity, we further
assessed the effect of C5a on DC-mediated immune complex uptake. We revealed
that C5a specifically acts on DCs to inhibit Fc-gamma receptor mediated uptake
of larger immune complexes, revealing yet another regulatory effect of C5a on
the activation of human DCs.
The findings in this thesis are summarized and discussed in chapter 6. Taken
together, we discovered a potent role for C5a in regulating DCs and DC-mediated
immunity in human. This regulatory effect of C5a may be of great importance
to prevent the development of autoimmunity and to regulate inflammation
during infections. Since C5a also has other functions apart from modulating DC
activity, we suggest that the balance between the different effector functions
of C5a determines the overall effect of C5a during inflammation. Of note, our
findings suggest that the use of C5/C5a modulating compounds may not only
have desirable effects like damping complement-mediated immunity and
influx of immune cells, but at the same time may also affect local DC activation
and adaptive immune responses. This highlights the importance of careful
consideration of the use of C5/C5a interfering compounds.
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C5aR en TLR intermodulatie: Het regulerende effect van
anafylatoxine C5a op dendritische cellen in de mens
Nederlandse samenvatting

Ons immuunsysteem is cruciaal voor het bestrijden van invasieve pathogenen
en voor het behoud van weefselhomeostase. Zowel het complementsysteem als
dendritische cellen (DC’s) zijn essentiële onderdelen van ons immuunsysteem
en vormen een belangrijke brug tussen ons aangeboren en verworven
immuunsysteem. Deze onderdelen worden meestal afzonderlijk van elkaar
onderzocht, terwijl beide geactiveerd worden op de plaats van infectie en
tijdens auto-immuunziekten.
DC’s worden geactiveerd nadat ze specifieke patronen herkennen die
geassocieerd zijn met pathogenen (PAMP’s) of weefselschade (DAMP’s).
Hiervoor hebben ze specifieke receptoren (PRR’s), waaronder Toll-like
receptoren (TLR’s). Activatie van DC’s leidt tot de productie van proinflammatoire cytokines, de verhoogde expressie van co-stimulerende
moleculen en migratie van DC’s naar secundaire lymfoïde organen. Daarnaast
kunnen DC’s pathogenen en immuuncomplexen opnemen, wat leidt tot het
presenteren van antigenen op de celmembraan. Tezamen resulteren deze
verkregen eigenschappen van DC’s in de activatie en differentiatie van T
cellen. Dit is essentieel voor het induceren van een pathogeenspecifieke
immuunrespons. De aanwezigheid van immuuncomplexen die eigen antigenen
bevatten kunnen echter leiden tot ongewenste immuunactivatie, wat onder
andere het geval is in auto-immuunziekten. Dit benadrukt de noodzaak om
immuunactivatie strikt te reguleren.
Activatie van het complementsysteem leidt tot het aantrekken van immuuncellen, het opsoniseren van pathogenen, pathogeenopname en het vernietigen
van pathogenen. Complementactivatie draagt dus bij aan het elimineren van
pathogenen. C5a is een bekende chemoattractant die geproduceerd wordt
tijdens de activatie van het complementsysteem. Recent is uit onderzoek in
muizen gebleken dat C5a ook de activatie van antigeenpresenterende cellen
(APC’s), waaronder DC’s, kan moduleren. Daarnaast kunnen DC’s ook zelf
complementfactoren produceren en brengen DC’s receptoren tot expressie die
complementactivatie producten kunnen herkennen, zoals receptoren voor C5a
(C5aR’s). Dit impliceert dat C5a tevens een effect kan hebben op de activatie
van DC’s in de mens. Onderzoek met betrekking tot de interactie tussen C5a
en de activatie van DC’s is echter beperkt, vooral in de mens. De toegenomen
belangstelling voor het gebruik van C5/C5a-modulerende medicijnen voor
de behandeling van verschillende ziekten, waaronder auto-immuunziekten,
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benadrukt het belang van uitgebreider onderzoek naar het effect van C5a op
de activatie van humane DC’s. Het onderzoek in dit proefschrift is voornamelijk
gericht op het onderzoeken van het effect van C5aR en TLR intermodulatie in
humane DC’s.
Het effect van C5aR en TLR intermodulatie op de productie van proinflammatoire cytokines en de expressie van co-stimulerende moleculen in uit
humane monocyten gegenereerde DC’s (moDC’s) is onderzocht in hoofdstuk 2.
C5a verlaagt de productie van de TLR4-geïnduceerde cytokines IL-6, IL-12,
IL-23 en TNF-α. Het remmende effect van C5a op de productie van TLR4geïnduceerde cytokines in humane moDC’s is erg afhankelijk van de gelijktijdige
activatie van C5aR’s en TLR’s. Daarnaast verhoogt C5a de productie van proinflammatoire cytokines in afwezigheid van additionele stimuli (PAMP’s). Dit
impliceert dat het remmende effect van C5a op humane moDC’s afhankelijk is
van de aanwezigheid van pathogenen. C5aR en TLR intermodulatie heeft geen
effect op de expressie van co-stimulerende moleculen, wat aangeeft dat het
effect van C5aR en TLR intermodulatie waarschijnlijk niet algemeen is. C5aR
en TLR intermodulatie beperkt zich niet tot TLR4-signalering alleen, aangezien
C5a ook een remmend effect heeft op cytokineproductie geïnduceerd via
TLR7/8 en TLR2.
Regulatie van het immuunsysteem is belangrijk om ongecontroleerde en
overweldigende immuunactivatie te voorkomen. Zoals hierboven beschreven,
reguleert C5a TLR-geïnduceerde cytokineproductie van humane moDC’s, wat
suggereert dat C5a bijdraagt aan immuunregulatie. Muizenstudies omtrent
C5aR en TLR intermodulatie tonen echter aan dat C5a zowel een regulerend
als stimulerend effect kan hebben op TLR-geïnduceerde APC-activatie. Deze
bevindingen benadrukken het belang van verder onderzoek naar het effect
van C5aR en TLR intermodulatie in humane DC’s. Om deze reden is het
effect van C5aR en TLR intermodulatie op andere humane DC-populaties en
betrokken signaleringspaden verder onderzocht in hoofdstuk 3. C5aR wordt
uitsluitend tot expressie gebracht op humane 6-sulfo LacNAc DC’s (slanDC’s),
wat suggereert dat vooral slanDC’s vatbaar zullen zijn voor regulatie door C5a.
slanDC’s komen veel voor in verschillende auto-immuunziekten. Wij hebben
ontdekt dat C5a de productie van TLR-geïnduceerde pro-inflammatoire
cytokines in slanDC’s remt.
C5a versnelt TLR-geïnduceerde ERK/p38-CREB1-signalering, wat resulteert
in de inductie van IL-10 en IL-10-afhankelijke negatieve-feedbacksignalering
(hoofdstuk 3). CREB1 en IL-10 blijken een hoofdrol te spelen in het regulerende
effect van C5a op de door TLR geïnduceerde cytokines IL-23 en TNF-α door
DC’s. Het remmende effect van C5a op de productie van TLR-geïnduceerde
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IL-12-productie is daarentegen slechts gedeeltelijk afhankelijk van CREB1gemedieerde IL-10-inductie. Daarnaast hebben we in hoofdstuk 3 onderzocht
wat het effect is van C5aR en TLR intermodulatie in DC’s op de daaropvolgende
activatie van T cellen. In overeenstemming met het waargenomen remmende
effect van C5a op de productie van pro-inflammatoire cytokines, verlagen C5agestimuleerde DC’s de activatie van Th1 en cytotoxische CD8 T cellen. Deze
bevindingen benadrukken het bestaan van een regulerend feedbackmechanisme
tussen het complementsysteem en humane DC’s.
Terwijl de eerste hoofdstukken zich vooral richtten op het effect van C5a op
TLR-geïnduceerde cytokineproductie, richt hoofdstuk 4 zich op de volledige
reikwijdte van C5aR en TLR intermodulatie in humane DC’s door het volledige
transcriptoom te analyseren. C5aR en TLR intermodulatie induceren een
centraal regulerend netwerk in humane DC’s, waarin de transcriptiefactoren
FOXO1 en FOXO3 een centrale rol spelen. Hoewel CREB1 een belangrijke rol
speelt in het regulerende effect van C5a op de productie van TLR-geïnduceerde
pro-inflammatoire cytokines (zoals beschreven in hoofdstuk 3), is het effect
van C5a op het gehele transcriptoom tijdens C5aR en TLR intermodulatie
in humane DC's voornamelijk CREB1-onafhankelijk. Daarnaast suggereert
verdere analyse dat de transcriptiefactor IFN regulatory factor 4 (IRF4) een
prominente rol speelt tijdens C5aR en TLR intermodulatie.
In hoofdstuk 5, is het effect van C5a op de activatie van DC’s in afwezigheid
van additionele stimuli uitgebreid onderzocht. Onderzoek naar biologische
processen beïnvloed door C5a suggereert dat C5a een rol speelt in Fcreceptorgemedieerde fagocytose en endosomale maturatie. Aangezien
zowel het complementsysteem als de aanwezigheid van immuuncomplexen
geassocieerd is met autoimmuniteit, is het effect van C5a op de DC-gemedieerde
opname van immuuncomplexen verder onderzocht. Uit dit onderzoek blijkt
specifiek de opname van grote immuuncomplexen via Fc-gamma receptoren
geremd te worden door C5a. Hiermee rapporteren we wederom een regulerend
effect van C5a op de activatie van humane DC’s.
De bevindingen in dit proefschrift zijn samengevat en bediscussieerd in
hoofdstuk 6. Samenvattend, hebben we ontdekt dat C5a een sterk regulerend
effect heeft op humane DC’s en DC-gemedieerde activatie van het verworven
immuunsysteem. Dit regulerende effect van C5a kan van groot belang zijn
voor de regulatie van ontstekingsreactie tijdens infecties en ter voorkoming
van auto-immuunziekten. Aangezien C5a ook nog andere functies heeft naast
het moduleren van DC-activatie, verwachten we dat de balans tussen de
verschillende effectorfuncties van C5a bepalend is voor het uiteindelijke effect
van C5a tijdens een ontstekingsreactie. Van belang is dat onze bevindingen
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suggereren dat het gebruik van C5/C5a-modulerende medicijnen naast
de gewenste effecten op immuunactivatie, zoals het verlagen van de influx
van immuuncellen, tegelijkertijd ook een effect kan hebben op lokale DCactivatie en activatie van het verworven immuunsysteem. Dit onderstreept
het belang van een zorgvuldig overweging alvorens men overgaat op het
gebruik van C5/C5a-modulerende medicijnen.
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