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SUMMARY

The expression of the C5a-receptor (C5aR) on dendritic cells, its regulation and function
have not been well established thus far. We show that the C5aR is expressed on human
monocyte-derived dendritic cells (DC) and can be down-regulated by maturation stimuli such
as tumour necrosis factor-a (TNF-a), lipopolysaccharide (LPS) or CD40L and by the T helper
1-cytokine interferon-y (INF-v). Prostaglandin E2 (PGE,), a proinflammatory mediator
supporting dendritic cell activation and necessary for adequate DC migration, leads to the up-
regulation of C5aR expression when incubated alone and prevents down-regulation when
given in combination with TNF-a or LPS. Stimulation of C5aR on DC triggered F-actin
polymerization, indicating the chemotactic potential of DC elicited by C5a. C5a induced
F-actin polymerization was increased when C5aR was up-regulated by PGE,. Stimulation of
DC with C5a resulted in interleukin-10 production which was significantly increased after
C5aR up-regulation with TNF-a and PGE,. Therefore, up-regulation of the C5aR on human

DC alters their chemotactic and immunologic response to C5a.

INTRODUCTION

The C5a-receptor mediates proinflammatory and immunomo-
dulatory effects of the anaphylatoxin C5a and its natural
catabolite C5age, Arg.l It belongs to the superfamily of G-protein
coupled receptors with seven hydrophobic domains and a
serpentine transmembrane structure>* and is expressed on cells
of myeloid origin such as granulocytes and monocytes/macro-
phages.*” Its ligand, C5a, is generated by cleavage of the fifth
component of complement (C5) upon activation of the classical
or the alternative pathway of the complement system. It has
several proinflammatory effects which may lead to changes in
blood flow and impairment of vascular integrity associated with
oedema.® These effects are exerted by deliberation of enzymes,
activation of effector mechanisms such as production of reactive
oxygen species and rapid changes in expression of membrane
molecules.”"°
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By inducing the synthesis of inflammatory mediators such as
interleukin-1 (IL-1), IL-6, IL-8 and tumour necrosis factor-a
(TNF-a) and suppressing the production of IL-12 in monocytes,
C5a modulates the course of inflammation.''™!> Recently, C5a
has been shown to play an important role in allergy by initiating
T-cell recruitment in vivo in a murine model of contact hyper-
sensitivity.'®!” Furthermore, in humans the gene locus of C5a
has been shown to play a relevant role in the susceptibility to
allergic bronchial hyperreactivity.'® Therefore, C5a appears to
have a significant role in allergic reactions; however, its exact
immunological role has not been elucidated yet. In particular the
target cells of C5a are not known. Myeloid dendritic cells (DC)
are a possible target for C5aR signalling in allergic reactions,
because (1) they are present in allergic inflammation;'* 22 (2)
they express C5aR; and (3) they show a chemotactic migration
towards a C5a gradient.>>~2%

Myeloid dendritic cells are crucial in initiating the primary
immune response.>” They reside in an immature state in many
non-lymphoid tissues which are under high pathogen exposure
like skin or airways mucosa as sentinels of the immune sys-
tem.”®?° After receiving activation signals such as bacterial
products, cytokines like TNF-a and IL-13, or cognate signals
like CD40 ligation, they migrate to the draining lymph nodes
where they encounter naive T cells. After antigen capture and
during their migration DC convert from an antigen-capturing to
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an antigen-presenting mode, which is termed ‘maturation’.
They up-regulate major histocompatibility complex (MHC)
class II and costimulatory molecules such as CD80, CD86
and CD40. During this process, the anaphylatoxin C5a might
influence immune or chemotactic functions of DC.

Therefore, we investigated the regulation of C5aR expres-
sion on human DC and immunomodulatory effects of C5a
stimulation with regard to receptor expression.>*>> We demon-
strate that the C5a receptor is differentially expressed on DC
depending on their mode of maturation. DC matured in the
absence of prostaglandin E2 (PGE,) down-regulated the
C5aR, whereas PGE, up-regulated the receptor. This up-regu-
lation was associated with an increased response of DC to C5a
stimulation with regard to F-actin polymerization and IL-10
production.

MATERIALS AND METHODS

Preparation and fluorescence-activated cell sorting (FACS)
analysis of monocyte-derived dendritic cells

Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll-Hypaque density gradient centrifugation of heparinized
leucocyte-enriched bufty-coats and allowed to adhere in cell
culture flasks in humidified atmosphere at 37° and 5% CO,.
After 2 hr, non-adherent cells were removed by five vigorous
washes with phosphate-buffered saline (PBS). The remaining
adherent cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 4% heat-inactivated
human serum, 250 U/ml IL-4 (R&D Systems, Wiesbaden,
Germany), and 1000 U/ml granulocyte-macrophage colony-
stimulating factro (GM-CSF; Novartis Pharma, Niirnberg, Ger-
many). The cultures were fed with fresh medium and cytokines
on day 3 of culture. Non-adherent cells, thereafter called
immature dendritic cells (DC), were harvested at day 7. Before
initiation of further experiments, cells were analysed by double
colour flow cytometry for contaminating CD3™ T cells, CD20™
B cells, CD56 " natural killer (NK) cells and CD16" NK cells or
granulocytes, respectively. Only preparations with <5% con-
taminating T, B, or NK cells were used in subsequent experi-
ments (for reverse transcriptase—polymerase chain reaction
(RT-PCR) experiments the contamination of T, B or NK cells
was required to be <2%) as reported previously.*® For inves-
tigation of cell surface marker expression, cells were incubated
for 24 hr with C5a (1 pg/ml) with and without 24-hr preincuba-
tion with TNF-a and PGE, (to up-regulate the C5aR) or TNF-a
and IFN-y (to down-regulate the C5aR), respectively. Next,
cells were stained with the following antibodies or isotype-
matched controls: HLA-DR, CD86, CD80, CD54, CD40, CD83
(all from Immunotech).

Preparation of C5aR antibody

C5aR (CD88) P12/1 monoclonal antibody was generated by
intraperitoneal immunization of BALB/c mice, with the peptide
EX1, consisting out of the first 31 amino acids of the amino-
terminal domain of the C5aR as reported previously.®'

Maturation of DC and analysis of C5aR expression by FACS

Immature DC after 7 days of culture in GM-CSF and IL-4
containing media, were matured with LPS (50 ng/ml, Sigma,
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Deisenhofen, Germany, Escherichia coli serotype 055:B55),
CD40L (2 pg/ml, Alexis Biochemicals, San Diego, CA), IFNy
(200 U/ml, R&D Systems), TNF-a (200 U/ml, BioSource,
Solingen, Germany), PGE, (1 pg/ml, Sigma), either alone or
in combinations as indicated. After 48 hr, cells were harvested
and stained as previously reported.* In brief, 1 x 10° cells
were washed and resuspended in PBS containing 0-2% gelatine
(Sigma), 20 mM sodium-azide (Merck, Darmstadt, Germany)
and 10 pg/ml heat-aggregated human immunoglobulin G (IgG;
Sigma). Subsequently, cells were incubated with saturating
doses of anti-C5aR monoclonal antibody P12/1 for 45 min
on ice. In a second step, cells were incubated with a fluoroscein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG antibody
(Dianova, Hamburg, Germany) for 30 min on ice. In double
staining experiments, cells were further treated with 50 pg
mouse IgG (Sigma) to completely saturate all binding sites
of the secondary antibody. After an additional washing step cells
were incubated with phycoerythrin-labelled anti-CD83 mono-
clonal antibody (Immunotech, Hamburg, Germany). Stained
cells were washed three times and subsequently analysed using
a FACScan (Becton Dickinson, Heidelberg, Germany).

mRNA isolation and RT

mRNA was isolated from 1 x 10° enriched DC using a mRNA
isolation kit (Roche Molecular Biochemicals, Mannheim, Ger-
many) according to the suppliers’ instructions. The resulting
Poly(A)* RNA was stored at —80°. RNA was then subjected to
first strand cDNA synthesis using Oligo(dT),s for full length
cDNA synthesis. The RT reaction mixture contained a final
concentration of 50 U Expand-RT (Roche Molecular Biochem-
icals), 20 U of RNase inhibitor (RNase out, Life Technologies,
Eggenheim, Germany), 10 mM dithiothreitol, 1 x first-strand
RT buffer for Expand-RT, 0-5 mM of each dNTP (Roche
Molecular Biochemicals) and 80 pmol Oligo(dT);s (Roche
Molecular Biochemicals). To control for genomic DNA con-
tamination, cDNA synthesis was performed in the absence of
RT. First strand cDNA was stored at —20°.

LightCycler real-time fluorescence PCR
The following primers were used for PCR amplification: C5aR
sense: 5'-GAG CCC AGG AGA CCA GAA CAT G, and C5aR
antisense: 5'-TAC ATG TTG AGC AGG ATG AGG GA, B-actin
sense: 5'-AAG GCC AAC CGC GAG AAG ATG A, and B-actin
antisense: 5-GGA AGA GTG CCT CAG GGC AGC G.”
PCR was performed on a LightCycler (Roche Molecular
Biochemicals) in LightCycler capillaries using a commercially
available master mix containing Taq DNA polymerase, SYBR-
Green I, dNTPs (LightCycler DNA master SYBR-Green I,
Roche Molecular Biochemicals). After addition of primers
(final concentration: 0-25 pMm), MgCl, (3-5 mM) and template
DNA to the master mix, 37 cycles of denaturation (94° for 1 s),
annealing (55° for 5 s) and extension (72° for 12 s) were
performed. All ramp-rates were set to 20°/s. After the final
PCR cycle, the PCR products were denatured at 95°, annealed at
68°, and gradually heated to 95° while the melting curve was
recorded by measuring the fluorescence stepwise every 0-1°.
After completion of LightCycler analysis, PCR products were
subjected to electrophoresis on a 2% agarose gel (Qualex Gold,
AGS, Heidelberg, Germany), stained with ethidium bromide,
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visualized, and photographed under ultraviolet illumination.
Expected band lengths were 381 bp for C5aR and 451 bp for
[B-actin, respectively.

Assessment of F-actin polymerization

Nitrobenzoxadiazole (NBD)-phallacidin (Molecular Probes,
Eugene, OR) staining of DC was carried out by modification
of the method described by Howard and Meyer.*® Briefly, cells
were resuspended at a concentration of 2 x 10° cells/ml in
PBS-buffer lacking Ca®* and stimulated with C5a (Sigma) at
room temperature. 1 pg/ml and 0-1 pg/ml C5a were used to
stimulate the DC. This corresponds to 8-9 x 107% and 8-9 x
107 molar concentrations, which are in the range of C5a
concentrations considered as ‘chemotactic’.?®**

Following stimulation, cells were fixed using 3-7% formal-
dehyde for 60 min. Lysophosphatidylcholine (20 pg/ml,
Sigma) and 3-7 x 107’ M NBD-phallacidin were added to
the sample and incubated for a period of 60 min in the dark.
NBD-phallacidin-stained cells were analysed on a Becton
Dickinson FACScan with a linear fluorescence channel (FL1)
where the fluorescence is proportional to F-actin content.
Relative F-actin content is expressed as the ratio of the mean
channel fluorescence (= integrated fluorescence) between sti-
mulated and non-stimulated cells.

Cytokine assessment

Immature DC (1 x 10°) and DC preincubated with TNF-« and
PGE, or TNF-a and IFN-y were stimulated with 1 pg/ml and
0-1 pg/ml CSa, respectively. To exclude LPS-induced effects
20 pg/ml polymyxin B (Sigma) was added. Supernatants were
harvested after 2 days and analysed for IL-10 content using a
commercially available high sensitive enzyme-linked immuno-
sorbent assay (ELISA; R&D Systems).

Statistical analysis
Statistical analyses were performed with the paired #-test.
Results with P < 0-05 were considered significant.

RESULTS
Immature DC express the C5aR

Expression of C5aR on immature DC was demonstrated on the
protein and mRNA level. Surface protein expression of C5aR
could be detected by binding of monoclonal anti-C5aR antibody
P12/1 on immature DC. Specificity of this binding was shown
by preincubation of anti-C5aR antibody P12/1 with the specific
peptide (EX1) used to generate the antibody that completely
abrogated binding of P12/1 to immature DC (Fig. 1a). More-
over, preincubation of DC with C5a diminished binding of P12/
1 since the binding site of P12/1 is located in the C5a binding
region. In contrast, binding of MHC class II antibody was
neither impaired by preincubation of the antibody with EX1
nor by preincubation of cells with C5a (Fig. 1a).

cDNA of immature DC was amplified with a LightCycler
System using primers specific for the C5aR. The PCR reaction
was analysed by agarose gel electrophoresis (Fig. 1b), demon-
strating bands of expected sizes (381 bp). LightCycler melting
curve analysis yielded a melting peak for C5aR at 91° (Fig. 1b).
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Figure 1. Immature monocyte derived dendritic cells express the C5aR
on the protein level (a) and mRNA level (b). (a) Binding of anti C5aR
monoclonal antibody P12/1 to immature DC as determined by fluor-
escence cytometry. The histogram of the isotype control (thin line) and
C5aR monoclonal antibody P12/1 binding (thick line) is shown. The
specifity of binding was tested by preincubation of the antibody P12/1
with a 20fold weight excess of the peptide EX1 (dotted line), which had
been used for generating the antibody, and by preincubation of the cells
with C5a (dashed line). The preincubation prevented the binding of P12/
1 to the C5aR. Anti-MHC class II antibody staining was not altered by
preincubation of the antibody with EX1 peptide or preincubation of cells
with C5a. (b). Detection of C5aR in immature DC by LightCycler RT-
PCR. LightCycler melting curve analysis showed the specific peak for
C5aR, which is clearly distinct from the peak caused by primer-dimer
formation visible in the water (= negative) control. PBMC were used as
positive control. Analysis of LightCycler PCR products by agarose gel
electrophoresis revealed bands of the expected size (381 bp).

This peak was clearly separated from the peak caused by
primer—dimer formation as shown with the ‘water’ control
without template DNA.

C5aR is up-regulated by PGE, and down-regulated upon
maturation of DC

Immature DC were incubated with CD40L or LPS, different
stimuli known to induce maturation of dendritic cells. After
48 hr of incubation with LPS or CD40L the DC down-regulated
the CS5aR and up-regulated the maturation marker CD83
(Fig. 2). Treatment of DC with TNF-a also down-regulated
the C5aR (not shown). Addition of PGE, significantly increased
C5aR expression of DC or prevented the down-regulation of
C5aR during DC maturation with CD40L or LPS (Fig. 2). PGE,
also significantly increased CD83 expression of LPS (Fig. 2) or
TNF-a (data not shown) treated DC.
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Figure 2. PGE, up-regulates C5aR on DC and prevents its down-regulation upon maturation. Immature DC were incubated with
CD40L or LPS, respectively, with or without the presence of PGE, for 48 hr. The expression of C5aR and CD83 was analysed by
fluorescence cytometry. Presence of PGE, led to up-regulation of C5aR, while LPS and CD40L led to down-regulation. (a) One
representative experiment (numbers are percentage of cells in the corresponding quadrants), (b) mean fluorescence intensity + SEM (of
all cells acquired) of five independent experiments (¥, significant difference, P < 0.05).

PGE, promotes the C5aR expression of DC, while an
INF-vy-containing-milieu leads to its down-regulation

DC were matured with TNF-a in the presence of INF-y
(DC(NF-y)) or PGE, (DC(PGE,)). While the maturation

marker CD83 was up-regulated on DC(INF-y) and DC(PGE,),
we found a down-regulation of C5aR on DC(INF-v) and an up-
regulation on DC(PGE,). The difference was statistically sig-
nificant and demonstrated on the protein level by flow cytometry
and on the RNA level by real time LightCycler PCR (Fig. 3).
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Figure 3. DC(INF-v) (matured with TNF-a + IFN-y) and DC(PGE,) (matured with TNF-a + PGE, show significant differences in
C5aR expression, while CD83 is up-regulated on both DC(INF-y) and DC(PGE,). One representative experiment is shown in (a)
(numbers are percentage of cells in the corresponding quadrants), and the mean + SEM of seven independent experiments is shown in
(b). (c) The difference of C5aR expression on DC(INF-y) and DC(PGE,) on the mRNA level by LightCycler real time PCR.

C5a stimulation does not alter expression of surface
molecules on DC

DC were either immature or preincubated with TNF-a and
PGE;, to up-regulate the C5aR (DC(PGE,)) or TNF-a and IFN-
v to down-regulate the C5aR (DC(IFN-v)). These pretreated
cells were either unstimulated or stimulated for 24 hr with C5a
(1 pg/ml). Next, surface molecule expression was assessed by
fluorescence cytometry using antibodies binding to CDSO0,
CD86, CD83, CD54, CD40 and HLA-DR. Eleven independent
experiments were performed but did not reveal a significant
effect of C5a on any of these makers, whereas TNF-a and PGE,
and less TNF-a and IFN-y (known maturation stimuli) led to an
up-regulation of all markers. Figure 4 shows one representative
experiment for CD86 and human leucocyte antigen (HLA)-DR,
results of the other markers are not shown.

DC(PGE,) show increased F-actin polymerization upon
C5a stimulation

F-actin polymerization as an indicator for chemotactic activity
was determined in unstimulated DC, DC(INF-v) and DC(PGE,)
in response to C5a stimulation. DC(PGE,) showed an enhanced
response to C5a stimulation compared to DC(INF-v) (Fig. 5),
which correlated to the level of receptor expression.

DC(PGE,) produce increased amounts of IL-10
upon C5a stimulation

Immature DC were cultured in medium, DC(PGE,) or DC(IFN-
+v) milieu for 24 hr and stimulated with C5a for another 24 hr.
The resulting supernatants were subsequently assayed for IL-10
contents. C5a could significantly up-regulate IL-10 production.
This effect was increased in DC(PGE,) and decreased in
DC(IFN-v) (Fig. 6).

DISCUSSION

In the present study, we investigated the dependence of C5aR
expression on monocyte derived DC with regard to the sur-
rounding microenvironment. Immature DC expressed the C5aR
receptor, as reported before by Yang ef al.> and by ourselves.”*
In our previous study we observed a diminished C5aR expres-
sion after TNF-a incubation. Here we show that C5a receptor
expression is also decreased by maturation with the cognate
stimulus CD40L and the bacterial product LPS. PGE, could be
demonstrated as important factor preventing the down-regula-
tion or even up-regulating C5aR expression on DC.

Yang and coworkers showed the expression of C5aR on
monocyte derived dendritic cells and a chemotactic effect of
C5a on DC, but no influence of dendritic cell maturation on

© 2003 Blackwell Publishing Ltd, Immunology, 110, 458-465
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Figure 4. C5a has no effect of surface molecule expression of DC.
Immature DC, DC(PGE,) and DC(IFN-vy) stimulated with C5a did not
change the expression of surface molecules as shown here in one
representative experiment (out of 11) for HLA-DR and CD86. Note
that mature DC(PGE,) have a considerable increase in HLA-DR and
CD86 expression as compared to the unstimulated controls.

C5aR expression.® The difference to our results might be
explained by different culture conditions of DC. Yang et al.
used media containing fetal calf serum to generate their DC,
while we used media supplemented with human serum for our
experiments. Using fetal calf serum containing media, we
observed only little influence of PGE, on C5aR expression
(data not shown). An important effect of the type of sera used on
dendritic cells has also been reported for the IL-12 production
by DC. DC differentiated in media containing fetal calf serum
produced much higher IL-12 levels upon stimulation as com-
pared to cells cultured in medium containing human serum.*
Moreover, Chang et al. demonstrated the importance of the cell
culture medium as well: The use of RPMI resulted in different
subsets of DC with regard to surface protein expression and
cytokine profile as compared to DC generated in media based on
IMDM.?® Here we used IMDM supplemented with human AB
serum which could be shown to lead to a reproducible DC-
specific phenotype.

Similar to other groups we were able to show an effect
of C5a on the cytoskeleton of DC, indicated by F-actin poly-
merization, as indirect measurement for chemotaxis. This effect
was markedly increased after up-regulation of the C5aR with
TNF-a and PGE,. Therefore, PGE, can maintain and increase
the migratory potential of DC to C5a despite the maturation
process which is induced by the stimulation with TNF-a and
PGE,. The migratory effect of C5a on mature DC has also been
shown in a recent study in DC matured with TNF-a alone.”®
PGE, has recently been demonstrated to represent a crucial

26,37,38
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Figure 5. C5a induces F-actin polymerization in DC correlating to
C5aR expression. F-actin polymerization, as an indicator of chemotactic
activity, of immature DC, DC(PGE,) and DC(IFN-v) to stimulation with
1 pg/ml or 0-1 pg/ml C5a was determined. The response of DC(PGE,)
was markedly higher than of DC(IFN-vy), corresponding to the C5aR
expression level. The mean £ SEM out of n = 5 independent experi-
ments is shown (*, significant difference, P < 0.05).

stimulus for the migration of human monocyte derived DC.
Scandella er al. showed PGE, to be obligatory for the up-
regulation of the CCR7 and migration of DC towards CCR7-
ligands, in particular CCL19 and CCL21.* The Maraskovsky’s
group defined ‘migratory’ type DC, migrating towards a gra-
dient of the CCR7 ligands CCL19 and CCL21 and to pro-
inflammatory chemokines, such as CXCL12, CCL3, CCL7 and
CXCL9, which were obtained after maturation with PGE,. In
contrast, DC matured in the absence of PGE, did not migrate
towards these chemokines and were termed ‘non-migratory’,
located, cytokine-secreting DC.*° Both types of DC expressed
similar levels of CCR7, therefore the authors speculate on a
possible activation of CCR7 signalling pathways by PGE,.
Our findings of PGE, as a C5aR up-regulating factor high-
light another facet of its important role concerning the complex
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Figure 6. C5a induces IL-10 production in DC correlating to C5aR
expression.Stimulation of DC(PGE,) resulted in significantly increased
IL-10 production upon either 1 pg/ml or 0-1 pg/ml C5a as determined
by ELISA. Immature DC showed only after 1 pg/ml C5a stimulation
significant increased IL-10 production, whereas DC(IFN-y) did not
significantly alter their IL-10 production after C5a stimulation. The
mean value £ SEM of five different experiments is shown (*, significant
difference, P < 0.05).

mechanisms of DC migration. This might play a role in diseases
such as psoriasis, where increased numbers of mature dendritic
cells were found.*'** C5a has been demonstrated as main
attractor for DC in psoriatic scales, and PGE, is also signifi-
cantly increased intralesionally.43 It is tempting to speculate that
PGE, augments the DC attracting capabilities of C5a in this
disease.

C5a also exerts immunomodulatory effects, for example our
laboratory and others could demonstrate that C5a suppresses the
production of IL-12 of prestimulated monocytes.'>?* Here, we
show an induction of IL-10 production by C5a, which was
increased after up-regulation of the C5aR with PGE, and
decreased after down-regulation with IFN-y (Fig. 6). This is
interesting, since IL-10 has been shown to result in uncoupling
of chemokine receptors such as CCR1, CCR2 and CCRS in DC,
leading to the inability of these chemokine receptors to elicit
migration.?®** With regard to C5aR signalling, F-actin poly-
merization was maintained and even increased despite an
increase of IL-10 production. Therefore, C5aR function might
not be affected by IL-10 in contrast to chemokine receptors.
However, since the maximal increase of IL-10 from 67 pg/ml to
117 pg/ml was only about twofold, the biological significance
of C5a induced IL-10 production remains to be studied.

In summary, the C5aR is increased on MoDC by PGE,,
which results in increased chemotactic and immunomodulatory
effects of C5a on MoDC. This could be relevant in particular in
diseases such as psoriasis, where dendritic cells, PGE, and C5a

have been demonstrated to play important pathogenetic
I_Oles.37,4l ,42,45,46
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