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SUMMARY

Dendritic cells (DC) are recruited to sites of in¯ammation for the initiation of immune responses. As

the anaphylatoxins C5a and C3a are important mediators of in¯ammation, we investigated the

expression of their receptors (C3aR and C5aR) on human DC. DC were isolated from human skin

or generated from puri®ed blood monocytes and were identi®ed by their expression of CD1a or

CD83. Freshly isolated or cultured dermal CD1a+ and CD83+ DC bound anti-C5aR and anti-

C3aR monoclonal antibodies (mAbs), as detected by ¯ow cytometry. C5a induced calcium ¯uxes in

dermal CD1a+ and CD83+ DC, which could be inhibited by C17/5, an anti-C5a mAb. C3a did not

induce calcium ¯uxes in these cells. Anaphylatoxin receptor expression was down-regulated on

dermal DC by adding tumour necrosis factor-a (TNF-a) to the culture medium. On CD1a+ CD83±

cells generated from isolated blood monocytes by culture with 6.25 ng/ml of granulocyte±

macrophage colony-stimulating factor (GM-CSF) and 125 U/ml of interleukin-4 (IL-4), expression

of both C5aR and C3aR was observed. In these cells, both C5a and C3a induced calcium ¯uxes.

After addition of TNF-a to the culture medium, the majority of the CD1a+ cells expressed CD83+.

These cells ± expressing a phenotype of `mature DC' ± down-regulated the expression of the

anaphylatoxin receptors and lost their reactivity to the respective ligands. Our results demonstrate

the expression of the anaphylatoxin receptors C5aR and C3aR on human skin-derived DC and

blood-derived cells expressing the DC-associated membrane molecule, CD1a. Furthermore, the

expression of anaphylatoxin receptors on CD83+ dermal DC is indicative of an intermediate stage

of maturation of these cells, which was not observed on in vitro-differentiated CD83+ cells.

INTRODUCTION

Dendritic cells (DC) are specialized leucocytes capable of

initiating and controlling immune reactions.1 After capturing

and processing antigens in the periphery, DC migrate to

lymphoid organs, where their maturation is completed by the

up-regulation of critical cell-surface molecules (e.g. CD80,

CD83 and CD86) and the secretion of cytokines (e.g.

interleukin [IL]-12), which support stimulation of antigen-

speci®c lymphocytes.2,3 DC can emigrate to the periphery to

participate in the immune response reactions.4±7 The migration

and activation of leucocytes are regulated by small secreted

proteins called chemokines.8 Chemokines are secreted follow-

ing in¯ammatory stimuli or are constitutive. Immature DC,

characterized by CD1a+ expression, also express receptors

for in¯ammatory chemokines, such as regulated upon activa-

tion, normal T expressed and presumably secreted (RANTES),

macrophage in¯ammatory protein (MIP)-1a or monocyte

chemotactic protein (MCP-1),9,10 which may guide them to

in¯ammatory sites where antigen sampling can take place and

maturation may be induced. The maturation process, which is

triggered by in¯ammatory cytokines, or by bacterial or viral

products, leads to the up-regulation of receptors for constitu-

tive chemokines.11±13 These receptors may be involved in

the migration of DC to lymphoid organs where secondary

lymphoid tissue chemokine (SLC) and Ebl1-ligand chemokine

(ELC; MIP-3b) are expressed and speci®c immune responses

are initiated.14±16 Terminal maturation of DC is indicated by

the expression of CD83.

C5a, a 74-amino acid peptide cleaved from the complement

protein C5, might be one of the putative mediators capable of

inducing DC migration. C5a induces a complex pathophysio-

logical response, including cellular migration to in¯ammatory

sites, changes in blood ¯ow and impairment of vascular

integrity associated with oedema.17±19 In addition, C5a

possesses immunoregulatory activities through the induction

of cytokines (tumour necrosis factor [TNF], IL-1, IL-6 and
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IL-8) in human monocytes.20±22 C5a mediates its effects by

binding to a speci®c, high-af®nity receptor (C5aR/CD88),

which belongs to the family of seven transmembrane domain

receptors that transduce signals via guanosine triphosphate

(GTP)-binding regulatory proteins.23,24 C3a is another ana-

phylatoxin of the complement system. The high-af®nity

receptor for C3a has recently been cloned.25,26 The effects of

C3a include the release of histamine from human mast cells

and basophils and the mobilization of intracellular calcium

ions, as well as the chemotactic attraction of basophils27±29

and cells of the human mast cell line, HMC-1.30±32

In human skin, C5aR and C3aR have been found on mast

cells and dermal macrophages.33±35 Morelli et al. detected

C5aR on cultured CD1a+ human Langerhans' cells that had

migrated from skin explants into the culture medium.36

Immature human monocyte-derived DC have also been

described to express the C5aR.9 To date there is no evidence

for C3aR expression on skin-derived DC.

The aim of the present study was to evaluate the expression

of anaphylatoxin receptors on human DC in relation to their

maturation stage. The investigations were performed on DC

isolated from human skin or isolated blood monocytes, which

had been treated with low doses of granulocyte±macrophage

colony-stimulating factor (GM-CSF) and IL-4.

MATERIALS AND METHODS

Preparation of single-cell suspensions from human skin

Clinical normal human skin was obtained from patients who

were undergoing plastic surgery on their breasts. Epidermis

and dermis were separated by overnight incubation in dispase

(2.4 U/ml; Boehringer Mannheim GmbH, Mannheim, Ger-

many) at 4u. The epidermis was detached from the dermis by

using ®ne forceps and then incubated in Hank's solution

containing 0.25% trypsin (Sigma Chemical Co., Munich,

Germany) for 20 min at 37u. The digestion was stopped by

addition of fetal calf serum (FCS) (Gibco-BRL).

The epidermal sheets were vigorously pipetted in and out of

a pipette. An enrichment of Langerhans' cells was achieved by

density-gradient centrifugation. Brie¯y, after ®ltration through

sterile gauze, the epidermal cell suspension was layered onto

Lymphoprep (density=1.077; GIBCO, Life Technologies,

Karlsruhe, Germany) at a ratio of 2 : 1 epidermal cell suspen-

sion to Lymphoprep, and then centrifuged at 400 g for 30 min.

The cells from the interface were washed twice and cultured

for 2 days in RPMI + 10% FCS.

Dermal tissue was incubated in Hank's solution (4 hr at 37u)
containing 0.1% collagenase, 20 mg/ml of DNAse, 1.2 U/ml of

dispase, 0.1% hyaluronidase and 10% FCS. The cell suspension

was ®ltered through nylon gauze. The cells were washed three

times and cultured for 2 days in RPMI +10% FCS.

Preparation of monocyte-derived DC

Peripheral blood mononuclear cells (PBMC) were isolated

by Lymphoprep density-gradient centrifugation of heparinized

leucocyte-enriched buffy coats. Highly puri®ed monocytes

were obtained by elutriation, using a Beckmann E-6B centri-

fuge equipped with an elutriation rotor. The ¯ow rate of the

elution medium was adjusted to 18 ml/min. The centrifuga-

tion speed was reduced step-by-step from 975 g to 344 g and

the cells were collected in 200-ml fractions. Cells collected

as such were analysed by ¯ow cytometry (Becton-Dickinson,

Heidelberg, Germany). Most of the monocytes were enriched

in the fraction obtained at 381 g Platelets were obtained at

694 g or slower, small lymphocytes at 548 g and a monocyte/

lymphocyte mixture at 440 g. The elution medium was Ca2
+-

and Mg2
+-free phosphate-buffered saline (PBS) containing

2% FCS. The purity of CD14+ monocytes obtained by this

procedure was greater than 80%; granulocytes could not be

detected (<0.1%). Cells were cultured in six-well plates

containing 5 ml of RPMI medium supplemented with 10%

FCS, 125 U/ml of IL-4 (R & D Systems, Wiesbaden, Germany)

and 6.25 ng/ml of GM-CSF (R & D Systems). Fresh medium

and cytokines were added to the cultures every 2±3 days, and

non-adherent cells (thereafter termed monocyte-derived DC)

were harvested on day 6. In some experiments, cells were

cultured for additional days with GM-CSF, IL-4 and 200 U

of TNF-a/ml (R & D Systems).
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Figure 1. Expression of receptors for C3a (&) and C5a (%) on skin-

derived dermal and epidermal dendritic cells (DC), which were cultured

for up to 6 days. Dermal and epidermal cell suspensions were stained

for simultaneous detection of anaphylatoxin receptors and CD1a,

and analysed by ¯ow cytometry. Results represent the average t SD of

four experiments. Only the median ¯uorescence intensity (median FI)

of the CD1a+ cells is shown. Dermal DC express predominately C5aR,

epidermal DC predominately C3aR.
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Flow cytometric analyses

Cells were analysed by double-colour immuno¯uorescence

staining using a FACScan ¯ow cytometer. For indirect

labelling, cells (2r105) were washed and resuspended in PBS

containing 0.2% gelatine, 20 mM sodium azide and 10 mg/ml

of heat-aggregated human immunoglobulin G (IgG) (Sigma-

Aldrich, Munich, Germany). Subsequently, cells were incu-

bated for 1 hr on ice with the anti-C3aR monoclonal antibody

(mAb), HC3aRZ1-5, or with the anti-C5aR mAb, P12. In a

second step, cells were incubated for a further 1 hr on ice with

a ¯uorescein isothiocyanate (FITC)-conjugated goat anti-

mouse IgG antibody (Dianova, Hamburg, Germany). Cells

were further treated with 1 mg/ml of mouse IgG (30 min, 4u)
(Sigma-Aldrich, Deisenhofen, Germany) to completely satu-

rate all binding sites for the secondary antibody. To identify

the anaphylatoxin receptors, the dendritic skin-derived and

the blood-derived cells were incubated with phycoerythrin-

labelled anti-CD1a mAb (Immunotech, Hamburg, Germany)

or anti-CD83 mAb (45 min, 4u) (Immunotech). Stained cells

were washed three times and ®xed in PBS containing 1%

paraformaldehyde. To analyse distinct cell populations, gates

were set on CD1a+ and CD83+ cells. The expression of

receptors for C3a and C5a was analysed after 3, 4 and 6 days

of cell culture.

Measurement of [Ca2+]i by ¯ow cytometry

For the analysis of distinct cell populations, the skin-derived

DC, stained with phycoerythrin-labelled anti-CD1a or CD83

mAbs, were incubated at a density of 1r107 cells/ml for 25 min

at 37u in PBS supplemented with 1 mM calcium, 1 mM magne-

sium (PBS++), 0.1% bovine serum albumin and 10 mM Fluo-3

AM (Molecular Probes, Eugene, OR). Fluo-3 AM was

prediluted in 1% dimethylsulphoxide (DMSO) (v/v) containing

37.5 g/l of Pluronic F-127 (Sigma-Aldrich, Deisenhofen,

Germany). Cells were washed twice to remove extracellular

Fluo-3 AM. Finally, the cells were adjusted to a density of

2.5r106/ml in PBS++ and kept in the dark until used.

Assessment of [Ca2+]i was performed at room temperature

using a FACScan ¯ow cytometer (Becton-Dickinson), as

described previously.33 The argon laser was set to 488 nm

(excitation), and emission was measured at 530 nm using the

logarithmic mode. After analysis of the basal ¯uorescence of

the sample, the stimulus was added to the test tube through

a 24-gauge needle during the aspiration of the cells into the ¯ow

cytometer. The increase in ¯uorescence, re¯ecting an increase

in single-cell [Ca2+]I, was monitored continuously using the

`chronys' software (Becton-Dickinson).

RESULTS

Expression of anaphylatoxin receptors on skin-derived DC

Cultured dermal and epidermal DC showed distinct patterns of

receptor expression (Fig. 1). Dermal CD1a+ DC expressed

predominately C5aR, whereas epidermal DC expressed pre-

dominately C3aR. Freshly isolated CD83+ dermal DC also
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Figure 3. Increase of cytosolic calcium in skin-derived dendritic cells

(DC) upon stimulation with unlabelled C3a and C5a. Cells were

cultured for 5 days (a). A proportion was treated with 200 U/ml of

tumour necrosis factor-a (TNF-a) (b). After labelling with phycoer-

ythrin-conjugated anti CD1a, DC were loaded with Flou-3 AM, as

described in the Materials and methods. C3a (1 mg/ml) (m) or C5a

(1 mg/ml) (#) was then added to suspended cells and [Ca2+] was

immediately assessed by ¯ow cytometry. C5a was pretreated with a

20-fold molar excess of C17/5 (an anti-C5a monoclonal antibody

[mAb]) in a control experiment (&). Ca-ionophore was used as positive

control (h). C5a led to a transient calcium in¯ux in C5aR+ dermal

CD1a DC, which could be inhibited by preincubation with anti-C5a

mAb (a). After stimulation with 200 U/ml of TNF-a, most of the cells

became CD83+ and no longer showed calcium in¯ux (b). Arrows refer

to the time point when C3a resp. C5a were added to the cell suspension.
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Figure 2. Expression of receptors for C3a and C5a on skin-derived

dendritic cells (DC), with (&) and without (%) treatment with 200 U/

ml of tumour necrosis factor-a (TNF-a). Dermal cell suspensions were

cultured for 5 days and then stained for simultaneous detection of

anaphylatoxin receptors and CD83 and analysed by ¯ow cytometry.

Results represent the average t SD of four experiments. TNF-a

decreases the expression of C5aR as well as of C3aR. Median FI,

median ¯uorescence intensity.
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expressed C5aR and C3aR (results not shown). Expression of

the anaphylatoxin receptors on CD83+ skin-derived DC was

signi®cantly down-modulated by treatment with 200 U/ml of

TNF-a (Fig. 2). C5a led to a transient calcium ¯ux in C5aR-

positive dermal CD1a DC, which could be inhibited by

preincubation with a 20-fold molar excess of anti-C5a mAb

(Fig. 3a). After stimulation with 200 U/ml of TNF-a, most of

the CD1a+ cells became CD83+ (data not shown) and no

longer showed a calcium ¯ux after stimulation with C5a

(Fig. 3b).

Expression of anaphylatoxin receptors on blood-derived DC

The expression of anaphylatoxin receptors on blood-derived

cells was analysed after 6, 8 and 10 days of culture in the

presence of IL-4 (125 U/ml) and GM-CSF (6.25 ng/ml). The

median ¯uorescence intensity (median FI), which re¯ects the

level of binding of the speci®c mAb, was, during days 6±10 of

culture, relatively unchanged for C3aR but showed a slight

increase for C5aR on day 10 (Fig. 4). Expression of the ana-

phylatoxin receptors on blood-derived cells was signi®cantly

down-modulated by treatment with 200 U/ml of TNF-a
(Fig. 5). Figure 6 shows details of the anaphylatoxin receptor

expression on CD1a+ cells (Fig. 6a) and CD83+ cells

(Fig. 6b), as monitored by ¯ow cytometry. Blood-derived

CD1a+ cells, as well as the CD1a± cells, showed expression of

both C3aR and C5aR, which was completely down-modulated

by treatment with TNF-a (Fig. 6a). These cells, which had been

generated in the presence of low levels of GM-CSF (6.25 ng/

ml) and IL-4 (125 U/ml), did not express CD83, but did carry

C3aR and C5aR (Fig. 6b). The treatment of these cells with

TNF-a led to a general expression of CD83 and to the

disappearance of the anaphylatoxin receptors. Functional

investigations demonstrated an increase of cytosolic calcium

in blood-derived cells upon stimulation with unlabelled C3a

and C5a (Fig. 7a). After stimulation with 200 U/ml of TNF-a,

all cells became CD83+ and a calcium ¯ux could no longer be

observed (Fig. 7b).

DISCUSSION

The aim of the present study was to evaluate the expression

of anaphylatoxin receptors on normal human skin cells and
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Figure 4. Expression of receptors for C3a (&) and C5a (%) on blood-

derived dendritic cells, which were cultured in the presence of

interleukin-4 (IL-4) (125 U/ml) and granulocyte±macrophage colony-

stimulating factor (GM-CSF) (6.25 ng/ml) for up to 10 days. Cells were

stained for simultaneous detection of anaphylatoxin receptors and

CD1a, and analysed by ¯ow cytometry. Results represent the average

t SD of three experiments. Only the median ¯uorescence intensity

(median FI) of the CD1a+ cells is shown. Blood-derived dendritic cells

express both C5aR and C3aR.
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Figure 5. Expression of receptors for C3a and C5a on blood-derived

cells, with (&) and without (%) treatment with 200 U/ml of tumour

necrosis factor-a (TNF-a). Cell suspensions were cultured for 6, 8 or

10 days and then stained for the simultaneous expression of

anaphylatoxin receptors and CD1a, and analysed by ¯ow cytometry.

Results represent the average tSD of three experiments. TNF-a

inhibits the expression of both C5aR and C3aR. GM-CSF, granulo-

cyte±macrophage colony-stimulating factor.
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blood-derived cells expressing the DC-associated membrane

molecules CD1a and CD83, which were induced in the presence

of low dose GM-CSF (6.25 ng/ml) and IL-4 (125 U/ml). Using

speci®c mAbs directed against de®ned complement-binding

sites, we were able to show that dermal CD1a+ and CD83+

DC, as well as epidermal CD1a+ DC, which were isolated

from normal human skin, expressed anaphylatoxin receptors.

Morelli et al.36 found, by ¯ow cytometry, that a small popula-

tion of epidermal Langerhans' cells expressed C5aR. In accord-

ance with our ®ndings, the majority of the dermal CD1a+ DC

expressed C5aR. Morelli et al.36 found an up-regulation of

C5aR upon in vitro maturation of epidermal Langerhans' cells

after a short-term culture together with keratinocytes in the

presence of GM-CSF. The authors, however, did not investi-

gate CD83+ dermal DC, which we found to also express

C5aR+. In our experiments, skin-derived DC, which were

further treated with TNF-a in vitro, had lost the expression of

C5aR or C3aR.

To further investigate the expression of anaphylatoxin

receptors at different stages of DC maturation, we generated

cells expressing the DC-associated membrane molecules, CD1a

and/or CD83, from peripheral blood monocytes. Sallusto &

Lanzavecchia6 and Romani et al.37 had demonstrated that,

after enrichment of the culture medium with a combination of

GM-CSF and IL-4, CD14+ monocytes (i80% pure) turned

into DC when cultured for 5±8 days. These cells expressed

CD1a, a characteristic of immature DC, and have been used for

the identi®cation of the stimuli activity of IL-1, TNF-a, LPS,

CD40 ligand (CD40L) and monocyte-conditioned medium.6,38

It has been well established that GM-CSF and TNF-a are

involved in DC development and DC traf®cking.37,39,40 In our

experiments, all CD1a+ cells became CD83+ after culture and

treatment with the in¯ammatory cytokine TNF-a, indicating

the terminal maturation of the DC.41 These results support the

current concept that immature monocyte-derived DC require a

second signal (i.e. TNF-a) for their terminal maturation.42±44

During maturation, in response to TNF-a, the biosynthetic

rate of human leucocyte antigen (HLA) class II molecules is up-

regulated, resulting in more ef®cient loading with antigenic

peptides. In addition, the half-life of these molecules is

markedly increased, resulting in more effective antigen

presentation to T cells.45

Interestingly, in the present study, C5aR was expressed by

dermal CD83+ DC from skin, but not by monocyte-derived

Figure 6. Changes in the expression of anaphylatoxin receptors on blood-derived cells following treatment with 200 U/ml of tumour

necrosis factor-a (TNF-a). Cells were cultured for 5 days and then processed for double staining using monoclonal antibodies (mAbs)

speci®c for C3aR and C5aR. The presence of C3aR and C5aR was revealed by incubation with ¯uorescein isothiocyanate (FITC)-

conjugated anti-mouse immunoglobulins followed by phycoerythrin-conjugated anti-CD1a (a) or anti-CD83 (b). Both CD1a+ and

CD1a± cells showed expression of C3aR and C5aR, which was completely down-modulated by treatment with TNF-a (a). The

treatment of these cells with TNF-a led to the expression of CD83 and to the disappearance of the anaphylatoxin receptors (b).
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CD83+ cells, in spite of the phenotypically close relationship

between dermal DC and monocyte-derived DC described by

Grassi et al.46

There is an indication that dermal CD83+ DC in vivo

(although they express CD83, the marker for mature DCs)

represent an interconverting population in the skin and that

the ®nal differentiation depends upon the prevailing cytokine

environment.

The reason for the differential expression of C5aR on

dermal CD83+ DC and monocyte-derived CD83+ cells is

unknown at present. Immature DC, identi®ed by the expres-

sion of CD1a and de®ned by the lack of CD83, have the

capacity to produce a large number of cytokines that

contribute to T-cell priming (IL-1a, IL-6, IL-15, TNF-a) or

to T-cell maturation (IL-12, IL-18, IL-7).47 Lore et al.48 showed

that mature DC, as well as Langerhans' cells, have a cytokine

production pattern similar to that of immature DC. It has been

demonstrated that C5a can stimulate the release of cytokines

from in¯ammatory cells49±51 and it may be postulated that C5a

has similar effects on CD83+ dermal DC. Larregina et al.

showed that epidermal Langerhans' cells undergo changes in

the cytokine receptor repertoire during in vitro maturation.52

Immature DC express a number of receptors for in¯ammatory

cytokines or chemokines, which may attract the cells to sites of

in¯ammation.12 Upon further maturation by stimulation with

TNF-a, dermal DC regulate these receptors. This may allow

them to emigrate from the in¯ammatory site. It seems to be

that the CD83+ dermal DC are probably immature cells rather

than terminal mature cells.

The expression of C5aR and the calcium ¯uxes observed

upon stimulation with C5a indicate a speci®c response of

dermal CD83+ cells to the anaphylatoxin C5a. This is of

considerable biological interest because, in experimental

models using blood-derived mononuclear cells, C5a has been

shown to have immunoregulatory properties. The stimulation

of mononuclear cells with lipopolysaccharide (LPS) or IL-1b,

together with C5a, leads to an increased synthesis of IL-1, IL-6

and TNF.22,53,54 Furthermore, C5a has been described as a

chemoattractant for myeloid cells (such as neutrophils,

eosinophils, basophils and monocytes) and for DC generated

in vitro by treatment of PBMC with GM-CSF+IL-4.9,19

Another important effect of C5a is the degranulation of

monocytes and granulocytes, which liberates many enzymes

and rapidly changes the cell phenotype.55 Studies in our

laboratory are now in progress to extend these observations to

dermal CD83+ cells.

The present investigations con®rm previous studies describ-

ing the expression of C5aR on blood-derived DC and show for

the ®rst time that C3aR and C5aR are also expressed on dermal

CD83+ DC, with a predominance of C5aR. Further studies

should be undertaken to determine the biological function of

the anaphylatoxin receptors on mature dermal DC.
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After stimulation with 200 U/ml of TNF-a, all cells became CD83+

and a calcium in¯ux was no longer observed (b).
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