
Histamine H4 receptor activation on human slan-dendritic cells
down-regulates their pro-inflammatory capacity

Introduction

6-Sulpho LacNAc expressing dendritic cells (slanDC) were

previously identified as a new subset of human DC.1

SlanDC account for 0�5–2% of the peripheral blood

mononuclear cells (PBMC) and therefore represent the

largest population of DC present in human blood.

SlanDC appear as important pro-inflammatory immune

cells because they show great capacity to induce primary

antigen-specific T-cell responses2 and they up-regulate the

expression of the activation marker CD69 and the secre-

tion of IFN-c (interferon-c) in natural killer cells.3 More-

over slanDC stand out by their high-level production of

tumour necrosis factor-a (TNF-a) and they are the main

source of interleukin-12 (IL-12) among blood leucocytes

compared with monocytes and CD1c+ DC.4 In contrast

to classical CD1c+ DC and plasmacytoid DC, slanDC

express anaphylatoxin receptors (C5aR, C3aR) and were

shown to migrate in response to C5a stimulation in vivo.5

In T helper type 1 (Th1) -mediated diseases slanDC were

shown to infiltrate the inflamed tissue: they have been

identified in the dermis of patients suffering from psoriasis
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Summary

6-Sulpho LacNAc dendritic cells (slanDC) are a major population of

human blood DC that are highly pro-inflammatory, as characterized by

their outstanding capacity to produce tumour necrosis factor-a and inter-

leukin-12 (IL-12) and to prime antigen-specific T-cell responses. SlanDC

were found to be present in inflamed tissue such as atopic dermatitis,

where high levels of histamine are also present. As histamine is an impor-

tant regulator of allergic inflammation we investigated the role of hista-

mine receptors, particularly the most recently identified histamine H4

receptor (H4R), in modulating the pro-inflammatory function of slanDC.

The expression of H4R was evaluated by real-time PCR and flow cytome-

try. Cytokine production in response to H4R stimulation was assessed by

intracellular flow cytometric staining and enzyme-linked immunosorbent

assay. We show that slanDC express the H1R, H2R and H4R on mRNA

and the H4R on protein level. No differences were observed in basal H4R

expression in patients with atopic dermatitis and psoriasis, but in atopic

dermatitis patients the H4R was up-regulated by interferon-c. When stim-

ulated with lipopolysaccharide in the presence of histamine, slanDC pro-

duced substantially lower levels of the pro-inflammatory cytokines

tumour necrosis factor-a and IL-12, mediated solely via the H4R and via

the combined action of H2R and H4R, respectively. In contrast, the pro-

duction of IL-10 was not affected by histamine receptor activation on

slanDC. The slanDC express the H4R and its stimulation leads to reduced

pro-inflammatory capacity of slanDC. Hence, H4R agonists might have

therapeutic potential to down-regulate immune reactions, e.g. in allergic

inflammatory skin diseases.

Keywords: H4 receptor; histamine; interleukin-12; 6-sulpho LacNAc

dendritic cells; tumour necrosis factor-a

Abbreviations: H4R, H4 receptor; MoDC, monocyte-derived dendritic cell; slanDC, 6-sulpho LacNAc dendritic cells.
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vulgaris and in the pannus tissue of rheumatoid arthritis.4

Recently their presence was also shown in skin lesions

of the chronic phase of atopic dermatitis (AD) (Knut

Schäkel, abstract communicated at the CIA meeting

2008). The chronic phase of AD is characterized by a Th1

phenotype (in contrast to the acute phase, which is more

Th2 dominated6), which fosters the hypothesis that

slanDC play a role in allergic inflammatory skin diseases,

especially in Th1-mediated pathologies.

Histamine represents an important immunomodulatory

mediator that plays a role in acute as well as in chronic aller-

gic reactions and is present at high levels in the skin of AD

and other inflammatory skin diseases such as psoriasis.7,8

Histamine is released from mast cells and basophils upon

IgE-receptor cross-linking and four different G-protein-

coupled histamine receptors have been identified.9 Hista-

mine receptors are functionally expressed on many cells

involved in inflammatory skin reactions, i.e. on eosino-

phils10 mast cells,11 keratinocytes,12,13 T cells14 as well as

antigen presenting cells.15–17 Especially the H1R and the

recently discovered H4R18,19 histamine receptors were

shown to have an immunomodulatory function. In this

regard we observed that the stimulation of the H4R on

in vitro-generated monocyte-derived DC (MoDC) and

monocyte-derived inflammatory epidermal DC resulted in

chemotaxis and a reduced production of IL-12 and

CCL2.15,16 These data support the view of targeting the H4R

for therapeutic use. However, native human blood DC such

as slanDC, which are direct precursors of inflammatory der-

mal, mucosal or synovial DC have not been studied in this

respect. Moreover, because of their outstanding capacity to

induce T-cell responses and pro-inflammatory cytokines

and their recruitment to inflamed skin, slanDC are of par-

ticular immunological relevance in allergic inflammatory

diseases.

Therefore we sought to investigate the expression of

histamine receptors on slanDC, especially the H4R, in dif-

ferent groups, including patients with AD and psoriasis

and healthy controls. In addition we were interested in

the regulation of H4R expression by different cytokines

and a possible role of histamine in the modulation of the

pro-inflammatory function of slanDC.

Methods

Isolation of PBMC and slanDC

Peripheral blood samples were taken from patients with

severe extrinsic AD or psoriasis, patients without inflam-

matory skin disease served as controls. Patients were diag-

nosed and treated in our department; they did not receive

systemic treatment during a 2-week period before blood

withdrawal. All participants gave their written informed

consent. The PBMC were separated by density centrifuga-

tion on lymphoprep (Fresenius Kabi Norge AS, Oslo,

Norway) and erythrocytes were removed by incubation

with Gey’s lysis buffer. For the isolation of slanDC, buffy

coats from anonymous healthy donors were obtained

from the local blood bank. SlanDC were isolated from the

PBMC using magnetic cell sorting. The positive isolation

procedure was performed as described previously.4 Briefly,

PBMC were incubated with supernatant of the M-DC8

hybridoma, followed by labelling with anti-mIgM mag-

netic microbeads (Miltenyi Biotech, Bergisch-Gladbach,

Germany) before separation using the MACS Cell Separa-

tion technology (Miltenyi Biotech). The PBMC and iso-

lated slanDC (purity of 90–95%) were cultured in

Iscove’s medium supplemented with 2 mM L-glutamine,

100 lg/ml penicillin/streptomycin, 1 · non-essential

amino acids, 0�05 mg/ml gentamicin and 6% volume/vol-

ume fetal calf serum at 37� in a humidified atmosphere

containing 5% CO2.

Flow cytometric analysis of H4R expression

The cells were washed twice in PBS and then incubated

for 20 min in PBS (Biochrom, Berlin, Germany) contain-

ing 500 lg/ml human IgG (Aventis Behring, Marburg,

Germany), 0.2% w/V gelatine (Sigma, Deisenhofen,

Germany) and 20 mM NaN3 (Sigma) (this buffer is

referred to as FccR-blocking buffer). The cell surface was

stained with M-DC8 hybridoma supernatant and allo-

phycocyanin-conjugated rat anti-mIgM (Beckman Coul-

ter, Krefeld, Germany) alone or in combination with

phycoerythrin-conjugated CD16 (Beckman Coulter). As

isotype control, mIgM (BD Pharmingen, Heidelberg,

Germany) and phycoerythrin-conjugated mIgG (Sigma)

were used, respectively. Subsequently, cells were fixed and

permeabilized (Fixation/Permeabilization kit; eBioscience,

San Diego, CA). Intracellular staining was performed with

H4R antibody recognizing amino acids 194–303 (Santa-

Cruz Biotechnology, Santa Cruz, CA) or polyclonal rabbit

isotype control (R&D Systems, Wiesbaden, Germany),

followed by labelling with goat anti-rabbit-FITC (Beck-

man Coulter). M-DC8, CD16 and H4R positivity of the

cells was assessed by flow cytometry (FACSCalibur; Bec-

ton Dickinson, Heidelberg, Germany).

For the measurement of H4R expression in response to

cytokine stimulation the cells were incubated for 48 hr with

20 ng/ml IFN-c (R&D Systems), 50 ng/ml IL-13 (Pepro-

tech, Hamburg, Germany) or 10 lg/ml poly I:C (Sigma).

Messenger RNA isolation, reverse transcription, and
quantitative real time-PCR

Isolated slanDC were washed in PBS and lysed for RNA

isolation using a Mini RNA Isolation II kit (Zymo

Research, Orange, CA) and reverse transcription was per-

formed with the First-Strand cDNA Synthesis kit (MBI

Fermentas, St Leon-Rot, Germany). As control, cDNA of
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H3R-transfected HEK cells was prepared analogously.

Real-time quantitative PCR was performed on a LightCy-

cler (Roche Molecular Biochemicals, Mannheim, Ger-

many) using SYBR Green with Quantitect primer assays

for glyceraldehyde-3-phosphate dehydrogenase (GAPDH;

QT01192646), H1R (QT00199857), H2R (QT00210378),

H3R (QT00210861) and H4R (QT00032326) according

to the manufacturer’s instructions (Qiagen, Hilden,

Germany). The following PCR settings were used: an

initial activation step of 15 min at 95� with ramp 20� per

second was followed by three-step cycling (45 cycles):

denaturation 15 seconds, 94�; annealing 20 seconds, 55�;

extension 20 seconds, 72� (all three with ramp 2� per

second). Melting curve analysis was performed from

60–90� with ramp 20� per second. The amount of target

genes relative to the reference GAPDH was quantified

using RELATIVE QUANTIFICATION software (Roche Molecular

Biochemicals). To visualize the amplification products

after completion of the PCR run, agrose gel electrophore-

sis was performed with 2% agarose (Roth, Karlsruhe, Ger-

many) in 1 · Tris–borate–EDTA buffer (Roth).

Intracellular staining of TNF-a and IL-12

For the analysis of intracellular cytokine production PBMC

were stimulated with 10 lM histamine (Alk-Scherax,

Wedel, Germany) or 4-methylhistamine (Tocris Bioscience,

Bristol, UK) for 6 hr, then the cells were activated by addi-

tion of 100 ng/ml lipopolysaccharide (LPS; Sigma-Aldrich,

Deisenhofen, Germany) and 1 lg/ml Brefeldin (BD Bio-

sciences, Heidelberg, Germany) for another 18 hr. For

blocking experiments cells were treated with JNJ7777120

(Sigma-Aldrich) 30 min before the stimulation with hista-

mine receptor agonists. Before staining, the cells were
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Figure 1. 6-Sulpho LacNAc dendritic cells (SlanDC) express the histamine receptors H1R, H2R and H4R at the mRNA level. Representative real-

time PCR melting peaks and agarose gel bands of the PCR products out of two independent experiments are depicted (negative control is with-

out reverse transcription, H3R-transfected HEK cells were used as positive control for H3R amplification).
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washed in PBS and after incubation with FccR-blocking

buffer the surface was stained with anti-M-DC8 and allo-

phycocyanin-conjugated rat anti-mIgM (Beckman Coul-

ter). After fixation and permeabilization (Fixation/

Permeabilization kit; eBioscience), intracellular staining

was performed with anti-TNF-a (eBioscience) and anti-IL-

12 (BD Pharmingen) or mIgG isotype controls (Sigma).

Enzyme-linked immunosorbent assay

Isolated slanDC were stimulated with 10 lM histamine

(Alk-Scherax), the H1R agonist 2-pyridylethylamine, the

H2R agonist amthamine or the H4R agonist 4-methylhis-

tamine (all from Tocris Bioscience) for 6 hr, then the cells

were activated by addition of 100 ng/ml LPS (Sigma-

Aldrich) and the supernatants were taken at the indicated

time-points. For blocking experiments, cells were treated

with the H4R antagonist JNJ7777120 (Sigma-Aldrich)

30 min before the stimulation with histamine receptor

agonists. Cell-free supernatants were used to detect the

cytokines TNF-a, IL-12 and IL-10 in ELISA performed

according to the manufacturer’s instructions (eBio-

science).

Statistical analysis

For statistical analysis the paired t-test was used; P < 0�05

was regarded as significant. The program GRAPHPAD

PRISM

� version 3.02 (GraphPad Software, Inc, San Diego,

CA) was used for statistical analysis.

Ethics

The investigation of the role of histamine receptors in

allergic skin inflammation was approved by the local eth-

ics committee of the Hannover Medical School (Vote Nr.

4253) and was conducted according to the Declaration of

Helsinki Principles.

Results

SlanDC express histamine receptors H1R, H2R and
H4R

The mRNA for the histamine receptors H1R, H2R and

H4R, but not that for H3R, was detected in isolated

human slanDC by real-time LightCycler PCR (Fig. 1).
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Flow cytometric analysis of slanDC showed H4R-positive

staining, which did not change during a 1-day culture of

the cells, whereas the expression of CD16 was down-regu-

lated (as described previously1) (Fig. 2).

Regulation of H4R expression

SlanDC from individuals without inflammatory skin dis-

eases, patients with AD and patients with psoriasis

expressed similar levels of H4R as determined by flow

cytometry (Fig. 3a). Stimulation with the Th1 cytokine

IFN-c resulted in up-regulation of the H4R on slanDC

isolated from patients with AD (Fig. 3b), whereas in

healthy controls and psoriasis patients no effect of IFN-c
was observed (Fig. 3c,d). The Th2 cytokine IL-13 and the

toll-like receptor ligand poly I:C had no significant effect

on H4R expression in any of the studied groups (data not

shown).
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H4R stimulation leads to down-regulation of LPS-
induced TNF-a and IL-12 production

It has been described previously, that slanDC are the prin-

cipal producers of IL-12 and also produce high levels of

TNF-a upon activation with the toll-like receptor ligand

LPS.2 Stimulation of PBMC with histamine or the H4R-

specific agonist 4-methylhistamine significantly down-reg-

ulated the production of TNF-a and IL-12 in slanDC, as

measured by intracellular cytokine staining (Fig. 4a,b).

The down-regulation of TNF-a could be fully blocked by

pre-incubation of the cells with the H4R selective antago-

nist JNJ7777120, showing that the effect is specific for

H4R (Fig. 4a); for IL-12 only partial blockage was achieved

(Fig. 4b). In addition to studies with PBMC the effect of

histamine on the release of cytokines into the cell culture

supernatant was investigated in isolated slanDC. We could

observe histamine-induced down-regulation of TNF-a and

IL-12 secretion into the supernatant at three consecutive

time points: 24, 48 and 72 hr (Fig. 5). The H4R agonist 4-

methylhistamine also led to decreased cytokine secretion

and the H4R receptor antagonist JNJ7777120 could selec-

tively block the down-regulation (Fig. 6a). As slanDC also

express the H1R and H2R (Fig. 1) we tested in addition

agonists at these receptors. The TNF-a secretion was not

down-regulated after stimulation with the H1R agonist 2-

pyridylethylamine and the H2R agonist amthamine, indi-

cating that the down-regulation of TNF-a is solely medi-

ated via the H4R. For IL-12 we observed down-regulation

after stimulation with the H2R agonist indicating that the

down-regulation of IL-12 is mediated by two histamine

receptors H2R and H4R (Fig. 6b). We did not observe sig-

nificant differences in the secretion of the anti-inflamma-

tory cytokine IL-10 (Figs 5 and 6).

Discussion

Several studies show that slanDC are pro-inflammatory

cells producing large amounts of inflammatory cytokines

and inducing antigen-specific T-cell responses.2,4 As a

result of their presence in chronic lesions of AD and psoria-

sis they are thought to be involved in the pathogenesis of

inflammatory skin diseases. However, relatively little is

known about the regulation of their function. We chose to

investigate the effect of histamine on slanDC, because hista-

mine is an important inflammatory mediator present in the

lesions of AD and psoriasis and histamine has been shown

to modulate the function of other types of antigen-present-

ing cells such as monocytes17 and MoDC.15 Here we show

for the first time, that slanDC express histamine receptors

and that their pro-inflammatory capacity is down-regu-

lated in response to stimulation with histamine.

SlanDC express mRNA for three histamine receptors

H1R, H2R and H4R, but not for the H3R. The absence of

H3R expression is not surprising as the H3R mainly plays a

role in the regulation of neurotransmission in the central

nervous system.20 Moreover the histamine receptor expres-

sion pattern is similar to what is known for other DC sub-

types, such as MoDC.15 The newly described H4R is of

particular interest in inflammatory skin diseases21 and

immunomodulatory effects on DC were already identified

so we decided to study this receptor in more detail. By flow

cytometry we could show that slanDC express the H4R on

the protein level and that the expression level does not

change during culture of the cells. We did not observe dif-

ferences in the basal H4R expression level in diseases like

AD and psoriasis, but the Th1-associated cytokine IFN-c
led to an up-regulation of H4R expression of slanDC iso-

lated from patients with AD, whereas in healthy and psori-

atic cells no difference was observed. The Th2-associated
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6 hr with 10 lm histamine, then 100 ng/ml LPS was added and after

24, 48 and 72 hr the cytokine content in the cell culture supernatant

was determined by ELISA (mean and SEM of 11 independent experi-

ments are shown). *P < 0�05; **P < 0�005; ***P < 0�001.
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cytokine IL-13 and the toll-like receptor ligand poly I:C

could not significantly modulate the expression of H4R in

any of the studied groups. The increase of H4R expression

upon IFN-c stimulation was also described for inflamma-

tory dendritic epidermal cells,16 a subset of DC only present

in the inflamed skin of AD patients.22 In chronic lesions of

AD, predominantly IFN-c and other Th1 cytokines are

present, therefore it is likely that slanDC up-regulate the

expression of the H4R during and after the infiltration to

these tissues. Interestingly we did not find up-regulation of

the H4R on slanDC derived from psoriasis patients,

although this disease is also Th1-mediated. Possible expla-

nations for this observation could be disease-dependent

differences in IFN-c-mediated signalling or variations in

the expression density of IFN-c receptors. It has been

shown for example that atopic diseases are associated with

genetic polymorphisms in the IFN-c receptor 1 gene lead-

ing to higher transcription of this receptor.23

To study the functional effects of histamine on slanDC,

we stimulated PBMC as well as isolated slanDC with hista-

mine and H4R agonists. After histamine stimulation we

observed impaired intracellular production and release

into the supernatant of the pro-inflammatory cytokines

TNF-a and IL-12 in response to slanDC activation by the

toll-like receptor agonist LPS. Although the down-regula-

tion of TNF-a was solely mediated via the H4R, we

observed a dual H2R and H4R mediated effect for IL-12,

which is in accordance with previous findings on MoDC.15

These observations strongly suggest that histamine impairs

the pro-inflammatory capacity of slanDC, because the key

cytokines of early immune responses are no longer pro-

duced in high amounts. Interleukin-12 is an important

activator of natural killer cells and induces the differentia-

tion of CD4+ T cells into Th1 cells. TNF-a belongs to the

family of acute-phase proteins and is known to induce

inflammation and apoptosis, to lead to vasodilatation and

increased vascular permeability and to be a potent activa-

tor of endothelial cells. The activity of slanDC in the

bloodstream is tightly controlled by erythrocytes, which

might prevent harmful systemic over-production of

inflammatory mediators. It has been shown that the addi-

tion of erythrocytes to cultured slanDC blocks their capac-
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Figure 6. The down-regulation of tumour necrosis factor-a (TNF-a) and interleukin-12 (IL-12) is mediated by the histamine receptor H4R.

(a)After 48 hr of stimulation histamine and the H4R agonist 4-methylhistamine reduced the level of lipopolysaccharide (LPS) -induced TNF-a
and IL-12, but not IL-10. Pre-incubation with the H4R antagonist JNJ7777120 restored LPS-induced cytokine production (mean and SEM of 11

independent experiments is shown). (b) The H1R agonist 2-pyrilethylamine did not reduce LPS-induced TNF-a and IL-12 production. The H2R

agonist amthamine had no effect on TNF-a secretion, but down-regulated IL-12 production. The cytokine IL-10 was not affected by histamine

receptor stimulation (mean and SEM of seven independent experiments are shown). *P < 0�05; **P < 0�005.
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ity to produce IL-12 and TNF-a via the interaction of

CD47 on erythrocytes and the corresponding ligand signal

regulatory protein a on slanDC.4 After slanDC leave the

bloodstream and infiltrate the tissue, as it was shown in

inflamed skin of AD lesions, the control by erythrocytes is

lost. Our study suggests that histamine might take over

this control function in the tissue because we could show

that histamine reduces the highly pro-inflammatory capac-

ity of slanDC, particularly via activation of the H4R. To be

sure that histamine stimulation does not reduce cytokine

production in general, we investigated IL-10 as a cytokine

that is associated with anti-inflammatory actions. Interleu-

kin-10 reduces the production of IL-2, TNF-a, IFN-c and

co-stimulatory molecules and was shown to counteract the

inflammatory response in allergic contact dermatitis.24 In

our study we could not observe a significant effect of hista-

mine receptor activation on the release of IL-10. As a

result, it can be assumed that H4R and H2R stimulation on

slanDC specifically down-regulate the production of the

pro-inflammatory mediators TNF-a and IL-12, whereas

the level of the anti-inflammatory mediator IL-10 is not

affected. The differential regulation of cytokine release by

histamine might be explained by varying signalling pro-

cesses involved. For example, it was shown that the activa-

tion of mitogen-activated protein kinase signalling

mediates histamine-induced down-regulation of IL-12p70

in monocytes,15 but on the other hand induces IL-10

production in monocytes.25

Our observations fit the current understanding of the

role of the H4R on antigen-presenting cells. Several studies

have shown that the H4R on DC has an anti-inflammatory

role: on MoDC, monocytes and inflammatory dendritic

epidermal cells the production of IL-12 and CCL2 was

down-regulated after H4R activation.15–17 In response to

the reduced presence of these mediators, Th1 polarization

is impaired and a lower number of macrophages and T cells

is attracted to the site of the immune response, respectively.

We can draw the conclusion that the stimulation of the

H4R on DC, and as shown here in particular on slanDC,

could greatly reduce the inflammatory responses taking

place in the course of inflammatory skin diseases like AD

and H4R agonists therefore might represent potential

therapeutic tools in these kinds of diseases.
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