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Abstract

Objective Histamine is an important mediator of biological functions and present in high amounts in inflammatory skin
lesions which are characterised by a marked infiltration of myeloid derived cell populations. The aim of the study was to
investigate the expression and function of histamine receptors, with a focus on the histamine H4 receptor (H4R) in detail
during the differentiation process from monocytes to macrophages and on fully differentiated M1 macrophages.

Methods Quantitative PCR, ELISA technique, and flow cytometry were applied to analyze expression levels of histamine
receptors, of CXCL10, CCL4, CCL3, or IL-23 and of the macrophage differentiation marker CD68, respectively.

Results We demonstrated that monocytes and fully differentiated M1 macrophages express HIR-, H2R-, and H4R mRNA
which were differentially regulated during the differentiation process and in IFN-Y and LPS classically activated M1 mac-
rophages. The H3R mRNA was not expressed. During in vitro differentiation from monocytes to macrophages, the H4R
agonist ST-1006 modified the M1 phenotype by up-regulating the macrophage differentiation marker CD68, by down-
regulating the production of CXCL10, and by changing the morphology. In fully differentiated M1 macrophages, histamine
or ST-1006 decreased the IFN-Y- and LPS-induced CCL4 mRNA expression and protein production, whereas CCL3 or
IL-23 production was not regulated via H4R.

Conclusions We describe novel immunomodulatory functions of the H4R during the differentiation process of human
monocyte-derived macrophages and in fully differentiated M1 macrophages. The down-regulation of Th1-related chemokines
during the differentiation process or in classically activated macrophages via H4R may contribute to decreased migration of
immune cells to the site of inflammation. This may have implications for the treatment of allergic diseases with H4R ligands
regulating the dysbalance of Th2/Th1 polarizations in these disorders.
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phenotypes of the different activated macrophages are com-
monly classified into M1, or referred as classically activated
macrophages and M2, or referred as alternatively activated
macrophages, thereby mirroring the Th1/Th2 polarization
scheme in part. Th1-related cytokines like interferon gamma
(IFN-Y) as well as microbial stimuli such as lipopolysac-
charides (LPS) polarize macrophages into an M1 pheno-
type, which is characterized by high expression levels of
IL-12, IL-23, and low expression levels of IL-10 [1-7].
Macrophages accumulate in the dermis in acute or chronic
inflammatory skin diseases such as atopic dermatitis (AD) or
psoriasis and play a central role in regulating local inflamma-
tion by secreting cytokines and chemokines [8]. Chemokines
are major players in inflammatory and in immune responses
by supporting the selective recruitment and activation, e.g.,
of circulating monocytes or polarized T cells. On one hand,
the cytokine—chemokine network created by macrophages
is beneficial and contributes to the clearance of infectious
agents, but on the other hand, it causes a pathological local
response with persistent inflammation [9, 10].

Histamine, as a major mediator of allergic and inflamma-
tory processes, is known to be present in lesions of chronic
or relapsing inflammatory skin diseases such as AD and pso-
riasis [11, 12]. The biogenic amine can be generated and
spontaneously secreted by numerous constitutive tissue- or
immune cells. In the skin, it is stored and released in high
concentrations from dermal mast cells and may modulate
the phenotype and function of macrophages which are often
located close to mast cells, e.g., in the perivascular dermis.
We hypothesized that histamine, released during allergic
reactions, contributes to the plasticity of differentiation and
activation of professional phagocytes. Therefore, we inves-
tigated the functional role of histamine targeting M1 mac-
rophages during the process of differentiation or on fully
differentiated and classically IFN-Y- and LPS-activated M1
macrophages.

The pleiotropic effects of histamine are mediated by acti-
vating one or more of four subtypes of histamine receptors
which are differentially expressed on immune cells playing
arole in inflammatory allergic conditions. The influence of
histamine via H4R on cytokine or chemokine release in cells
of the mononuclear lineage such as monocytes [13, 14], den-
dritic cells (DCs) [15], plasmacytoid dendritic cells (pDCs)
[16], NK cells [17] or T cells [18, 19] has been described in
the previous studies.

Here, we studied the expression levels of the histamine
receptors during the differentiation process of monocyte-
derived macrophages, on fully differentiated human M1
macrophages and on IFN-Y and LPS classically activated
M1 macrophages. To investigate the influence of histamine
on the process of macrophage differentiation, we cultured
monocytes during the development to macrophages in the
presence of granulocyte-macrophage-colony-stimulating
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factor (GM-CSF) alone or in addition in the presence of
histamine or the H4R agonist ST-1006. The expression
of macrophage differentiation marker CD68, release of
the Thl-related chemokine CXCL10, and assessment of
F-actin-formation were measured in these experiments. Fur-
thermore, we stimulated fully differentiated macrophages
with histamine and an H4R specific agonist following acti-
vation with inflammatory stimuli such as IFN-Y and LPS
to analyze effects of histamine, in particular via the H4R, in
activated M1 macrophages in a given inflammatory environ-
mental context. We found that histamine via H4R influences
the phenotype of M1 macrophages and reduces CXCL10
production [a chemokine, previously called IFN-y-inducible
protein 10 (IP-10)] when presented during the differentia-
tion process from monocytes to macrophages. In activated
human M1 macrophages, CCL4 production [a chemokine,
previously called macrophage inflammatory protein-1p
(MIP-1p)] was reduced by histamine and the H4R agonist.

Materials and methods
Differentiation of M1 macrophages

Residual blood samples from platelet (PLT) apheresis
disposables used for routine PLT collection and of regu-
lar anonymous healthy donors served as source material
for the isolation of human peripheral blood mononuclear
cells (PBMCs). PBMCs were separated by density gradient
centrifugation on lymphoprep (Pancoll, PAN-Biotech, Aid-
enbach, Germany). With a seeding density of 1x 10° cells
pro well the PBMCs were plated in three 24 well plates in
Iscove’s Medium supplemented with AB serum (2,5% v/v).
To attach the monocytes, the cells were incubated for 2 h at
5% CO0, and 37 °C. The non-adherent cells were removed
by vigorously washing the adherent cells three times with
PBS. An appropriate amount of RPMI 1640, supplemented
with 2 mM l-glutamine, 100 mg/ml penicillin/streptomy-
cin, 12 mM Hepes, and 5% v/vFCS (PAN-Biotech; all other
media components from Biochrom, Berlin, Germany) and
10 ng/ml GM-CSF (R&D,Wiesbaden, Germany) were
added. The cells were incubated for 5 days at 5% CO, and
37 °C without medium change. The cells in the first 24 well
plate were differentiated to M1 macrophages in the pres-
ence of granulocyte-macrophage colony-stimulating factor
(GM-CSF), the cells in the second 24 well plate were dif-
ferentiated in addition to GM-CSF with histamine, and in the
third 24 well plate, the cells were differentiated in addition
to GM-CSF with the H4R agonist ST-1006 including all
changes of the medium. At day 5, another 50% by volume
of fresh medium was added. At day 8, the respective media
were completely changed, and at day 10, the fully differenti-
ated M1 macrophages were used for experiments.
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At day 10, macrophages appeared as adherent cells show-
ing a typically morphology with a prominent nucleus, out-
spread cytoplasma, and a couple of pseudopodia. Fully dif-
ferentiated macrophages are expected to be positive for the
intracellularly expressed macrophage differentiation marker
CD68.

Histamine receptor ligands

The following histamine receptor ligands were used in this
study: Histamine (Alk-Scherax, Wedel, Germany) as agonist
for all histamine receptors; 2-pyridylethylamine (Tocris Bio-
science, Bristol, UK) as selective HIR agonist; amthamine
(Tocris Bioscience, Bristol, UK) as selective H2R ago-
nist; the H4R agonist ST-1006 (Institute of Pharmaceuti-
cal and Medicinal Chemistry, Heinrich Heine University,
Duesseldorf, Germany) [20]; the selective H4R antagonist
IJNJ7777120 (Sigma Aldrich, Deisenhofen, Germany). All
histamine receptor ligands were used at a concentration of
10 uM. In extensive previous dose finding studies, we could
show that the concentration of 10 uM is optimal to demon-
strate and reproduce robust H4R agonist mediated effects
[21].

Microscopic imaging

Olympus IX 70 microscope (Olympus, Hamburg, Germany)
with the help of the program cell P 3.4 (Olympus, Germany)
was used to image the fully differentiated macrophages at
day 10. We assessed cell morphology and cell shape from
macrophages differentiated with GM-CSF versus mac-
rophages which were generated with GM-CSF in the pres-
ence of histamine or ST-1006. Photomicrographs were taken
at 20X magnification.

Assessment of F-actin formation

Nitrobenzoxadiazole—phallacidin (Invitrogen, Darmstadt,
Germany) staining of macrophages differentiated with GM-
CSF and macrophages which were generated with GM-CSF
in the presence of histamine or ST-1006 was performed.
Briefly, cells were carefully scraped from the culture plates
and re-suspended in four plastic tubes at a concentration of
5% 10° cells/ml in PBS lacking Ca”" in each. This was done
for the non-stimulated, histamine, or ST-1006 stimulated
macrophages. Since the anaphylatoxin of the fifth compo-
nent of complement (C5a) has been described to trigger actin
polymerization on DCs, we used C5a as stimulus to induce
formation of F-actin in monocyte-derived macrophages [22].
Macrophages were stimulated with C5a (1 pug/ml, Calbio-
chem, Darmstadt, Germany) for short periods of time (1,
30, and 60 s) at room temperature. Following stimulation,
cells were immediately fixed after stimulation using 3.7%

formaldehyde for 60 min. Nitrobenzoxadiazole—phallacidin
staining was carried out as described previously [16].

Flow cytometric analysis

Fully differentiated M1 macrophages and macrophages
treated with histamine or ST-1006 during the whole differ-
entiation process were carefully scraped from the culture
plates and seeded (5 10° cells per well) into 96 well plates.
Fc receptors were blocked by incubation in a buffer con-
taining 10 ug/ml heat-aggravated human immunoglobulin
G (IgG) (Sigma, Deisenhofen, Germany). Cells were fixed,
permeabilized using the BD Cytofix/Cytoperm fixation/per-
meabilization kit (BD Bioscience) and CD68, which is intra-
cellularly expressed in cytoplasmic granules, was stained
with anti-human CD68-APC (BioLegend), the respective
isotype control was tested in parallel. Sample acquisition
was performed by flow cytometry (FACS Calibur, Becton
Dickinson, Heidelberg, Germany) and mean fluorescence
intensities (MFI) were calculated by CellQuest Pro software
(Becton Dickinson). To assess cell viability, macrophages
were incubated with Annexin V-FITC and propidium iodide
for 15 min (BD Bioscience) and analyzed by flow cytometry
(FACS Calibur, Becton Dickinson).

RNA isolation and real-time quantitative LightCycler
PCR

RNA isolation, cDNA synthesis, and PCR were performed
according to the MIQE Guidelines. Fully differentiated
macrophages were stimulated with 10 uM histamine, 10 uM
ST-1006 for 24 h or left unstimulated. After 24 h, the cells
were activated by the addition of IFN-Y and LPS for fur-
ther 24 h. For analysing the histamine receptor expression
levels, total RNA was isolated from macrophages during
the differentiation process and from fully differentiated or
activated macrophages derived from healthy donors. RNA of
all samples was immediately lysed with 200 ul RNA-Lysis
buffer (Qiagen, Hilden, Germany) and stored at — 80 °C
prior use. Total RNA was isolated including on-column
digestion of with RNase-free DNase I using the RNeasy
kit (Qiagen) according to the manufacturer’s instructions.
Finally, the RNA was eluted in a volume of 30 pl. The RNA
was checked for purity by ratio absorbance at 260/280 nm
and the presence of co-purified contaminants were checked
by ratio absorbance at 260/230 nm. The RNA was quanti-
fied using the NanoDrop Spectrophotometer (ThermoSci-
entific, Massachusetts, USA). Almost equal amounts of
RNA were introduced in the cDNA synthesis. The cDNA
was synthesized by reverse transcription (QuantiTect reverse
transcription kit, Qiagen, Germany). Real-time quantitative
PCR was performed with evaluated Quantitect® primer
assays for HIR (QT00199857), H2R (QT00210378), H3R
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(QT00210861), H4R (QT00032326), CCL4 (QT01008070)
and ribosomal protein 20 (rps 20) (QT00079247) using
SYBR® Green according to the manufacturer’s instructions
(Qiagen, Hilden, Germany) using the LightCycler 1.5 and
480 (Roche, Mannheim, Germany).

The amount of the target mRNA relative to the amount
of the reference rps 20 mRNA in the same sample was cal-
culated using the comparative Ct method also known as the
[delta] [delta] Ct method provided by the Relative Quan-
tification Software (Roche Molecular Biochemicals). The
Ct values of both the calibrator and the samples of interest
are normalized to the appropriate endogenous housekeeping
gene rps 20.

ELISA

Cell-free supernatants were taken from fully differenti-
ated macrophages which were stimulated with histamine,
2-pyridylethylamine (H1R agonist), amthamine (H2R
agonist) or ST-1006 for 24 h and activated by addition of
IFN-Y (200 ng/ml) and LPS (50 ng/ml) for further 24 h.
For blocking experiments, the cells were treated with the
H4R antagonist JNJ7777120 30 min before stimulation with
receptor agonists. The chemokine- and cytokine production
of CXCL10, CCL4, CCL3, and IL-23 were analyzed using
commercially available ELISAs. The respective ELISAs
were performed according to the manufacturer’s instructions
(R&D Systems).

Statistics

For statistical analyses, the software GraphPad Prism Ver-
sion 5.0 (San Diego, CA, USA) was used. Wilcoxon matched
pairs test was performed and the median is shown in the
graphs. A p value <0.05 was regarded as statistically sig-
nificant (p < 0.05 was labelled with *p <0.01 was labelled
with **p <0.001 was labelled with *#%).

Ethics

The investigation of the role of the histamine receptors in
inflammatory diseases was approved by the local ethics
committee of the Hannover Medical School (Vote 4253)
and was conducted according to the declaration of Helsinki
Principles.
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Results

The H1R-, H2R-, and H4R mRNA are expressed
on human monocytes and macrophages

The expression of histamine receptors on human mono-
cytes and macrophages was examined at the mRNA level
by LightCycler quantitative PCR. First, we analyzed the
mRNA expression levels of histamine receptors in primary
monocytes obtained from human PBMCs by 2 h adherence
(day 0). Second, we tested fully differentiated macrophages
at the end of the differentiation process after the cells had
been cultured for 10 days. We detected HIR-, H2R-, and
H4R mRNA expression in human primary monocytes,
whereas we failed to detect the H3R mRNA expression
(data not shown). Fully differentiated macrophages at day
10 showed significantly higher HIR- and H2R mRNA
expression levels compared to monocytes after 2 h adher-
ence (Fig. 1a, b). The mRNA expression of the H4R
showed a tendency to be as well higher expressed in fully
differentiated macrophages as compared to monocytes
(Fig. 1c). These results indicate that the differentiation
of monocytes to macrophages is associated with an over-
all increase of histamine receptor mRNA expression. In
addition, the mRNA expression of the histamine receptors
was investigated in fully differentiated M1 macrophages
compared to M1 macrophages activated with IFN-Y and
LPS for 24 h. We observed that stimulation with LPS and
IFN-Y led to a significant decrease of H2R mRNA expres-
sion (Fig. le). In view to HIR (Fig. 1d) and H4R (Fig. 1f)
we found a trend to lower mRNA expression levels in M1
macrophages after IFN-Y and LPS stimulation.

The expression levels of macrophage differentiation
marker CD68 are dose-dependently up-regulated
when the H4R agonist ST-1006 is presented

during the differentiation process of M1
macrophages

In vitro differentiation of monocytes in the presence of
GM-CSF led to generation of M1 macrophages by up-
regulating the differentiation marker CD68 (Fig. 2a).
We differentiated monocytes to M1 macrophages with
GM-CSF and in the presence of GM-CSF and histamine,
2-pyridylethylamine (H1R agonist), amthamine (H2R
agonist), or ST-1006 in concentrations of 10 uM for all
ligands. Expression levels of CD68 were measured by flow
cytometry. We observed that the expression of CD68 was
significantly up-regulated on fully differentiated M1 mac-
rophages treated by ST-1006. The up-regulation of CD68
by ST-1006 occurs in a dose dependent manner which was
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Fig.1 HIR-, H2R-, and H4R mRNA are expressed in human mono-
cytes and up-regulated in fully differentiated M1 macrophages. Pri-
mary human monocytes were obtained from PBMCs after 2 h adher-
ence. M1 macrophages were differentiated from primary human
monocytes in the presence of GM-CSF (10 ng/ml) for 10 days and
then stimulated with IFN-Y (200 ng/ml) and LPS (50 ng/ml) for 24 h
or left unstimulated. A, B and C mRNA expression of the HIR, H2R
and the H4R in monocytes obtained by adherence at day 0 (d 0) and
in fully differentiated macrophages after a differentiation period of 10
days (d 10) are shown (a, b n=11 experiments; ¢ n=_8 experiments).
d-f mRNA expression of the HIR, H2R and the H4R in fully dif-
ferentiated- and in M1 macrophages activated with IFN-Y (200 ng/

most pronounced in the concentration of 10 uM (Fig. 2b).
Treatment with 2-pyridylethylamine and amthamine had
no effect on CD68 surface expression levels (Fig. 2c¢). In
some cases, the expression levels of CD68 were also up-
regulated by histamine (Figs. 2d, 3b). The cell viability
was not affected by treatment with histamine (data not
shown) or ST-1006 (Suppl. Figure 2) during the period of
differentiation as assessed by Annexin V-FITC and Pro-
pidium Iodide staining.

The production of CXCL10 is reduced in M1
macrophages differentiated in the presence
of histamine or the H4R agonist ST-1006

To assess a role for histamine or ST-1006 on chemokine
production by M1 macrophages, we determined the

ml) and LPS (50 ng/ml) for 24 h are depicted (d, e n=12 experi-
ments; f n=6 experiments). Relative expression levels of the hista-
mine receptor mRNA were assessed by real-time PCR and calculated
by the [delta] [delta] Ct method. The values of both the calibrator
and the samples are normalized to the housekeeping gene ribosomal
protein 20 (rps20) and expressed as normalized ratio. The samples
from one individual donor are connected by a line. Significant differ-
ences, as determined by the Wilcoxon signed rank test, are indicated
as follows: *p <0.05; **p <0.01; medians are shown in the graphs. Ct
method crossing point method, d day, d 0 monocytes after 2 h adher-
ence, d 10 monocyte-derived macrophages after the differentiation
period of 10 days, HXR histamine receptors, NS non-stimulated

production of the Ml-related Thl cell-attracting
chemokine CXCLI10 in supernatants of macrophages
which were differentiated with GM-CSF or with GM-
CSF supplemented with histamine, 2-pyridylethylamine
(HIR agonist), amthamine (H2R agonist) or with ST-1006.
Supernatants were taken from cultured M1 macrophages
at day 10. We observed a significantly reduced CXCL10
production when histamine or ST-1006 had been presented
during the differentiation process when compared to con-
trols (Fig. 2e). The histamine or ST-1006 mediated down-
regulation of CXCL10 occurs in a dose dependent manner
and was most pronounced in the concentration of 10 pM
(data not shown). Treatment with 2-pyridylethylamine
(H1R agonist), amthamine (H2R agonist) had no effect
CXCLI10 production (data not shown).
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Fig.2 Expression levels of the macrophage differentiation marker
CD68 are up-regulated during differentiation. M1 macrophages
treated with the H4R agonist ST-1006 during the differentiation pro-
cess up-regulate CD68 expression in a dose dependent manner. His-
tamine and the H4R agonist ST-1006 decrease CXCL10 production
in human M1 macrophages during this process. Primary monocytes
were differentiated into M1 macrophages with GM-CSF (10 ng/ml)
in the presence or absence of histamine, 2-pyridylethylamine (HIR
agonist), amthamine (H2R agonist) or ST-1006 for 10 days. The
expression of CD68 was analyzed by flow cytometry. a Expression
of CD68 was measured at different days of the differentiation pro-
cess as indicated. b Expression levels of CD68 on untreated cells and
cells treated with ST-1006 in different concentrations as indicated
are shown. ¢ Expression levels of CD68 on untreated, 2-pyridyleth-
ylamine- (10 pM) or amthamine (10 uM) treated cells are shown. d

The typical M1 macrophage morphology changes
when the H4R agonist ST-1006 is presented
during the differentiation process of M1
macrophages

It has been shown in previous studies that macrophages
adopt different geometries in vivo in response to physi-
cal cues, e.g., specific tissue architecture or stimuli such
as cytokines or microbial products which are present in
the extracellular environment. In vitro differentiated mac-
rophages display a typical morphology with a central
nucleus, flatly outspread cytoplasm and multiple pseudo-
podia [23]. To investigate if histamine or ST-1006 is able
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Expression levels of CD68 on untreated and on histamine (10 uM) or
ST-1006 (10 uM) treated cells are shown (only experiments where the
non-stimulated samples showed mean fluorescence intensities <450
were included in b—d). e Cell-free supernatants were taken at day
10 and the CXCL10 concentrations were analyzed by ELISA. Each
dot of the NS samples represents one donor with paired observa-
tions in the stimulated groups. Significant differences, as determined
by the Wilcoxon signed rank test, are indicated as follows: *p <0.05;
*#*p <0.01; ***p <0.001; medians are shown in the graphs. (a n=6
experiments; b n==8 experiments; ¢ n=8 experiments (cells were
derived from the same donors as shown in b); d n=13 experiments;
e n=_§ experiments). NS non-stimulated, 2-Pyrid 2-pyridylethylamine
(HIR agonist), Amth amthamine (H2R agonist), MFI mean fluores-
cence intensities

to modulate macrophages morphology and cell shape, we
differentiated monocytes to M1 macrophages with GM-
CSF or with GM-CSF in the presence of histamine or
ST-1006. Interestingly, the morphology of the M1 mac-
rophages changed vigorously in the presence of ST-1006.
Macrophages generated in medium supplemented with
GM-CSF only or, in particular, in the presence of GM-
CSF together with histamine exhibited the typical mor-
phology with an elongated cell shape and multiple pseu-
dopodia (Fig. 4a, b). In contrast, macrophages generated
in the presence of GM-CSF and ST-1006 exhibited a round
fried egg-like cell shape and obvious fewer pseudopodia
(Fig. 4c).
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Fig.3 Expression levels of CD68 are up-regulated on M1 mac-
rophages treated with histamine or the H4R agonist ST-1006 during
the differentiation process. Primary monocytes were differentiated
into M1 macrophages with GM-CSF (10 ng/ml) in the presence or
absence of histamine (10 uM) or ST-1006 (10 uM) for 10 days. The
expression of CD68 was analyzed by flow cytometry. A, macrophages
were selected by an FSC/SSC gate. B, One representative histogram
for histamine treated samples out of the 13 experiments which were
shown in Fig. 2d, One representative histogram for ST-1006 treated
samples out of the 13 experiments which were shown in Fig. 2d

The H4R agonist ST-1006 prevents fillamentous
F-actin formation in M1 macrophages in response
to C5a

We studied if the atypical round cell shape of M1 mac-
rophages differentiated in the presence of ST-1006 goes
along with the absence of reorganisation of the cytoskeleton.
Since the formation of filamentous F-actin through polymer-
isation of A-actin determines cell morphology and motility,
we applied an actin polymerisation assay as readout to assess
changes in the cytoskeleton reorganisation. We previously
reported that DCs when exposed to the anaphylatoxin C5a
showed a robust actin polymerisation to F-actin [16]. There-
fore, we stimulated the M1 macrophages with C5a for short
periods of time and assessed formation of F-actin by flow
cytometry. We detected that M1 macrophages differenti-
ated with histamine showed a clear actin polymerisation to
F-actin in response to C5a over time. Non-stimulated M1
macrophages showed a weak actin polymerisation to F-actin

in response to C5a over time in some patients and, in par-
ticular, macrophages differentiated in the presence of the
H4R agonist ST-1006 failed to do (Fig. 4d). This observation
was related to the atypical round cell shape of the ST-1006
treated cells. During the process of F-actin formation, mac-
rophages form filopodia which are rich in filamentous actin.
The absence of F-actin formation seems to contribute to
the round pan cake like cell shape of ST-1006 treated M1
macrophages.

Histamine and the H4R agonist ST-1006
dose-dependently down-regulate the expression
of CCL4 in IFN-Y and LPS-activated human M1
macrophages

Thl-related pro-inflammatory cytokines such as IFN-Y as
well as microbial products like LPS polarize macrophages
to an activated M1 phenotype. The influence of histamine or
ST-1006 on the production of M1 related Th1 cell-attracting
chemokines CXCL10, CCL3, and CCL4 and the cytokine
IL-23 was investigated. We observed that stimulation of M1
macrophages with histamine or ST-1006 for 24 h before
activation with IFN-Y and LPS led to a down-regulation
of CCL4 mRNA- and protein production (Fig. Sa, b). Pre-
incubation with the selective H4R antagonist INJ7777120
reversed the H4R-induced down-regulation of CCL4 pro-
duction, showing that the effect was specific for the H4R
(Fig. 5¢). The down-regulation of CCL4 by histamine and
ST-1006 occured dose-dependently and was most pro-
nounced in the concentration of 10 uM (Fig. 5d, e). Pre-
incubation with different concentrations of JNJ7777120
showed also an optimal blocking effect in the concentration
of 10 uM (Fig. 5f). In contrast to the histamine or ST-1006
stimulated cells 2-pyridylethylamine (HIR agonist) and
amthamine (H2R agonist) had no effect on the CCL4 protein
production (Fig. 5g).

Opposed to our observations in macrophages during the
differentiation process, no consistent effect on the regulation
of CXCL10 by histamine receptor agonists was detected in
activated M1 macrophages (data not shown). Histamine and
ST-1006 did not regulate the production of CCL3 or IL-23
in activated M1 macrophages (Suppl. Figure 1, a and b).

Discussion

Human macrophages can be found in low numbers in the
circulation and are integrated or recruited into specific tis-
sues. In different compartments of the tissues macrophages
encounter diverse signals and respond with high adaptivity
and functional polarization of their phenotype. Inflammatory
stimuli such as the TLR4 ligand LPS and IFN-Y induce an
activated inflammatory phenotype in macrophages that arise
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Fig.4 Cell shape and organisation of actin filaments in monocyte-
derived macrophages are influenced by histamine or the H4R agonist
ST-1006 during the differentiation process. Primary monocytes were
differentiated into M1 macrophages with GM-CSF (10 ng/ml) in the
presence or absence of histamine (10 uM) or ST-1006 (10 uM). a M1
macrophages, generated in medium supplemented with GM-CSF or
b in medium supplemented with GM-CSF and histamine, show an
elongated cell shape. ¢ M1 macrophages, generated in medium sup-
plemented with GM-CSF and ST-1006, show round cell shape. Rep-

from the differentiation of monocytes [2, 4].The induction
of more than 400 genes and the repression of more than 700
genes in response to LPS, as described by Lang et al. [24],
point to a regulatory role of macrophages in orchestrating
the cellular network by differential expression of cytokines
or chemokines. We hypothesized that histamine, known as
an endogenous mediator tightly connected to the effector
phase of allergic reactions in the skin, provides a local sig-
nal to influence macrophage differentiation and functional
capacity in their niche.

In the present study, we show that HIR-, H2R-, and H4R
mRNA were expressed in untouched monocytes obtained
from human PBMCs by adherence. During in vitro differ-
entiation of monocytes in the presence of GM-CSF to mac-
rophages exhibiting a M1 phenotype, the HIR- and H2R
mRNA expression were significantly up-regulated. The H4R
mRNA was lower expressed in monocytes, but showed also
a trend to increase the expression levels on fully differenti-
ated macrophages.

Opposed to our results Capelo et al. [25] showed that
the H2R mRNA is highly expressed on human monocytes,
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resentative photomicrographs out of 4 experiments are shown. Scale
bars denote 200 pm. d Induction of the formation of filamentous
F-actin in response to stimulation with the anaphylatoxin C5a. For-
mation of filamentous F-actin as an indicator of changes in the cell
shape to stimulation with 1 pg/ml C5a was determined in fully dif-
ferentiated M1 macrophages as well as in histamine or in ST-1006
treated M1 macrophages. Time course of actin polymerisation to
F-actin in response to the anaphylatoxin C5a is depicted. The median
and +SEM out of n = 9 independent experiments are shown

whereas the HIR- and H4R mRNA are mostly absent. In
their study, human monocytes were isolated by CD14
immunomagnetic positive selection [25] which might
influence histamine receptor expression. However, H4R
mRNA was also detected in human monocytes isolated
from healthy donors using CD14 positive selection in
another study. Calculating the delta Ct values (normalized
to two different housekeeping genes) of the H4R mRNA
expression in H4R-transfected HEK293 cells versus human
monocytes, the H4R mRNA was apparently also expressed
in monocytes in these investigations [26]. Triggiani et al.
[27] detected HIR- and H2R mRNA expression in freshly
isolated monocytes obtained by negative immunomagnetic
selection and showed an up-regulation of the HIR mRNA
after differentiation to macrophages. The mRNA levels of
the H2R were markedly reduced during differentiation of
monocyte-derived marcophages. The expression profile of
the H4R was not investigated in their study.

Consistent with the findings of Capelo et al. [25] we
detected high donor dependent variability of the histamine
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Fig.5 CCL4 mRNA expression and protein secretion are down-reg-
ulated dose-dependently by histamine or the H4R agonist ST-1006
in activated M1 macrophages. M1 macrophages were stimulated
for 24 h with histamine (10 uM) or ST-1006 (10 uM) or in different
concentrations as indicated and with 2-pyridylethylamine (HIR ago-
nist) (10 pM) and amthamine (H2R agonist) (10 uM) followed by
activation with IFN-Y (200 ng/ml) and LPS (50 ng/ml) for 24 h. a
CCL4 mRNA levels were quantified by real-time PCR calculated by
the [delta] [delta] Ct method and normalized to the non-stimulated
samples. b CCL4 protein production was analyzed by ELISA. ¢ Pre-
incubation with the H4R antagonist JNJ7777120 (10 uM) blocked
the H4R-induced down-regulation of CCL4 production. d M1 mac-
rophages were stimulated for 24 h with histamine in different con-
centrations as indicated. e M1 macrophages were stimulated for 24 h
with ST-1006 in different concentrations as indicated. f Blocking

receptor mRNA expression levels in monocytes and mac-
rophages in all experiments in our study.

Furthermore, we observed that activation of fully dif-
ferentiated macrophages with IFN-Y and LPS led to down-
regulation of mRNA expression levels of the HIR and
H4R by trend. Interestingly, we could show that the mRNA
expression of the H2R was significantly down-regulated
by IFN-Y and LPS. These findings are in part consistent
with data from Capelo et al. [25]. They observed in M1
macrophages stimulated with IFN-Y a down-regulation
of the HIR- and H2R mRNA expression whereas the H4R
mRNA was not regulated by IFN-Y and expressed at very

C L
800

E 600 g ;Z

)

o

3

g 40

200:

& &
>
N
+ IFN-y+LPS
p=0.0938
2000+ 2000+
1500 ® v v 1500
-
H 10001 ® . ¢
E 1000- A v v =
\g [ . v E hd e *
S 8004 daa Y — g sy
4 [ v = °
] . v O 6004 .
o 6004 A v vv 3]
400 A 4004 ¢
200 2004
0 T T T T o T
o g > &
NI oS
& & LY
N N N
EANENCN
@
X )\Q
S
+ IFN-y+LPS +IFN-y+LPS

experiments by pre-incubation with the H4R antagonist JNJ7777120
in different concentrations as indicated. Only experiments where a
down-regulation of CCL4 via H4R was observed were included in the
blocking experiments. g M1 macrophages were stimulated for 24 h
with 2-pyridylethylamine (HIR agonist) (10 pM) and amthamine
(H2R agonist) (10 uM). The CCL4 protein production was analyzed
by ELISA. Only experiments where the non-stimulated samples had
a protein secretion> 500 pg/ml were included in ELISA analysis. (a
n=7 experiments; b n=18 experiments; ¢ n=6 experiments, d n=38
experiments; e n=9 experiments; f n=6 experiments; g n=4 experi-
ments). Each dot of the NS samples represents one donor with paired
observations in the stimulated groups. Significant differences as
determined by the Wilcoxon signed rank test are indicated as follows:
*p <0.05; ¥**p <0.01; ***p <0.001; medians are shown in the graphs.
NS non-stimulated, JNJ INJ7777120

low levels. The treatment of M1 macrophages with TLR4
ligand LPS did not affect the H4R mRNA expression levels
in their study [25]. Previous investigations of our research
group showed in one study that IFN-Y up-regulates H4R
mRNA expression in a subgroup of inflammatory DCs in
AD patients [28].

Our new findings in regard to the published data pro-
vide additional evidence for high variability of the mRNA
expression levels of the histamine receptors: (1) in various
primary immune cells which might be in part influenced by
the different methods to isolate primary cells; (2) during
the process of differentiation maturation of immune cells;
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and (3) in response to inflammatory cytokines/stimuli or in
different pathological conditions such as in AD or psoriasis.

The endosomal expressed CD68 represents a common
marker to monitor the differentiation process of monocytes
to macrophages [29-31]. We observed that the expression of
CD68 which characterizes fully differentiated macrophages
was further up-regulated in macrophages differentiated in
the presence of the H4R agonist and in some cases in the
presence of histamine. The endosomal expression of CD68
is associated with a protective role of lysosomal membranes
against lysosomal hydrolases [31]. The up-regulation of
CD68 via H4R suggests a function of the receptor in promot-
ing the lysosomal integrity. Down-regulation of CXCLI10,
a chemokine serving as biomarker for severity of various
inflammatory diseases, was observed by histamine and by
ST-1006 when presented during the differentiation process.

In addition, we detected that the presence of the H4R
agonist during differentiation process changed the morphol-
ogy of macrophages. Macrophages treated with ST-1006
developed a round cell shape when compared to the more
elongated cell shape of untreated or histamine treated cells.
It has been shown in former reports that macrophages dis-
play markedly different cell morphologies dependent on the
activation factors, e.g., cytokines or inflammatory stimuli
present in culture medium. Moreover, it was demonstrated
that changes in the cell shape are caused by actin reorganisa-
tion creating F-actin filaments [23, 32]. Therefore, it was not
surprising that we found formation of F-actin in response to
the anaphylatoxin C5a in untreated macrophages of some
patients and particularly in histamine treated macrophages,
whereas we failed to detect changes in the cytoskeleton by
actin polymerisation in macrophages treated with the H4R
agonist during the period of differentiation. The inhibition
of cytoskeleton reorganisation via H4R may reflect the
lower motility of these cells which relates the morphologi-
cal change in response to the H4R agonist to physiological
meaning.

Since it is supposed in general that an increase in the
number of the histamine receptors expressed on human
immune cells might be a means to modulate the cell respon-
siveness to histamine, we stimulated the monocyte-derived
M1 macrophages with histamine or ST-1006 at the end of
the differentiation process, when the cells displayed the
highest expression levels of HIR, H2R, or H4R. To inves-
tigate functional effects of histamine in an in vitro model
resembling inflammatory situations, we activated the mac-
rophages thereafter with the TLR4 ligand LPS that mim-
ics bacterial infection and IFN-y which is secreted in high
amounts from Th1 cells and NK cells in chronic inflamma-
tory diseases.

We demonstrated that the IFN-Y'- and LPS-induced
production of the Thl cell-attracting chemokine CCL4
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was down-regulated in fully differentiated M1 mac-
rophages when the cells were pre-treated with histamine
or ST-1006. The effects of histamine or the H4R agonist
were selective as pre-incubation with the specific H4R
antagonist reversed the H4R-mediated effect. However,
the expression levels of CXCL10, IL-23, and CCL3 were
not regulated under the same conditions.

As opposed to our findings on human macrophages,
Czerner et al. [33] observed in murine bone marrow cell
derived macrophages that histamine did not affect the
LPS-induced up-regulation of inflammatory mediators.

Among other chemokines, CCL4 which is up-regu-
lated in the upper compartment in skin lesions of acute
AD has been linked to recruitment of inflammatory cell
types into the skin. In parallel frequency of CCR5 (CCL4
receptor) bearing DCs increased after allergen application
in the skin and expression of CCRS5 on DCs is higher in
acute than in chronic AD lesions [34]. Besides DCs, the
chemokine receptor CCRS5 is selectively expressed on Thl
lymphocytes [35]. The altered expression profile of CCL4
in response to histamine in M1 macrophages may limit
migration of CCR5-expressing inflammatory cells, in par-
ticular of Th1 effector cells, and may present an important
mechanism shifting to a more homeostatic Th2-dominated
situation which could be crucial for the course of atopic
diseases [36].

In this respect, our novel scientific data provide further
indication that histamine, in particular via the H4R, plays
a potent role in the pathophysiology of allergic diseases
through tight control of Th1-Th2 mediator production
favouring Th2 lymphocyte accumulation in inflamed tis-
sues. Lastly, our results fit to a growing evidence of data
[37, 38] suggesting that the H4R may serve as a therapeu-
tic target in allergic diseases.
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