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Abstract The histamine H, receptor (H,R) is a G protein-
coupled receptor. Its activation leads to increases in the second
messenger adenosine-3',5'-cyclic monophosphate (cAMP).
Presently, several systems are established to characterize the
pharmacological profile of the H,R, mostly requiring radioac-
tive material, animal models, or human blood cells. This
prompted us to establish a flow cytometric analysis with a
fluorescently labeled formyl peptide receptor (FPR) ligand
in order to investigate the H,R functionally and pharmacolog-
ically. First, we stimulated U937 promonocytes, which mature
in a cAMP-dependent fashion upon H,R activation, with his-
tamine (HA) or selective H,R agonists and measured in-
creases in cAMP concentrations by mass spectrometry.
Next, indicative for the maturation of U937 promonocytes,
we assessed the FPR expression upon incubation with HA
or H,R agonists. FPR expression was measured either indi-
rectly by formyl peptide-induced changes in intracellular cal-
cium concentrations ([Ca”"];) or directly with the fluorescein-
labeled FPR ligand fNIeLFNIeYK-FI. HA and H,R agonists
concentration-dependently induced FPR expression, and po-
tencies and efficacies of fMLP-induced increases in [Ca®'];
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and FPR density correlated linearly. Accordingly, flow cyto-
metric analysis of FPR expression constitutes a simple, inex-
pensive, sensitive, and reliable method to characterize the H,R
pharmacologically. Furthermore, we evaluated FPR expres-
sion at the mRNA level. Generally, quantitative real-time po-
lymerase chain reaction confirmed functional data.
Additionally, our study supports the concept of functional se-
lectivity of the H,R, since we observed dissociations in the
efficacies of HA and H,R agonists in cAMP accumulation and

FPR expression.
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Abbreviations

AC Adenylyl cyclase

ACTB B-actin

AM Amthamine

[Ca®']; Intracellular calcium concentration

cAMP Adenosine-3',5'-cyclic monophosphate

C5aR C5a receptor

DB-cAMP N8,2"-O-dibutyryladenosine-3',5'-
cyclic monophosphate

DI Dimaprit

FAM Famotidine

fMLP N-formyl-L-methionyl-L-leucyl-L-
phenylalanine

fNIeLFNIeYK-F1 = Fluorescein-labeled formyl-Nle-
Leu-Phe-Nle-Tyr-Lys

FPR Formyl peptide receptor

GPCR G protein-coupled receptor

GUSB B-glucuronidase
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HA Histamine
H,R Histamine H; receptor

IBMX 3-Isobutyl-1-methylxanthine

™M Impromidine

INJ 1-[(5-Chloro-1H-indol-2-yl)
carbonyl]-4-methylpiperazine
(INJ7777120)

MEP Mepyramine

Nle Norleucine

UR-NK22 (1-(Amino {[3-(2-amino-4-methyl-
thiazol-5-yl)propyl]amino }
methylene)-3-{6-[3-(amino{[3-
(2-amino-4-methyl-thiazol-
5-yD)propyl]amino } methylene)
ureido]hexyl}urea)

PCR Polymerase chain reaction

PROB Probenecid

ROL Rolipram

ROS Reactive oxygen species

TIO Tiotidine

5-MHA 5-Methylhistamine

Introduction

Canonically, the histamine H, receptor (H,R) belongs to the
family of G protein-coupled receptors (GPCR) and couples to
G, proteins. Binding of the endogenous ligand histamine
(HA) results in activation of adenylyl cyclases (AC) followed
by increases in adenosine-3',5'-cyclic monophosphate
(cAMP) (Seifert et al. 2013). However, the classic two-state
model describing GPCR activation has been substituted by a
multiple-state model also referred to as functional selectivity.
This concept states that each ligand stabilizes a unique
receptor-conformation leading to activation of not only G
protein-dependent but also G protein-independent signaling
in a ligand-dependent manner (Azzi et al. 2003, Kenakin
2012, Seifert 2013, Urban et al. 2007). We previously noticed
deviations in H,R-mediated cAMP generation and inhibition
of fMLP-induced production of reactive oxygen species
(ROS) in human monocytes supporting the concept of func-
tional selectivity (Werner et al. 2014b). The H,R has been of
clinical importance for many years, e.g., H,R antagonists in-
hibit H' secretion in parietal cells and are applied to treat acid-
induced gastrointestinal diseases (Hershcovici and Fass 2011).
Additionally, HA (Ceplene®), approved as an orphan drug in
the postconsolidation therapy of patients suffering from acute
myeloid leukemia (AML), exerts its anti-leukemic effect ex-
clusively via H,R (Martner et al. 2010). Therefore, there is
considerable interest in the development of a new class of
potent and selective H,R agonists (Birnkammer et al. 2012,
Kagermeier et al. 2015).
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Several research groups have used U937 promonocytes in
order to characterize the H,R (Gespach et al. 1985, Shayo
et al. 1997, Smit et al. 1994). In the 1980s, Gespach et al.
already assumed that the H,R is involved in U937 cell matu-
ration (Gespach et al. 1985). Interestingly, the AC activator
forskolin as well as the cAMP analog DB-cAMP induced cell
maturation in U937 promonocytes, whereas neither HA nor
H,R agonists did so. According to Shayo et al., lack of differ-
entiation was related to H,R desensitization (Brodsky et al.
1998, Shayo et al. 1997). By contrast, targeting the H,R on
HL-60 promyelocytes resulted in cell differentiation (Sawutz
etal. 1984, Seifert et al. 1992). Recently, Copsel et al. reported
on U937 cell differentiation via HyR. In their study, the H,R
agonist amthamine (AM) induced cell maturation in the pres-
ence of the phosphodiesterase inhibitor rolipram (ROL) and
the multidrug resistance-associated protein inhibitor probene-
cid (PROB) (Copsel et al. 2011). Cell maturation of U937
cells can be analyzed by evaluation of formyl peptide receptor
(FPR) expression (Kay et al. 1983). The FPR is a G; protein-
coupled receptor. Binding of the bacterial peptide N-formyl-L-
methionyl-L-leucyl-L-phenylalanine (fMLP) leads to activa-
tion of phospholipase C and, subsequently, increases in intra-
cellular calcium concentrations ([Ca*'];) (Wenzel-Seifert et al.
1998).

In our present study, we characterized the pharmacological
profile of the H,R with HA and various selective H,R ago-
nists, including the new bivalent H,R agonist UR-NK22
(Kagermeier et al. 2015). The chemical structures are shown
in Fig. 1. First, we analyzed cAMP accumulation caused by
HA or H,R ligands. Second, we differentiated U937
promonocytes with HA or H,R ligands in the presence of both
the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine
(IBMX) and PROB and assessed FPR expression. In addition
to measuring fMLP-induced rises in [Ca®"];, we established a
flow cytometric assay with a fluorescein-labeled FPR ligand.
Moreover, we assessed FPR expression at the mRNA level by
quantitative real-time polymerase chain reaction (PCR).
Finally, we compared potencies and efficacies of HA and
H,R agonists in all three assays in order to verify the concept
of functional selectivity. Thereby, we evaluated the use of the
fluorescent FPR ligand as a new approach to study H,R func-
tion and pharmacology.

Materials and methods
Materials

Histamine dihydrochloride (HA); amthamine dihydrobromide
(AM); dimaprit dihydrochloride (DI); JNJ7777120 (1-[(5-
chloro-1H-indol-2-yl)carbonyl]-4-methylpiperazine, herein
referred to as JNJ); mepyramine maleate (MEP); 5-
methylhistamine dihydrochloride (5-MHA); and Fura-2 AM
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Fig. 1 Chemical structures of H,R agonists
histamine receptor ligands
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mepyramine (MEP)

were obtained from Tocris Bioscience (Bristol, UK).
Impromidine (IM) and UR-NK22 ((1-(Amino{[3-(2-amino-
4-methyl-thiazol-5-yl)propyl]amino}methylene)-
3-{6-[3-(amino{[3-(2-amino-4-methyl-thiazol-5-
yl)propyl]amino}methylene)ureido]hexyl}urea))
(Kagermeier et al. 2015) were synthesized at the University of
Regensburg. 3-Isobutyl-1-methylxanthine (IBMX), probene-
cid (PROB), N-formyl-L-methionyl-L-leucyl-L-phenylalanine
(fMLP), famotidine (FAM), Triton X-100, RPMI-1640 medi-
um, bovine calf serum, L-glutamine, and penicillin-
streptomycin (10,000 U/ml; 10 mg/ml) were purchased from
Sigma Aldrich (St. Louis, MO, USA). EGTA was obtained
from Fluka (Deisenhofen, Germany). Minimum Eagle’s me-
dium nonessential amino acid solution (100x) (NEA) and 10x
Dulbecco’s phosphate-buffered saline (PBS) without Ca®" and
Mg”" were supplied by PAA Laboratories (Pasching, Austria).
Fluorescein-labeled N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys
(fNleLFNIeYK-FI) (lot no. 1,212,098) was purchased from
Life Technologies (Darmstadt, Germany). N°2'-O-dibutyryl
adenosine-3',5"-cyclic monophosphate (DB-cAMP) was from
BIOLOG (Bremen, Germany). Stock solutions (10 mM) of
HA, AM, DI, 5-MHA, IM, UR-NK22, FAM and IBMX were

famotidine (FAM)

cl “CHj

JNJ7777120 (JNJ)

prepared in distilled water and stock solutions (10 mM) of
MEP, JNJ, and fMLP in dimethylsulfoxide. PROB
(100 mM) and DB-cAMP (200 mM) were also dissolved in
dimethylsulfoxide. Tenofovir was from the National Institutes
of Health (Bethesda, MD, USA). RevertAid M-MuLV
Reverse Transcriptase (200 U/ul), oligo(dT), g primer, random
hexamer primer, ANTP mix (10 mM), and 5x Reaction Buffer
were purchased from Fermentas (St. Leon-Rot, Germany).
RiboLock RNAse Inhibitor (40 U/ul) was supplied by
Thermo Scientific (Wilmington, DE, USA). TagMan probes
(Hs00939627 ml1 (GUSB) LOT#1,191,192,
Hs99999903 m1 (ACTB) LOT#1,191,192, Hs04235426 sl
(FPR1) LOT#4,448,892, Hs01912307 s1 (FPR1) LOT#4,
331,182) and TagMan Gene Expression Master Mix were
purchased from Applied Biosystems (Darmstadt, Germany).
All other chemicals were obtained from standard sources.

Culture of U937 promonocytes
U937 cells were obtained from the American Type Culture

Collection (ATCC, Manassas, VA, USA). Cells were cultured
in RPMI-1640 medium supplemented with 10 % (v/v) bovine
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calf serum, 2 mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, and 1 % (v/v) nonessential amino
acid solution at 37 °C in a humidified atmosphere with 5 %
(v/v) CO,. Cells were maintained at a density of 0.05—
1 x 10° cells/ml.

Quantification of cAMP levels

In order to assess the effects of IBMX, PROB, and HA on
intracellular cAAMP (cAMP;,+a) concentrations, 50-ul aliquots
containing different combinations of 2x concentrated IBMX
(200 pM), PROB (1 mM), and HA (20 uM) in PBS, supple-
mented with 2x concentrated CaCl, (2 mM), were preincubat-
ed at 37 °C for 5 min. U937 cells were resuspended in PBS at
a density of 5 x 10° cells/ml. Reactions were initiated by
adding 50 ul of cell suspension to the premixed and warmed
2x concentrated reagents in 2-ml safe-lock tubes. Following
incubation at 37 °C for 10 min, cells were diluted with 1 ml of
ice-cold 1x PBS and centrifuged at 300xg and 4 °C for 5 min.
Thereafter, the supernatant fluids were discarded, the cell pel-
let resuspended in 100 pl of 1x PBS, and the samples heated
at 95 °C for 10 min.

For concentration-response curves of HA and H,R ago-
nists, total cAMP levels were determined. Therefore, 50-pul
aliquots of PBS, supplemented with 2% concentrated IBMX
(200 uM) and CacCl, (2 mM), were preincubated with ligands
at different concentrations at 37 °C for 5 min. U937 cells
(5 % 10° cells/ml) were resuspended in PBS, and 50 ul of cell
suspension were added to the premixed and warmed 2x con-
centrated reagents in 2-ml safe-lock tubes followed by a 10-
min exposure at 37 °C. To stop the reactions, tubes were
placed on ice and subsequently heated at 95 °C for 10 min.
Experiments with HyR antagonists were conducted in an anal-
0gous manner.

Finally, all samples were cooled down on ice and 100 pl of
ice-cold eluent A (3/97 MeOH/H,0O, 50 mM NH,4OAc, 0.1 %
(v/v) HOAc) with tenofovir (100 ng/ml) as internal standard
were added to each sample. Tubes were centrifuged at 10,
000xg and 4 °C for 10 min. The analysis of cAMP levels in
supernatants was performed via reversed phase HPLC-
coupled mass spectrometry (HPLC-MS/MS) as described
(Brunskole Hummel et al. 2013).

Differentiation of U937 promonocytes

For cell differentiation, U937 cells were seeded in 12-well
plates at a density of 3 x 10° cells/ml and exposed to various
stimuli in a humidified atmosphere at 37 °C with 5 % (v/v)
CO, for 24 h. Differentiation with HA or H,R agonists was
performed in the presence of 100 uM IBMX and 500 uM
PROB. After 24 h, cell numbers were determined using the
MACSQuant Analyzer (Miltenyi Biotec, Bergisch-Gladbach,
Germany).

@ Springer

Measurement of fMLP-induced [Ca®'];

Changes in [Ca®"]; were determined by the Fura-2 AM meth-
od as previously described (Werner et al. 2014a). Briefly,
2.5 x 10° U937 cells were resuspended in 500 pl of assay
buffer (138 mM NaCl, 6 mM KCIl, 1 mM MgS0O,4,1 mM
Na,HPO,, 5 mM NaHCOj;, 5.5 mM D-(+)-glucose, 20 mM
HEPES, and 0.1 % (w/v) bovine serum albumin, pH 7.4) and
incubated in the presence of 4 pM Fura-2 AM at 37 °C and
5 % (v/v) CO, for 10 min, followed by dilution (1:2) with
assay buffer and incubation for an additional 45 min.
Subsequently, cells were diluted with 9 ml of assay buffer
and centrifuged at 300xg and 4 °C for 5 min. The supernatant
was discarded and 2.5 x 10° cells were resuspended in 2 ml of
assay buffer supplemented with 1 mM CaCl,. Fluorescence
(excitation wavelength, 340 nm; emission wavelength,
508 nm) was measured at 37 °C under constant stirring with
a Shimadzu RF 5301 fluorescence spectrometer (Shimadzu,
Duisburg, Germany). Basal fluorescence was determined for
1 min, and, subsequently, 1 uM fMLP was added to samples
and fluorescence signals were recorded for 2 min. In order to
assess [Ca”"];, each sample was calibrated by measuring the
maximum fluorescence signal (Fi,.x) after the addition of
Triton X-100 to a final concentration of 0.5 % (v/v) and the
minimum fluorescence signal (F,,;,) in the presence of 12 mM
EGTA. [Ca*']; was calculated according to the following
equation: [Ca’’]; = Kq * [(F = Fumin)/(Fmax — F)]
(Grynkiewicz et al. 1985).

FPR expression

FPR expression was analyzed by flow cytometry. 1 x 10°
U937 cells/ml were resuspended in a binding buffer (pH 7.4)
consisting of Hank’s balanced salt solution (HBSS) supple-
mented with 0.1 % (w/v) bovine serum albumin and 20 mM
HEPES and kept on ice until use. For fluorescent labeling, the
fluorescein-labeled FPR ligand fNleLFNIleYK-FI (emission
maximum, 516 nm) was applied. To determine nonspecific
fNleLFNIeYK-FI binding, cells were treated with
fNIeLFNIeYK-FI in the presence (nonspecific binding) or ab-
sence (total binding) of fMLP. Seventy-five microliters of
binding buffer containing 2% concentrated fNIeLFNIleYK-FI
(final 50 nM) (with or without 2x concentrated fMLP (final
50 uM)) were pipetted into a well of a 96-well plate. After
adding 75 pl of cell suspension, cells were incubated for
45 min on ice in the dark. Fluorescent cells were analyzed
with the MACSQuant Analyzer (Miltenyi Biotec).

Quantitative real-time polymerase chain reaction
FPRI1 expression was assessed at the mRNA level via quanti-

tative real-time PCR as described (Werner et al. 2014b). Data
were analyzed using the 27 AACM method (Livak and
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Schmittgen 2001) with human B-glucuronidase (GUSB) and
B-actin (ACTB), respectively, serving as housekeeping genes.

Statistics

All data are reported as means = SEM obtained from at least
three independent experiments performed in singles to tripli-
cates. The experiments were evaluated using GraphPad Prism
software version 5.01 (San Diego, CA, USA). Concentration-
response curves were analyzed by nonlinear regression.
Statistical significance was determined by one-way ANOVA
followed by Dunnett’s multiple comparison test with
*xkp < 0.001, **p <0.01, and *p < 0.05.

Results

Effect of HA and selective H,R agonists on cAMP
accumulation in U937 promonocytes

In order to determine whether HA induces intracellular cAMP
accumulation (cAMP;,), we first quantified changes in
cAMP;, concentration after incubation with HA (10 uM)
for 10 min (Fig. 2a). Next, we evaluated whether the addition
of either IBMX (100 uM) or PROB (500 uM) enhances
cAMP;,.. Compared to the increase induced by HA alone,
combinations of HA plus IBMX as well as HA, IBMX plus
PROB showed significantly higher cAMP;,., Whereas the
addition of PROB alone to HA did not result in significant
changes. Treatment with IBMX, PROB, or IBMX plus PROB
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Fig. 2 Evaluation of cAMP concentrations. a U937 promonocytes were
stimulated with different combinations of HA (10 uM), IBMX (100 uM),
and PROB (500 uM) for 10 min. b Cells were incubated with HA
(10 uM) alone and in the presence of the HyR antagonists MEP
(1 uM), FAM (10 uM), or JNJ (1 uM) for 10 min. Data were
normalized to the effect of HA (10 uM). Analysis of cAMP levels was

in the absence of HA did not induce changes in cAMP; s
compared to basal level (PBS) (Fig. 2a). In order to prove that
HA causes cAMP accumulation exclusively via the HyR,
U937 promonocytes were treated with HA in the presence of
H,R-selective antagonists. While FAM (10 uM; H,R antago-
nist) inhibited the effect of HA, neither MEP (1 uM; H;R
antagonist) nor JNJ (1 uM; H4R antagonist) did so (Fig. 2b).
Next, we constructed concentration-response curves for HA,
AM, DI, 5-MHA, IM, and UR-NK?22, ranging from 1 nM to
100 uM, in the presence of IBMX (100 uM) and analyzed the
data by nonlinear regression (Fig. 3a—f). The calculated poten-
cies and efficacies are summarized in Table 1.

HA and selective H,R agonists induce FPR expression
on U937 cells

Stimulation of undifferentiated U937 promonocytes with
fMLP (1 uM) did not result in increases in [Ca>"]; (Fig. 4a).
Incubation with HA (100 uM) for 24 h and subsequent stim-
ulation with fMLP (1 uM) showed a small increase in [Ca>'];
(Fig. 4b). This signal was enhanced in the presence of IBMX
(100 uM) or PROB (500 uM), and combination of HA,
IBMX plus PROB resulted in a maximal signal of fMLP-
induced [Ca®']; (Fig. 4c—¢). By contrast, treatment with
IBMX or PROB alone and in combination did not induce
increases in [Ca®"]; (Fig. 4f-h). Based on these results,
IBMX and PROB were added to each sample in order to
assess FPR expression and function caused by HA or H,R
agonists. Next, we constructed concentration-response curves
of HA, AM, DI, 5-MHA, IM, and UR-NK22 in the presence

b

= 1.2+ +HA 10 uM
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N
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conducted as described in the “Materials and methods” section. Values
represent means + SEM from three independent experiments performed
in triplicate. Statistical significance was calculated using one-way
ANOVA followed by Dunnett’s multiple comparison test with HA
(10 uM) serving as reference (***p < 0.001 and *p < 0.05)
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Fig.3 Concentration-response curves of HA and selective H,R agonists
for cAMP accumulation. Determination of cAMP concentrations was
carried out as described in the “Materials and methods™ section. Data

of IBMX and PROB by nonlinear regression analysis
(Fig. 5a—f). Remarkably, the value of 100 pM DI was much
smaller than the value obtained with 10 uM DI and, conse-
quently, was excluded from nonlinear regression analysis. The
calculated potencies and efficacies are shown in Table 1.
Besides fMLP-induced [Ca”"];, we evaluated FPR expression
by flow cytometry. In order to assess nonspecific binding, the
fluorescein-labeled ligand fNIeLFNIeYK-FI was displaced by
fMLP. Therefore, we initially incubated U937 cells with DB-
cAMP (400 uM) for 24 h and generated a competitive binding
curve of fMLP ranging from 1 nM to 100 uM (Fig. 6a).

were normalized to the effect of HA (100 uM) and display means +
SEM from three independent experiments performed in triplicate

In the following experiments, we used fMLP at a concen-
tration of 50 uM, which displaced 69 % of the specifically
bound fNIeLFNIeYK-FI. Co-treatment of U937 cells with HA
(10 uM) and H,R antagonists revealed that FAM (10 puM;
H,R antagonist) inhibited FPR expression significantly
(p <0.001), whereas MEP (1 uM; H;R antagonist) did not.
Contrary to our expectations, JNJ (1 uM; H4R antagonist) also
inhibited FPR expression significantly (p < 0.05) (Fig. 6b).
However, we previously reported that the H4R is absent on
U937 promonocytes as well as on human monocytes (Werner
etal. 2014a). Likely, the effect of INJ (1 M) is attributable to

Table 1  Comparison of potencies and efficacies of HA and H,R agonists in U937 promonocytes obtained from three different assays

CAMP assay fMLP-induced [Ca*'; FPR expression

pECso = SEM Eax £ SEM pPECso = SEM E.x £ SEM pECso = SEM E..x £ SEM
HA 541 +£0.08 1.00 + 0.04 5.61 £0.13 1.00 + 0.06 5.60 +0.19 1.00 + 0.09
AM 5.85+0.19 091 +0.08 6.48 + 0.21%* 1.18 £ 0.11 5.70 £ 0.17 1.16 £ 0.09
DI -2 -2 -2 -2 547 +0.22 1.48 + 0.15%*
5-MHA 492 +0.08 0.56 + 0.03%%* 5.53 +0.09 1.33 + 0.06 544 +0.13 1.35 + 0.08
M 6.04 £+ 0.15% 0.26 + 0.02%%%* 6.85 £ 0.19%** 091 +£0.08 6.92 £ (.25%%%* 0.76 £ 0.10
UR-NK22 7.05 £ 0.26%** 0.37 + 0.05%%* 7.17 £ 0.20%** 0.89 +0.09 7.39 £ 0.18%%* 0.92 +0.08

c¢AMP accumulation, fMLP-induced [Ca®" ];, and FPR expression were assessed as described in the “Materials and methods” section. Potencies (pECs)
and efficacies (E,,,,) were calculated from concentration-response curves obtained from nonlinear regression analysis as described in Figs. 3, 5, and 7.
Efficacies are relative to the maximal effect of HA. Statistical significance was calculated using one-way ANOVA followed by Dunnett’s multiple
comparison test with HA serving as reference (***p < 0.001, **p < 0.01, and *p < 0.05)

# Saturation was not achieved at concentrations up to 100 pM DI

@ Springer



Naunyn-Schmiedeberg's Arch Pharmacol (2015) 388:1039-1052

1045

[V
(o

control
600: 600

HA 100 uM

400 400

MLP 1 M
MLP 1 M

200 l 200 l

T T T T T )
50 100 150 200 0 50 100 150 200
time [s] time [s]

MLP-induced [Ca2*]; [nM]
fMLP-induced [Ca2*]; [nM]

o7

(1)
—r

HA 100 M + IBMX 100 uM + PROB 500 M 1BMX 100 uM

12001

g

1000

]
3

800 MLP 1 M

l

50 100 150 200
time [s]

fMLP 1 pM
400
200 l
0 Sb 160 1‘50 260
time [s]
Fig. 4 Effects of IBMX, PROB, and HA on fMLP-induced [Ca®'];.
U937 promonocytes were incubated with different combinations of HA

(100 uM), IBMX (100 uM), and PROB (500 uM) for 24 h.
Subsequently, U937 cells were stimulated with fMLP (1 pM) and

fMLP-induced [Ca?*; [nM]
3
8
fMLP-induced [Ca2*]; [nM]
8
]

>

o]

a H4R-independent nonspecific effect. HA, AM, DI, 5-MHA,
IM, and UR-NK22 concentration-dependently induced FPR
expression on U937 cells (Fig. 7a—f). In contrast to fMLP-
induced increases in [Ca®'];, 100 uM of DI strongly increased
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independent effect caused by a disulfide breakdown product
as it has been described once before (Fechner et al. 1994). The
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changes in [Ca®"]; were recorded as described in the “Materials and
methods” section. Results were confirmed in three independent
evaluations. Please note the varied y-axis on Fig. 3¢

calculated potencies and efficacies of HA and H,R agonists
are depicted in Table 1.

In addition, FPR1 mRNA expression was analyzed by
quantitative real-time PCR with the FPR1 TagMan probes
Hs04235426 sl (Fig. 8a and b) and Hs01912307 sl
(Fig. 8c, d), respectively. Unstimulated U937 promonocytes
(control) hardly expressed FPR1 at the mRNA level. After
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Fig. 5 Concentration-response curves of HA and selective H,R agonists
for fMLP-induced [Ca?'];. U937 promonocytes were incubated with HA
or selective H,R agonists in the presence of IBMX (100 M) and PROB
(500 uM) for 24 h. Determination of fMLP-induced [Ca*']; was carried

out as described in the “Materials and methods” section. Data were
normalized to the effect of HA (100 uM) and represent means + SEM
from three independent evaluations
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Fig. 6 Evaluation of FPR expression on U937 cells via flow cytometric
analysis. a Competitive binding curve of fMLP for FPR expression. U937
promonocytes were incubated with DB-cAMP (400 uM) for 24 h.
Fluorescence intensity was measured after exposure to different
concentrations of fMLP (1 nM—100 uM), whereas the concentration of
the fluorescence ligand fNIeLFNIeYK-FI (50 nM) remained constant. b
Effects of HyR antagonists on HA-induced FPR expression. Cells were
incubated with HA (10 uM), IBMX (100 uM), and PROB (500 uM)

exposure to HA (100 uM) for 24 h, small quantities of FPR1
mRNA were detectable which markedly increased in the pres-
ence of IBMX (100 uM) or PROB (500 uM). Treatment with
PROB alone induced a considerable increase in FPR1 mRNA
expression compared to control cells, whereas IBMX alone or
the combination of IBMX and PROB had no or minimal ef-
fects on FPR1 expression. Co-treatment with HA and PROB
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alone and in combination with the HyR antagonists MEP (1 uM), FAM
(10 uM), or JNJ (1 uM) for 24 h. Data were normalized to the effect of
HA (10 uM). FPR expression assay was performed as described in the
“Materials and methods” section. Data are expressed as means = SEM
from three independent experiments performed in duplicate. Statistical
significance was calculated using one-way ANOVA followed by
Dunnett’s multiple comparison test with HA (10 uM) serving as
reference (***p < 0.001 and *p < 0.05)

resulted in higher FPR1 expression levels than HA and
IBMX. Triple combination of HA, IBMX, and PROB showed
FPR1 mRNA expression levels similar to HA and PROB.
Notably, application of the FPR1 TagMan probe
Hs04235426 sl resulted in about 10-fold higher FPR1
mRNA expression levels relative to control cells than the
FPR1 TagMan probe Hs01912307 sl.
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Fig. 7 Concentration-response curves of HA and selective H,R agonists
for FPR expression. U937 promonocytes were incubated with HA or
selective H,R agonists in the presence of IBMX (100 uM) and PROB
(500 uM) for 24 h. Analysis of FPR expression was carried out as
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described in the “Materials and methods” section. Data were
normalized to the effect of HA (100 uM) and represent means + SEM
from three independent experiments performed in duplicate
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Fig. 8 Effects of IBMX, PROB, and HA on FPR1 expression at the
mRNA level. U937 promonocytes were incubated with different
combinations of HA (100 uM), IBMX (100 uM), and PROB (500 M)
for 24 h. Subsequently, mRNA was isolated and quantitative real-time
PCR was conducted as described in Material and methods. Two distinct
FPR1 TaqMan probes were applied: Hs04235426 sl (a and b) and
Hs01912307_sl (¢ and d). Data were calculated as 27~ values

Comparison of potencies and efficacies of HA and H,R
agonists from cAMP accumulation, fMLP-induced [Ca®"]
i» and FPR expression

We examined pairwise comparisons of potencies and effica-
cies of HA and H,R agonists determined by cAMP accumu-
lation, fMLP-induced [Ca®’];, and FPR expression assays
(Fig. 9a—f). Linear correlation would be indicated by an 7>
value of 1.00. Potencies of H>R agonists were comparable to
each other in all three assays (% = 0.81, 0.86, 0.81) and in-
creased as follows: S-MHA < HA < AM < IM < UR-NK22.
Unfortunately, concentration-response curves of DI in the
cAMP and fMLP-induced [Ca®']; assays did not achieve sat-
uration, and, consequently, DI had to be excluded from further
examinations. Strikingly, efficacies of H,R agonists were sim-
ilar in fMLP-induced [Ca®"]; and FPR expression (+* = 0.91).
By contrast, efficacies in cAMP accumulation and fMLP-
induced [Ca*"]; (#* = 0.14) or FPR expression assay
(** = 0.20) differed markedly. Additionally, slopes of linear
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normalized to the housekeeping genes ACTB and GUSB with
unstimulated cells (control) serving as reference. Results are expressed
as means + SEM from three different experiments performed in
duplicates. Statistical significance was calculated using one-way
ANOVA followed by Dunnett’s multiple comparison test with control
cells serving as reference (***p < 0.001, **p < 0.01, and *p < 0.05).
Please note the different scales of the y-axes

regression lines were shallower and deviated from the dashed
lines representing identical values of efficacies.

Discussion

Since the H,R canonically couples to G; proteins, the deter-
mination of the second messenger cAMP is an appropriate
standard method to study the pharmacological profile of this
receptor (Seifert et al. 2013). Previous studies already used
U937 promonocytes to investigate H,R-mediated changes in
cAMP concentrations (Gespach et al. 1985, Shayo etal. 1997,
Smit et al. 1994). In our present study, we compared potencies
and efficacies of HA and four well-established low-molecular
H,R agonists with the novel dimeric HyR agonist UR-NK22
(Kagermeier et al. 2015). The increased potency of
carbamoylguanidine-type H,R ligands such as UR-NK22
and related acylguanidines (Birnkammer et al. 2012),
consisting of two pharmacophoric moieties linked through a
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spacer, is most likely attributable to interaction with the
orthosteric and an allosteric binding site at the same receptor
protomer rather than simultaneous binding to the orthosteric
sites of HyR dimers (Birnkammer et al. 2012). UR-NK22
turned out to be the most potent but least effective agonist
with respect to cAMP accumulation. These results correspond
to our recently published data comparing the pharmacological

@ Springer

profile of HA with that of UR-NK22 in human monocytes
(Kagermeier et al. 2015). An increase of agonist potency rel-
ative to HA goes at the expense of efficacy.

Undifferentiated U937 promonocytes do not respond to
chemotactic stimuli, but expression of chemoattractant recep-
tors is induced during cell maturation (Fischer et al. 1980).
Recently, Copsel et al. differentiated U937 cells with various
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combinations of the H,R agonist AM, ROL, and PROB for
72 h and, subsequently, determined cell maturation by expres-
sion of the C5a receptor (C5aR) via Western blot analysis as
well as measurements of C5a-induced [Ca”"]; with the Fura-2
AM method (Copsel et al. 2011). Like the FPR, the C5aR is a
chemoattractant receptor coupling to pertussis toxin-sensitive
G; proteins and activation leads to increases in [Ca’"];
(Snyderman and Goetzl 1981, Vanek et al. 1994). In our pres-
ent study, we investigated expression of the FPR in order to
assess U937 cell differentiation. Chaplinski and Niedel iden-
tified the FPR being rapidly expressed on the cell surface of
HL-60 promyelocytes upon exposure to DB-cAMP (500 uM)
within 2 h. Whereas more than 95 % of HL-60 cells already
expressed the FPR after 24 h, morphological changes ap-
peared later (Chaplinski and Niedel 1982). Kay et al. demon-
strated FPR expression in U937 cells treated with DB-cAMP
(1 mM) for 24 h (Kay et al. 1983). Our results are in accor-
dance with the results of Copsel et al., who measured the
largest changes in [Ca®']; caused by C5aR expression after
co-treatment with AM, ROL, and PROB in U937 cells
(Copsel et al. 2011). Because U937 cell maturation was only
evaluated upon treatment with a fixed concentration of AM
(10 uM), we extended the previous approach and analyzed
HA as well as various selective H,R agonists in the presence
of IBMX and PROB. Additionally, in accordance with Copsel
et al., PROB did not potentiate the effect of HA with respect to
cAMP;,, after exposure for 10 min, but provided an additive
effect during cell maturation already after 24 h.

Our data show that incubation of U937 cells with HA or
H,R agonists in the presence of IBMX and PROB for 24 h
were sufficient to induce FPR expression. In addition to func-
tional assays such as fMLP-induced calcium mobilization
(Cowen et al. 1991, Seifert et al. 1992), FPR expression can
be evaluated directly either by fluorescently labeled ligands,
such as fNIeLFNIeYK-FI (Schneider et al. 2012, Sklar et al.
1981), or by radioligands, such as [PH]fMLP (Kay et al.
1983). However, application of [’H]fMLP has become very
costly since it is no longer available as regular catalog product,
but has to be purchased as expensive custom-synthesis prod-
uct. In this paper, we assessed FPR expression on U937
promonocytes both by fMLP-induced changes in [Ca*']; and
fNIeLFNIeYK-FI binding. Both methods were sufficiently
sensitive to allow the generation of concentration-response
curves of HA and H,R agonists with comparable potencies
and efficacies. In conclusion, we identified the flow cytomet-
ric analysis as a highly suitable alternative to evaluate the
induced FPR expression.

So far, induction of FPR expression during cell maturation
was predominantly studied at the protein level by radioligand
binding or binding of a fluorescently labeled FPR ligand
(Chaplinski and Niedel 1982, Fischer et al. 1980, Kay et al.
1983). Perez et al. (1992) studied FPR expression both at the
protein level by using the radioligand ['*°I]-N-formyl-Nle-

Leu-Phe-Tyr and at the mRNA level by northern blot analysis
in DB-cAMP-stimulated HL-60 promyelocytes. To our
knowledge, we are the first to characterize FPR expression
at the mRNA level during cell maturation of U937 cells.
Generally, co-treatment with different combinations of HA,
PROB, and IBMX resulted in comparable effects on fMLP-
induced changes in [Ca®']; and FPR expression at the mRNA
level (Figs. 4 and 8). However, we have no explanation for the
high induction of FPR mRNA expression by PROB alone or
in combination with HA. Furthermore, we analyzed the influ-
ence of different concentrations of HA or H,R agonists on
FPR mRNA expression (Supplemental Fig. S1). Here, we
noticed concentration-dependent increases in FPR mRNA
levels as already described for DB-cAMP in HL-60 cells
(Perez et al. 1992), but differences in day-to-day reproducibil-
ity hindered us from generating concentration-response
curves. Consequently, direct comparison of potencies and ef-
ficacies calculated from fMLP-induced calcium mobilization
or fNIeLFNIeYK-FI-binding with FPR mRNA expression
was not possible.

Quantitative real-time PCR constitutes a sensitive method
to study RNA expression, and we did our best to obtain re-
producible data. To obtain RNA of equal quality in each ex-
periment, we used the NucleoSpin RNA II Kit (Machery-
Nagel, Diiren, Germany) for RNA isolation and purified
RNA was digested with DNase to remove contaminating ge-
nomic DNA. We normalized FPR1 expression to the two
housekeeping genes ACTB and GUSB, which showed con-
stant Ct (Ct = cycle threshold) values in each experiment
(data of different concentrations of HA and H,R agonists nor-
malized to ACTB are not shown) (Bollmann et al. 2012,
Udvardi et al. 2008). Furthermore, we analyzed FPR1
mRNA expression with two distinct FPR1 TaqgMan probes,
which bind to different domains on the mRNA of the FPR1
gene. However, relative quantification of FPR1 mRNA ex-
pression revealed up to 10-fold deviations between the two
FPR1 TagMan probes.

Assuming that the H,R exclusively couples to G proteins,
one would expect that FPR expression via H,R is directly
caused by cAMP generation. Here, we observed considerable
discrepancies between efficacies of H,R agonists in cAMP
accumulation and FPR expression indicating that not only
generation of cAMP is responsible for FPR expression via
H,R but that additional pathway(s) are activated when
targeting the Ho,R on U937 cells. Therefore, our study sup-
ports the concept of functional selectivity (Seifert 2013).
There has already been important evidence for functional se-
lectivity of the H,R in the past. In the early 1990s, one of the
authors (RS) already reported on dissociations between cAMP
generation and increases in [Ca®']; caused by H,R agonists in
HL-60 promyelocytes (Seifert et al. 1992). Originally, these
ligand-specific differences in signaling pathways were
thought to be based on different H,R subtypes, but there is
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no evidence for functionally distinct H,R subtypes in human
myeloid cells (Reher et al. 2012). Furthermore, Gespach et al.
explored cell type-specific differences in cAMP accumula-
tion. In their study, the H,R agonist impromidine (IM) acted
not only as partial agonist in HL-60 promyelocytes but also as
full agonist in human neutrophils (Gespach et al. 1982). These
findings are consistent with our data. Here, we revealed lower
efficacies of IM and UR-NK22 compared to HA in cAMP
generation, whereas efficacies of both ligands were similar
to HA in fMLP-induced [Ca®']; as well as FPR expression.
Recently, we observed noncanonical H,R signaling in human
eosinophils, neutrophils, and monocytes with respect to
cAMP accumulation and inhibition of fMLP-induced ROS
generation. Additionally, we detected cell type-specific func-
tional selectivity of the HoR (Reher et al. 2012, Werner et al.
2014b). Furthermore, Alonso et al. reported on differing effi-
cacies of H,R ligands in cAMP generation and ERK1/2 phos-
phorylation in HpR-transfected human embryonic kidney
293T (HEK293T) cells (Alonso et al. 2014).

Assessment of FPR expression with the fluorescently la-
beled ligand fNIeLFNIeYK-FI provides a new approach to
study the pharmacological profile of the H,R. Since the early
1970s, the positive chronotropic response of the isolated spon-
taneously beating guinea pig right atrium to H,R ligands has
been a frequently used assay (Birnkammer et al. 2012, Black
et al. 1972, Ghorai et al. 2008, Reinhardt et al. 1974, Smit
et al. 1994). Unfortunately, these experiments demand a large
number of animals which is time-consuming and costly. In
addition, ever-increasing restrictions of animal protection laws
call for the search of alternative systems. Besides, species
selectivity of the H,R has to be taken into account when trans-
lating results of a nonhuman biological system to the human

one (Strasser et al. 2013). Moreover, a well-established system
to analyze new ligands is Sf9 insect cell membranes express-
ing the recombinant H,R of various species (Birnkammer
et al. 2012, Kelley et al. 2001, Preuss et al. 2007).
Advantageously, Sf9 cells lack endogenous histamine recep-
tor expression; thus, effects caused by other HyR subtypes can
be excluded. However, [’H]TIO binding, [*>S]GTPYS bind-
ing or [>*P]GTPase assays require working with radioactive
material, which is getting more and more difficult due to legal
restrictions. Furthermore, eosinophils, neutrophils, and mono-
cytes can be purified from human peripheral blood to study
H,R ligands (Reher et al. 2012, Werner et al. 2014b).
Disadvantageously, a limited number of cells, specifically
with regard to monocytes and eosinophils, impede screening
of compound libraries. Moreover, studying myeloid cells de-
pends on volunteers to donate blood and inter-individual var-
iability renders data analysis more difficult (Brunskole
Hummel et al. 2013, Werner et al. 2014b). Therefore, human
cell culture systems should be preferably used to assess the
pharmacological profile of the H,R. In U937 promonocytes,
for example, concentration-dependent generation of the sec-
ond messenger cAMP was determined due to stimulation with
H,R agonists (Gespach et al. 1985, Shayo et al. 1997, Smit
et al. 1994). Additionally, changes in [Ca®"]; caused by H,R
agonists were recorded in HL-60 promyelocytes (Seifert et al.
1992). Furthermore, HEK293T cells that do not endogenously
express HyR subtypes can be transfected with the H,R of the
species of interest (Alonso et al. 2014). A list of representative
publications studying the pharmacological profile of H,R li-
gands is depicted in Table 2.

In conclusion, we pharmacologically characterized the
H,R with HA and five selective H,R ligands with respect to

Table 2  Representative systems used for the pharmacological analysis of the H,R

Biological system Methods

References

HL-60 promyelocytes
U937 promonocytes

[Ca*']; (Fura-2 AM method)
¢AMP (radioligand binding assay [*H]cAMP)

cAMP (radioimmunoassay ['>°I]

(Seifert et al. 1992)
(Shayo et al. 1997, Smit et al. 1994)
(Gespach et al. 1985)

tyrosylsuccinyl-cAMP + antibody 301-8)

Human neutrophils and eosinophils
cAMP (HPLC-MS/MS)
Human neutrophils

ROS (cytochrome C assay),

cAMP (radioimmunoassay [1251]

(Reher et al. 2012)

(Gespach and Abita 1982)

tyrosylsuccinyl-cAMP + antibody 301-8)

Human monocytes
cAMP (HPLC-MS/MS)

ROS (chemiluminescence assay),

(Werner et al. 2014b)

H,R-transfected HEK293T cells

S insect cell membranes expressing
recombinant H,R

Guinea pig (right atrium)

cAMP (radioligand binding assay [*H]cAMP)
GTPase assay ([’y—32P]GTP)

[**S]GTPYS binding study

[*H]TIO binding study

[*HJUR-DE257 binding study

Positive chronotropic response

(Alonso et al. 2014)

(Kelley et al. 2001, Preuss et al. 2007)
(Birnkammer et al. 2012, Kelley et al. 2001)
(Kelley et al. 2001)

(Baumeister et al. 2015)

(Birnkammer et al. 2012, Black et al. 1972,
Ghorai et al. 2008, Smit et al. 1994)
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cAMP accumulation and FPR expression in U937 cells. We
revealed FPR expression both at the mRNA and the protein
level during U937 cell maturation. We identified the bivalent
ligand UR-NK22 as the most potent agonist compared to the
low-molecular H,R agonists and, therefore, as an interesting
pharmacological tool for future investigations of the HpR.
Moreover, discrepancies between cAMP generation and
FPR expression point to functional selectivity of the H,R.
Most importantly, the flow cytometric analysis of FPR expres-
sion provides a rapid, simple, sensitive, inexpensive, and reli-
able method to study H,R pharmacology, which neither re-
quires radioactive material nor human blood cells nor animal
models.
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