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ABSTRACT

After the recent description of B-arrestin2 recruitment to the
human histamine H, receptor (hH,R) in response to the well
known H,R antagonist 1-[(5-chloro-1H-indol-2-yl)carbonyl]-4-
methyl-piperazine (JNJ 7777120), we evaluated in this study
the efficacy of 31 known hH,R ligands to induce Gg; protein
signaling and B-arrestin2 recruitment by the hH,R. The selected
hH,R ligands belong to nine different structural classes that
partly cover (pre)clinical trial candidates. We have identified
hH,R ligands with a significant bias for the Ge; protein or
B-arrestin2 pathway on the basis of efficacy differences. In

addition, hH,R antagonists that did not show positive efficacy
in either functional readouts were found. A common trend in
pathway preference for the nine different ligand classes could
not be observed. In particular, the isothiourea class shows very
diverse results, varying from Gg; protein-biased or B-arrestin2-
biased to nonbiased antagonists upon minor structural
changes. The identified biased hH,R ligands are important
pharmacological tools to unravel the significance of biased
hH,4R signaling in H,R pharmacology.

Introduction

Since its discovery in 2000, the human histamine H, re-
ceptor (hH,R) is the most recent addition to the histamine G
protein-coupled receptor (GPCR) subfamily (Nakamura et
al., 2000; Oda et al., 2000; Liu et al., 2001; Morse et al., 2001;
Nguyen et al., 2001; Zhu et al., 2001). The exact function of
hH,R is still to be elucidated, but its predominant expression
in cells of the hematopoietic lineage links this receptor to
allergic and inflammatory responses (Thurmond et al., 2008;
Leurs et al., 2011). During the last decade, hH,R signaling
has been the topic of many studies, in which Gg; proteins
appear to be the key signal transducer in a variety of cell
types (Oda et al., 2000; Liu et al., 2001; Morse et al., 2001;
Zhu et al., 2001). Activation of the hH,R leads to inhibition of
adenylyl cyclase and a subsequent reduction in cAMP pro-
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duction (Liu et al., 2001; Lim et al., 2005), as well as in-
creases in intracellular calcium levels, actin polymerization,
and chemotaxis (O'Reilly et al., 2002; Hofstra et al., 2003;
Ling et al., 2004; Baumer et al., 2008). Moreover, in mouse
mast cells, the H,R has been shown to signal to kinases such
as ERK1/2 and AKT as well as phosphatidylinositol 3-kinase
v, leading to the production of interleukin 6 (Desai and Thur-
mond, 2011). Besides ligand-induced signaling, hH,R exhib-
its Goy-mediated signaling in the absence of histamine, i.e.,
the hH,R shows constitutive activity (Lim et al., 2005; Sch-
neider et al., 2009). These reported hH, R activities are all
pertussis toxin (PTx)-sensitive, indicating Go;-mediated sig-
naling routes. In addition, as for many GPCR agonists, his-
tamine stimulation of hH,R leads to recruitment of B-arres-
tin2 and downstream ERK phosphorylation (Rosethorne and
Charlton, 2011).

The well explored reference H,R antagonist JNJ 7777120
(Thurmond et al., 2004) was described to be the first biased
H,R ligand that selectively recruits B-arrestin2 in a Ge
protein-independent manner, as revealed by an enzyme
fragment complementation (EFC) assay (Rosethorne and Charl-

ABBREVIATIONS: H,R, histamine H, receptor; hH,R, human histamine H, receptor; GPCR, G protein-coupled receptor; ERK, extracellular
signal-regulated kinase; PTx, pertussis toxin; EFC, enzyme fragment complementation; JNJ 7777120, 1-[(5-chloro-1H-indol-2-yl)carbonyl]-4-
methyl-piperazine; HEK293T, human embryonic kidney cells expressing the large T-antigen of simian virus 40; CRE, cAMP response element;

4-MeHA, 4-methylhistamine.

1174



ton, 2011). Moreover, JNJ 7777120 induces ERK phosphory-
lation in a time-dependent manner typical for B-arrestin2-
mediated signaling. In contrast, the inverse agonist
thioperamide is not able to recruit B-arrestin2 but antago-
nizes the B-arrestin2 recruitment by both histamine and JNJ
7777120 (Rosethorne and Charlton, 2011). The ability of
GPCR ligands to exhibit biased signaling is an emerging
concept that has the potential to improve the efficacy and
specificity and reduce the side effects of newly developed
drugs (Galandrin et al., 2007; Kenakin, 2007; Rajagopal et
al., 2010). Biased ligands that target the angiotensin II type
1 receptor have been shown to antagonize G protein signaling
but to induce B-arrestin2 recruitment as well as downstream
phosphorylation events (Violin et al., 2010). In vivo this re-
sulted in reduced blood pressure and favorable cardiac func-
tioning, in contrast to nonbiased ligands that decreased car-
diac performance (Violin et al., 2010; DeWire and Violin,
2011).

The biased agonism of JNJ 7777120, together with the
incomplete characterization of previous H,R lead com-
pounds, prompted us to fully explore the extent of ligand-
biased signaling at the H,R. Moreover, the identification of
biased tool compounds will help to evaluate the impact of
individual signaling pathways in H,R-mediated (patho)phys-
iological responses. In recent years, both industry and aca-
demia have discovered and characterized many new hH,R
ligands, mainly on the basis of hH,R binding affinity and
specificity (Jablonowski et al., 2003; Terzioglu et al., 2004;
Thurmond et al., 2004; Lim et al., 2005, 2006; Liu et al., 2008;
Smits et al., 2008; Igel et al., 2009; Strakhova et al., 2009;
Schneider et al., 2010; Smits et al., 2010). The therapeutic
value of such hH,R ligands is potentially very interesting,
not only for pathologies such as airway inflammation and
allergic rhinitis but also for other inflammatory conditions
(inflammatory bowel disease and atopic dermatitis) (Leurs
et al., 2011). Therefore, H,R antagonists and inverse ago-
nists are rapidly proceeding in preclinical tests, and Palau
Pharma (Barcelona, Spain) has tested the first H,R antag-
onist (UR-63325), which is already in clinical phase II
trials (NCT01260753).

In the present study, we determined the efficacy of 31
known hH,R ligands to induce Go; protein-dependent signal-
ing and B-arrestin2 recruitment. This broad selection of li-
gands partly covers the lead compounds that are currently
being tested in preclinical studies.

Materials and Methods

Materials. U20S cell culture media (Gibco) were obtained from
Invitrogen (Carlsbad, CA). HEK293T cell culture media were pur-
chased from PAA (Pasching, Austria). Forskolin was purchased from
Sigma-Aldrich (St. Louis, MO). [*H]Histamine (10.6-13.4 Ci/mmol)
was obtained from PerkinElmer Life and Analytical Sciences
(Waltham, MA). The H,R compounds tested were synthesized in the
medicinal chemistry department of VU University Amsterdam (Am-
sterdam, The Netherlands), except for UR-PI376, which was a kind
gift of Prof. Dr. A. Buschauer, and histamine and clozapine, which
were obtained from Sigma-Aldrich.

Cell Culture and Transfection. PathHunter U20S B-arres-
tin2:EA cells stably expressing the human histamine H, receptor
(U20S-H,R) (Rosethorne and Charlton, 2011) were cultured in min-
imal essential medium containing L-glutamine supplemented with
fetal bovine serum (10% v/v), penicillin (100 IU/ml), streptomycin
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(100 pg/ml), G418 (Geneticin; 500 ug/ml), and hygromycin (250 ug/
ml) at 37°C and 5% CO,. One day before the B-arrestin2 recruitment
assay, 10,000 cells/well were seeded in white, clear-bottomed 384-
well ViewPlates (PerkinElmer Life and Analytical Sciences) in 20 ul
of minimal essential medium supplemented as described above and
incubated at 37°C and 5% CO..

HEK293T cells were cultured in Dulbecco’s modified Eagle’s me-
dium containing L-glutamine and sodium pyruvate supplemented
with fetal bovine serum (10% v/v), 50 IU/ml penicillin, and 50 pg/ml
streptomycin.

HEK293T cells were transiently cotransfected with 500 ng of
hH4R/pcDEF3 and 2.5 ug of pTNLC1-21 cAMP-response element
(CRE) luciferase (containing 21 cAMP-responsive elements up-
stream of the luciferase gene) by means of the linear polyethyl-
eneimine (25 kDa) method. The next day, 50,000 cells/well were
transferred to white-bottomed 96-well plates (Greiner Bio-One,
Longwood, FL).

B-Arrestin2 Recruitment Assay. U20S-H,R cells were stimu-
lated with hH,R ligands or dimethyl sulfoxide (1%) for 2 h at 37°C
and 5% CO, diluted in Hanks’ balanced salt solution supplemented
with 20 mM HEPES and 0.1% bovine serum albumin. Then 25 ul of
Flash detection reagent (DiscoveRy, Fremont, CA) was added, and
cells were further incubated for 15 min at room temperature on a
table shaker. Luminescence was subsequently measured on the
LeadSeeker imaging system (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK).

CRE Luciferase Reporter Gene Assay. Transiently trans-
fected HEK293T cells were stimulated for 6 h with H,R ligands or
dimethyl sulfoxide (1%) in serum-free Dulbecco’s modified Eagle’s
medium supplemented with 1 uM forskolin at 37°C and 5% CO..
After 6 h, the stimulation medium was aspirated and 25 ul of
luciferase assay reagent (0.83 mM ATP, 0.83 mM D-luciferin, 18.7
mM MgCl,, 0.78 uM Na,HPO,, 38.9 mM Tris-HCI (pH 7.8), 0.39%
glycerol, 0.03% Triton X-100, and 2.6 uM dithiothreitol) was added to
each well. Luminescence (1 s/well) was measured after 30 min of
incubation at 37°C and 5% CO, in a Victor® 1420 multilabel reader
(PerkinElmer Life and Analytical Sciences).

[PH]Histamine Saturation and Displacement Binding Ex-
periments. Two days after transfection, cells were washed once
with phosphate-buffered saline and subsequently scraped from their
culture dish in 1 ml of phosphate-buffered saline. Cell pellets were
collected by centrifugation at ~2000g for 10 min at 4°C and dissolved
in 50 mM Tris-HCl binding buffer (pH 7.4 at room temperature). The
cell suspension was subsequently sonicated for 10 s to obtain a
homogeneous solution of crude membrane extracts. Both the dis-
placement and saturation binding assays were performed on crude
membrane extracts from H,R transfected cells. Displacement bind-
ing was done on crude membrane extracts coincubated with increas-
ing amounts (10 pM-100 uM) of H,R ligand and ~10 nM [*H]hista-
mine in a total volume of 100 wl/well. Saturation binding was
performed on crude membrane extracts with increasing amounts of
[®Hlhistamine (0-40 nM) in the presence and absence of 10 uM
thioperamide. The reactions were incubated for 1.5 h at room tem-
perature on a shaking table (750 rpm). Bound radioligand was sep-
arated from free radioligand via rapid filtration over a 0.5% polyeth-
yleneimine-presoaked glass fiber C plate (GF/C, PerkinElmer Life
and Analytical Sciences). GF/C plates were subsequently washed
three times with ice-cold 50 mM Tris-HC] wash buffer (pH 7.4 at
4°C). The retained radioactivity on the GF/C plates was counted by
liquid scintillation counting in a Wallac MicroBeta counter
(PerkinElmer Life and Analytical Sciences).

Ligand Selection. To evaluate the efficacy of structurally diverse
hH,R ligands, we selected 31 ligands (K; = <3 uM) from nine
scaffold classes: I) histamine analogs (e.g., 4-methylhistamine), IT)
triazoles, III) guanidines [e.g., 2-(2-guanidinoethyl)isothiourea
(VUF8430)], IV) isothioureas (e.g., clobenpropit), V) dibenzodiaz-
epines (e.g., clozapine), VI) aminopyrimidines, VII) indole-
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carboxamides (e.g., JNJ 7777120), VIII) quinoxalines; and IX)
quinazoline sulfonamides (Fig. 1; Supplemental Tables 1 and 2).

Operational Model Calculations. Concentration-response curves
of both functional assays were fitted to the operational model (Black
and Leff, 1983) (variable slope) in GraphPad Prism 5.0 (GraphPad
Software Inc., San Diego, CA). To analyze the data using global fitting,
all concentration-response curves for each assay were plotted in one
graph. Coupling efficiency (1) was calculated via the formula:

EmaXTn[A]n

E=al+ Ky + AT

The pK; values that were used to calculate the K; input values can be
found in Supplemental Tables 1 and 2. Subsequently, effective sig-
naling (o) was calculated with the formula as described previously
(Rajagopal et al., 2011):

Tligan
o= 10g<71ga d >
Thistamine
The o values from both assays are graphically plotted against each

other to visualize the ligand bias (Fig. 7A). The ligand bias factor was
calculated via the formula

arrestin2
0 hﬁg nd

2

Ul’Gal d™
. igan
Bias factor =

Data Analysis. Curve-fitting and statistical analysis were per-
formed using GraphPad Prism 5.0. Results shown are from pooled
data (mean = S.E.M.) from at least three independent experiments
performed in duplicate. Radioligand binding data were fitted to a
one-site binding model (competition and saturation binding).

Results

Ga; Signaling and B-Arrestin2 Recruitment by the
hH,R. Go; protein signaling by the hH,R in response to
ligand stimulation (1 nM-100 pM) was measured as CRE
reporter gene activity, whereas p-arrestin2 recruitment was
detected by B-galactosidase enzyme fragment complementa-
tion (DiscoveRyx PathHunter assay). To confirm that ob-
served responses were mediated through the hH,R, the CRE
assay was first performed with histamine in the absence or
presence of a 10 uM concentration of the selective hH,R
antagonist JNJ 7777120. Histamine inhibited 1 uM forsko-
lin-stimulated CRE activity with a pEC;, value of 8.2 = 0.03
(n = 3), which was slightly left-shifted compared with its pK;
value of 7.8 (Supplemental Table 2). JNJ 7777120 antago-
nized this histamine-induced hH,R modulation of CRE ac-
tivity (Fig. 2A). Moreover, pretreatment with the Ge; inhibitor
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indicate S.E.M. values. A, histamine. B, 4-methylhistamine. C,
VUF8430. D, JNJ 7777120.

PTx also completely abolished the histamine responsiveness (Fig.
2B). Using the PathHunter assay we could confirm that histamine
was also able to recruit B-arrestin2 with a pEC;,, value of 7.3 =
0.08 (n = 3). The signal specificity of the hH,R in recruiting
B-arrestin2 as well as the ineffectiveness of PTx in this assay were
reported previously (Rosethorne and Charlton, 2011).
Ligand-induced responses were normalized to the observed
activity of histamine (agonist in both assays; efficacy =
100%) or thioperamide (inverse agonist in CRE assay; effi-
cacy = —100%). Therefore, histamine is defined as a nonbi-
ased, full agonist in both Geq; protein-dependent signaling
and B-arrestin2 recruitment (Fig. 3A). Concentration-re-
sponse curves for the well characterized hH,R ligands, his-
tamine, 4-methylhistamine (4-MeHA), VUF8430, and JNJ
7777120, were assessed to compare their potency and efficacy
in both assays. Similar to histamine, 4-MeHA was a full
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agonist in both assays with a comparable 10-fold potency
difference between the Go; protein signaling and B-arrestin2
recruitment (Fig. 3B). The potencies of histamine (pEC;, =
7.3 = 0.08) and 4-methylhistamine (I) (pEC;, = 6.9 = 0.06)
for B-arrestin2 recruitment were comparable to the potencies
(pEC;, = 6.9 and 7.0, respectively) described for the Tango
assay from Invitrogen (2008). In contrast, VUF8430 (III)
tended to show a slightly higher efficacy (117 = 3.8%) toward
B-arrestin2 recruitment compared with the Ga;-mediated
pathways (98 + 5.5%). Moreover, the potency difference be-
tween the two functional responses was larger (~30-fold)
than that for histamine or 4-MeHA (Fig. 3C). The indole-
carboxamide JNJ 7777120 (VII) was a weak inverse agonist
in the CRE assay used but acted as a partial agonist (pECy, =
7.8 = 0.04) in the B-arrestin2 recruitment assay as reported pre-
viously (Rosethorne and Charlton, 2011) (Fig. 3D).

Upon assessment of the other selected ligands, we were
able to identify hH,R ligands that showed a bias toward one
of the pathways tested. In particular, clobenpropit (Fig. 4A),
VUF5222 (Fig. 4B), VUF10778 (Fig. 4C), and VUF10185
(Fig. 4D) showed a bias for Ga; protein activation.
VUF10185 showed only minor recruitment of B-arrestin2
(17 = 2.0%); therefore, increasing concentrations of
VUF10185 were added to antagonize the stimulatory ef-
fects of histamine (Fig. 4E). Indeed, VUF10185 concentra-
tion dependently right-shifted the histamine concentra-
tion-response curves. The Schild plot that was constructed
from the concentration ratios showed that VUF10185 is a
competitive antagonist (pA, = 6.8) in the B-arrestin2 re-
cruitment assay (Fig. 4F).

Furthermore, in addition to JNJ 7777120, 6 of the 31 ligands
tested (VUF10214, VUF10056, VUF6002, VUF11273, VUF11012,
and VUF5223) showed efficacy toward B-arrestin2 recruitment
but possessed neutral or negative efficacy in Ga;-
dependent signaling (Fig. 5; Supplemental Table 1). In-
verse agonism was percentualized to the hH,R-mediated
signaling in response to the inverse agonist thioperamide;
hence, compounds that were able to better inhibit the
hH,R constitutive activity showed efficacy >—100%. Of
interest, VUF10214 displayed a higher efficacy (86 = 4.2%)
toward the B-arrestin2 pathway than the previously iden-
tified partial agonist JNJ 7777120 (60 = 5.4%).

A graphical overview of the relationship between affinity,
potency, and efficacy values in both functional screens of all
hH,R ligands tested is plotted in Fig. 6. All ligands that have
positive efficacy in both pathways were more potent (pECy,)
for activating Go; protein-mediated signaling than for re-
cruiting B-arrestin2. The correlation between the agonist
potencies for both assays was, however, linear (slope 1.2 =
0.1) (Fig. 6A). The slope for the correlation between affinity
versus potency in the B-arrestin2 recruitment or the CRE
assay was, respectively, 1.0 + 0.1 and 1.2 + 0.1 (Fig. 6, B and
C). However, no correlation was observed between the effi-
cacies in Ge; protein-dependent signaling and p-arrestin2
recruitment for most ligands (Fig. 6D). Of interest, the ma-
jority of compounds had a higher efficacy toward the Go;
signaling pathway than toward the -arrestin2 recruitment
and are situated in the upper left-hand corner of the B-arres-
tin2 versus Ge; protein efficacy plot (Fig. 6D). These observed
efficacies were not caused by differences in hH R expression
levels, which were found to be comparable in HEK293T cells
(1-83 pmol/mg protein) and U20S-H,R cells (2.2 = 0.2
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Fig. 4. Functional responses of Ge; protein-biased hH,R ligands in both
CRE-luciferase (®) and B-arrestin2 recruitment (O) assays. Pooled data
are shown from at least three experiments performed in duplicate. Data
are normalized to histamine responses (HA; 100% efficacy) and error bars
indicate S.E.M. values. A, clobenpropit. B, VUF5222. C, VUF10778. D,
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and 10 pM, V) of VUF10185 were added to a concentration-response
curve of histamine (E) in a B-arrestin2 recruitment assay to finally
construct a Schild plot from the calculated concentration ratios (F). DR,
dose ratio.

pmol/mg protein) (Rosethorne and Charlton, 2011). Com-
pounds located near the x-axis of the graph show efficacy
toward the B-arrestin2 recruitment assay but do not or neg-
atively affect Ga; protein activation. Hence these compounds
are classified as B-arrestin2-biased (Fig. 6D).

Seven compounds induced neither Ge; protein activation nor
B-arrestin2 recruitment (thioperamide, VUF9107, VUF11422,
VUF10460, VUF10777, VUF10558, and VUF10519), although
they have been shown to bind to hH,R (Supplemental Table 2).
Consequently, these ligands are located around the origin of the
efficacy plot (Fig. 6D).

Determination of Ligand Bias Using the Operational Model
for Pharmacological Agonism. The hH,R ligands that show effi-
cacy in both assays were further examined for biased signaling using
the operational model for pharmacological agonism (Black and Leff,
1983). The coupling efficiency (7) between each ligand-hH, R complex
and its downstream signaling components as well as the effective
signaling (o) was calculated (see formulas under Materials and
Methods). The o values are graphically plotted against each other to

visualize the ligand bias (Fig. 7A). Ligands that are located at the
right side of the unity line show a possible B-arrestin bias, whereas
ligands located at the left side of this line show a possible Ge; bias.
Finally, the ligand bias factor was calculated (Fig. 7B). A positive
bias factor indicated that a ligand is Ga;-biased, whereas a negative
value suggested B-arrestin2 bias (Fig. 7B). Using this method, we
could identify additional Ge;-biased ligands (i.e., VUF10192, UR-
PI376, VUF4656, and clozapine) as well as a B-arrestin2-biased
ligand (i.e., VUF5228), which were not readily apparent from their
concentration-response curves in both assays (Fig. 7, C-K). Surpris-
ingly, earlier identified Ge;-biased ligands clobenpropit and
VUF10185 did not show up as biased ligands on the basis of these
calculations.

Discussion

Biased GPCR signaling is an emerging concept that has
the potential to improve efficacy and specificity and reduce
side effects of newly developed GPCR targeting drugs (Violin
et al., 2010). Many hH, R ligands have been developed in
recent years, with the first promising candidates now pro-
gressing in preclinical and clinical studies (Leurs et al.,
2011). Classically, hH,R ligands were assessed for their abil-
ity to modulate Geq; protein-dependent signaling pathways.
However, recently the widely used hH,R neutral antagonist/
inverse agonist JNJ 7777120 was identified as a partial
agonist in an EFC-based B-arrestin2 recruitment assay.
Moreover, JNJ 7777120 recruited B-arrestin2 in a Ge; pro-
tein-independent manner, which subsequently led to the
phosphorylation of ERK1/2 (Rosethorne and Charlton, 2011).

In this study we investigated whether JNJ 7777120 is the
only ligand displaying this biased agonism or whether other
hH,R ligands exhibit this thus far hidden efficacy as well.
Therefore, 31 hH,R ligands of nine different structural
classes were examined for their ability to modulate Ga; pro-
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Fig. 5. Functional responses of p-arrestin2-biased hH,R ligands in both
CRE-luciferase (@) and B-arrestin2 recruitment (O) assays. Graphs
shown are pooled data from at least three experiments performed in
duplicate. Data are normalized to histamine (HA; 100% efficacy) or thio-
peramide (Thio; —100% efficacy) responses, and error bars indicate
S.E.M. values. A, VUF10214. B, VUF10056. C, VUF6002. D, VUF5223.
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Fig. 6. Correlation plots between affinity, potency, and
efficacy values for all tested hH,R compounds. Efficacies in
each assay were normalized to histamine (100% efficacy) or
thioperamide (—100% in CRE assay) responses. A, potency

values between different assays show a linear relation. B,
linear correlation between potency in B-arrestin2 recruit-
ment assay and affinity values. C, linear correlation be-
tween potency in CRE reporter gene assay and affinity
values. D, comparison of efficacy values between different
assays shows that few ligands display equal efficacy toward
the two pathways. Dotted lines in A, B, and C represent
regression lines; the continuous line in D is the unity line.
Data are means = S.E.M. values of at least three experi-
ments performed in duplicate. pK, values were previously
published or determined via a heterologous competition
binding experiment.
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tein-independent B-arrestin2 recruitment and Ge; protein-
dependent CRE-luciferase activity. We compared ligand po-
tency and efficacy in both pathways and determined whether
hH,R ligands were biased toward one of the tested signaling
pathways. On the basis of distinct efficacy values between
the two assays, we identified hH,R ligands that are biased
toward the Go;-dependent pathway: two isothioureas (IV,
clobenpropit and its analog VUF5222) (Istyastono et al.,
2011), one aminopyrimidine (VI, VUF10778), and one tria-
zole (II, VUF10185) (Wijtmans et al., 2011). Because the
B-arrestin2 recruitment assay is novel for these hH,R li-
gands, no comparison can be made with literature data. The
potency of clobenpropit (pEC;, = 8.3; efficacy = 132%) in the
CRE assay was higher than previously reported by us in a
SK-N-MC cell line that stably expressed hH,R and CRE-B-
galactosidase (pEC5, = 7.7; efficacy = 80%) (Lim et al., 2005).
On the other hand, the clobenpropit data do fit to the litera-
ture in which histamine and clobenpropit have comparable
efficacies (Buckland et al., 2003; Ling et al., 2004) or cloben-
propit has a higher efficacy than histamine (Gutzmer et al.,
2009). The potency and efficacy of VUF10185 were compara-
ble to previous results in HEK293T cells (Wijtmans et al.,
2011). Of interest, VUF10185 was identified as a competitive
antagonist for the histamine-induced B-arrestin2 recruit-
ment, with a pA, value of 6.8 that almost equals its affinity
(pK; = 6.4). Some hH,R ligands are known to interact with
the other histamine receptor subtypes, especially with the
Ga;-coupled hH3R (Lim et al., 2005). We therefore performed
our CRE assay in the presence of the competitive H,R an-
tagonist JNJ 7777120 (Lim et al., 2005, 2006; Rosethorne
and Charlton, 2011). Saturating concentrations (10 uM) of
JNJ 777120 inhibited agonist-induced Goy-mediated signal-
ing, confirming that signaling was mediated by hH,R. More-

over, hH,R modulation of CRE activity can be fully inhibited
by preincubation with PTx, a known inhibitor of Ge; proteins.

The hH,R ligands that display a clear bias toward B-arres-
tin2 recruitment can be divided into three structural groups:
one quinoxaline (VIII, VUF10214) (Smits et al., 2008), one
isothiourea (IV, VUF5223) (Istyastono et al., 2011), and four
indolecarboxamides (VII, VUF10056, VUF6002, VUF11273,
and VUF11012). These compounds are neutral antagonists
or inverse agonists for Ga; protein-dependent signaling but
act as agonists in the B-arrestin2 recruitment assay. The 26%
higher efficacy of VUF10214 compared with that of the par-
tial agonist JNJ 7777120 in this assay makes VUF10214 the
most effective hH R biased agonist. hH,R signal specificity in
B-arrestin2 recruitment was previously shown via competi-
tive antagonism experiments using the hH;R/hH, R antago-
nist thioperamide (Rosethorne and Charlton, 2011). Further-
more, this EFC-based assay relies on the specific interaction
of two enzyme parts and thereby assures signal specificity
through the tagged proteins.

The majority of hH,R ligands were more potent in the CRE
assay than in the B-arrestin2 recruitment assay. This dis-
crepancy is most likely the consequence of a stoichiometry
difference between the two assays. Whereas the B-arrestin2
recruitment assay depends on enzyme fragment complemen-
tation, CRE-luciferase is a reporter gene downstream of the
second messenger cAMP. Thus, the EFC assay has a 1:1
interaction stoichiometry between hH R and the B-arrestin2
protein and is characterized by a lack of stimulus amplifica-
tion, and in this study we found a linear correlation between
hH,R affinities and potencies. In contrast, the CRE assay is
subjected to downstream signal amplification and can there-
fore yield higher potencies compared with the affinity values.
Nonetheless, potency values of the ligands tested in both
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assays correlate in a linear way, indicating that the magni-
tude of signal amplification in the CRE assay at least is
comparable for each ligand. The potential amplification in
the CRE assay can cause an increase in efficacy compared
with the B-arrestin2 recruitment; however, the lack of corre-
lation between ligand efficacies in B-arrestin2 recruitment
and CRE activity suggests that signal amplification in the
latter is not causing the discrepancy in efficacies between the
two functional readouts.

The hH,R ligands that did not exhibit a positive efficacy in
either the Go; protein-dependent or -independent assay were
the isothioureas (IV) VUF9107 and thioperamide, the amin-
opyrimidines (VI) VUF11422, VUF10460, and VUF10777,
and the quinazoline sulfonamides (IX) VUF10558 and

Fig. 7. Evaluation of hH,R ligand
bias: operational model versus effi-
cacy comparisons. A, o was calcu-
lated using 7 values obtained from
an operational model fit of pooled
data. Error bars represent S.E.M.
values. Dotted line represents unity
line. Ligands shown are the follow-
ing: #, histamine; ®, VUF4656; O,
4-MeHA; [, VUF8430; ¢, VUF10192;
¢, VUF10306; A, VUF6884 X, cloza-
pine; ®, UR-PI376; V, VUF4704 *,
VUF8328; and %, VUF5228; [ & cloben-
propit; ®, VUF10185; A, VUF5222; V¥,
VUF10778. B, bar graph of bias factor.
Positive values indicate a possible Go;
protein bias; negative values indicate a
possible B-arrestin2 bias. Statistical dif-
ferences were determined using an un-
paired two-tailed ¢ test (x, p < 0.05; s,
p < 0.01). C-H, CRE-luciferase (®) and
B-arrestin2 recruitment (O) assay data
for possible Ga;-biased compounds based
on operational model fit. I-K, CRE-
luciferase (@) and B-arrestin2 recruit-
ment (O) assay data for possible B-arres-
tin2-biased compounds based on
operational model fit. HA, histamine.
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VUF10519. These ligands are currently considered to be
hH,R antagonists/inverse agonists. However, this is obvi-
ously only true for all pathways that have been investigated
so far.

The hH,R compounds that were effective in both assays,
but did not show distinct efficacy differences, were further
analyzed using the “operational model of pharmacological
agonism” (Black and Leff, 1983) and calculation of o (Rajago-
pal et al., 2011; Rivero et al., 2012). On the basis of our
definition that histamine is a full agonist in both assays,
histamine and 4-MeHA are nonbiased ligands (i.e., situated
on unity line). All other compounds tested tended to show a
preference for one of the two pathways. Subsequent calcula-
tion and analysis of the bias factor (Rajagopal et al., 2011;



Rivero et al., 2012) revealed that VUF10192 (II), UR-PI376
(I1I), VUF5222 (IV), VUF10306 (IV), VUF4656 (IV), cloza-
pine (V), and VUF10778 (VI) are Ga;-biased ligands, whereas
VUF5228 (IV) is a B-arrestin2-biased ligand. Intriguingly,
this ligand classification based on the operational model is
impossible to identify from the individual concentration-re-
sponse curves. However, clobenpropit and VUF10185, which
were first classified as Ga;-biased ligands on the basis of the
large efficacy difference between both pathways, show up as
unbiased ligands on the basis of the bias factor calculation
using the operational model. This discrepancy for VUF10185
is probably caused by the relatively large error of one of its 7
values, which is the consequence of the marginal efficacy in
the B-arrestin2 recruitment assay. The reason for the differ-
ent outcome observed for clobenpropit is not very clear and
again emphasizes the caution that should be taken when
interpreting ligand bias. A similar observation was reported
for the B,-adrenergic receptor and the angiotensin II type 1A
receptor. Three different methods for the determination of
biased agonism resulted in three different outcomes (Rajago-
pal et al., 2011). This result demonstrates the limitation of
the current analysis methods and shows that the ultimate
method to plot and calculate biased agonism still has to be
identified.

In conclusion, we have tested a series of structurally di-
verse hH R ligands in a Ga; protein-dependent CRE assay
and in a Ge; protein-independent B-arrestin2 recruitment
assay. The previously reported B-arrestin2 biased agonism of
JNJ 7777120 is clearly not limited to one hH,R ligand or
even one chemical class. We have been able to identify sev-
eral other B-arrestin2-biased H, R ligands that cover diverse
chemical structures. In addition, we have demonstrated for
the first time that Go; protein bias also exists for the hH,R,
with several ligands preferentially activating this pathway
over B-arrestin2. This observed bias was not caused by assay
differences (e.g., signal amplification and hH,R expression
levels) because potency values between both assays corre-
lated linearly and receptor levels were comparable. More-
over, after fitting our data to the operational model of ago-
nism, we found additional biased hH,R ligands. A general
tendency in pathway preference could not be observed within
the nine different ligand classes, except for the indole-car-
boxamides (VII, i.e., JNJ 7777120 analogs) that all induced
B-arrestin2 recruitment, but did not stimulate Ge; signaling,
and the quinazoline sulfonamides (IX) that were antagonists
in both assays. In particular, the isothioureas (IV) were able
to give a broad spectrum of efficacies upon minor structural
changes, from Go; protein-biased (VUF5222) to B-arrestin2-
biased (VUF5223) to nonbiased antagonist (VUF9107). The
consequences of biased GPCR signaling have been studied
extensively but are not completely understood for all recep-
tors. In the case of the hH,R, preclinical data should be
analyzed with care because biased hH,R signaling is still an
unexplored area that urgently needs clarification. The iden-
tified compounds may prove to be valuable tools for further
investigations to unravel the contributions of these distinct
pathways in H,R (patho)physiology. Moreover, in light of the
ongoing clinical trials and the high therapeutic interest in
hH,R ligands, the discovery of ligand-specific signaling bias
might have important therapeutic implications. B-Arrestin-
biased ligands could be beneficial over a neutral antagonist
for long-term treatments. Such a B-arrestin-biased ligand
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would potentially cause H,R internalization and long-term
desensitization without initiating traditional G protein-de-
pendent signaling events.

Authorship Contributions

Participated in research design: Nijmeijer, Vischer, Rosethorne,
Charlton, and Leurs.

Conducted experiments: Nijmeijer.

Performed data analysis: Nijmeijer and Rosethorne.

Wrote or contributed to the writing of the manuscript: Nijmeijer,
Vischer, Rosethorne, Charlton, and Leurs.

References

Biumer W, Wendorff S, Gutzmer R, Werfel T, Dijkstra D, Chazot P, Stark H, and
Kietzmann M (2008) Histamine H4 receptors modulate dendritic cell migration
through skin—immunomodulatory role of histamine. Allergy 63:1387-1394.

Black JW and Leff P (1983) Operational models of pharmacological agonism. Proc R
Soc Lond B Biol Sci 220:141-162.

Buckland KF, Williams TdJ, and Conroy DM (2003) Histamine induces cytoskeletal
changes in human eosinophils via the H, receptor. Br J Pharmacol 140:1117—
1127.

Desai P and Thurmond RL (2011) Histamine H, receptor activation enhances LPS-
induced IL-6 production in mast cells via ERK and PI3K activation. Eur J Immu-
nol 41:1764-1773.

DeWire SM and Violin JD (2011) Biased ligands for better cardiovascular drugs:
dissecting G-protein-coupled receptor pharmacology. Circ Res 109:205-216.

Galandrin S, Oligny-Longpré G, and Bouvier M (2007) The evasive nature of drug
efficacy: implications for drug discovery. Trends Pharmacol Sci 28:423—-430.

Gutzmer R, Mommert S, Gschwandtner M, Zwingmann K, Stark H, and Werfel T
(2009) The histamine H, receptor is functionally expressed on Ty2 cells. J Allergy
Clin Immunol 123:619—-625.

Hofstra CL, Desai PJ, Thurmond RL, and Fung-Leung WP (2003) Histamine H,
receptor mediates chemotaxis and calcium mobilization of mast cells. J Pharmacol
Exp Ther 305:1212-1221.

Igel P, Geyer R, Strasser A, Dove S, Seifert R, and Buschauer A (2009) Synthesis and
structure-activity relationships of cyanoguanidine-type and structurally related
histamine H, receptor agonists. J Med Chem 52:6297-6313.

Invitrogen (2008) Optimization of the Tango™ H4-bla U20S Cell Line. Invitrogen,
Carlsbad, CA.

Istyastono EP, Nijmeijer S, Lim HD, van de Stolpe A, Roumen L, Kooistra AdJ,
Vischer HF, de Esch 1J, Leurs R, and de Graaf C (2011) Molecular determinants
of ligand binding modes in the histamine H, receptor: linking ligand-based three-
dimensional quantitative structure-activity relationship (3D-QSAR) models to in
silico guided receptor mutagenesis studies.  Med Chem 54:8136—8147.

Jablonowski JA, Grice CA, Chai W, Dvorak CA, Venable JD, Kwok AK, Ly KS, Wei
J, Baker SM, Desai PJ, et al. (2003) The first potent and selective non-imidazole
human histamine H, receptor antagonists. J Med Chem 46:3957-3960.

Kenakin T (2007) Collateral efficacy in drug discovery: taking advantage of the good
(allosteric) nature of 7TM receptors. Trends Pharmacol Sci 28:407—415.

Leurs R, Vischer HF, Wijtmans M, and de Esch IJ (2011) En route to new block-
buster anti-histamines: surveying the offspring of the expanding histamine recep-
tor family. Trends Pharmacol Sci 32:250-257.

Lim HD, Smits RA, Bakker RA, van Dam CM, de Esch 1J, and Leurs R (2006)
Discovery of S-(2-guanidylethyl)-isothiourea (VUF 8430) as a potent nonimidazole
histamine H, receptor agonist. J Med Chem 49:6650—6651.

Lim HD, van Rijn RM, Ling P, Bakker RA, Thurmond RL, and Leurs R (2005)
Evaluation of histamine H;-, H,-, and Hs-receptor ligands at the human histamine
H, receptor: identification of 4-methylhistamine as the first potent and selective
H4 receptor agonist. J Pharmacol Exp Ther 314:1310-1321.

Ling P, Ngo K, Nguyen S, Thurmond RL, Edwards JP, Karlsson L, and Fung-Leung
WP (2004) Histamine H, receptor mediates eosinophil chemotaxis with cell shape
change and adhesion molecule upregulation. Br J Pharmacol 142:161-171.

Liu C, Ma X, Jiang X, Wilson SJ, Hofstra CL, Blevitt J, Pyati J, Li X, Chai W,
Carruthers N, et al. (2001) Cloning and pharmacological characterization of a
fourth histamine receptor (H,) expressed in bone marrow. Mol Pharmacol 59:420—
426.

Liu H, Altenbach RJ, Carr TL, Chandran P, Hsieh GC, Lewis LG, Manelli AM,
Milicic I, Marsh KC, Miller TR, et al. (2008) cis-4-(Piperazin-1-yl)-
5,6,7a,8,9,10,11,11a-octahydrobenzofuro[2,3-h]quinazolin-2-amine (A-987306), a
new histamine H4R antagonist that blocks pain responses against carrageenan-
induced hyperalgesia. J Med Chem 51:7094-7098.

Morse KL, Behan J, Laz TM, West RE Jr, Greenfeder SA, Anthes JC, Umland S,
Wan Y, Hipkin RW, Gonsiorek W, et al. (2001) Cloning and characterization of a
novel human histamine receptor. J Pharmacol Exp Ther 296: 1058—-1066.

Nakamura T, Itadani H, Hidaka Y, Ohta M, and Tanaka K (2000) Molecular cloning
and characterization of a new human histamine receptor, HH4R. Biochem Biophys
Res Commun 279:615-620.

Nguyen T, Shapiro DA, George SR, Setola V, Lee DK, Cheng R, Rauser L, Lee SP,
Lynch KR, Roth BL, et al. (2001) Discovery of a novel member of the histamine
receptor family. Mol Pharmacol 59:427—-433.

Oda T, Morikawa N, Saito Y, Masuho Y, and Matsumoto S (2000) Molecular cloning
and characterization of a novel type of histamine receptor preferentially expressed
in leukocytes. The Journal of biological chemistry 275:36781-36786.

O’Reilly M, Alpert R, Jenkinson S, Gladue RP, Foo S, Trim S, Peter B, Trevethick M,



1182

Nijmeijer et al.

and Fidock M (2002) Identification of a histamine H, receptor on human eosino-
phils—role in eosinophil chemotaxis. J Recept Signal Transduct Res 22:431-448.

Rajagopal S, Ahn S, Rominger DH, Gowen-MacDonald W, Lam CM, Dewire SM,
Violin JD, and Lefkowitz RJ (2011) Quantifying ligand bias at seven-
transmembrane receptors. Mol Pharmacol 80:367-3717.

Rajagopal S, Rajagopal K, and Lefkowitz RJ (2010) Teaching old receptors new
tricks: biasing seven-transmembrane receptors. Nat Rev Drug Discov 9:373-386.

Rivero G, Llorente J, McPherson J, Cooke A, Mundell SJ, McArdle CA, Rosethorne
EM, Charlton SJ, Krasel C, Bailey CP, et al. (2012) Endomorphin-2: a biased
agonist at the u opioid receptor. Mol Pharmacol 82:178—-188.

Rosethorne EM and Charlton SJ (2011) Agonist-biased signaling at the histamine H,
receptor: JNJ7777120 recruits B-arrestin without activating G proteins. Mol Phar-
macol 79:749-757.

Schneider EH, Schnell D, Papa D, and Seifert R (2009) High constitutive activity and
a G-protein-independent high-affinity state of the human histamine H,-receptor.
Biochemistry 48:1424-1438.

Schneider EH, Strasser A, Thurmond RL, and Seifert R (2010) Structural require-
ments for inverse agonism and neutral antagonism of indole-, benzimidazole-, and
thienopyrrole-derived histamine H, receptor ligands.  Pharmacol Exp Ther 334:
513-521.

Smits RA, Adami M, Istyastono EP, Zuiderveld OP, van Dam CM, de Kanter FJ,
Jongejan A, Coruzzi G, Leurs R, and de Esch IJ (2010) Synthesis and QSAR of
quinazoline sulfonamides as highly potent human histamine H, receptor inverse
agonists. J Med Chem 53:2390-2400.

Smits RA, de Esch IJ, Zuiderveld OP, Broeker J, Sansuk K, Guaita E, Coruzzi G,
Adami M, Haaksma E, and Leurs R (2008) Discovery of quinazolines as histamine
H, receptor inverse agonists using a scaffold hopping approach. J Med Chem
51:7855-7865.

Strakhova MI, Cuff CA, Manelli AM, Carr TL, Witte DG, Baranowski JL, Vortherms

TA, Miller TR, Rundell L, McPherson MJ, et al. (2009) In vitro and in vivo
characterization of A-940894: a potent histamine H, receptor antagonist with
anti-inflammatory properties. Br J Pharmacol 157:44-54.

Terzioglu N, van Rijn RM, Bakker RA, De Esch 1J, and Leurs R (2004) Synthesis and
structure-activity relationships of indole and benzimidazole piperazines as hista-
mine Hy receptor antagonists. Bioorg Med Chem Lett 14:5251-5256.

Thurmond RL, Desai PJ, Dunford PJ, Fung-Leung WP, Hofstra CL, Jiang W,
Nguyen S, Riley JP, Sun S, Williams KN, et al. (2004) A potent and selective
histamine H, receptor antagonist with anti-inflammatory properties. J Pharmacol
Exp Ther 309:404—-413.

Thurmond RL, Gelfand EW, and Dunford PJ (2008) The role of histamine H; and H,
receptors in allergic inflammation: the search for new antihistamines. Nat¢ Rev
Drug Discov 7:41-53.

Violin JD, DeWire SM, Yamashita D, Rominger DH, Nguyen L, Schiller K, Whalen
EJ, Gowen M, and Lark MW (2010) Selectively engaging B-arrestins at the angio-
tensin II type 1 receptor reduces blood pressure and increases cardiac perfor-
mance. J Pharmacol Exp Ther 335:572-579.

Wijtmans M, de Graaf C, de Kloe G, Istyastono EP, Smit J, Lim H, Boonnak R,
Nijmeijer S, Smits RA, Jongejan A, et al. (2011) Triazole ligands reveal distinct
molecular features that induce histamine H, receptor affinity and subtly govern
H,/Hj; subtype selectivity. J Med Chem 54:1693-1703.

Zhu Y, Michalovich D, Wu H, Tan KB, Dytko GM, Mannan IJ, Boyce R, Alston J,
Tierney LA, Li X, et al. (2001) Cloning, expression, and pharmacological charac-
terization of a novel human histamine receptor. Mol Pharmacol 59:434—441.

Address correspondence to: Prof. Dr. Rob Leurs, De Boelelaan 1083,
1081HV Amsterdam, The Netherlands. E-mail: r.leurs@vu.nl




