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Abstract

Background: Therapeutic options for steroid-resistant non-type 2 inflammation in obstructive lung diseases are lack-
ing. Alveolar macrophages are central in the progression of these diseases by releasing proinflammatory cytokines,
making them promising targets for new therapeutic approaches. Extra nasal expressed olfactory receptors (ORs)
mediate various cellular processes, but clinical data are lacking. This work investigates whether ORs in human primary
alveolar macrophages could impact pathophysiological processes and could be considered as therapeutic targets.

Methods: Human primary alveolar macrophages were isolated from bronchoalveolar lavages of 50 patients with
pulmonary diseases. The expression of ORs was validated using RT-PCR, immunocytochemical staining, and Western
blot. Changes in intracellular calcium levels were analyzed in real-time by calcium imaging. A luminescent assay was
used to measure the cAMP concentration after OR stimulation. Cytokine secretion was measured in cell supernatants
24 h after stimulation by ELISA. Phagocytic ability was measured by the uptake of fluorescent-labeled beads by flow
cytometry.

Results: We demonstrated the expression of functional OR2AT4 and OR1A2 on mRNA and protein levels. Both ORs
were primarily located in the plasma membrane. Stimulation with Sandalore, the ligand of OR2AT4, and Citronellal,
the ligand of OR1A2, triggered a transient increase of intracellular calcium and cAMP. In the case of Sandalore, this
calcium increase was based on a cAMP-dependent signaling pathway. Stimulation of alveolar macrophages with
Sandalore and Citronellal reduced phagocytic capacity and release of proinflammatory cytokines.

Conclusion: These are the first indications for utilizing olfactory receptors as therapeutic target molecules in treating
steroid-resistant lung diseases with non-type 2 inflammation.
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Background
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vary between diseases and phenotypes and have genetic
components and environmental triggers such as direct
exposure to pollutants (Beasley et al. 2015; Cutting 2015;
Quaderi and Hurst 2018). Obstructive lung diseases
share symptoms, such as increased mucus production,
airway obstruction due to tissue alterations, and a proin-
flammatory environment induced by increased cytokine
production in the affected lung areas (Wang et al. 2020;
Chen et al. 2021; Lara-Reyna et al. 2020). If the local
inflammation becomes persistent, it might cause lung tis-
sue remodeling processes, resulting in irreversible dam-
age and loss of lung function (Wang et al. 2018; Hough
et al. 2020; Castellani et al. 2018).

The majority of inflammations in phenotypes of
obstructive lung diseases are classified as non-type 2
or type 2, depending on the contribution of different
immune cell types and cytokines. Type 2 inflammation
is key in several asthma phenotypes (Fahy 2015). Type
2 inflammation is mainly sensitive to inhaled steroids
and/or can be reduced with biologics, targeting the key
cytokines or cytokine receptors, e.g., in severe asthma
(Licari et al. 2020; Matucci et al. 2021). In contrast,
anti-inflammatory treatment of diseases with non-type
2 inflammation, like COPD, phenotypes of non-type 2
asthma (Duvall et al. 2019), or cystic fibrosis is limited
because of the partial or complete resistance to inhaled
corticosteroids and the lack of appropriate biologics
(Barnes 2009; Mei et al. 2019; Adcock et al. 2008). There-
fore, the current treatment of such disease phenotypes is
primarily symptomatic but not causal and can not stop
or substantially reduce disease progression (Garth et al.
2018).

Alveolar macrophages (AM) are central in non-type 2
inflammation. In AM, hyperactivation of transcription
factors such as NF-kB or AP-1 results in the secretion
of various proinflammatory cytokines such as interleu-
kin-6 (IL-6), chemokine (CXC motif) ligand 8 (CXCL-8,
IL-8), chemokine (CC motif) ligand 2 (CCL-2), or matrix
metallopeptidase 9 (MMP-9) (Hikichi et al. 2019; Khan-
jani et al. 2012; Liu et al. 2018; Schwartz et al. 1996), all
of which promote local non-type 2 inflammation and,
therefore, disease progression.

Inflammation and disease progression of non-type
2 respiratory diseases might be triggered not only by
defects in cytokine secretion (Kapellos et al. 2018; Lam-
brecht and Hammad 2013; Stecenko et al. 2001), but also
by defects in the intracellular calcium balance (Rimessi
et al. 2021; Petit et al. 2019) and by phagocytosis (Bel-
chamber and Donnelly 2017). Patients with non-type 2
inflammation are more susceptible to respiratory infec-
tions (Knobloch et al. 2011a, 2019; Jartti et al. 2020;
Kiedrowski and Bomberger 2018), leading to a further
increase in inflammation and finally to exacerbations
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(Stolz et al. 2019). There is an indication at least for
COPD that the increased susceptibility might be caused
by a reduced production of cytokines required for infec-
tion defense by systemic immune cells during their
recruitment and activation processes (Knobloch et al.
2011a, 2019). However, the CXCL-8 and MMP-9 hyper-
production of local and resident AM in response to infec-
tious trigger might contribute to the deleterious increase
in inflammation which causes exacerbations (Knobloch
et al. 2011b; Culpitt et al. 2003). These molecular pathol-
ogies might be considered by designing the urgently
required new therapeutic approaches for lung diseases
with non-type 2 inflammation.

We hypothesized that ectopic olfactory receptors
(ORs) in AM might have potential as drug targets for
lung diseases with non-type 2 inflammation. They repre-
sent the largest subgroup of G protein-coupled receptors
(GPCRs). GPCRs are targets of about one-third of all reg-
istered drugs, but the OR subgroup does not yet play a
role in this context (Sriram and Insel 2018; Hauser et al.
2017). The latter is surprising because ORs are not only
expressed in the nasal epithelium but occur almost ubiq-
uitously (Maf3berg and Hatt 2018; Flegel et al. 2013). ORs
mediate a wide range of cellular processes that are key
for pathophysiologies of chronic diseases like prolifera-
tion (Weidinger et al. 2021; Chéret et al. 2018), apopto-
sis (Weber et al. 2017), migration (Jovancevic et al. 2017;
Weber et al. 2018), and hormone regulation (Braun et al.
2007). ORs also influence the calcium balance of cer-
tain cell types (Kalbe et al. 2017), which is misregulated
in various diseases and might be considered a thera-
peutic target (Rimessi et al. 2020; Chiu et al. 2017). The
responses to the stimulation of a specific OR can differ
across multiple cell types. Stimulation of OR2AT4 with
its ligand Sandalore increased proliferation in keratino-
cytes but also reduced proliferation and induced apop-
tosis in myelogenous leukemia cells (Busse et al. 2014;
Manteniotis et al. 2016a). Because of the large number of
different ORs and characterized agonists and antagonists
there might be many drug target candidates. The cellular
processes that are influenced by different ORs can differ
in the same cell type. For example, Kalbe et al. showed
that activation of OR1D2 led to an enhanced contraction
of airway smooth muscle cells, which was not observed
upon stimulation of OR2AG1 (Kalbe et al. 2016). There-
fore, it is necessary to characterize the effects of indi-
vidual ORs in the target cell type as a prerequisite for
developing drug target strategies.

This study aimed to investigate whether ectopically
expressed ORs impact pathophysiological processes in
alveolar macrophages, a cell type with key functions in
obstructive lung diseases with steroid-resistant non-
type 2 inflammation. With this, we aimed to investigate



Weidinger et al. Molecular Medicine (2022) 28:150

our hypothesis that ORs are drug target candidates for
causal therapies in such phenotypes of obstructive lung
diseases.

Methods

Fiberoptic bronchoscopy

The fiberoptic bronchoscopy and the isolation of the
bronchoalveolar lavage (BAL) were performed as
described before (Knobloch et al. 2011b; Koch et al.
2004). Briefly, 60 ml pre-warmed 0.9% NaCl solution was
applied four times to the middle lobe and then aspirated.
From this, 100—150 ml bronchoalveolar lavage fluid was
obtained.

Isolation of alveolar macrophages from the bronchoalveolar
lavage fluid

Alveolar macrophages (AM) were isolated from the
BAL as previously described (Knobloch et al. 2011b;
Koch et al. 2004), with minor modifications. To remove
mucus plugs, the BAL was filtered through a 70 puM
nylon strainer (Thermo Fisher Scientific, Waltham, USA,
cat: 352350). The fluid was filled up to a total volume of
50 ml using Ca*"/Mg**-free phosphate-buffered saline
(PBS; Thermo Fisher Scientific, cat: 14200083) and was
centrifuged for 10 min at 450 xg at 4 °C. The superna-
tant was removed, and the pellet was washed with 50 ml
PBS. After a further centrifugation step, the pellet was
resuspended in culture medium, Roswell Park Memorial
Institute 1640 (RPMI; Sigma-Aldrich, St. Louis, USA, cat:
R7638) containing: 10% (w/v) fetal bovine serum (Pan
Biotech, Aidenbach, Germany, cat: P30-1506), 100 U/ml
Penicillin, 100 pg/ml Streptomycin (Sigma-Aldrich, cat:
P4333), 2 mM Lr-glutamine (Sigma-Aldrich, cat: G7513)
and 0.25 pg/ml Amphotericin B (Sigma-Aldrich, cat:
A2942). Cell numbers were determined using a Neu-
bauer hemocytometer. The vitality was analyzed via
trypan blue (Sigma-Aldrich, cat: T8154) staining. The
sample was discarded if the cell death quote was>10%.
For all experiments, AM were seeded in culture vessels
and maintained at 37 °C and 5% carbon dioxide (v/v) in a
humidified atmosphere. Non-adhered cells were removed
by replacing the culture medium before the experiments.
According to previous studies (Knobloch et al. 2011b;
Gerlach et al. 2015), the purity of the isolated AM was
evaluated by morphological analysis and was >99% in the
cultures.

Patient metrics

In this proof of principle study, alveolar macrophages
were isolated from the BAL of 49 patients with lung dis-
eases and/or smoking status that indicate for partial or
exclusive non-type 2 inflammation (13 female, 37 male,
age: 65.6 £1.77 years; Table 1). Due to the lack of donors,
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one additional subject without indication for any kind
of inflammation was included exclusively in the experi-
ment shown in Additional file 1: Fig. S1. The study was
carried out according to the Code of Ethics of the World
Medical Association. All patients signed their informed
consent for the procedure and the use of their samples.
The study was approved by the Ethics Committee of the
Ruhr-University Bochum (4257-12). Exclusion criteria
were an age of<18 and documented active or preexist-
ing alcohol abuse. Donors were randomly selected for
the experiments. Detailed information on the patients
used for each experiment can be found in the supplement
(Additional file 1: Table S1).

RNA isolation and reverse transcriptase PCR

For RNA isolation, 1 x 10° AM were seeded in a 35 mm
dish as described above. After 2 h of incubation, the
medium was removed, and the cells were rinsed with
1 ml PBS. AM were harvested with a cell scraper in 1 ml
fresh PBS, pelleted by centrifugation at 800xg for 3 min,
and frozen in liquid nitrogen and stored at — 80 °C. RNA
extraction was performed using the RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany cat: 74134) according to
the manufacturer’s protocol with the gDNA Eliminator
spin columns and optional centrifugation for 1 min at
18,000xg. Complementary DNA (cDNA) was synthe-
sized using the iScript” c¢DNA Synthesis Kit (Bio-Rad,
Hercules, USA cat: 1708890) according to the manu-
facturer’s manual. 100 ng RNA was used for synthesis.
Genomic DNA contamination was excluded by perform-
ing a control approach without adding reverse tran-
scriptase (-RT). The HotStarTaqg DNA Polymerase Kit
(Qiagen, cat: 203203) was used to perform the reverse

Table 1 Patient metrics

Disease Number of patients
(multiple diseases
possible)

COPD (Gold I-IV) 17

Other interstitial lung diseases 10

Asthma (mild-severe, smokers) 4

Pneumonia

Lung cancer (NSCLC, SCLC)

Space-occupying lesions

Pulmonary nodules

Alveolitis

Chronic cough

Asthma-COPD overlap syndrome
Chronic bronchitis

Dyspnea

- . 4 . O N OOy O

Pulmonary hypertension
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transcriptase PCR (RT-PCR). The specific primers used
and listed below were designed using the software Primer
3 (Koressaar et al. 2018; Untergasser et al. 2012) (Ver-
sion 4.1) and were synthesized by Thermo Fisher Scien-
tific: OR2AT4, forward 5° GCCCATCCCAGCAGTAGT
AAG-3/, reverse 5 GAGGGGGTTGAGAATTGGTGT-
3’; OR1A1l: forward 5 GGAAAATAACCAGTCCTC
TACAC-3/, reverse 5’ GAAGACTGTGGAGAAGAC
TCG-3’; OR1A2: forward 5 GGCAACCAGGAAGTA
GCCAA-3/, reverse 5’ CAGGTGCAGAAGGCTTTG
AAT-3'; TATA-Box Binding Protein (TBP, housekeep-
ing gene used for reference): forward 5 GGGCACCAC
TCCACTGTATC-3’; reverse 5 CGTGGTTCGTGGCTC
TCTTA-3'. The following temperature cycle profile was
used: 15 min at 95 °C, followed by 40 cycles of 30 s at
95°C, 30 s at 60 °C, 60 s at 72 °C, and a final elongation of
10 min at 72 °C. The PCR products were analyzed using a
1.5% agarose gel containing 1x ROTI GelStain Red (Carl
Roth, Karlsruhe, Germany, cat: 0984.1). The size of the
synthesized DNA fragments was determined using the
GenRuler 100 bp DNA Ladder (Thermo Fisher Scientific,
cat: SM0241).

Western blot

AM were prepared as described above. The cell pel-
let was dissolved in RIPA buffer (150 mM NaCl, 50 mM
Tris, 1% Nonidet, 0.1% SDS, 0.5% Natrium Deoxycho-
lat) with an protease inhibitor added according to the
instructions of the manufacturer (Merck, Darmstadt,
Germany, cat: 11836153001), fourfold concentrated lae-
mmli (40% Glycerol, 240 mM Tris—Cl, 8% SDS and 0.1%
Bromphenolblau) and DTT (5 mM) at a concentration of
30 ul/0.5 x 10° cells. SDS-PAGE and Western blot experi-
ments were performed as previously described (Gelis
et al. 2016). The following primary antibodies were used:
custom-made affinity purified rabbit IgG polyclonal anti-
bodies against OR1A2 or OR2AT4 (Eurogentec, Seraing,
Belgium). The specificity of both antibodies has been
shown before by detecting heterologous expressed rho-
tagged ORs in Hanna3A cells (Busse et al. 2014; Maf3berg
et al. 2015). For validation of our results we used a com-
mercially available anti-human-OR2AT4 polyclonal
antibody (Thermo Fisher Scientific cat: PA5-71599) and
a comercially available anti-human-OR1A2 polyclonal
antibody (Thermo Fisher Scientific cat: PA5-99907).

Immunocytochemical staining

2x 10° AM were seeded onto a 12 mm diameter cover
glass in a 24 well plate containing 500 pl RMPI 1640
with all supplements as described above. After adher-
ence of the AM, the media was removed, and the cells
were washed once with PBS. Fixation was done by a
20 min incubation in 4% paraformaldehyde (PFA) at 4 °C.
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Afterwards, the PFA was removed and the AM were
permeabilized by washing three times with PBS+0.05%
Triton X-100 (PBST) for 10 min at room temperature.
Unspecific epitopes were blocked by incubation with
10% goat serum diluted in PBST for 1 h. The custom-
made primary antibodies against OR2AT4 and OR1A2
were diluted at 1:100 in PBST containing 5% goat serum,
whereas the antibody against E-cadherin (Thermo Fisher
Scientific cat: 13-1700) was diluted 1:2000. Incubation
was done overnight at 4 °C. Cells were washed three times
and were then incubated with goat anti-rabbit antibodies
Alexa Fluor™ 546 (1:1000, Thermo Fisher Scientific, cat:
A-11010), goat anti-mouse Alexa Fluor = 488 (1:1000,
Thermo Fisher Scientific, cat: A-11029), and Hoechst
33342 (1:1000, Thermo Fisher Scientific, cat: 62249), for
45 min in PBST 4-5% goat serum at room temperature.
The cells were washed with PBST and mounted on a slide
with ProLong" Gold Antifade Mountant (Thermo Fisher
Scientific, cat: P36934).

Odorants

The odorants Sandalore (Symrise, Holzminden, Ger-
many), Brahmanol (Symrise), Oxyphenylon (Henkel, Diis-
seldorf, Germany), and (+) Citronellal (Sigma-Aldrich, St.
Louis, Cat: 373753) were diluted 1:10 in DMSO. A maxi-
mal concentration of <0.2% DMSO was maintained in all
experiments.

Single-cell calcium imaging

A minimum of 1x10° AM were plated in a 35 mm
dish and incubated for 2 h. The cells were prepared by
incubation for 30 min in 1 ml loading buffer contain-
ing Ringer solution (140 mM NaCl, 5 mM KCl, 5 mM
CaCl,, 25 mM MgCl,, 1 mM HEPES) and 7.5 pM
Fura-2 AM (Enzo, Farmingdale, USA, cat. ENZ-52006)
like described before (Gelis et al. 2016). After removal
of the extracellular Fura-2 AM by washing with Ringer
solution, Ca®*-ratiometric imaging was performed using
a light source (EL6000, Leica), a Leica inverted confocal
microscope (DMI6000 CS, Leica) with a 20x objective
(UPLSAPO, Olympus, Tokyo, Japan). The images were
recorded at 1 Hz by the DFC360 FX (Leica, Wetzlar,
Germany), and the integrated fluorescence (f 340 nm/f
380 nm) of each cell was measured using the Leica Appli-
cation Suite Advanced Fluorescence (LAS AF). The odor-
ants were pre-diluted in DMSO and then adjusted to the
final concentration in Ringer solution (140 mM NaCl,
5 mM KCl, 2 mM CaCl,, 1 mM MgCL,, and 10 mM
Hepes). The inhibitors MDL-12,330A (10 pM; Sigma-
Aldrich, St. Louis, USA, cat: M182) and Oxyphenylon
(300 uM; Henkel) were also pre-diluted in DMSO. EGTA
(10 mM; Sigma-Aldrich, St. Louis, USA, cat: 03777) was
prepared in water.



Weidinger et al. Molecular Medicine (2022) 28:150

cAMP assay

To analyze the intracellular cAMP concentration, 1 x 10°
cells were cultured overnight. Then they were stimulated
for 20 min with Sandalore or Citronellal in different con-
centrations. The cAMP concentration was determined by
using cAMP-Glo™ Assay (Promega, Wisconsin, USA, cat:
V1501) according to the manufacturer’s protocol.

AM stimulation

1 x 10° cells were cultured in 100 pl media supplemented
as described above for 3 h before serum-withdrawal
overnight in medium with 2% FBS. After incubation,
1 x 10° cells were stimulated with Sandalore, Citronellal
(each at 10-500 uM), Lipopolysaccharide (LPS, 1 pg/ml,
from Salmonella enteritidis, Sigma Aldrich, cat: L7770),
Lipoteichoic acid (LTA, 10 pg/ml, from Staphylococcus
aureus, Invivo Gen, San Diego, USA cat:tlrl-slta), and/
or peptidoglycan (PGN, 10 pg/ml, from Staphylococcus
aureus, Invivo Gen cat: tlrl-pgns2) in serum-deprived
media. The solvent DMSO (0.1% v/v) served as the con-
trol. After 24 h, the supernatants were collected and
stored at — 20 °C.

ELISA

The concentrations of IL-6, CCL-2, CXCL-8, and MMP-9
were measured in supernatants via ELISA (Thermo
Fisher Scientific, cat: 88-7066-88, 88-8086-88, 88-7399-
88, R&D systems, Minneapolis, USA, cat: DY217B,
DY911) according to the manufacturer’s protocols.

Latex beads phagocytosis assay

Phagocytic activity was analyzed by seeding 1.5 x 10°
cells in a Petri dish. After overnight incubation at 37 °C
in the incubator, the cells were rinsed twice using PBS.
Afterward, AM were detached with trypsin. The reac-
tion was stopped by adding 3 ml of culture medium. The
cells were centrifuged at 450xg for 8 min. The super-
natant was removed and the cells were resuspended in
1 ml of culture medium. The suspension was adjusted
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to a concentration of 1 x 10° cells per milliliter culture
medium. 20 pl Fluoresbrite® YG Microspheres (0.5 uM;
Polysciences Inc, Warrington, USA, cat: 17152-10), San-
dalore, Citronellal (10-500 uM), or 0.1% DMSO was
added to 1 x 10° cells per milliliter. After 2 h of incuba-
tion, the reaction was stopped by adding 2 ml PBS. The
AM were centrifuged, the supernatants were discarded,
and the pellets were fixed in 1.5% PFA. The mean fluo-
rescence intensity of the cells was measured using the
Cyflow SL (Partec, Miinster, Germany).

Statistical analyses

Statistical analyses were performed to examine the effects
of inhibitors, stimulants, and OR stimulations on calcium
balance, phagocytic activity, and secretion of cytokines in
AM. The results were normalized to the corresponding
controls and are shown as mean+SEM. The Friedman
test with post hoc “Two-stage-up method of Benjamini,
Krieger, and Yekutieli” test was used in concentration—
response experiments. Cytokine production in response
to PAMPs were analyzed with one-sample t-tests. For the
analysis of inhibitor effects, the paired t-test was used.
GraphPad Prism 9 was used for statistical analysis.

Results

Sandalore, Citronellal, and Brahmanol all increased

the intracellular calcium levels of AM

To identify functionally expressed ORs in primary
human AM, Ca®' imaging was used because previous
studies showed changes in intracellular calcium concen-
trations after stimulation of ectopically expressed ORs
(Jovancevic et al. 2017; Maflberg et al. 2015; Manteniotis
et al. 2016b). We tested five known agonists for com-
monly expressed ORs (Helional, Sandalore, Brahmanol,
Citronellal, and Citronellol) as well as two OR agonists
secreted by respiratory bacteria (Methylcyclohexane and
Heptane) (Abd El Qader et al. 2015). AM responded to
three of them: Sandalore, Brahmanol, and Citronellal. All
increased intracellular calcium concentrations (Fig. 1).
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Fig. 1 Stimulation of AM with Sandalore (A), Brahmanol (B), or Citronellal (C) increases intracellular calcium. The application period of the odorant
(300 puM) is marked in light grey ATP (100 uM) was applied as a vitality control (dark grey)
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Sandalore and Brahmanol are ligands of OR2AT4, while
Citronellal is a ligand of both OR1A1 and OR1A2 (Busse
et al. 2014; Maflberg et al. 2015; Schmiedeberg et al.
2007).

Proteins of OR2AT4 and OR1A2 are functionally expressed
in AM

The expression of the associated receptors OR2AT4,
OR1A1l, and OR1A2 was investigated. The mRNAs of
OR2AT4 and OR1A2 were detected by RT-PCR (Fig. 2A,
B). mRNA transcripts of OR1A1 were not detected
(Fig. 2C). We concluded that OR1A1 is not expressed
in AM and that Citronellal stimulates OR1A2. There-
fore, OR1A1 was not further considered. The protein
expressions of OR2AT4 and OR1A2 were confirmed by
Western blot analyses. For each receptor we used two dif-
ferent primary antibodies in individual experiments for
the validation of the patterns that are in line with pub-
lished results from other cell types (Fig. 2D, E, Additional
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file 1: Fig. S2) (Jovancevic et al. 2017; Kalbe et al. 2017,
2016; Yang et al. 2015; Cook et al. 2009). The intracellu-
lar localization was analyzed using immunocytochemical
staining. Overlay of the stainings for each OR with the
staining for the plasma membrane marker E-cadherin
suggested that both ORs are primarily expressed in the
outer plasma membrane of AM (Fig. 2F, G).

Sandalore increased the intracellular calcium
concentration in AM via a cAMP-dependent pathway

Next, we investigated whether OR stimulation might influ-
ence pathophysiologically relevant intracellular processes.
The calcium balance is disturbed in COPD and cystic fibro-
sis (Rimessi et al. 2021; Petit et al. 2019). Both, Sandalore
and Brahmanol, are OR2AT4 agonists but the responses to
Sandalore were more robust than those to Brahmanol (data
not shown). Therefore, we used Sandalore to investigate
the downstream signaling cascade of OR2AT4 in AM. In
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Fig.2 OR2AT4 and OR1A2 are expressed in alveolar macrophages. Transcripts of OR2AT4 (A), OR1A2 (B), and OR1A1 (C) were analyzed by RT-PCR.
“+"or"—"indicate the presence and absence (negative control) of the reverse transcriptase in the enzyme mix. The estimated sizes of OR2AT4,
OR1A2, or ORTA1 were 400, 212, or 670 bp (n=3). OR2AT4 (D) and OR1A2 (E) proteins were detected by Western blot (n=2-3). The estimated size
of both OR2AT4 and OR1A2 was 34 kDa (arrows). F, G Intracellular localization of OR2AT4 and OR1A2 (each in red) by immunocytochemistry (n=3).
The plasma membrane was stained by an antibody against E-cadherin (green). Hoechst 33,342 marked the nucleus (blue). The merge shows the
overlay of all markers. Bars indicate a range of 25 um and squares mark the zoomed area. (n=3)
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concentration—response experiments, Sandalore induced
Ca**" influx at an ECy, of 190 uM (Additional file 1: Fig. S1).
Therefore, 300 uM was used in the following experiments.

To investigate the signaling cascade that underlies the
Ca”’"-dependent response of AM to Sandalore, we used
the following strategy based on highly selective pathway
inhibitors. Sandalore was applied three times in a row with
intermediary washing steps. The first and the third appli-
cation were both in the absence (controls), and the second
application was in the presence of the respective inhibitor.
The second and third amplitudes of one experiment were
normalized to the corresponding first amplitude to analyze
for inhibitor’s effects. The repetitive application of Sanda-
lore caused a desensitization of the increase of intracellular
calcium (Fig. 3A), which was considered for analyzing the
effects of the inhibitors by comparing the second with the
third amplitude in each of the following experiments.

The OR2AT4 antagonist Oxyphenylon and the specific
adenylate cyclase inhibitor MDL-12,300A (Busse et al.
2014; Guellaen et al. 1977; Simon et al. 1978), both reduced
the Sandalore-induced intracellular calcium (Fig. 3B, D).
To determine whether stimulation of OR2AT4 by San-
dalore resulted in a calcium influx from extracellular or
from a release from intracellular stores, the extracellular
calcium was bound by 10 mM EGTA, which resulted in a
substantial reduction of the amplitude (Fig. 3C). The third
application of Sandalore in the absence of the respective
inhibitors induced in each case more intracellular calcium
than the second application in the presence of the inhibi-
tors (Fig. 3B—D), demonstrating that the inhibitors did not
affect cell viability.

Because of sample limitations, the experiments regard-
ing downstream signaling for OR1A2 were only performed
for the following endpoint experiments. Both, stimulation
of OR2AT4 with Sandalore and stimulation of OR1A2 with
Citronellal increased the intracellular cAMP levels in a
concentration-dependent manner (Fig. 4).

Sandalore and Citronellal both decreased the phagocytic
activity of AM

Phagocytosis of AM is impaired in COPD, cystic fibrosis,
and non-type 2 asthma (Belchamber et al. 2019; Vandivier
et al. 2009; Veen et al. 2020). Both, Sandalore and Citronel-
lal significantly reduced the phagocytic activity of AM in a
concentration-dependent manner (Fig. 5).
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Sandalore and Citronellal, both decreased the secretion

of proinflammatory cytokines

The secretion of proinflammatory cytokines from AM
contributes to the progression of COPD, cystic fibrosis,
and severe non-type 2 asthma. The effects of the odorants
were investigated in the absence and presence of bacte-
rial PAMPs (pathogen-associated molecular patterns) that
mimic bacterial infections in this cell culture model.

Both Sandalore and Citronellal reduced baseline CXCL-8
and IL-6, but not CCL-2, Sandalore but not Citronellal
reduced MMP-9 (Figs. 6A-D, 7A-D). LPS induced CXCL-
8, IL-6, CCL-2, and MMP-9, which were reduced by San-
dalore (Fig. 6E-H) and Citronellal (Fig. 7E-H).

LTA induced CXCL-8 and IL-6 (Figs. 61, ], 71, J) but not
CCL-2 and MMP-9 (Figs. 6K, L, 7K, L). Both, Sandalore
and Citronellal reduced LTA-induced CXCL-8 and IL-6
(Figs. 61, ], 71, J). Both odorants also reduced CCL-2 and
MMP-9 in the presence of LTA (Figs. 6K, L, 7K, L).

PGN induced CXCL-8, IL-6, CCL-2, and MMP-9
(Figs. 6 M-P, 7M-P). Sandalore statistically signifi-
cantly reduced PGN-induced CCL-2 and MMP-9 but
not CXCL-8 and IL-6, although the data showed a strong
trend in both cases (Fig. 6M—P). Citronellal reduced PGN-
induced CCL-2 and MMP-9 but not CXCL-8 and IL-6
(Fig. 7M-P).

Discussion

This study shows the functional expression of ORs in pri-
mary human AM for the first time. AM play a key role in
the development and progression of chronic respiratory
diseases with local non-type 2 inflammation like COPD,
cystic fibrosis, and non-type 2 asthma (1) by releas-
ing massive amounts of proinflammatory cytokines, (2)
through misregulated phagocytotic activity, and (3) by
recruiting and activating other immune cells (Balhara
and Gounni 2012; Courtney et al. 2004; Barnes 2004).
This study aimed to investigate whether ORs in AM
might interfere with pathophysiological processes and
thus might indicate as suitable drug targets for future
treatment strategies for chronic respiratory diseases
with AM-dependent inflammation. In contrast to res-
piratory diseases based on type 2 inflammation, current
causal therapeutic options for macrophage-dependent
inflammation are rare. One common strategy to discover
functionally expressed ORs is to screen the target cells

(See figure on next page.)

Fig. 3 Sandalore mediates an increase of intracellular calcium via a cAMP-dependent pathway. AM were stimulated three times for 1 min each with
300 uM Sandalore (A, dark grey). Intermediary washing steps removed the odorant or inhibitor. B Repetitive application of 300 uM Sandalore with
co-application of 300 uM Oxyphenylon (second application, light grey). EGTA 10 mM (C) and MDL-12,330A 10 uM (D) were pre-incubated for three
(EGTA) or five minutes (MDL 12,330A) before adding Sandalore in the second application (light grey). Data are shown as mean £ SEM (n=9 of 3
donors). Data were analyzed with the Student’s paired t-test referring to the third Ca’* amplitude induced by Sandalore. *p < 0.05 and **p <0.01
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with their specific ligands via calcium imaging because
most ORs regulate the intracellular calcium concentra-
tion (Jovancevic et al. 2017; Wojcik et al. 2018). In AM,
stimulation with Sandalore, Brahmanol, and Citronellal
induced a transient increase of the intracellular calcium
level. Previous studies have already demonstrated that
Sandalore and Brahmanol are agonists of OR2AT4, for
example, by using the competitive antagonist Oxyphe-
nylon (Busse et al. 2014). We have verified the data in
the present study for AM. Citronellal stimulates OR1A1
and OR1A2 (Mafiberg et al. 2015). Because OR1A2 tran-
scripts and protein but no OR1A1 mRNA transcripts
were detected in AM, we conclude that Citronellal stimu-
lates OR1A2 in AM.

Besides OR1A2, OR2AT4 transcripts and proteins were
also detected in AM. Most ORs, including OR1A2 and
OR2AT4, have an estimated molecular weight of around

35 kDa (Kalbe et al. 2016; Belloir et al. 2017). Our West-
ern blots with custom-made antibodies showed in each
case signals at approximately 40 kDa. Increased molecu-
lar weights compared to theoretical estimations are not
uncommon for ORs because of posttranslational modifi-
cations, as shown previously multiple times (Chéret et al.
2018; Zhao and Firestein 1999). Additional signals were
also seen at sizes of 55, 70, and 100 kDa. Multiple previ-
ous studies indicated that these signals might represent
multimers of the ORs (Chéret et al. 2018; Jovancevic et al.
2017; Yang et al. 2015). Particularly the additional signals
at 55 or 70 kDa are prominent for several ORs (Jovance-
vic et al. 2017; Kalbe et al. 2017; Yang et al. 2015). We
verified the Western blot patterns for both receptors
by using alternative antibodies that are commercially
available. Therefore, we can exclude that the signals are
unspecific.
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Fig. 6 Sandalore reduces the secretion of CXCL-8, IL-6, CCL-2, and MMP-9 from alveolar macrophages. AM were stimulated with Sandalore
(10-500 uM) and LPS (1 pg/ml), LTA (10 pug/ml), or PGN (10 pg/ml) for 24 h. CXCL-8, IL-6, CCL-2, and MMP-9 were measured in culture supernatants
by ELISA. Data were normalized to solvent control (DMSO, A-D) or solvent control with LPS (E-H), LTA (I-L), or PGN (M-P). Data are shown as
mean £ SEM n=6-7 donors. A one-sample t-test analyzed cytokine induction by PAMPs compared to the solvent controls. 50 <0.05; §§p <001,
and %%%%p <0.0001. Effects of Sandalore were analyzed by using the Friedman test with post hoc “Two-stage-up method of Benjamini, Krieger, and
Yekutieli” *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001

The expression of OR2AT4 and OR2J3 in AM is in line
with findings showing the extranasal expression of sev-
eral ORs in various cell types (Flegel et al. 2013; Lee et al.
2019). AM are located in the alveolar epithelial recess
in the peripheral lung (Hussell and Bell 2014). Our data
indicate that the two ORs are predominantly expressed in

the outer plasma membranes, as described for the nasal
epithelium and other tissues before (Kalbe et al. 2016;
Bush and Hall 2008). Thus, putative inhaled drugs might
have easy access to the ORs in AM, suggesting them
as interesting target candidates regarding the route of
drug delivery (Hardy and Chadwick 2000).
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Fig. 7 Citronellal reduces the secretion of CXCL-8, IL-6, CCL-2, and MMP-9 from alveolar macrophages. AM were stimulated with Citronellal
(10-500 uM) and LPS (1 pg/ml), LTA (10 pug/ml), or PGN (10 pg/ml) for 24 h. CXCL-8, IL-6, CCL-2, and MMP-9 were measured in culture supernatants
by ELISA. Data were normalized to solvent control (DMSO, A-D) or solvent control with LPS (E-H), LTA (I-L), or PGN (M-P). Data are shown as
mean % SEM n=6-7 donors. A one-sample t-test analyzed cytokine induction by PAMPs compared to the solvent controls. °p < 0.05; %p <0.01,
and *¥%p <0.0001. Effects of Citronellal were analyzed by using the Friedman test with post hoc “Two-stage-up method of Benjamini, Krieger, and

The downstream pathways need to be considered
regarding a potential utility as drug targets. OR2AT4 and
OR1A2 likely regulate the same pathways. Due to the
limited amounts of samples, the signaling pathway analy-
sis was performed in detail for OR2AT4 and was verified

on key points for OR1A2. Our data provide evidence that
both OR2AT4 and OR1A2 trigger a cAMP-dependent
pathway leading to the activation of adenylate cyclase
resulting in an influx of extracellular calcium. cAMP-
dependent Ca?"-influx has previously been suggested as
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a promising therapeutic target to control steroid-resist-
ant inflammation in COPD, non-type 2 asthma, and
other chronic respiratory diseases with predominantly
non-type 2 inflammation (Tintinger et al. 2005). For
COPD, it has been demonstrated before that the produc-
tion of the critical proinflammatory factor CXCL-8 from
AM is insensitive to steroids (Barnes 2004; Khalaf et al.
2017). This might be key to the resistance to inhaled ster-
oids in most COPD phenotypes. Mechanistically, this
has been explained by a decreased expression and activ-
ity of histone-deacetylase-2 (HDAC2) in AM of COPD
subjects that lead to a failure of activated glucocorticoid
receptors to block the activity of the transcription fac-
tor NF-kB. NF-kB controls the transcription of CXCL-8
and other proinflammatory cytokines with central roles
in non-type 2 inflammation and associated chronic res-
piratory diseases, including COPD (Barnes 2004, 2009).
Here, we have demonstrated that the stimulation of
two ORs reduces the expression of CXCL8 and other
NF-kB-dependent and disease-related proinflamma-
tory cytokines in AM likely via cAMP signaling. cAMP
is known to counteract the release of NF-kB-dependent
proinflammatory cytokines (Ivanov et al. 1997) by stimu-
lating protein kinase A (PKA) (Minguet et al. 2005). Here,
the transcription factor cAMP response element-binding
protein (CREB) is phosphorylated via PKA and competes
with NF-kB for the binding site of the coactivator CREB-
binding protein (CBE) (Parry and Mackman 1997). In
addition, cAMP prevents the phosphorylation of pERK
and dephosphorylates p38 mitogen-activated protein
kinase (Kerénen et al. 2017), both of which are decisively
involved in the secretion of proinflammatory cytokines in
AM (Carter et al. 1999). Therefore, our data provide the
first indication that the activation of cAMP signaling by
OR stimulation might be an auspicious strategy to reduce
or neutralize steroid-resistant non-type 2 inflammatory
processes in the lung therapeutically. This might be con-
sidered for COPD and other chronic respiratory diseases
with local AM-dependent and steroid-resistant non-type
2 inflammation like non-type 2 severe asthma pheno-
types or cystic fibrosis.

The phagocytotic activity of macrophages is reduced
in the lungs of COPD and cystic fibrosis subjects even
though the AM numbers are increased (Ballinger et al.
2010; Jubrail et al. 2017; Nunes and Demaurex 2010;
Lévéque et al. 2017). The reduced phagocytic activity
might cause an ineffective clearing of bacterial infections
of the respiratory tract, which can contribute to exacer-
bations or chronic infections (Lévéque et al. 2017; Don-
nelly and Barnes 2012). In severe asthma, the data are
controversial, independent of the phenotype and the type
of inflammation. Increased as well as decreased phago-
cytotic activity has been reported (Veen et al. 2020).
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Sandalore and Citronellal both suppressed the phago-
cytotic activity in AM. This could be explained by the
transient increase of intracellular cAMP concentrations,
which are known to inhibit phagocytosis (Ballinger et al.
2010; Nunes and Demaurex 2010). This effect might be
based on the activation of the exchange proteins directly
activated by cAMP (Epac), which has been shown to
mediate the reduction of phagocytotic activity upon acti-
vation of other G-proteins (Aronoff et al. 2005; Stein-
inger et al. 2011; Kittl et al. 2019). In contrast, Provost
et al. showed that calcium restores the reduced phago-
cytic activity in patients with COPD (Provost et al. 2015).
Effective phagocytosis of Staphylococcus aureus and
other respiratory tract bacteria requires the activation of
the transcription factor NF-kB (Zhu et al. 2014). NF-«xB
is inhibited by Ca?"/cAMP-dependent PKA (Minguet
et al. 2005; Takahashi et al. 2002), which could be another
mechanism through which Sandalore and Citronellal
reduce phagocytotic activity in AM.

Regarding the potential of OR2AT4 and OR1A2 as puta-
tive drug targets, we conclude that stimulation of these
receptors with the aim to neutralize local non-type 2
inflammation could be at the expense of further reducing
the phagocytotic activity AM. Nonetheless, further studies
might focus on which phenotypes or disease stages sub-
jects might benefit more from reducing the inflammatory
burden than maintaining the current phagocytotic activity
of local cells. Infection-induced exacerbations and inflam-
mation-induced remodeling of the lung tissue promote
disease progression. It is conceivable that phenotypes with
a low exacerbation frequency might profit from a strategy
based on ORs as drug targets because their inflammation
might be more important than misregulated phagocyto-
sis. Whether these thoughts might also apply to a putative
use in severe non-type 2 asthma remains unclear because
of the controversial data situation about the misregulation
of phagocytosis in these disease phenotypes. The experi-
ments were performed with samples from patients with
heterologous diseases. Therefore, the potential for individ-
ual disease phenotypes could not be fully elucidated.

Mechanistically, exacerbations might not only result
from a defective clearance of bacteria but also from a
substantial increase in inflammation. The latter might
depend on an excessive response of AM to bacte-
rial PAMPs regarding the release of proinflamma-
tory cytokines and proteases like CXCL-8, CCL-2, and
MMP-9 (Knobloch et al. 2011b). Therefore, the effect of
OR stimulation on these key factors for non-type 2 res-
piratory diseases in the presence of bacterial PAMPs was
investigated. We also considered IL-6, a marker whose
production is rather reduced in COPD and cystic fibrosis
in response to PAMPs (Knobloch et al. 2011b; Armstrong
et al. 2009; John et al. 2010).



Weidinger et al. Molecular Medicine (2022) 28:150

Stimulation of AM with LPS, the most important
PAMP from gram-negative bacteria, resulted in a more
robust cytokine secretion than with PGN and LTA, which
are PAMPs from gram-positive bacteria. Sandalore and
Citronellal both inhibited the secretion of CXCL-8, IL
6, CCL-2, and/or MMP-9 in the presence of the three
PAMPs. This might be useful to reduce inflammation
in exacerbations because CXCL-8, CCL-2, and MMP-9
are key factors and/or are hyper-produced in AM in
response to bacteria (Knobloch et al. 2011b; Henrot et al.
2019). IL-6 might not be upregulated in the respiratory
tract of COPD patients during acute infections. Indeed,
there is evidence that IL-6 production in AM in response
to bacteria is reduced, e.g. in COPD (Knobloch et al.
2011b; Armstrong et al. 2009). We nonetheless carefully
conclude that ORs might have potential as drug targets
in exacerbations induced by gram-negative or gram-
positive bacterial infections. However, the consequence
of IL-6 suppression should be addressed in further pre-
clinical studies. There is an indication that—in contrast
to local and resident AM—systemic defects in circulating
immune cells might prevent their full cytokine response
to respiratory bacteria at recruitment to the site of infec-
tion and activation in patients with smoking-induced
non-type 2 inflammation (Knobloch et al. 2019). This
might be a molecular explanation for the increased sus-
ceptibility to respiratory tract infections, e.g. in COPD
(Rimessi et al. 2021; Petit et al. 2019). Therefore, it has
to be investigated in future studies how ORs might influ-
ence cytokine expression in circulating immune cells in
order to further evaluate their utility as drug targets in
stages of infection-induced exacerbations.

Our study has some limitations. The cellular responses
to ORs might be influenced by the inflammatory environ-
ment of the AM before isolation. The donors have not
been phenotyped for the type of inflammation. However,
according to the diagnosed diseases (please refer to Addi-
tional file 1: Table S1) and to the smoking status [smoking
induces non-type 2 inflammation (Vaart et al. 2004; Arn-
son et al. 2010)] the presence of a partial or full respira-
tory non-type 2 inflammation was expected for all donors
(Arnson et al. 2010) with on exception (see below). Active
smoking and long-term ex-smoking asthmatics have an
inflammatory profile with increased local and systemic
neutrophils and a reduced steroid response compared to
never-smoking asthmatics (Telenga et al. 2013). This indi-
cates an involvement of non-type 2 inflammation in the
pathogenesis of active and ex-smoking asthmatics (Hudey
et al. 2020). Due to a lack of donors, we have included
one never-smoker without a diagnosed respiratory dis-
ease and without indication for any kind of inflammation
exclusively in the data for the Ca-dose response curve in
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Additional file 1: Fig. S1. However, it should be noted that
the principle Ca-response of AM has also been shown in
the data of Fig. 1, which included exclusively subjects with
an indication for non-type 2 inflammation. Despite these
limitations, our study clearly shows that ORs affect pro-
cesses associated with non-type 2 inflammation in AM
and it might be interesting to compare in further studies
between patients with respiratory type 2, non-type 2, and
mixed inflammatory phenotypes.

Conclusion

In summary, our cell culture data provide the first indica-
tion for a possible utility of ORs in primary human AM as
drug targets for respiratory diseases with AM-dependent
non-type 2 chronic inflammation, such as COPD, cystic
fibrosis, and non-type 2 asthma. In this context, the stimu-
lation of OR2AT4 by Sandalore and OR1A2 by Citronellal
impacts pathophysiologically misregulated processes like
intracellular calcium levels, phagocytic activity, and inflam-
matory cytokine production in the presence and absence
of bacterial PAMPs likely by a cAMP-dependent signal-
ing pathway. Thus, our study promotes the idea of reduc-
ing steroid-resistant and AM-dependent inflammation via
targeting Ca”" signaling through ORs, a receptor class that
might be easily reached by inhaled drugs. Because there is
almost no therapy currently available for steroid-resistant
non-type 2 inflammation in chronic lung diseases, future
research should consider this possible strategy.
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