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H I G H L I G H T S

• The novel selective α7nAChR agonist AZ6983 decreases atherosclerosis in mice via immunomodulating effects.• α7nAChR agonist AZ6983 enhances phagocytosis of apoptotic macrophages in vitro.• α7nAChR agonist AZ6983 provides local anti-inflammatory effects in atherosclerotic lesions and in acute inflammatory models.• α7nAChR agonist AZ6983 decreases inflammatory cytokines in human blood in vitro, and systemically in vivo.• α7nAChR agonist AZ6983 can be an attractive therapeutic target for preventing atherosclerosis.
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A B S T R A C T

Background and aims: Alpha 7 nicotinic acetylcholine receptor (α7nAChR) stimulation can regulate acute in-
flammation, and lack of α7nAChR accelerates atherosclerosis in mice. In this study, we aimed to investigate the
effects of the novel α7nAChR agonist, AZ6983, on atherosclerosis and assess its possible immunomodulating
effects.
Methods: AZ6983 was tested in vitro in LPS-challenged mouse and human blood and in vivo using the acute
inflammatory air pouch model. Thereafter, long-term effects of AZ6983 treatment on atherosclerosis and im-
mune responses were assessed in apoE−/− mice after 8 and 12 weeks. Atherosclerosis was investigated in the
aortic root and thoracic aorta, serum levels of cytokines were analysed and RNAseq was used to study aortic gene
expression. Further, bone-marrow-derived macrophages were used to assess phagocytosis in vitro.
Results: α7nAChR activation by AZ6983 decreased pro-inflammatory cytokines in acute stimulations of human
and mouse blood in vitro, as well as in vivo using the air pouch model. Treating apoE−/− mice with AZ6983
decreased atherosclerosis by 37–49% and decreased serum cytokine levels. RNAseq analysis of aortae suggested
the involvement of several specific myeloid cell functions, including phagocytosis. In line with this, AZ6983
significantly increased phagocytosis in bone marrow-derived macrophages.
Conclusions: This study demonstrates that activation of α7nAChR with AZ6983 inhibits atherosclerosis in
apoE−/−mice and that immunomodulating effects on myeloid cells, such as enhanced phagocytosis and sup-
pression of inflammatory cytokines, could be part of the athero-protective mechanisms. The observed anti-
inflammatory effect in human blood supports the idea that AZ6983 may decrease disease also in humans.
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1. Introduction

Cardiovascular disease is the leading cause of death globally and
atherosclerosis is often the underlying cause. Atherosclerosis is a
chronic inflammatory disease, where both the innate and adaptive
immune systems contribute to disease progression [1]. Autonomic
dysfunction, usually manifested as increased sympathetic activity, has
been associated with increased risk for both cardiovascular disease and
atherosclerosis [2–4]. Recently, we demonstrated that autonomic dys-
function is associated with atherosclerosis and that inflammation could
play an important role in mediating this relationship [5]. Interestingly,
also the parasympathetic part of the autonomic nervous system has
been implicated in regulating inflammation, i.e. the cholinergic anti-
inflammatory pathway, where vagus nerve stimulation decreases in-
flammation in acute inflammatory disease via the activation of the
alpha 7 nicotinic acetylcholine receptor (α7nAChR) [6,7]. Further, we
have previously shown that α7nAChR can also modulate inflammation
in more chronic diseases such as atherosclerosis, where lack of
α7nAChR in hematopoietic cells dramatically accelerates athero-
sclerosis in mice [8]. However, the role of α7nAChR in atherosclerosis
appears to be enigmatic. While we showed an anti-atherosclerotic effect
of α7nAChR using a bone marrow transplantation model, this was not
corroborated in a later study [9]. Additionally, even though Kooijman
et al. did not detect a significant effect on atherosclerosis, using the
bone marrow transfer strategy, they did show profound effects on im-
mune reactivity, further supporting the role of α7nAChR in regulating
inflammation [10]. Two recent atherosclerosis studies used the selec-
tive α7nAChR agonist ARR-17779 or the partial α7nAChR agonist GTS-
21, demonstrating anti-atherosclerotic effects of α7nAChR stimulation
in mice [11,12]. Yet, the specific mechanisms behind this athero-pro-
tective effect and the potency of other agonists remain to be in-
vestigated.

Atherosclerosis is characterized by the retention and accumulation
of lipids within the vascular wall and the subsequent recruitment of
immune cells to the site of inflammation. To orchestrate the recruit-
ment of immune cells to the site of inflammation, chemotactic cyto-
kines, i.e. chemokines, play a central role. Several chemokines have
previously been implicated in the atherogenic process, including MCP1
(CCL2), RANTES (CCL5), MIP3a, CXCL1 (KC/Groα) and Fractalkine
(CX3CL1) [13–17]. These chemokines and their receptors direct the
recruitment of monocytes to the site of vascular inflammation. Once
recruited to the vascular wall, monocytes can mature into macrophages
and start engulfing modified lipoproteins, subsequently leading to foam
cell formation [18]. Even though foam cell formation is a hallmark of
plaque progression, macrophages have a complex role as they are
professional phagocytes, important for scavenging modified lipopro-
teins, senescent cells and apoptotic cells [19].

We hypothesise that the athero-protective effect of α7nAChR sti-
mulation is due to immunomodulatory mechanisms. The aim of the
current study is to investigate if the novel agonist AZ6983 has an im-
munoregulatory role in human peripheral mononuclear cells in vitro, to
test the agonist in an acute inflammatory model in vivo, and to in-
vestigate its pharmacological effect on atherosclerosis in apoE−/−mice.

2. Materials and methods

2.1. Experimental design

A novel selective agonist and modulator for the alpha 7 nicotinic
acetylcholine receptor (α7nAChR), AZ6983 (Astra Zeneca, Gothenburg,
Sweden), was studied in vitro using mouse and human whole blood.
After confirming the anti-inflammatory effect of AZ6983 in vitro, we
tested the compound in an acute inflammatory model, the air pouch
model. Thereafter, we investigated its effect on atherosclerosis in
apoE−/- mice, in two independent studies, for 12 and 8 weeks, re-
spectively. The direct effect of AZ6983 on macrophage phagocytosis

was investigated in bone marrow derived macrophages (BMDMs).
All animals were housed at 21–24 °C in a room with 12 h light/12 h

dark cycle. Water and food were available ad libitum. All procedures
involving mice were approved by the Regional Animal Ethics
Committee at the University of Gothenburg, in accordance with the
European Communities Council Directives of 22 September 2010
(2010/63/EU).

2.2. Compound AZ6983

The intrinsic activity of AZ6983 on α7nACh and α4β2nACh was
tested in Xenopus laevis oocytes using two-electrode voltage-clamp re-
cordings, and the affinity against α7nAChr, α3β4nAChR and 5-HT3aR
was determined with competitive radioligand binding assays. For de-
tails, see Supplementary Data.

2.3. Ex vivo blood stimulations

Blood, from healthy donors of mixed age and gender, collected from
the blood bank of Sahlgrenska hospital (n= 12), and from male apoE−/
− mice through cardiac puncture (n=11), was collected in heparin
tubes. Human blood was divided into Eppendorf tubes in volumes of
500 μl and mouse blood in flat bottom well plates in volumes of 70 μl.
Samples were challenged with 10 ng mL-1 of lipopolysaccharide (LPS,
List Biological Laboratories Inc.) and treated with PBS or increasing
concentrations of AZ6983, 0.1, 1, 10 or 100 μmol L-1. Control samples
also included the addition of 100 μmol L-1 of AZ6983 to unstimulated
blood. Samples were incubated for 4 h at 37 °C on a shaker and plasma
was collected by centrifugation (20min, 2600 g, RT). All samples were
stimulated in duplicates and frozen at −20 °C until analysis. Cytokines
were analyzed by commercially available ELISA kits using ELISA
Ready-SET-go (eBioscience, Inc. San Diego, CA, US) for human TNF-α,
IL-1β and IL-6, and ELISA MAXtm (BioLegend, San Diego, CA, US) for
mouse TNF-α, according to the manufacturers protocol. Healthy donors
have expressed both written and verbal consent for samples to be used
in pharmacological research.

2.4. Air pouch model

To investigate whether AZ6983 affects acute inflammatory re-
sponses in vivo, we used the air pouch model in two separate experi-
ments. At 8 weeks of age, male C57BL/6JRj mice (Janvier Labs, Le
Genest-Saint-Isle, France) were injected with 3ml of sterile air between
the scapulae under isoflurane anesthesia. Three days later, the air
pouch was re-filled with 3ml of sterile air. On day six, mice received an
i.p. injection of PBS (control), AZ6983 13.9 μmol kg-1 or AZ6983
139 μmol kg-1. After 15min, all mice received LPS (10 μg, List
Biological Laboratories Inc., Campbell, USA) into the pouch cavity.
Mice were sacrificed 6 h or 24 h post LPS injection by an overdose of
pentobarbital (i.p., Apoteket AB, Stockholm, Sweden). The 6 h time
point was separated into two sacrifice days and the statistics adjusted
accordingly. The pouch cavity was flushed with 2ml of PBS with
1.6 mmol L-1 EDTA and the exudate collected. White blood cell count in
the exudate was analyzed using the TC20 Automated Cell Counter (Bio-
Rad, CA, US) and thereafter centrifuged for 5min at 400g. Supernatants
were stored for Multiplex analysis and cell pellets used for flow cyto-
metry analysis.

2.5. Atherosclerosis studies

In an initial study, we investigated the effect of 12-week treatment
with AZ6983 on atherosclerosis (referred to as the 12-week study).
apoE−/− mice on C57BL/6 background were bred and kept at the
Beijing Medical University animal center. The study was performed at
the CrownBio International R&D Center, Beijing, China. At 7 weeks of
age, male mice were randomly divided into 2 groups: A/Control diet
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(n= 12) and B/AZ6983 admixed in diet to yield a daily dose of 50 μmol
kg-1 (n=12). From 8 weeks of age, all mice were fed a high fat,
cholesterol enriched diet (21% fat, 0.15% cholesterol; R638,
Lantmännen, Sweden) with or without the α7nAChR agonist AZ6983
for 12 weeks.

To characterize the mechanisms behind the atheroprotective effects
of AZ6983 at an earlier time point, we next performed an 8 week study
(Referred to as the 8-week study). Male apoE−/− mice from Taconic
(C57BL/6 background, B6192P2-Apoetm1UncN11, Taconic, Denmark)
were kept at the Laboratory for Experimental Biomedicine, Gothenburg,
Sweden. At 7 weeks of age, mice were randomly divided into two
groups: i/Control (n=14) and ii/α7nAChR agonist AZ6983 (n=15).
At 10 weeks of age, mice were anesthetized using isoflurane for
5–10min and subcutaneously implanted with osmotic minipumps
(Alzet model 2004, DURECT Corporation, ALZET Osmotic Pumps,
Cupertino, CA, USA) delivering vehicle (28% cyclodextrin in saline), or
α7nAChR agonist AZ6983 (50 μmol kg-1 per day) for 8 weeks. Due to
the duration of the minipumps, replacement was done after 4 weeks.
From 10 weeks of age and throughout the experiment, mice were fed a
high fat, cholesterol enriched diet (21% fat, 0.15% cholesterol; R638,
Lantmännen, Sweden). Both groups included mice with reactions to the
minipumps and had to be re-sutured to ensure proper treatment. If not
possible, mice were excluded from the study (included/excluded,
n=20/9).

2.6. Tissue preparation

The vascular tree was perfused by intracardiac saline infusion to
clear the lumen from blood at 100mmHg. For the 12-week study, the
heart and aorta were dissected, fixated in 4% neutral phosphate buf-
fered formaldehyde for one week, and used for en face quantification.
For the 8-week study, one third of the spleen was kept in PBS on ice for
subsequent flow cytometry analysis. The heart and aortic root were
embedded in Optimal Cutting Temperature Compound (OCT), and
cryosectioned for immunohistochemistry while the aorta and remaining
spleen were snap-frozen and stored at −80 °C for RNA isolation.

2.7. Atherosclerotic lesion analysis

Aortas from the 12-week study were prepared as previously de-
scribed [20], and mounted with glycine gelatin with the lumen side
facing upward. Images of the whole-mounted aorta were captured using
a camera. The total area of the aorta was manually outlined by a
blinded observer and lesions automatically computed by morphometry
(BioPix, Gothenburg, Sweden). The aortic root from the 8-week study
was serially sectioned at six different levels, 200–700 μm from the
aortic valves. Sections were air-dried, fixed with 4% formaldehyde in
PBS and then stained with ORO for lipids. Images were captured with
an Olympus BX60F5 microscope, connected to an Olympus DP72
camera. Lesions were manually outlined and measured by a blinded
observer. Lesion area and lipid accumulation were computed by an
image analysis program (CellSens Dimension Desktop 1.5, Version 1.5,
Olympus Optical Company, Hamburg, Germany), and the area was
normalized to the external elastic lamina (EEL).

Immunostaining was performed on acetone-fixed cross-sections of
the aortic root as previously described [8]. The following antibodies
were used: anti-CD68 (MorphoSys UK Ltd, Oxford, UK), anti-Ki67
(ABCAM, Cambridge, UK), anti-CD47 (R&D Systems, Minneapolis, US),
anti-VCAM-1 (Hycult Biotech, Uden, Netherlands), anti-CD3 (Abcam),
anti-I-Ab (BD Biosciences, Franklin Lakes, NJ, US), anti-MCP1 (Abcam)
and anti-CXCL1 (Abcam). Sections were incubated with a biotinylated
secondary antibody (Vector Laboratories) followed by incubation with
Vectastain ABC reagent (Vector Laboratories). Binding was visualized
using the NOVA RED kit (Vector Laboratories), counterstained with
Hematoxylin (HARRIS HTX Histolab: Histolab Procuts AB, Gothenburg,
Sweden) and mounted with Kaisers Glyceringelatine (Merck Millipore,

Darmstadt, Germany). A Rat IgG isotype (R&D Systems) or Rabbit IgG
(Abcam) served as negative control. Images were captured and staining
was computed as described above. Staining was normalized to EEL and
expressed as area or number of cells.

2.8. In vivo blood analysis

Total cholesterol, free cholesterol and low-density-lipoprotein (LDL)
in plasma (12-week study) or serum (8-week study) was determined
using a colorimetric end-point assay (ab65390 HDL and LDL/VLDL
Cholesterol Assay Kit, Abcam, Cambridge, UK) according to the man-
ufacturer's protocol. In brief, the enzyme mix specifically binds to free
cholesterol and reacts with a probe to develop a color that can be de-
tected at 570 nm. Total cholesterol or free cholesterol was detected
separately by the addition or absence of cholesterol esterase that hy-
drolyzes cholesteryl esters into free cholesterol. LDL fraction was se-
parated from HDL by using the precipitation buffer. Serum creatinine
was determined colorimetrically at 485 nm by Jaffe's reaction. Briefly,
equal amounts of NaOH (1M) and picric acid (1%) was mixed into
serum samples and creatinine standards (C3613-1 SET, Sigma-Aldrich,
St. Louis, US) and the concentrations calculated after spectro-
photometric detection. Alanine transaminase (ALT) was color-
imetrically analyzed using the Mouse ALT ELISA kit EKM1658 (Nordic
Biosite, Täby, Sweden) according to the manufacturers protocol.
Briefly, biotin conjugated anti-ALT antibody was added to the serum
samples and standards. Following incubation and washing, HRP-strep-
tavidin was added and unbound conjugates were washed away. The
addition of TMB, followed by a stop solution, produces a yellow color
that was colorimetrically analyzed at 450 nm. AZ6983 drug exposure
was determined in plasma and in whole blood for the 12-week study
and the 8-week study, respectively, by liquid chromatography–mass
spectrometry. Briefly, samples were haemolysed and precipitated with
acetonitrile (Fisher Scientific, Waltham, MA, US). After centrifugation,
the supernatant was diluted with 0.2% formic acid (Merck, Darmstadt,
DE). Analysis was performed on a short reversed-phase HPLC-column,
Xbridge C18, with rapid gradient elution and MSMS detection using a
triple quadrupole instrument with electrospray ionization, and Selected
Reaction Monitoring (SRM) acquisition analyzed with MassLynx, ver-
sion 4.1 (Waters Corporation, Milford, MA, US)

2.9. RNA isolation, cDNA synthesis, and real-time PCR analysis

RNA of thoracic aorta, spleen and aortic lymph nodes was extracted
by using the RNAeasy® Fibrous Tissue Mini Kit and miRNeasy® Mini Kit
(Qiagen GmbH, Hilden, Germany) according to the manufacturer's
protocol. Concentration and quality were analyzed using a NanoDrop
(NanoDrop Products, DE, US) and electrophoresis (Experion, Bio-Rad
Laboratories, CA, USA). Reverse transcription was performed using the
QuantiTect Reverse Transcription Kit (Qiagen GmbH, Hilden, Germany)
according to the manufacturer's protocol. Gene expression of in-
flammatory markers in spleen was determined with real-time PCR
(LightCycler, Roche Diagnostics GmbH, Mannheim, Germany) utilizing
SYBR-Green I (QuantiFast SYBR® Green PCR Kit, Qiagen). Using the
GenEx Standard software (TATAA Biocenter, Gothenburg, Sweden)
Ywhaz was suggested as references gene and subsequently used in the
analysis of mRNA levels in spleen. Gene expression levels were ana-
lyzed using the GenEx Standard software as previously described [8].
Samples with replicates diverging more than 1.0 Ct were excluded.

2.10. Flow cytometry analysis

Spleens were homogenized in CellWASH (BD Biosciences, Franklin
Lakes, NJ, USA), using cell strainers. After centrifugation, splenocyte and
exudate pellets were resuspended in lysis buffer (BD Biosciences) for
6min on ice. Hemolysis was stopped by adding CellWASH (BD
Biosciences), followed by centrifugation and resuspension. 3×105 cells/
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sample were used for staining. Following incubation with Fc-block
(2.4G2; BD Biosciences), splenocytes were incubated with the following
antibodies: anti-CD3-PerCp-Cy5.5 (clone 145-2C11), anti-CD11b-Alexa
Flour 488 (M1/70) and Ly6G-PE (AL-21). For flow cytometry analysis of
the air pouch exudate, the following antibodies were used: anti-CD3-PE
(145-2C11), anti-CD11b-APC (M1/70) and anti-Ly6G-FITC (1A8), all
from BD Biosciences. Cells were acquired using FACSCantoA or
FACSCantoII flow cytometers (BD Biosciences) and data analyses per-
formed with FACSDiva software (version 6.1.3; BD Biosciences) for
splenocytes and BMDMs with beads, or FlowJo software (version 10.4.2;
FlowJo, LLC) for air pouch exudate and BMDMs with apoptotic cells.

In the analysis, a leukocyte gate included the cells of interest. T cells
were defined as CD3+ cells, monocytes as CD11b+ cells with low
granularity or as CD11b+ + Ly6G- cells. Monocytes were subsequently
defined as Ly6Chigh or Ly6Clow. Neutrophils were defined as
Ly6G + cells. Flow cytometry results are presented as frequencies of
parent population, immune cell count by multiplying the frequencies to
white blood cell count or mean fluorescence intensity (MFI) to assess
the individual phagocytic capacity of each macrophage. For re-
presentative gating strategy, see Supplemental Fig. II-IV.

2.11. Multiplex analysis of the air pouch exudate and serum

The Bio-Plex ProTM Mouse Chemokine Panel 33-plex (#12002231,
Bio Rad Laboratories, Inc. Hercules, USA) was used to quantify che-
mokines and cytokines in the air pouch exudate and serum samples
from the 8-week study. The assay was performed according to the
manufacturers’ protocol. 33 chemokines and cytokines were quantified,
including; Eotaxin, Fractalkine, GM-CSF, CCL1, IFNg, IL-6, CXCL10,
MIP3a, CCL17 and TNFα.

2.12. Differentiation of primary bone marrow derived macrophages and
phagocytosis assay

Primary bone marrow derived macrophages (BMDMs) were isolated
from 8 to 18 week old male and female apoE−/− (Taconic, Denmark)
and LDLr−/−mice (in-house breeding). Mice were sacrificed by an i.p.
injection of pentobarbital (Apoteket AB). The bones of the hind legs
were dissected, washed with EtOH (70%) and rinsed in sterile PBS.
Femur and tibia was separated and bone ends were cut before flushing
out the bone marrow using a syringe filled with RPMI. Cells were cul-
tured in petri dishes with differentiation medium (RPMI containing
10% FBS, 1% penicillin/streptomycin and M-CSF Recombinant Murine
M-CSF, PeproTech Nordic, Stockholm, Sweden), at 37 °C and 5% CO2.
At day 2 unattached cells were collected and re-seeded into the petri
dishes together with fresh differentiation medium. At day 6 medium
was discarded and cells harvested in ice cold PBS using cell scrapers.
After centrifugation cells were resuspended in differentiation medium
and plated for phagocytosis assay.

Primary BMDMs were seeded into 12-well plates (250 000 -500
000 cells/well) with differentiation medium, treated with or without
AZ6983 in 3–5 replicates at a concentration of 0.5 or 5 μmol L-1, and
incubated at 37 °C and 5% CO2 for 24 h. Unattached cells were dis-
carded and phagocytosis of beads was tested by adding 10 FITC-labeled
latex beads/cell (Polysciences Europe, Hirschberg, Germany) in com-
plete RPMI (RPMI with 10% FBS, 1% penicillin/streptomycin) for
45min at 37 °C. Plates were placed on ice to stop phagocytosis and cells
were washed with RPMI to discard non-phagocytosed beads before they
were resuspended in CellWASH by gentle scraping. Phagocytosis of
apoptotic macrophages was assessed by incubating a set of BMDMs with
10 μM Dexamethasone (cat: 1126/100, Tocris, Abingdon, UK), to in-
duce cell death, in differentiation medium for 6 h at 37 °C, with the
subsequent addition and incubation of Far Red Viability dye (L34973,
ThermoFischer Scientific) for 30min at 4 °C. Healthy BMDMs were la-
beled with 10 μmol L-1 of CellTracker Green-Bodipy (cat: C2102,
ThermoFischer Scientific) for 30min at 37 °C and 5% CO2. Far Red

labeled apoptotic cells were added to the Green-Bodipy-labeled healthy
macrophages for 2 h at 37 °C and 5% CO2 before all cells were gently
scraped and collected. The ratio of phagocyting macrophages and their
phagocyting capacity was measured in a flow cytometer, as described
above. Experiments were repeated at 5-7 independent time points and
an average of replicates was calculated for each experiment. Flow cy-
tometry results are presented as percentages of macrophages that are
positive for fluorescent latex beads or apoptotic cells and mean fluor-
escence intensity (MFI) of cells positive for FITC-labeled latex beads or
Far Red Viability-labeled apoptotic macrophages.

2.13. Statistics

Data were tested for normality and statistical methods chosen ac-
cording to the outcome. Lesion area in aortic root was analyzed with
repeated measurement 2-way Anova. Mean lesion area in aortic root
and thoracic aorta was analyzed with Students t-test. Data on im-
munohistochemistry, flow cytometry of splenocytes, cholesterol, ALT,
creatinine, spleen weight and body weight was analyzed with Mann-
Whitney U test. Gene transcription in spleen was analyzed with Mann-
Whitney U test, followed by Holm's sequential Bonferroni correction.
Flow cytometry data from phagocytosis experiments and cytokine re-
sponse in blood (logarithmically transformed for normality) were
analyzed with repeated measurement 1-way Anova followed by Holm
-Sidak's multiple comparison test. Flow cytometry data, cell count and
cytokine multiplex from both air pouch experiments were logarith-
mically transformed for normality. The 6 h time point was analyzed and
expressed as estimated marginal means ± 95% confidence interval
(95% CI) to adjust for sacrifice. The 24 h time point was analyzed with
the 1-way Anova followed by Holm -Sidak's multiple comparison test
and expressed as mean ± a 95% CI. Serum cytokine multiplex data
was analyzed with Mann-Whitney U test. Differences in sample num-
bers were due to laboratory errors or lack of sample material. Statistical
outliers, detected by the software, were excluded from the analysis.
Unless otherwise stated, data is expressed as mean ± SEM. All tests
were two sided and p < 0.05 was considered significant for all data.
The statistical analyses were carried out with the GraphPad Prism
software (Version 5.03, La Jolla, CA, USA) or IBM SPSS (IBM SPSS
Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp).

3. Results

3.1. Compound: AZ6983

The novel selective α7nAChR agonist AZ6983 (Supplemental
Fig. 1A), (((R)-5-(2-(pyridin-3-yl)oxazol-5-yl)-3H-1′-azaspiro[furo[2,3-
b]pyridine-2,3′-bicyclo[2.2.2]octane] [21] (Astra Zeneca, Gothenburg,
Sweden) was used throughout this study. AZ683 is an orthosteric ago-
nist for α7nAChR that acts in synergy with acetylcholine (ACh)
(Supplemental Figs. 1A–C). The compound did not evoke any activation
of the acetylcholine receptor α4β2nAChR (data not shown). AZ6983
affinity for the target receptor α7nAChR was measured using a com-
petitive radioligand binding assay and compared to two associated re-
ceptors, the acetylcholine receptor α3β4nAChR, and the biochemically
homologous 5HT3aR. IC50 for α7nAChR was 19 nmol L-1 with a high
selectivity over α3β4nAChR (4.9 μmol L-1), and the serotonin receptor
5HT3aR (6.6 μmol L-1) (Supplemental Table I). The purity of the
compound used in this study was determined to be 99.6% using high-
performance liquid chromatography.

3.2. α7nAChR agonist AZ6983 decreases pro-inflammatory cytokines in
whole blood samples

To first test the immunoregulatory effects of the α7nAChR agonist
AZ6983, cytokine secretion was analyzed in LPS-challenged mouse and
human whole blood. AZ6983 decreased TNFα levels in a dose-
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dependent manner in both mouse (Fig. 1A) and human (Fig. 1B) whole
blood at both 10 and 100 μmol L-1. IL-1β and IL-6 were only sig-
nificantly decreased at 100 μmol L-1 (Fig. 1C and D).

3.3. α7nAChR agonist AZ6983 decreases inflammatory cytokines in vivo in
the air pouch model

We next sought to test the effects of the α7nAChR agonist AZ6983 in
an in vivo model of acute inflammation by using the air pouch model.
After 6 h of inflammation, AZ6983 significantly decreased the con-
centration of several cytokines at both 13.9 μmol kg-1 and 139 μmol kg-
1 in the air pouch exudate compared to the untreated mice (Fig. 2A).
Following the post hoc analysis, the concentration of following che-
mokines and cytokines was found significantly decreased compared to
untreated mice; CXCL10, TNFα, MIP3a and CCL1 (Fig. 2B). There was
no significant difference in white blood cell count in the air pouch
exudate after using any of the different doses of AZ6983 (Fig. 2C, upper
panel), neither in the cell count of CD3+ T cells, Ly6G+ neutrophils nor
in CD11b+ monocytes (Fig. 2D, upper panel). To assess the immune cell
composition at a later time point, a separate air pouch experiment was
conducted where mice were sacrificed at 24 h after inflammation. Si-
milar to the 6 h time point, no changes in white blood cell count, CD3+

T cells, Ly6G+ neutrophils or CD11b+ monocytes were found (Fig. 2C
and D, lower panel). However, AZ6983 at the 13.9 μmol kg-1 dose
caused a 48% decrease in the number of CD11b+ monocytes, yet, this
did not reach statistical significance.

3.4. α7nAChR agonist AZ6983 decreases atherosclerosis in apoE−/− mice

After confirming the anti-inflammatory effects of AZ6983 in vitro
and in an acute in vivo model, we next investigated whether the im-
munomodulating effects could affect atherosclerosis progression in
mice. In the first study, treatment with AZ6983 admixed in food for 12
weeks reduced the atherosclerotic lesion area by 49% in the thoracic
aorta compared to controls (Fig. 3A). To verify this finding, we per-
formed an 8-week study with administration of AZ6983 by osmotic
minipumps. Here, atherosclerotic lesion area was decreased by 37% in
the aortic root and lipid accumulation in lesions by 48% compared to
controls (Fig. 3B–E). When investigating plaque morphology, AZ6983
treated mice had a 47% reduction in CD68+ macrophages compared to
untreated mice (Fig. 3F), however, the amount of CD3+ T cells was not

altered (Fig. 3G). Further characterization of plaque composition
showed no difference in the expression of vascular adhesion molecule
VCAM-1 (Fig. 3H), nor in the MHC class II marker I-Ab between the
groups (Fig. 3I). Besides immune cell infiltration and activation, cel-
lular proliferation is an important contributor to plaque progression.
We therefore investigated the expression of the proliferation marker
Ki67 in the aortic root. AZ6983 decreased Ki67 by 49% compared to
untreated mice (Fig. 3J). Another contributing factor to plaque pro-
gression is failure in removing apoptotic cells from the vessel wall, i.e.
efferocytosis [22]. We therefore analysed the expression of the anti-
phagocytic marker CD47. Interestingly, AZ6983 decreased CD47 ex-
pression by 58% (Fig. 3K). In regard to the reduction of macrophage
marker CD68, we also stained for two monocyte recruiting chemokines.
AZ6983 treatment reduced the monocyte chemoattractant protein-1
(MCP1) by 44% and did not have any significant effect on CXCL1 in the
lesions (Fig. 3L and M, respectively).

To further investigate potential cellular processes as mediators of
AZ6983 treatment effects, we performed RNA sequencing of aortas
from the 8 week study. Ingenuity Pathway Analysis of the differentially
expressed genes (See table in Ref. [23]) suggested that the top 5 specific
functions regulated by AZ6983 treatment were phagocytosis of cells,
arteriosclerosis, engulfment of cells, adhesion of blood cells and binding
of myeloid cells (Supplemental Table II). Since both phagocytosis and
engulfment of cells were among the top regulated functions, and we
previously observed decreased expression of the anti-phagocytic
marker CD47, this prompted us to investigate the effects of AZ6983 on
phagocytosis using bone marrow derived macrophages (BMDMs).
AZ6983 increased the frequency of BMDMs with the capability to en-
gulf latex particles and their fluorescence intensity, as an indication of
the amount of beads each macrophage can engulf (Fig. 3N). Also, the
frequency of BMDMs with capability to engulf apoptotic macrophages
was increased (Fig. 3O, left panel). In regard to apoptotic macrophages,
the phagocytic capacity of BMDMs was not affected by the treatment
(Fig. 3O, right panel)

3.5. α7nAChR agonist AZ6983 decreases systemic inflammation in vivo

Systemic immune-regulating effects of AZ6983 administration in
apoE−/− mice were assessed in the 8-week study. Multiplex analysis of
serum samples showed that AZ6983 treatment had a suppressive effect
on pro-inflammatory cytokines (Fig. 4A), specifically indicating MIP3α,

Fig. 1. AZ6983 inhibits inflammatory cytokine production in blood from humans and mice ex vivo.
(A-D) Blood from apoE−/− mice and healthy human donors was stimulated with 10 ng mL-1 of lipopolysaccharide (LPS) together with PBS, or increasing con-
centrations of α7nAChR agonist AZ6983 (0.1, 1, 10 and 100 μmol L-1). Control samples (black bars) were stimulated with 100 μmol L-1 of AZ6983. Samples were
incubated for 4 h and inflammatory cytokines assessed in plasma using ELISA. (A) TNF-α in mouse blood (n = 11). (B-D) TNF-α, IL-1β and IL-6 in human blood
(n = 12). Bars represent cytokine concentrations in pg mL-1 and are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. AZ6983 decreases inflammation in air pouch model.
Acute immunomodulatory properties of AZ6983 were tested using the air pouch model in C57BL/6JRj mice. Mice were treated with PBS, AZ6983 (13.9 μmol kg-1),
or AZ6983 (139 μmol kg-1) i. p. and subsequently challenged with LPS into the pouch for 6 h or 24 h. Cytokine concentration in the air pouch-exudate was analyzed
after 6 h by Luminex and presented as a heatmap (A) with * indicating significant differences between the groups using estimated marginal mean to adjust for
sacrifice day. (B) Graphs representing estimated marginal means of cytokines that were significantly different compared to the controls. (C) White blood cell count
and (D) cell count of specific immune cells in the air pouch exudate after 6 h (upper panel), presented as estimated marginal mean, and after 24 h, (lower panel)
presented as mean. Error bars represent a 95% CI.*p < 0.05, **p < 0.01, n= 8–9 per group.
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IL-4, RANTES (CCL5), MCP1 (CCL2), CXCL1 (GROα), Eotaxin 2
(CCL24) and fractalkine (CX3CL1) as significantly reduced compared to
untreated mice (Fig. 4B). Immune responses were also analyzed in
spleens, an important source of cells responding to inflammation, and
identified as a significant site for α7nAChR-modulated immune re-
sponses [24]. Real time PCR revealed reduced gene expression of CD86,
CD4, CD8, and IFNγ after treatment with AZ6983 (Fig. 4C), markers
associated with T cells and their activation. There were no differences
in gene expression of CD3, TNFα, IL-1β, IL-6, MCP1, CCL5 and CCR2
between the treatment groups. (Fig. 4C). Mice treated with AZ6983
showed an increased spleen weight compared to controls (Fig. 4D).
Splenocytes were further characterized by flow cytometry. AZ6983
treatment reduced the frequency of CD3+ T cells whereas the frequency
of CD11b+ cells was increased compared to controls (Fig. 4E and F).
Moreover, AZ6983 increased the frequency of Ly6Chigh monocytes, and
decreased the frequency of Ly6Clow monocytes in the spleen (Fig. 4G
and H).

3.6. Cholesterol, body weight, AZ6983 exposure and biomarkers of specific
organ disorders

Total cholesterol levels in plasma or serum were measured in both
atherosclerosis studies. After 8 weeks, total cholesterol was increased in
AZ6983 treated animals in the 12-week study, and decreased in the 8-
week study (Table 1). At sacrifice, no differences were seen between the
control group and the treatment group in the 12-week study (Table 1).
Free cholesterol and LDL cholesterol were assessed in the 8-week study
and were both decreased in the treatment group compared to controls
(Table 1). Mean AZ6983 exposures in the treatment groups were
0.37 μmol L-1 in the 12-week study, and 0.56 μmol L-1 in the 8-week
study (Table 1). Treatment with AZ6983 was not associated with any
changes in body weight or biomarkers for liver damage and kidney
function, alanine transaminase (ALT) and creatinine, respectively
(Table 1).

4. Discussion

In the current study, activation of α7nAChR with AZ6983 decreased
atherosclerosis in apoE−/−mice in two independent studies, both in the
aortic root and thoracic aorta. Further, AZ6983 reduced pro-in-
flammatory cytokine levels and modulated myeloid immune responses
in apoE−/− mice. Importantly, AZ6983 also reduced cytokine levels in
human immune cells. This study adds knowledge on the mechanisms
behind the athero-protective effect of α7nAChR stimulation. Hence,
this study further supports that activation of α7nAChR is a potential
target for athero-protective interventions and adds AZ6983 as a potent
pharmacological candidate that acts via immunomodulatory effects.

By stimulating α7nAChR with AZ6983 in vitro, we demonstrate anti-
inflammatory effects of the novel agonist on human peripheral immune

cells. This supports previous studies in samples from healthy volunteers
as well as patients with rheumatoid arthritis, where stimulation of
α7nAChR using nicotine or GTS-21 reduced pro-inflammatory cyto-
kines in whole blood assays [25,26]. In the present study, the anti-in-
flammatory effects of AZ6983 were further tested in vivo using the acute
air pouch model. This model is used in atherosclerosis studies due to its
resemblance to microvascular inflammation [27–30]. We show that
AZ6983 suppressed several pro-inflammatory cytokines, including:
CCL1, CXCL10, MIP3α (CCL20) and TNFα [14,31–34] after 6 h of in-
flammation. Taken together, the affected cytokines indicate a general
reduction in myeloid cell response. Still, the number of
CD11b + monocytes in the air pouch exudate was unaffected by the
treatment. Since similar studies measured monocyte recruitment at
20–24 h after the inflammatory challenge [27–30], we followed up with
a cell recruitment assessment 24 h after inflammatory challenge. Sur-
prisingly, despite a numerical reduction by 48% in monocyte recruit-
ment, the statistical difference was nonsignificant.

Our findings on the acute anti-inflammatory properties of AZ6983
encouraged us to move further by testing the long-term effects of
AZ6983 on atherosclerosis and investigating the potential underlying
immune mechanisms. In two separate studies, we demonstrate that
activation of α7nAChR with the novel agonist AZ6983 reduced the
development of atherosclerosis. These findings support recent studies
where α7nAChR agonists ARR-17779 and GTS-21 were used to de-
termine α7nAChR-mediated inhibition of atherosclerosis in mice
[11,12]. However, GTS-21 is considered a partial agonist to α7nAChR
that also shows inhibitory effects on α4β2nAChR [35,36] and was re-
cently shown to have anti-inflammatory effects independently of
α7nAChR [37]. ARR-17779, on the other hand, is a full agonist for
α7nAChR, with high selectivity over α4β2nAChR [38]. ARR-17779
belongs to the spirocyclic oxazolidinones, a group of compounds that
has experienced challenges with cross reactivity to the 5HT3 receptors
[39], however, ARR-17779 does not seem to have any cross reactivity
with 5HT3R [40]. In the present study, increasing concentrations of
AZ6983 potentiated the response to ACh and elicited agonistic prop-
erties by itself in oocytes expressing α7nAChR. Further, AZ6983
showed a high selectivity over 5HT3aR and α3β4nAChR, and did not
evoke any response in α4β2nAChR-expressing oocytes. Despite incon-
clusive data on the effects of α7nAChR-ablation [8–10], the present
study adds robustness to the univocal atheroprotective role of
α7nAChR-stimulation [11,12] by contributing with a new selective
agonist. The comparatively higher concentrations needed to suppress
cytokines in vitro, compared to the in vivo experiments, may be ex-
plained by AZ6983 being an orthosteric modulator that only function as
a partial agonist in the absence of endogenous ACh. However, in
comparison with in vitro studies using GTS-21 [26], AZ6983 effectively
depresses cytokine levels at lower concentrations.

Even though two previous studies demonstrated an anti-athero-
sclerotic effect of α7nAChR stimulation, the underlying mechanism

Fig. 3. The α7nAChR agonist AZ6983 reduces atherosclerosis in apoE−/− mice and improves phagocytosis in vitro.
(A) apoE−/− mice received α7nAChR agonist AZ6983, 50 μmol kg-1 per day, admixed in Western diet or regular Western diet for 12 weeks. En face quantification of
thoracic aorta after oil red O staining. Graph represents the percentage of lesion area of total vessel area (n= 12 for both groups). (B-E) apoE−/− mice treated with
50 μmol kg-1 per day of AZ6983 or vehicle in osmotic minipumps for 8 weeks. Atherosclerosis was measured in serial sections of the aortic root. (B) Lesion area for all
sections normalized to external elastic lamina (EEL) and (C) mean lesion area of all sections as % of total vessel area. (D) Lipid accumulation was detected with Oil
Red O and is presented as stained area normalized to EEL. (E) Representative micrographs of Oil Red O stained sections. (F-K) Quantification of immune markers in
lesions of the aortic root after 8 weeks of treatment with AZ6983. (F) Macrophage stained area (CD68), (G) T cells (CD3), (H) vascular cell adhesion protein-1 (VCAM-
1), (I) MHC class II (I-Ab), (J) proliferating cells (Ki67), (K) anti-phagocytic protein (CD47), (L) monocyte chemoattractant protein-1 (MCP1) and (M) the chemokine
CXCL1 stained area are normalized to EEL and presented in graphs together with representative micrographs below (n = 8–11/group). (N-O) Bone-marrow-derived
macrophages were stimulated with PBS, 0.5 or 5.0 μmol L-1 of α7nAChR agonist AZ6983 in replicates for 24 h. The following day labeled latex beads were added for
45 min or labeled apoptotic macrophages were added for 2 h before assessing phagocytosis by flow cytometry. Graphs represent the frequency of phagocytic cells
(left panels) and their capacity (right panels), assessed by the mean fluorescence intensity, to phagocyte beads or apoptotic macrophages. Each experiment included
3-5 replicates for all conditions and mean values are represented as dots. Experiments were repeated at 5-7 different days and are represented with connected lines
where * indicates significant differences between the marked treatment group and control group using repeated measurement 1-way Anova followed by Holm
-Sidak's multiple comparison test, *p < 0.05, **p < 0.01. Scale bar represents 200 μm . (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 4. AZ6983 regulates systemic inflammatory markers. apoE−/− mice treated with 50 μmol kg-1 per day of AZ6983 or vehicle in osmotic minipumps for 8 weeks.
(A-B) Cytokine concentration in serum was analyzed by Luminex and presented as a (A) heatmap for all cytokines and (B) bar graphs representing cytokines that were
significantly different between the treatment group (n= 5) and controls (n= 9) using the Mann-Whitney U test. Non-detectable concentrations for individual
animals were estimated to the lowest detectable standard concentration divided by a factor 8. (C) Relative mRNA expression for genes associated with inflammatory
cells and cytokines was evaluated with real-time PCR in spleen. (D) Spleen weight presented as spleen weight (g) per 10 g of body weight. (E-H) Cell populations in
spleen investigated with flow cytometry. (E-F) CD3+ cells and CD11b+ monocytes (Mo) are presented as % of leukocytes. (G-H) Subpopulations of monocytes were
characterized as LY6Chigh or LY6Clow and presented as % of monocytes. All data expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, n= 5–12/
group.
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remains to be determined. In the study by Hashimoto et al. [12], AR-
R17779 reduced total cholesterol and triglyceride levels, potentially
contributing to the atheroprotective effects. In the current study,
AZ6983 did not have a consistent effect on systemic cholesterol.
AZ6983 increased total cholesterol after eight weeks, and gave no dif-
ferences between the treatment groups at sacrifice in the 12-week
study. In contrast, the treatment group had reduced total cholesterol at
sacrifice in the 8-week study. This unexpected discrepancy needs to be
investigated in future studies. The lipid profile was further investigated
in the 8-week study, where a reduction in free cholesterol and LDL
cholesterol was presented. Since LDL cholesterol is atherogenic, a lower
fraction could contribute to less atherosclerosis in the 8-week study.
However, in view of the contradictive cholesterol metrics in the 12-
week study, cholesterol metabolism alone cannot explain the athero-
protective effects of AZ6983. To further identify the mechanisms be-
hind the athero-protective effects of AZ6983, we performed gene ex-
pression analysis of aortas using RNA sequencing and pathway analysis.
Interestingly, the top five specific functions suggested by the IPA ana-
lysis to be influenced by AZ6983 treatment included arteriosclerosis,
adhesion of blood cells, binding of myeloid cells, phagocytosis of cells
and engulfment of cells. A common feature for these functions is the
involvement of myeloid cells. Indeed, monocytes play an important role
in vascular inflammation, being the first cells recruited to the site of
inflammation as well as contributing to local proliferation of tissue-
specific macrophages [41,42]. Interestingly, α7nAChR-expressing
macrophages has been attributed a central role in the cholinergic anti-
inflammatory pathway [6,7], further proposing myeloid cells to be in-
vestigated for involvement in the link between α7nAChR activity and
inhibition of atherosclerosis. Indeed, immunostaining of the athero-
sclerotic lesions revealed a decrease in CD68+macrophages after
AZ6983 treatment. Likewise, the proliferation marker Ki67 was sig-
nificantly decreased, indicating a reduction in proliferating cells after
treatment. Even though we cannot claim that this effect is myeloid cell
specific, these findings are in line with previous studies that demon-
strated that α7nAChR deficiency accelerated neointima formation, in-
creased inflammation (macrophage marker CD68 and chemokines
CCL2 and CXCL2) and increased proliferation in a vascular injury
model [43]. Consistently, treatment of vascular injury with the
α7nAChR agonist PNU-282987 inhibited neointima formation, de-
creased inflammation and reduced cell proliferation [43].

Another functional indication from the IPA analysis was phagocy-
tosis and engulfment of cells, an important macrophage feature in the
development of atherosclerosis and an essential part of the resolution of
inflammation [44]. It was recently shown that restoring phagocytosis,
by blocking the anti-phagocytic molecule CD47, decreases

atherosclerosis [45]. CD47 is expressed by viable cells under normal
conditions and is down-regulated during apoptosis, allowing the cells to
be phagocytosed. However, CD47 expression is increased in advanced
atherosclerosis [45]. In this study, CD47 was decreased in the lesions of
mice treated with AZ6983, indicating that the clearance of apoptotic
cells might be enhanced. The capability of macrophages to engage in
phagocytosis might not only be dependent on phagocytic stimuli from
apoptotic cells and debris, but also their inherent capacity to phago-
cytose. In a previous study, α7nAChR agonist GTS-21 restored phago-
cytosis of bacteria in LPS-stimulated RAW 264.7 macrophages [46].
The present study adds to the literature by demonstrating that
α7nAChR-stimulation also improves the phagocytic properties of bone
marrow-derived macrophages by increasing their capacity to engulf
latex particles. Even more important, AZ6983 proved to increase the
frequency of macrophages that could phagocyte apoptotic macro-
phages, a key function in efferocytosis [44]. These effects are modest,
yet very robust.

The development of atherosclerosis is highly dependent on the re-
cruitment of myeloid cells, their binding to the vessel wall, and trans-
endothelial migration [47]. The present IPA analysis presented “adhe-
sion of cells” and “binding of myeloid cells” as functions that could have
been affected by the AZ6983 treatment. Vascular adhesion molecules
are imperative for the transendothelial migration and the vascular ad-
hesion molecule 1 (VCAM-1) is closely correlated with monocyte-de-
rived cell infiltration and lesion formation [48,49]. We did not detect
any treatment effects on expression of VCAM-1 in atherosclerotic le-
sions, however, it is plausible that other adhesion molecules might be
affected. Another requirement for cells to adhere to the endothelium is
their chemotactical guidance to the site of inflammation by cytokines
[50]. Indeed, serum analysis of a broad range of cytokines revealed that
AZ983 treatment caused a dramatic decrease in chemokines with es-
tablished pro-atherogenic effects, including MIP3a (CCL20), IL-4,
RANTES (CCL5), MCP1 (CCL2), CXCL1 (GROα), Eotaxin-2 (CCL24) and
Fractalkine (CX3CL1) [13–17,51,52]. Interestingly, the majority of
these cytokines (RANTES, MCP1, CXCL1, and Fractalkine) are chemo-
kines involved in the vascular recruitment of myeloid cells [13,15–17].
We suggest that a systemic reduction of these chemokines could inhibit
monocytes mobility to inflamed vessels and subsequent infiltration,
potentially explaining the reduction of lesion macrophages. Im-
munohistochemistry of chemokines inside the lesions strengthens this
theory by displaying a reduction of monocyte chemoattractant protein-
1 (MCP1). Even though lesion CXCL1 was not significantly affected by
the treatment, this indicates that AZ6983 has a local effect on chemo-
kine release in the lesions, reducing the recruitment of myeloid cells
into the atherosclerotic lesions. In the current study, myeloid markers

Table 1
Cholesterol levels, organ injury markers, body weight and AZ6983 drug exposure.

12-week study 8-week study

Control AZ6983 Sign. Control AZ6983 Sign.

Total cholesterol (mmol L-1) 4 weeks 16.9 ± 1.1 15.7 ± 1.4 ns - - -
8 weeks 14.9 ± 1.2 18.4 ± 1.8 * 26.2 ± 3.2 12.0 ± 0.8 ***
12 weeks 19.1 ± 1.8 16.8 ± 1.6 ns - - -

Free cholesterol (mmol L-1) 8 weeks - - - 7.9 ± 0.5 5.5 ± 0.6 *
LDL cholesterol (mmol L-1) 8 weeks - - - 12.5 ± 0.9 6.5 ± 1.1 ***
Creatinine (mg/L) 8 weeks - - - 87.4 ± 11.6 87.9 ± 22.2 ns
ALT (ng/ml) 8 weeks - - - 1.87 ± 0.12 1.64 ± 1.33 ns
Body weight (g) 4 weeks 26.6 ± 1.5 25.7 ± 0.5 ns 31.4 ± 0.8 31.5 ± 0.7 ns

8 weeks 30.5 ± 1.9 29.2 ± 1.2 ns 33.6 ± 1.2 31.6 ± 1.1 ns
12 weeks 33.7 ± 2.1 31.6 ± 1.7 ns - - -

AZ6983 (μmol L-1) 4 weeks - 0.36 ± 0.015 - - 0.45 ± 052 -
8 weeks - 0.38 ± 0.026 - - 0.67 ± 0.12 -

ApoE−/− mice were treated with AZ6983 admixed in diet or control diet for 12 weeks, or AZ6983 or vehicle through minipumps for 8 weeks. Total cholesterol, free
cholesterol, LDL cholesterol, creatinine and alanine transaminase (ALT) were measured in plasma (12-week study) or serum (8 weeks study). AZ6983 exposure was
measured in plasma (12-week study) or in whole blood (8-week study). All data is expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns= not
significant, n=8–12/group.
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of chemotaxis were also investigated in the spleen where the gene ex-
pression for RANTES and MCP1 was determined, however, no treat-
ment effects were identified. Besides circulating in the blood, mono-
cytes also reside in the bone marrow and spleen [53] where splenic
monocytes contribute to atherogenesis [41]. Since the spleen has been
attributed an important role in α7nAChR-mediated anti-inflammatory
responses [7] we aimed to assess the splenic status after treatment with
AZ6983. Quite surprisingly, AZ6983 treatment increased spleen weight.
One can only speculate about the underlying cause, however, since
vascular atherosclerosis, systemic cytokines and pro-inflammatory gene
expression in the spleen were decreased by the treatment, we propose
that the splenomegaly is not due to increased immune activation. In line
with this, analysis of the liver enzyme ALT and serum creatinine in-
dicated that liver and kidney function were unaffected by the treat-
ment. Interestingly, the frequency of splenic CD11b + monocytes were
increased by AZ6983 treatment and shifted towards a Ly6Chigh subtype.
Ly6Chigh monocytes are regarded as inflammatory and infiltrate injured
tissues and predominate the recruitment to inflamed vessels. In con-
trary, Ly6Clow monocytes patrol healthy tissue and are regarded as cells
which may participate in resolution of inflammation [54–56]. It has
been shown that monocytes can be released from the splenic reservoir
upon injury [57]. Given the anti-inflammatory effects of AZ6983 we
speculate that pro-inflammatory monocytes could be retained within
the splenic reservoir during α7nAChR stimulation, and not released
into the circulation where they are recruited to the atherosclerotic le-
sions. However, the association between splenic monocyte retention
and spleen weight needs further investigation. Of note, it should be
considered that monocyte frequency may not reflect their total numbers
in the spleen and a limitation of the current study is the lack of in-
formation regarding monocyte numbers in spleen, bone marrow and
the circulation. The present IPA-analysis implied modulated innate
immune responses in the aorta to be central in AZ6983 treatment. In
line with this, immunostaining for CD3+ T cells in the aortic root was
unaffected after AZ6983 treatment. However, T cell associated cyto-
kines IL-4 and MIP3a (CCL20) were decreased in serum and several T
cell associated markers were reduced after AZ6983 treatment in the
spleen on both gene and protein level. We cannot determine if the non-
vascular effects on T cells are direct effects of AZ6983 on the adaptive
immune system or if it is a consequence of modulated myeloid re-
sponse. The reduction of splenic CD86 mRNA could imply that treat-
ment effects on monocytes, or other antigen-presenting cells, further
inhibits adaptive immune responses since CD86 is a necessary co-sti-
mulator for T-cell activation [58].

In conclusion, the novel α7nAChR agonist AZ6983 effectively de-
creases atherosclerosis and lesion macrophages in apoE−/- mice.
AZ6983 treatment reduces inflammation locally in the atherosclerotic
lesion and in inflamed compartments, as well as systemically, by sup-
pressing chemokines with well-established roles in atherosclerosis and
myeloid chemotaxis. Further, AZ6983 improves phagocytosis of apop-
totic macrophages in vitro and reduces anti-phagocytic signals in le-
sions. Thus, we suggest that the anti-atherosclerotic effect of α7nAChR
stimulation may be caused by modulation of myeloid immune cell re-
sponses where reduced cell recruitment into lesions and improved ef-
ferocytosis could be central mechanisms. The anti-inflammatory effect
of AZ6983 in human blood further strengthens the α7nAChR as a po-
tential target to treat human disease.
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