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Abstract: We hypothesise that anti-inflammatory macrolides can alleviate both the NLRP3 
inflammasome activation and accelerated senescence in alveolar macrophages in COPD and/or 
response to cigarette smoke. Lung tissues from COPD patients and mice chronically exposed to 
cigarette smoke, cultures of human primary alveolar macrophages and macrophages derived from 
blood (MDM) or THP-1 monocytes were analysed for markers of macrophage NLRP3 
inflammasome activation and accelerated senescence using multifluorescence quantitative confocal 
microscopy, Western blot, flow cytometry and histochemistry. Cultured macrophages were 
stimulated with 10% cigarette smoke extract (CSE), with or without presence of non-antibiotic 
macrolides 2'-desoxy-9-(S)-erythromycylamine and azithromycin-based 2'-desoxy molecule. 
Cigarette smoke and CSE induced in macrophages significant (p<0.05) upregulation of cleaved IL-
1β, which was associated with increased NLRP3. Macrophage senescence was shown by increased 
lipofuscin and p53 but decreased perinuclear lamin B1. Significantly decreased surface CD9 and 
CD81 were detected in COPD patients’ alveolar macrophages, and in CSE-treated MDM, compared 
to controls. Co-treatment of CSE-stimulated MDM with azithromycin or non-antibiotic macrolides 
recovered CD9/CD81 and lamin B1 expression and inhibited NLRP3-associated cleavage of IL-1β. 
We conclude that alveolar macrophages in COPD and/or response to cigarette smoke undergo 
NLRP3 inflammasome activation and accelerated senescence; both processes can potentially be 
targeted by nonantibiotic macrolides. 

Keywords: inflammasome; NLRP3; cellular senescence; antiinflammatory macrolides; alveolar 
macrophages; COPD 

 

1. Introduction 

Chronic obstructive pulmonary disease (COPD) is a major global health issue and the third 
leading cause of death worldwide [1]. The pathologic hallmarks of this disease include sustained 
chronic inflammation of the small airways leading to lung parenchyma tissue loss (emphysema) and 
limitation of airflow (shortness of breath) with increased mucus production and bronchiolar 
obstruction. Immune cells involved in airway inflammation in COPD include alveolar macrophages, 
neutrophils, T-lymphocytes of the TC1, TH1 and TH17 phenotypes and innate lymphoid cells; in 
some patients the TH2 and type 2 innate lymphoid cells may become predominant, associated with 
higher infiltration with eosinophils instead of neutrophils (reviewed in [2]). Alveolar macrophages 
are the first line responders to airborne irritants and microbes through phagocytosis and coordinators 
of tissue repair through efferocytosis of apoptotic cells. Constituting 80-90% of the total immune cell 
population in the lung, these cells are truly ‘orchestrators’ of pro-inflammatory changes leading to 
COPD [3]. In COPD and response to cigarette smoke, a primary cause of the disease, both 
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phagocytosis and efferocytosis are inhibited in macrophages [4–6]. This aberrancy can be associated 
with various abnormalities, e.g. in LC3-associated phagocytosis [7], mitochondrial functions [8], 
sphingolipid signalling [9,10] and zinc homeostasis [11]. 

Accelerated cellular senescence is a characteristic feature of ageing-associated diseases including 
COPD, Alzheimer’s disease, arthritis and atherosclerosis. Senescent cells adopt pro-inflammatory 
phenotypes that maintain low-level inflammation, promoting gradual deterioration of organ 
structures and functions in a process that is described as “inflammageing”. Multiple markers utilized 
for assessment of cell senescence can be classified according to the targeted organelles and 
physiologic functions: lysosomal compartment (increased lysosomal mass and activity, accumulation 
of lipofuscin, SA-β-Gal), cell cycle arrest (p53), morphologic changes (lamin B1 loss and disrupted 
nuclear membrane), metabolic adaptations (mitochondrial dysfunctions, increase ROS, upregulated 
pro-survival pathways and chromatin reorganization [12]. As immune cells play central role in 
inflammageing, the term “immunosenescence” was also applied [13]. In normal ageing and ageing-
associated diseases, cells in both the innate and the adaptive compartments of the immune system 
undergo senescence, and T-lymphocytes are known to be particularly susceptible to this process. 
Thus, an increase in senescence T-cells may contribute to mechanisms of rheumatic diseases [14,15], 
COPD [16,17], bronchiolitis obliterans [18] and other chronic inflammatory diseases. Macrophages 
are the key cell type in inflammageing; their dysfunction in senescence contribute into failure of 
resolving micro-inflammation and consequently perpetuation of the vicious cycle of inflammation in 
ageing-associated diseases [19,20]. Although deficient phagocytosis/efferocytosis and pro-
inflammatory changes of alveolar macrophages in COPD have been documented as discussed above, 
whether and how these cells adopt senescence phenotypes have been not formally addressed.  

The inflammasome is hypothesized as a master regulator of low-grade inflammation in 
inflammageing [21]. Inflammasomes are multiprotein complexes, platforms for cleavage 
(maturation) of IL-1β and other cytokines of the IL-1 family. They have been reported to be involved 
in mechanisms of chronic inflammatory diseases of the lung, in particular COPD and response to 
cigarette smoke [22–25]. Of many inflammasomes discovered, the NLRP3 inflammasome is the most 
studied for its response to a broad array of stimuli derived from both pathogens and the host cell, in 
particular from lysosomal dysfunctions. Its activation in COPD and in response to cigarette smoke, 
remains however an area of debate; current data both supporting and arguing for the NLRP3 
inflammasome activation (reviewed in [26]). 

With cellular senescence therapy emerging as a novel avenue to COPD management, multiple 
cellular processes and organelles have been proposed as potential therapeutic targets, including 
mTOR/autophagy axis, SIRT1 and other sirtuins pathways, mitochondria and antioxidants [27]. We 
have demonstrated that anti-inflammatory agents such as prednisolone in combination with 
theophylline, curcumin or resveratrol were able to inhibit pro-inflammatory cytokine production, at 
the same time restoring decreased SIRT1 expression and steroid sensitivity in CD28-null senescent T- 
and NKT-like cells from COPD patients [17]. We have also demonstrated that non-antibiotic 
derivatives of azithromycin and erythromycin macrolides retained their anti-inflammatory effects on 
cigarette smoke extract (CSE)-stimulated macrophages [28]. Alongside multiple inflammatory 
markers and markers of cell death induced by cigarette and/or CSE, we noted a significant increase 
of cleaved caspase-1 and cleaved IL-1β, together with IL-1β release [7,28], suggestive of an 
inflammasome activation. In this new study, we hypothesize that COPD and/or cigarette smoke-
associated inflammation in alveolar macrophages is associated with both accelerated cellular 
senescence and activation of the NLRP3 inflammasome, and that anti-inflammatory macrolides can 
target both features. Multiple lines of data were corroborated to demonstrate an increase of the 
NLRP3 inflammasome pathway and cellular senescence in COPD/cigarette smoke-associated 
inflammation, and a short-term cell model of CSE-induced inflammasome activation and 
macrophage senescence was employed to test effects of anti-inflammatory macrolides. 
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2. Materials and Methods 

2.1. Antibodies 

Primary antibodies included IL-1β (rabbit polyclonal from Santa Cruz, H53, aa117-269, 1:50 for 
cell immunofluorescence, IF-C), cleaved IL-1β (rabbit monoclonal, Cell Signalling, Asp116, 1:1000 for 
Western blot, and goat polyclonal, Santa Cruz, h117, 1:40 for IF-C and m118, 1:40, for paraffin tissue 
immunofluorescence, IF-P), NLRP3 (rabbit polyclonal, Santa Cruz, H66, 1:40 for IF-C and IF-P), lamin 
B1 (rabbit polyclonal, Invitrogen, PA5-86096, 1:200 for IF-P and IF-C, 1:20000 for Western blots), p53 
(goat polyclonal, Santa Cruz, C19, 1:100 for IF-P, 1:50 for IF-C, and 1:1000 for Western blots), CD9 PE 
(mouse monoclonal, Immunotech, 1:20 for flow-cytometry and IF-C), CD81 (FITC, mouse 
monoclonal, Beckton Dickinson, 1:20 for flow-cytometry and IF-C), F4/80 (rat monoclonal, Sapphire, 
1:30 for IF-P). Specificity of the NLRP3 and cleaved IL-1β antibodies was shown in previous 
publications, including peptide blocking experiments (Supplementary Data Text S1 and Figure S1). 
Other antibodies used for IF-C and IF-P including lamin B1, and p53 were tested on Western blots to 
show relevant molecular weight bands [25].  

As secondary antibodies for immunofluorescence, donkey IgG (F(ab’) fragments directed 
against rabbit or goat or mouse or rabbit IgG, conjugated with Alexa Fluo (AF) 647, AF594, or AF488 
were used (Jackson ImmunoResearch, 1:200). To eliminate cross-species reactions in multi-
fluorescence quantitative confocal microscopy (MQCM), all secondary antibodies used in this study 
were pre-absorbed with cross species IgG by the manufacturer. Secondary antibodies for Western 
blots were LCR-926-32211:IRDye 800CW Goat anti-Rabbit IgG and LCR-926-68020:IRDye 680LT Goat 
anti-Mouse IgG (Millennium Science, Australia).  

2.2. Human Tissue and Cells 

2.2.1. Bronchoscopy Sampling and Subject Selection 

Bronchoalveolar lavage (BAL) was obtained via flexible bronchoscopy as we have previously 
described [4]. Informed consent was obtained and the study protocol was approved by The Royal 
Adelaide Hospital Research Ethics Committee. Subjects for flow-cytometry analysis of BAL-derived 
macrophages were 22 age-matched healthy adult volunteers with no history of asthma or allergy and 
normal lung function and (b) 10 subjects with COPD. Demographic characteristics of COPD vs. non-
COPD controls individuals undergoing BAL for this study showed no significant difference between 
the two groups on age and gender (Supplementary Data Table S1). For short-term cultures of BAL-
derived macrophages and stimulation with cigarette smoke extract (CSE), samples were obtained 
from 7 healthy non-smokers. 

2.2.2. BAL Processing for Primary Alveolar Macrophages 

The method was described previously [4]. Briefly, 50 mL aliquot of sterile normal saline was 
administered into the airways using a syringe, followed by aspiration using low suction at room 
temperature. This process was repeated twice more with additional 50 mL aliquots of saline using 
the same method. The first aspirated BAL specimen from each patient was excluded to prevent 
contamination and processed for microbiological testing. The second and third aliquots were 
collected, stored on ice, and processed within 1 hour of collection. The bronchoalveolar lavage fluid 
was then centrifuged at 2500rpm for 5 mins. Supernatants were collected and stored at -80°C. Cells 
were resuspended in 2 mls of RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% FBS, 
penicillin/gentamicin and incubated for 1 hr to allow macrophages to adhere. Supernatants 
containing lymphocytes and other non-adherent cell types were separated for parallel studies.  

2.2.3. THP-1 Macrophages 

THP-1 macrophage-like cells were differentiated from THP-1 monocyte cell line (ATCC, 
Manassas, VA, USA) as previously described [9–11]. Briefly, monocytes cultured at 37°C/5% CO2 in 
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RPMI 1640 medium containing 10% FBS, penicillin/streptomycin, 2 mM l-glutamine, and 0.05 mM ß-
mercaptoethanol (Sigma-Aldrich, MO, USA) were seeded at 5 × 105 cells/mL with 50 nM phorbol 12-
myristate 13-acetate (PMA; Sigma-Aldrich) and cultured for 72 h to differentiated into a macrophage-
like phenotype. 

2.2.4. Monocyte-Derived Macrophages (MDM) 

MDM were prepared using blood from 5 consenting healthy non-smoking donors using a 
protocol described previously [30,31]. Briefly, healthy adult controls were recruited from our 
volunteer database, comprising non-smokers with no history of respiratory or allergic ailments. 
Written informed consent was obtained from all healthy subjects following an invitation to 
participate in the study. The study protocol received approval from the Royal Adelaide Hospital 
Research Committee (Approval #: #020811d), and all research procedures adhered to relevant 
guidelines and regulations. For monocyte isolation, whole blood was collected using Lithium-
Heparin tubes (Greiner Bio One, Austria). Blood was diluted with plain RPMI 1640 medium at a ratio 
of 1:2 and layered over LymphoprepTM (STEMCELL Technologies, BC, Canada). The samples were 
centrifuged at 800×g for 25 minutes with acceleration but no brake. Peripheral blood mononuclear 
cells (PBMC) were isolated following the manufacturer's instructions. To generate macrophages from 
monocytes, PBMCs were seeded into plates at a density of 1.4 × 106/mL in plain RPMI 1640 medium 
and incubated at 37°C with 5% CO2 for 90 minutes to allow monocyte attachment. Unattached cells 
were removed by aspiration, and the attached cells were washed 3 times with PBS to eliminate any 
remaining unattached cells. The cells were then cultured in RPMI 1640 medium supplemented with 
2 mM L-glutamine, 10% FBS, penicillin/gentamicin, and 20 ng/mL macrophage colony-stimulating 
factor (M-CSF, Life Sciences) for 12 days, with complete media changes at 4 and 8 days. 

2.2.5. Human lung Tissue 

Human lung tissue sections were cut from paraffin blocks archived from a previous study [25,29] 
approved by Royal Adelaide Hospital Ethics Committee; whereby samples of non-tumour tissue 
were obtained with informed consent from 10 COPD, all smokers/ex-smokers, 4 non-COPD 
smokers/ex-smokers, and 4 non-smoker/non-COPD patients undergoing lobectomy for management 
of lung cancer. States of COPD and cancers, and separation of non-tumour tissue from tumour tissue 
were previously described in [29]. Demographic characteristics of lobectomy patients 
(Supplementary Data Table S1) revealed no significant differences in ages and gender distribution 
among the three studied groups. 

2.3. Mouse Tissue and Alveolar Macrophages 

Paraffin blocks of BALBc mouse lung tissues were banked from a previous study approved by 
the Institute of Medical and Veterinary Science Animal Ethics Committee [32]. Briefly, animals were 
chronically exposed to cigarette smoke for 6 weeks (n=6) or sham-smoke control (n=6). Sections cut 
from archived blocks of lungs of cigarette smoke-exposed and sham-exposed animals were mounted 
on the same slides in arrays of 4 so that all the 12 animals could be analysed in the same batch. Mouse 
alveolar macrophages were recognized in paraffin sections by their location in the air sacs of alveoli 
and morphology (large cells having nearly round or oval shape); the cell type was confirmed by 
F4/80-positive immunofluorescence and high resolution light microscopy which showed a 
morphology distinctive from type 2 alveolar cells which also have large size but are typically seen at 
alveolar junctions and showing lamellar bodies in the cytoplasm [33]. 

2.4. Cell Models of Cigarette Smoke Exposure and Macrolide Treatment 

Cigarette smoke extract (CSE) was prepared following previously described protocol [7; 9-11]. 
Briefly, smoke from 4 1R5 F research-reference filtered cigarettes (The Tobacco Research Institute, 
University of Kentucky, Lexington, KY) was bubbled for 5 min per cigarette through 40 mL RPMI 
1640 medium containing 10% foetal bovine serum (FBS), 1% penicillin/streptomycin and with 2 mM 
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L-glutamine (all Thermo Fisher Scientific, MA, USA) using a vacuum pump. Following adjustment 
to pH7.4 the obtained suspension considered as 100% cigarette smoke extract was then aliquoted and 
stored at −80 °C. Our methods for stimulation of MDM with CSE were described previously [30]. 
Differentiation of macrophages from a THP-1 cell line (ATCC, Manassas, VA, USA) and stimulation 
with CSE were also carried out as previously described [9–11]. Treatment of CSE-stimulated 
macrophages with macrolide antibiotics was adapted from a previously described protocol [28]. 
Briefly, macrophages were differentiated in 8-well chamberslides; wells treated for 24 hours with one 
of the following: 10% CSE, 10% CSE and 2'-desoxy-9-(S)-erythromycylamine (GS-459755, Gilead 
Sciences, Seattle, WA, USA) or azithromycin-based 2'-desoxy molecule (GS-560660, Gilead Sciences), 
or azithromycin (Max Pharma, Surrey Hills, VIC, Australia). In control wells, cells were incubated 
with vehicle only. 

2.5. Immunofluorescence Staining and Multi-Fluorescence Quantitative Confocal Microscopy (MQCM) 

Immunofluorescence of cells and tissue sections was carried out as previously described [10,25]. 
Briefly, before staining, dewaxed paraffin tissue sections were antigen-retrieved with heat in citrate 
buffer pH6; cells fixed with 2.5% phosphate saline-buffered (PBS) formalin were permeabilized with 
0.1% triton X-100. Cells and tissues were incubated at 4oC overnight with cocktails of primary 
antibodies, then at ambient temperature for 40 minutes with cocktails of secondary antibodies. 
Blocking with serum-free protein block (DakoCytomation, Dako, Glostrup, Denmark) and multiple 
washes in 0.05% tween-20/PBS were applied for reduction of background nonspecific fluorescence. 
For minimal risk of cross-species binding, only secondary antibodies pre-absorbed with cross-species 
IgG were used. 

MQCM imaging and analysis were carried out as detail described [25,34] using a FV3000 
confocal system (Olympus, Tokyo, Japan) and ImageJ morphometric software (NIH, MA, USA). 
Briefly, 5 optical fields were randomly selected in DAPI channel from each chamberslide well or each 
tissue section for simultaneous scanning in all remaining fluorescence channels. Using ImageJ menus 
Image/Adjust/Threshold and Analyze/Analyze Particles, uniformly setting at minimal particle size 
of >10 square pixels (> 3.13 µm2), mean fluorescence intensity (MFI) values were measured from 8-bit 
monochromatic images of the channels of interest. Average MFI values were corrected for nonspecific 
fluorescence background including increased autofluorescence in CSE-treated cells, which was 
measured in the same way from conjugate-only negative control wells in every experiment. For 
percentage of positive cells, total numbers of cells were counted by DAPI [25,34]. 

2.6. Colocalization Analysis 

Colocalization of NLRP3 and cleaved IL-1β immunofluorescence was analyzed by ImageJ 
software using two different methods, Pearson’s correlation analysis (Pearson’s R-value and Costes’ 
P-value by Coloc2 plugin), and Manders’ split coefficients analysis (M1, the fraction of NLRP3 
overlapping with cleaved IL-1β immunofluorescence, and M2, the fraction of cleaved IL-1β 
overlapping with NLRP3 immunofluorescence, both measured in JACoP pluggin). 

2.7. Flow-Cytometry 

Flow-cytometric analysis of cell surface expression of CD9 and CD81 on BAL-derived alveolar 
macrophages from COPD and age matched controls was performed using a previously described 
protocol [35–37]. Briefly, 200-µl aliquots of BAL were stained with phycoerythrin (PE)–conjugated 
monoclonal antibodies to CD9 and fluorescein isothiocyanate (FITC)–conjugated monoclonal 
antibodies to CD81, cells washed with 0.5% bovine serum albumin in Isoton II (Coulter Immunotech, 
Hialeah, FL, USA; events were acquired immediately with a FACScalibur flow cytometer (BD 
Biosciences) and analyzed with CellQuest software (BD Biosciences). The gating strategy for 
macrophage analysis based on forward and side scatters and CD-14 co-staining was previously 
described in details [37]. At least 10,000 events were collected. 
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2.8. Western Blot Analysis 

Western blot analysis of macrophage cell lysates was carried out as previously described [7]. 
Briefly, cells were lysed using M-PER mammalian cell protein lysis reagent containing PMSF protease 
inhibitor (Sigma Aldrich); protein concentration quantified using BCA protein assay (CA, USA). 
Protein samples of 10 µg were electrophoresed on 4–12% gradient Bis-Tris gels before being 
transferred to nitrocellulose membrane. Membranes were blocked in 5% skim milk (Fonterra, NZ) or 
5% bovine serum albumin before incubating with primary antibodies overnight. Membranes were 
incubated with corresponding secondary antibodies and washed three times with TBST and then 
probed with Bio-Rad software (CA, USA). Band detection was performed using Odyssey ® XF 
Imaging System with Image Studio Lite (LI-COR Biosciences, USA) for densitometry analysis. 

2.9. Histochemistry 

Dehydrated paraffin tissue sections were stained with Sudan Black B for lipofuscin in a routine 
protocol by the Histology Service at the Adelaide Health and Medical Sciences campus of the 
University of Adelaide. 

2.10. Statistical Analysis 

Statistical analysis was carried out using the Graphpad Prizm software, non-parametric Mann-
Whitney U-test was applied for difference between groups, paired two-tailed Wilcoxon test for 
induction effects of CSE on macrophages obtained from different donors. Changes were considered 
significant when p<0.05. 

3. Results 

3.1. Cigarette Smoke Induced Macrophage NLRP3 Inflammasome Activation 

In our previous studies in mouse and cell models, among multiple markers of inflammation, CS 
and CSE were shown to induce in macrophages a significant increase of cleaved IL-1β and cleaved 
caspase-1 in cell lysates by Western blot, and release of IL-1β into culture medium by ELISA [7,28], 
prompting a further investigation on an inflammasome activation. We first reanalysed paraffin lung 
tissue stored from a previously published mouse model of chronic exposure to cigarette smoke and 
revealed particulate cytoplasmic immunofluorescence of cleaved IL-1β colocalized with NLRP3 in 
cells scattered among alveolar tissue. These cells were recognized as alveolar macrophages by 
localization in alveolar air space and large cytoplasm, which was confirmed by positive F4/80 staining 
(Figure 1a,b). MQCM analysis demonstrated significant increase of NLRP3/cleaved IL-1β in alveolar 
tissue of CS-exposed in comparison to sham-exposed control animals, though only cleaved IL-1β but 
not NLRP3 was seen as particulate (Figure 1c,d). Therefore, human primary alveolar macrophages 
obtained via bronchioalveolar lavage (BAL) from healthy non-smoker donors were studied in an ex 
vivo model of short-term exposure to CSE (Figure 1e–i), which was shown to induce significantly 
upregulated, colocalized immunonofluorescence of NLRP3 and cleaved IL-1β, both of which in 
particulate forms. Of note, increase of IL-1β by an alternative antibody reactive with total IL-1β was 
also demonstrated but in homogeneous form (Figure 1e,h). Significant colocalization between NLRP3 
and cleaved IL-1β in CSE-treated BAL-derived alveolar macrophages is evidenced by a quantitative 
analysis revealing Costes P-value equal to 1 and Pearson’s R value ranging from 0.73 to 0.87; the 
Manders’ split coefficients M1 and M2 revealing high fraction of NLRP3 immunofluorescence 
overlapping with cleaved IL-1β, and vice versa (Supplementary Figure S2). 
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Figure 1. Cigarette smoke (CS) induced upregulated colocalized NLRP3 and cleaved IL-1β in alveolar 
macrophages in vivo and in vitro. (a): Representative confocal images of alveolar macrophages in a 
CS-exposed mouse, macrophages recognized by their large cytoplasm and localization in air space of 
alveoli, confirmed by F4/80 staining (green). (b): Representative confocal images of cleaved IL-1β 
(green) and NLRP3 (red) in lung tissue sections of CS-exposed (CS) and sham-exposed control (CTR) 
animals. Boxed areas in the left images are shown to the right at higher magnification and in 
monochromatic channels to reveal alveolar macrophages (arrowheads). Blue is DAPI, scale bars are 
in micrometres. (c, d): MQCM analysis of NLRP3 and cleaved IL-1β in mouse alveolar tissue. Each 
dot represents averaged MFI value measured from alveolar tissue captured in 5 optical fields of one 
mouse lung. **, p<0.01, n=6 animals per group. (e, f): Representative confocal images of BAL-derived 
alveolar macrophages, stimulated with cigarette smoke extract (CSE), vs. vehicle control (CTR). 
Immunofluorescence of IL-1β (e) and NLRP3 (f) is shown in red, cleaved IL-1β in green, yellow in (f) 
is merged colour of NLRP3 and cleaved IL-1β colocalization. Insets are boxed areas shown at higher 
magnification. Results of MQCM analysis of NLRP3, IL-1β and cleaved IL-1β are shown in (g-i); each 
dot represents average value measured from 5 optical fields of samples from one donor. *, p<0.05, n=6 
donors. . 

To gain more material for further analysis, macrophages were differentiated from the THP-1 
monocyte cell line and used as a surrogate model of alveolar macrophages in the same protocol of 
CSE-stimulation. In previous studies into this model, among multiple markers of inflammation and 
cell death, a significant increase of cleaved IL-1β and cleaved caspase-1 in cell lysates was shown by 
Western blot, and release of IL-1β into culture medium by ELISA [7; 28]. In this study, similarly to 
primary alveolar macrophages, particulate patterns of CSE-induced cleaved IL-1β/NLRP3 
immunofluorescence were shown (Figure 2a), quantitative analysis confirming their significant 
colocalization (Supplementary Data Figure S2b). In difference from primary alveolar macrophages, 
increase of the total IL-1β in CSE-treated THP-1 macrophages was not confirmed, confocal analysis 
revealing even a reduction of the total IL-1β in those cells that contained bright particulate cleaved 
IL-1β (Figure 2b). To confirm that CSE-induced cleavage of IL-1β was associated with the NLRP3 
inflammasome activation, upregulation of cleaved IL-1β was shown inhibited after co-treatment of 
cells with either ZyVad (pan caspase inhibitor) or glyburide (an antagonist of NLRP3) (Figure 2c–e). 
Thus, taken together with our previously obtained data, multiple lines of new data from analysis of 
human BAL-derived macrophages, mouse lung sections, and a human cell line strongly support a 
notion that, at least in the conditions of our experiments, the NLRP3 inflammasome activation could 
be induced in alveolar macrophages by chronic in vivo exposure to cigarette smoke, and in short term 
exposure of macrophage cell cultures to CSE. 
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Figure 2. The NLRP3 inflammasome activation in CSE-stimulated THP-1 macrophages. (a): 
Representative confocal images of NLRP3 (red, AF594) and cleaved IL-1β (green, AF488, yellow 
indicating colocalization with NLRP3) in THP-1 macrophages, control (CTR) vs CSE-stimulated. 
Insets are magnification of boxed areas, shown to the right in monochromatic channels. (b): Co-
staining with two different antibodies to IL-1β (aa117-269, red) and cleaved IL-1β (Ala117 neoepitope, 
green) revealed reduction of total IL-1β in cells having increased cleaved IL-1β. (c-e): Blocking of CSE-
induced NLRP3 and cleaved IL-1β immunofluorescence in THP-1 macrophages with Zyvad (ZYV) or 
Glyburide (GLY). Representative confocal images in (c) depict cleaved NLRP3 (red) and cleaved IL-
1b (green, yellow being merged colour of colocalization with NLRP3) in THP-1 macrophages treated 
with CSE, with or without presence of ZYV/GLY, vs. vehicle control (CTR). (d), Significant reversal 
of CSE-induced cleaved IL-1β by Zyvad or Glyburide shown by MQCM analysis; *, p<0.05; **, p<0.01; 
n=3 experiments. 
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3.2. Accelerated Cellular Senescence of Alveolar Macrophages in COPD Patients and Mice Chronically 
Exposed to Cigarette Smoke 

In paraffin lung sections of both COPD patients and smokers, a distinctive accumulation of 
lipofuscin was demonstrated in cytoplasm of alveolar macrophages compared to non-COPD-non-
smoker control (Figure 3a). Similar phenomenon was reproduced in the mouse model of chronic 
exposure to cigarette smoke (Figure 3b). Furthermore, mouse lung tissue sections were analysed by 
confocal microscopy for lamin B1 and p53 expression in alveolar macrophages (Figure 3c,d). While 
alveolar macrophages in control animals showed a marginalised nuclear pattern of lamin B1 expected 
for its association with the nuclear envelope; a dispersed pattern was seen in cells from cigarette 
smoke-exposed animals; this reduction was confirmed by MQCM analysis (Figure 3d). 
Immunofluorescence of p53 was mostly localized to cytoplasm. A trend of p53 increase in cigarette 
smoke-exposed animals which was not significant was also recorded. 

We furthermore employed multi-colour flow-cytometry to measure the surface expression of 
CD9 and CD81 molecules in alveolar macrophages obtained from age-matched COPD patients vs 
non-COPD non-smoker controls (Supplementary Data Table S1). The results showed that the COPD 
status was associated with a significantly downregulated surface expression of these tetraspanins 
(Figure 3e). 
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Figure 3. Markers of accelerated senescence of alveolar macrophages in human COPD and in cigarette 
smoke-exposed mice. (a): In paraffin lung sections alveolar macrophages (arrows) were densely 
stained with Sudan Black B for lipufuscin in COPD patients and cigarette smokers (SMK) but not non-
smoker non-COPD controls (CTR). *, p<0.05; **, p<0.01. (b): Lipofuscin was densely detected in 
alveolar macrophages (arrows) of mice chronically exposed to cigarette smoke (CS), but not controls 
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(CTR). **, p<0.01, n=6 per group. (c): Representative confocal images of lamin B1 (red) and p53 (white) 
in lungs of cigarette smoke-exposed (CS) and sham-exposed (CTR) mice; alveolar macrophages in 
boxed areas are shown at higher magnification and in monochromatic channels in the insets. (d): 
MQCM analysis of lamin B1 in nuclear envelope, **, p<0.01, n=6 per group. (e): Flow-cytometric 
analysis of surface CD81 and CD9 expression in BAL-derived alveolar macrophages of 22 healthy 
control donors (CTR) and 10 individuals having COPD, *, p<0.05. . 

3.3. Short-Term Macrophage Cell Culture Model for Double Targeting NLRP3 Inflammasome Activation 
and Accelerated Cell Senescence 

To this end, we set an aim to test whether markers of both accelerated cellular senescence and 
the NLRP3 inflammasome activation can be induced in a short-term cell culture model of CSE-
stimulated macrophages, and if so, whether they can be targeted with anti-inflammatory macrolides. 
Raising a hypothesis that decreased surface CD9 and CD81 could be markers of accelerated 
macrophage senescence, the THP-1 macrophage model was first tested, detecting however only low 
levels of CD9/CD81 immunofluorescence in the basal state (Supplementary Data Figure S3). Primary 
macrophages derived from peripheral blood monocytes (MDMs) were then employed which 
revealed bright immunofluorescence of both CD9 and CD81 near the cell surface of control but not 
CSE-treated cells (Figure 4a and Supplementary Data Movie S1). The CSE-induced macrophage 
senescence phenotype was confirmed by significantly upregulated expression of p53 shown by 
Western blotting analysis, and lamin B1 decrease from marginalized nuclear localization shown by 
confocal microscopy (Figure 4b,d and Supplementary Data Movie S1); this change was associated 
with increased cleaved IL-1β demonstrated by Western blot analysis (Figure 4c) which was shown 
colocalized with NLRP3 by confocal microscopy (Supplementary Data Figure S4). 
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Figure 4. Human monocyte-derived macrophages (MDM) highly expressed cell surface CD9/81 (a), 
markers of cell senescence lamin B1 and p53 (b, d), and cleaved IL-1β (c). CD9/81 displayed strong 
immunolocalization near the cell surface (a, green), whereas lamin B1 near the nuclear envelope (d, 
red, magenta is colocalization with DAPI). Cigarette smoke extract-exposed MDM showed significant 
increase of p53 detected by Western blot analysis (b, *, p<0.05, n=6 repeats), decrease of nuclear 
envelope lamin B1 detected by MQCM (d, red), and increase of cleaved IL-1β detected by Western 
blot (c, **, p<0.01, n=6 repeats). In representative confocal images in (a) and (d), blue is DAPI, scale 
bars are in micrometers. NEG, negative staining control. 

We then embarked to carry out experiments using MDMs to test a hypothesis, that both the 
NLRP3 inflammasome activation and accelerated cellular senescence induced by short-term CSE 
stimulation in macrophages could be alleviated by treatment with anti-inflammatory macrolides 
azithromycin or nonantibiotic GS-459755 and GS-560660. Results of these experiments showed, that 
treatment with CSE alone induced significant increase of particulate cleaved IL-1β and NLRP3, 
decrease of the cell surface CD9/CD81, and lamin B1 near the nuclear envelope. While CSE-induced 
cleaved IL-1β was significantly reversed by all three macrolides, trends of alleviation were observed 
for other markers which were significant for lamin B1 by G4 and CD9 by G5. These results are 
summarized in the Figure 5. 
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Figure 5. Cigarette smoke extract-induced upregulated NLRP3 and cleaved IL-1β and markers of 
acceleration cellular senescence in monocyte-derived macrophages were reversed by anti-
inflammatory macrolides. (a): Representative confocal images of cleaved IL-1β (red), NLRP3 (white) 
and CD9 (green) in control macrophages (CTR), and macrophages exposed to cigarette smoke extract 
(CSE), with or without presence of azithromycin (AZ), GS-459755 (G4), or GS-560660 (G5). (b): 
Representative confocal images of lamin B1 (red) and CD81 (green) in control macrophages (CTR), 
and macrophages exposed to cigarette smoke extract (CSE), with or without presence of G4. In (a) 
and (b), the boxed areas are shown at higher magnification and in monochromatic channels in the 
insets. Blue is DAPI. Scale bars are in micrometers. (c): MQCM analysis of parameters measured in 
experiments shown in (a) and (b). *, p<0.05. n=4 experiments using samples obtained from different 
donors. . 

4. Discussion and Conclusion 

COPD is now believed as an ageing-associated disease, whereby the affected organ, in this case 
the lung, is ageing faster than the patient’s biological age. While most of studies in this area have 
been focusing on the epithelial compartment [38–43], senescence of immune cells is understudied, 
studies so far focusing on T-cells [16,17,44,45]. To our knowledge this study is the first to gather 
multiple evidence of accelerated cellular senescence in alveolar macrophages in COPD and in 
response to cigarette smoke. Lipofuscin, non-degradable products from oxidatively damaged 
proteins that accumulated in lysosomes, is a well-accepted marker of cellular ageing for various cell 
types [12,46]. Increased lipofuscin deposits in alveolar macrophages were indeed already reported in 
an early study on smoking patients diagnosed with sarcoidosis [47]. Lamin B1 is a protein required 
for chromatin attachment to the nuclear envelope for normal genome function; its downregulation in 
ageing is documented, being therefore a negative marker for accelerated cellular senescence [12,48]. 
Downregulated lamin B1 has been reported in lung samples from COPD and CSE-stimulated human 
bronchial epithelial cells [41]. The p53 protein, a transcription factor participating in DNA repair and 
maintaining genome integrity, is generally upregulated in response to cell stress and apoptosis and 
is another commonly used marker of senescence [12,49]. Elevated expression of p53 was reported in 
lung samples of patients having COPD/emphysema [50,51], as well as in CSE-stimulated in vitro cells 
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e.g. fibroblasts [52] or endothelial cells [53]. Thus, changes of these markers in the current study are 
in concordant with previous data, and altogether they consolidate the notion of accelerated cellular 
senescence in alveolar macrophage macrophages in COPD and/or response to cigarette smoke 
exposure.  

Roles of the tetraspanins CD9 and CD81 in cellular senescence present a controversial question 
in literature. Although some recent studies into vascular pathology suggest that upregulation of CD9 
could be a marker of ageing [54,55], mouse models of CD9/CD81 double knockout were shown to 
develop a COPD-like syndrome and multiple organ ageing [56,57]. Tetraspanins have complex, 
multifaceted roles in cell biology. As a key organizer of plasma cell membrane, CD9 may deliver 
negative regulatory effects on COPD-related inflammation; mechanistically CD9 complexing with 
TLR4/CD14 has been implicated in downregulating the latter recruitment into the lipid raft domains 
to activate the pro-inflammatory NFkB signaling [58]. Considering this previously available data [56–
58], the loss of plasma membrane localization of CD9/CD81 in alveolar macrophages of COPD 
patients and in CSE-stimulated macrophages ex vivo in this study suggest that their decreased surface 
expression could possibly be employed as a marker of cellular senescence, at least in the macrophage 
cell type. Further studies employing clinical cell/tissue samples as well as experimentally induced 
ageing are required before CD9/CD81 could be used as diagnostic markers. 

Whether the NLRP3 inflammasome pathway is activated in COPD and/or response to cigarette 
smoke exposure remains a debatable issue (see review [26]). While multiple evidence from human 
[22; 59] and animal studies [59–61] lends support for a “Yes” answer, other studies present opposite 
results [62–66], As a potent protective mechanism but potentially detrimental at excessive activation, 
the NLRP3 inflammasome pathway is tightly controlled by multiple regulatory pathways acting on 
post-translational modifications of proteins as well as transcription and translation levels [67–69]. In 
this relation cigarette smoke could inhibit the inflammasome by upregulated catabolism of NLRP3 
[64]. Furthermore cigarette smoke-induced depletion of alveolar macrophages [70] could also obscure 
detection of the inflammasome activation in this cell type. In this line, our previous data showed 
upregulated cell death evidenced by significant increase of cleaved caspase-3 and PARP in both in 
alveolar macrophages of cigarette smoke-exposed mice and in CSE-stimulated macrophage cell 
culture [7]. Consequently, depending on particular clinical or experimental settings, as well as 
methodologic variations among studies in the field, markers of both upregulation and 
downregulation of the NLRP3 inflammasome pathway can be observed in COPD and/or response to 
cigarette smoke exposure. Thus, in our experiments, using the same antibody to IL-1β detected the 
induction effect of CSE on this parameter only in primary alveolar macrophages, but not THP-1-
differentiated macrophages, even though cleavage of IL-1β was demonstrated in both cases by two 
alternative antibodies, in two different methods. A limitation of this study was that we could not 
ascertain whether the NLRP3 inflammasome pathway is upregulated in alveolar macrophages of 
COPD patients. An upregulated expression of the inflammasome-related genes could not also be 
demonstrated. Nevertheless, we present here multiple lines of evidence to support an activation of 
the alveolar macrophage NLRP3 inflammasome in response to cigarette smoke exposure, either in an 
in vivo model of chronic exposure to cigarette smoke, and in cell culture models of short-term 
treatment with CSE. Importantly, one of these short-term models was employed for further study of 
whether the cellular senescence is accelerated in parallel with the inflammasome activation. 

The key result of this study was that both azithromycin and the two novel anti-inflammatory 
non-antibiotic macrolides could significantly reverse NLRP3 inflammasome activation and 
accelerated cellular senescence in CSE-exposed macrophages. A rationale for the use of anti-
inflammatory agents to double target the inflammasome and accelerated cellular senescence is the 
implicated role of the NLRP3 inflammasome as a driver of low-grade inflammation that accelerates 
cellular senescence [21,71]. We hypothesized that anti-inflammatory macrolides such as 
azithromycin, at low dose, could be candidates in this direction. Indeed, efficacy of azithromycin in 
preventing acute exacerbations in COPD has already been demonstrated in a number of clinical trials 
e.g. [72–74]. Mechanistically, azithromycin may intervene in the inflammasome pathway by 
induction of instability of mRNA for the NLRP3 synthesis [75], or inhibition of the upstream STAT1 
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and NFkB signalling [76]. As di-cationic molecules, macrolides such as azithromycin and 
erythromycin are highly accumulated in lysosomes where they may regulate the membrane stability 
of this organelle [77], which in turn may regulate both the NLRP3 inflammasome activation and cell 
senescence. While data of this study supports that azithromycin could reverse the NLRP3 
inflammasome activation and alleviate markers of accelerated cellular senescence in CSE-exposed 
macrophages, its clinical use in this regard is limited by a potential for the emergence of antibiotic 
resistant bacteria following its long-term use [78]. This limitation has stimulated studies of non-
antibiotic macrolides by many groups [79,80], including ours [28]. In the present study we present 
further evidence for the efficacy of these non-antibiotic macrolides, alongside azithromycin, in 
reversal of both the NLRP3 inflammasome activation and signs of accelerated cellular senescence in 
CSE-stimulated macrophages. It should be noted that our study was limited to only a short-term in 
vitro CSE exposure; and whether this approach has positive effects on alveolar macrophages isolated 
from COPD patients or has long-term efficacy in an in vivo setting remains objectives for future 
investigations.  

In conclusion, our findings support that 1) alveolar macrophages undergo both activation of the 
NLRP3 inflammasome and accelerated cellular senescence in COPD and/or response to cigarette 
smoke exposure, and 2) in short-term exposure of macrophages to CSE, application of azithromycin 
or non-antibiotic macrolides can alleviate both the inflammasome activation and accelerated cellular 
senescence. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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